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ABSTRACT 

Antiviral activity and mechanism of action of a novel uracil analog for  

varicella-zoster virus 

Chandrav De 

Jennifer F. Moffat 

  
The alphaherpesvirus varicella-zoster virus (VZV) is widespread in humans.  VZV causes 

primary and recurrent diseases that are preventable with live vaccines and are treatable 

with antiviral drugs.  New antiviral drugs for varicella-zoster virus (VZV) with increased 

potency are needed, especially to prevent post-herpetic neuralgia. The purpose of this 

project was to evaluate β-L-1-[5-(E-2-Bromovinyl)-2-(hydroxymethyl)-1,3-dioxolan-4-

yl)] uracil (L-BHDU) and 5′-O-valyl-L-BHDU for efficacy, safety, resistance, and 

mechanism of action in three models of VZV replication: primary human foreskin 

fibroblasts (HFFs), skin organ culture (SOC) and in SCID-Hu mice with skin xenografts. 

We found that L-BHDU and valyl-L-BHDU were safe and effective against VZV in 

culture and in a mouse model. Herpes simplex virus Type 1 was also sensitive to L-

BHDU in cultured cells.  The mechanism of action of L-BHDU and its effect on drug-

drug interactions were not known. Given its similar structure to brivudine (BVdU), we 

addressed whether L-BHDU, like BVdU, inhibits 5-fluorouracil (5-FU) metabolism. L-

BHDU did not interfere with 5FU metabolism, indicating that L-BHDU is a safer drug 

than BVdU. However, L-BHDU antagonized the activity of acyclovir (ACV), BVdU and 

foscarnet (PFA) in cultured cells, which was due to competition for phosphorylation by 

VZV thymidine kinase (TK). The mechanism of action of L-BHDU was studied by 

evaluating its activity against related α-herpesviruses and by analyzing resistant VZV 
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strains. VZV strains resistant to L-BHDU (L-BHDUR) were cross-resistant to ACV and 

BVdU but not to PFA and cidofovir (CDV). Whole genome sequencing of L-BHDUR 

strains identified mutations in ATP-binding (G22R) and nucleoside binding (R130Q) 

domains of VZV TK. The purified L-BHDUR TKs were enzymatically inactive and failed 

to phosphorylate the drug. In wild type VZV- infected cells, L-BHDU was converted to 

L-BHDU mono- and diphosphate forms; cells infected with L-BHDUR virus did not 

phosphorylate the drug. We also investigated whether addition of nucleosides reversed L-

BHDU inhibition of VZV in dividing and quiescent HFFs. Excess thymidine and uridine, 

but not purines, in proportion to L-BHDU restored VZV replication only in dividing 

cells, suggesting that the active form of L-BHDU interfered with pyrimidine 

biosynthesis. Like other herpesviruses, VZV infection induced thymidine triphosphate 

(dTTP) in confluent cells while L-BHDU treatment decreased the dTTP pool. Some 

herpesviruses raise dNTP pools by inducing cellular enzymes. However, VZV infection 

did not increase cellular thymidylate synthase (TS) expression to facilitate viral 

replication. Furthermore, the active form of L-BHDU did not interfere with cellular 

metabolism, suggesting a viral target. Further studies are required to identify the target(s) 

of L-BHDU active form(s).  
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Varicella zoster virus (VZV) causes varicella (chicken pox) and herpes zoster (shingles). 

Herpes zoster can be severe in immunocompromised patients leading to complications 

such as post-herpetic neuralgia (PHN). The preferred treatment is an acyclic nucleoside 

analogue, acyclovir (ACV). The zoster vaccine (Zostavax) has proved safe and partially 

effective in preventing both herpes zoster and PHN. Due to limitations of the current 

treatment regime, new antiviral drugs for VZV with increased potency are needed, 

especially to prevent post-herpetic neuralgia. This study was designed to investigate the 

mechanism of action of a novel dioxolane L-bromovinyl uracil nucleoside analogue, L-

BHDU, which inhibits VZV replication. We hypothesized that L-BHDU inhibits VZV 

replication by depleting the cellular dTTP pool via interfering with the pyrimidine 

biosynthesis pathway. In the following discussion, this work will be placed in the context 

of what is currently known about VZV pathogenesis, viral replication, antiviral therapies 

and their mode of action, and the effect of pyrimidine biosynthesis on the viral life cycle. 

 

The virus 

Varicella zoster virus (VZV) or human herpes virus 3 (HHV3) is the smallest 

human herpesvirus and it belongs to the same subfamily of alphaherpesvirus as herpes 

simplex virus (HSV) types 1 and 2 (Cohen, 1996; Lenac Roviš et al., 2013). VZV is the 

only member within the genus Varicellovirus that is human restricted. VZV was isolated 

by Weller and Stoddard in 1952 from vesicle fluid of varicella patients (Cohen, 1996). 

The virions have a diameter of 150-200 nm and are structured by four distinct 

components: envelope, tegument, capsid and genome core. The icosohedral nucleocapsid 

(90-95 nm in diameter) is composed of 162 capsomeres that surround a core containing 
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the linear, double-stranded DNA genome. The nucleocapsid is surrounded by an 

amorphous proteinaceous tegument layer consisting of host and viral proteins, including 

the immediate-early proteins (ORFs 4, 62, and 63) and a late protein (ORF10). The 

tegument is enclosed in a lipid envelope with integral viral glycoproteins (Arvin, 1996). 

VZV has a double stranded linear DNA genome of 125 kbp that encodes 74 open reading 

frames (ORFs). Three of the ORFs are duplicated (ORF62/71; ORF63/70 and ORF64/69) 

and the remaining 71 ORFs are unique (Lenac Roviš et al., 2013; Reichelt et al., 2009). 

 

VZV life cycle  

The VZV life cycle begins with entry into a cell by either direct fusion of viral 

particles with the plasma membrane or endocytosis (Reichelt et al., 2009; Zerboni et al., 

2014). Several host cell receptors have been implicated in mediating VZV entry, 

including heparan sulfate proteoglycan (HSPG), cation-independent mannose 6-

phosphate receptors (MPRci), and insulin-degrading enzyme (IDE) (Hambleton et al., 

2007). VZV encodes several glycoproteins involved in the fusion process: gB (ORF31), 

gC (ORF14), gE (ORF68), gH (ORF37), gI (ORF67), gK (ORF5), gL (ORF60), gM 

(ORF50) and gN (ORF9A). VZV gE is the most abundant and essential glycoprotein, 

which binds to the IDE receptor and mediates viral entry into the cell (Cohen, 2010; Cole 

and Grose, 2003). Combinations of VZV gH and gL or gB and gE are required for cell-

cell fusion. gH and gM are important for cell-to-cell spread, whereas gK might facilitate 

syncytia formation (Cohen, 2010). 

After penetrating the cell membrane, virions are released into the cytoplasm and 

capsids with associated tegument proteins are transported to the cell nucleus (Cohen, 
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1996). Uncoating occurs at the nuclear pore when the portal proteins at one capsid vertex 

open and linear DNA is extruded (Howard et al., 2012; Visalli et al., 2014).  Linear DNA 

then circularizes in the nucleus prior to the initiation of transcription and replication.  

VZV transcription occurs in a cascade leading to the synthesis of viral proteins. 

These proteins are classified as immediate-early (IE), early (E), and late (L), based on the 

time course of their expression after virus entry (Reichelt et al., 2009) . Many VZV 

proteins, such as ORFs 4, 10, 61, 62 and 63, as well as viral kinases ORF47 and ORF66, 

are contained in the tegument and are introduced into the cell upon entry. Some tegument 

proteins are imported into the nucleus where they transactivate viral promoters. 

Immediate-early protein 62 (IE62) is the major viral transactivator for VZV IE genes 

(Arvin, 2001; Reichelt et al., 2009; Zerboni et al., 2014). After synthesis and 

amplification of IE proteins, they proceed to transactivate viral E promoters, which are 

important proteins for viral DNA replication and metabolism (Cohen, 1996).  

VZV encodes several viral proteins required for origin-dependent DNA synthesis, 

including a DNA polymerase catalytic subunit (ORF28), an accessory factor (ORF16), 

major DNA binding protein (ORF29), a heterotrimeric helicase/primase complex 

encoded by ORFs 6, 52, and 55, and an origin binding protein ORF 51. In chapter two, 

we measured VZV DNA synthesis in the presence of a novel antiviral compound, L-

BHDU, by qPCR. DNA replication begins at one OriS, where unwinding of the origin is 

likely facilitated by ssDNA binding protein (ORF29). Proteins involved in VZV DNA 

synthesis are recruited to the site, and the DNA is nicked before it shifts to a rolling circle 

replication mechanism, resulting in head to tail concatemers. After DNA replication has 

begun, late (L) genes are transcribed and synthesized. These are the glycoproteins and 
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other structural proteins of the tegument and capsid (Rahaus M, Desloges N, 2006; 

Ruyechan, W. T., and Hay, 2000). The genome concatemers are packaged into capsids 

through the portal and cleaved to generate the linear DNA core. 

Herpesviruses undergo an elaborate process of primary and secondary 

envelopment to exit the nucleus and the cell (Mettenleiter et al., 2009, 2006).  

Nucleocapsids undergo primary envelopment as they bud into the inner nuclear 

membrane, entering the periplasmic space. The envelope is then lost as it fuses with the 

rough ER membrane, releasing naked capsids into the cytoplasm. Capsids accumulate 

certain tegument proteins in the cytoplasm and eventually associate with vesicles that are 

derived from the trans-Golgi network.  Secondary envelopment occurs in the cisternae of 

the trans-Golgi network (TGN), where the capsids acquire more tegument proteins and 

glycoprotein-containing membranes. The finished particles then traffic to the cell surface 

in post-Golgi compartment vesicles and are released by exocytosis. In human 

keratinocytes, virions are released into the extracellular space or blister fluid; in cell 

culture, virions remain tightly cell-associated. The viral glycoproteins are expressed on 

the plasma membrane and may induce fusion of infected and uninfected cells in some cell 

types. This produces syncytia and multinucleated polykaryocytes, which also contribute 

to virus spread (Zerboni et al., 2014). 

 

VZV pathogenesis 

Unlike all other human herpesviruses, VZV is transmissible by aerosols and 

usually infects naïve hosts via the respiratory route (Arvin, 1996). VZV infection is 

initiated with replication in mucosal epithelial cells of the upper respiratory tract, and 
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then the virus disseminates to the internal organs, neurons, and skin during an incubation 

period of 10–21 days (Zerboni et al., 2014). Virus spreads to the tonsils and other local 

lymphoid tissues, where memory T cells are preferentially infected and then home to the 

skin, carrying infection to keratinocytes (Gershon and Gershon, 2013; Ku et al., 2004; 

Zerboni et al., 2014). Another model for VZV dissemination proposes that it infects 

monocyte-derived dendritic cells (DCs) at respiratory mucosa (Langerhans cells), which 

are then triggered to mobilize and migrate to the T-cell-rich areas of regional lymph 

nodes. This results in T-cell infection and subsequent transport to other sites, including 

cells of the reticuloendothelial system in the liver. The lymphotropism of VZV is critical 

for dissemination from peripheral blood mononuclear cells (PBMC) to epithelial cells, 

resulting in infection of the skin and the characteristic varicella rash (Abendroth et al., 

2001; Arvin et al., 1996; Moffat et al., 1995). There are two ways whereby VZV could 

infect and establish latency in dorsal root ganglia (DRG) and cranial root ganglia (CRG). 

First, cell-free virions in the epidermis may infect the intra-epidermal projections of 

sensory neurons. The capsids and virion proteins then travel by retrograde transport in 

axons to reach neuron cell bodies, where latency is established. Second, during primary 

viremia, VZV-infected T cells may carry the virus directly to the DRG/CRG. The 

infected T cells could then fuse with neurons to infect the neuronal cell bodies, or more 

likely, transmit virions from the surface of the T cells. VZV replicates in neurons but 

prevents cell death and eventually establishes latency (Arvin et al., 1996; Gershon et al., 

2010; Kennedy, 2002). 

Varicella is 25 times more likely to be severe in adults than in children. Adults are 

especially at risk to develop primary varicella pneumonia (Gershon and Gershon, 2013). 
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Varicella encephalitis and cerebellar ataxia are the most common neurologic 

complications of varicella. Other complications include thrombocytopenia, 

glomerulonephritis, viral arthritis, uveitis, retinal necrosis, myocarditis, pancreatitis, and 

orchitis. Varicella acquired by the mother during early pregnancy may cause congenital 

varicella syndrome (Arvin, 1996). 

The innate immune system plays a critical role in controlling VZV during the 

early stages of infection, followed by the eventual development of adaptive immunity.  

Adaptive immunity is necessary for preventing reactivation of VZV, and it is 

characterized by the persistence of VZV-specific IgG and IgA antibodies, and CD4 and 

CD8 T cells.  Antibody to VZV can protect against primary exogenous VZV infection, 

but appears to play no role in host resistance to herpes zoster. The critical element of the 

host immune response is cell-mediated immunity (CMI) to VZV (Oxman, 2009).  VZV-

cell mediated immunity (CMI) limits the ability of latent VZV to reactivate and cause 

herpes zoster. Levels of VZV-CMI normally decline with age and is suppressed in 

immunodeficient individuals, which increases the incidence and severity of herpes zoster 

(Oxman, 2009). Hence, antiviral therapy is mandatory for these high risk patient 

populations. Acyclovir is the gold standard for prophylaxis and treatment, but there is 

still a need for more potent alternatives to reduce the severity of HZ and PHN. 

Herpes zoster (HZ) is a secondary VZV disease caused by reactivation of latent 

VZV in cells of the dorsal root ganglia (Gershon and Gershon, 2013). HZ typically 

occurs in people over 50 years old, but younger individuals, including children, may 

experience zoster. In United States, Canada, South America, Europe, Asia, and Australia 

median zoster incidence is 4–4.5 per 1,000 person years. In the United States, 8% of 
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zoster episodes occur in immunocompromised patients. Studies show a striking increase 

of zoster in those 50 years and older, with 68% of cases occurring in this cohort. Age-

adjusted rates of zoster are higher in women than in men (Yawn and Gilden, 2013). HZ 

often presents with a rash that is typically unilateral and involves the dermatomal 

distribution of a single sensory nerve. The rash is generally vesicular, painful, and/or 

pruritic. HZ can occasionally occur in the absence of a rash, known as zoster sine herpete. 

HZ may lead to loss of vision, caused by progressive outer retinal necrosis. HZ affecting 

the trigeminal nerve may also lead to ophthalmitis with keratitis. VZV reactivation is also 

a cause of retinitis in HIV-infected patients. Postherpetic neuralgia (PHN) is a dreaded 

sequel of HZ which affects 10-30 % of zoster patients (Weaver, 2009). PHN increases 

with age; 80% of all PHN occurs among persons 50 years and older (Yawn and Gilden, 

2013).  PHN is a severe neuropathic pain syndrome due to death of primary neurons from 

virus infection, along with the inflammatory response (Rahaus et al., 2006).  

 

Prevention and Treatment strategies 

Varicella is generally a mild and self-limited disease (www.cdc.gov.), but 

antiviral therapy is given to siblings and contacts of children with varicella to avert or 

ameliorate disease. Therapy for HZ is aimed at reducing the severity and duration of 

acute and chronic pain, limiting spread and duration of lesions, as well as reducing 

complications like PHN. In immunocompromised patients, another therapeutic objective 

is to limit the risk of VZV dissemination (Breuer and Whitley, 2007; De Clercq, 2003). 

Introduced in 1995 in the U.S., the live-attenuated Oka vaccine (V-Oka strain) for 

varicella (Varivax™) significantly decreased the incidence, morbidity and mortality 
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associated with varicella disease (Andrei and Snoeck, 2013). Although a zoster vaccine 

(ZostavaxTM) has proved safe and partially effective in preventing both herpes zoster and 

PHN, there are still an estimated 1 million HZ cases each year in the USA, with a rise in 

cases among younger populations (Yawn et al., 2009). Vaccine coverage is low, and 

there are people who cannot be vaccinated: those taking immunosuppressant agents, have 

leukemia or lymphoma, are HIV positive, or have allergic reactions to vaccine 

components (Hambleton, 2008; Liesegang, 2009). Regardless of the availability of 

vaccine, new antiviral agents are necessary for treatment of VZV infections, with early 

treatment being the key (Andrei and Snoeck, 2013; Lu et al., 2011). Current drugs 

approved for therapy of VZV infections inhibit viral replication by targeting the viral 

DNA polymerase (Andrei and Snoeck, 2013; Partridge and McKendrick, 2009). Drugs 

approved for treatment of VZV infections include acyclovir (ACV), valaciclovir 

(VACV), famciclovir (FAM) and brivudin (BVdU, only in Europe). Acyclic guanosine 

analogues ACV [9-(2-hydroxyethoxymethyl)guanine, Zovirax™] and penciclovir [PCV, 

9-(4-hydroxy-3-hydroxymethyl-but-1-yl)guanine Denavir™, Vectavir™] and their 

respective pro-drugs, valaciclovir (the L-valyl ester of ACV)  and famciclovir 

(diacetylester of 6-deoxypenciclovir), all have activity against VZV. ACV and VACV are 

the gold standard for prophylaxis and treatment of diseases caused by HSV and VZV 

(Andrei and Snoeck, 2013; Partridge and McKendrick, 2009). Due to very poor oral 

bioavailability, dosing of ACV and PCV is very difficult. The L-valyl ester moiety 

increases the oral bioavailability of VACV through absorption via the human intestinal 

peptide transporter hPEPT1. In chapter two, we compared the efficacy of a novel L-valyl 

ester prodrug, valyl L-BHDU, with its parent compound L-BHDU. Similarly, the 



 

10 
 

diacetylester of 6-deoxypenciclovir, famciclovir (FAM), shows higher bioavailability 

than PCV (Andrei and Snoeck, 2013). Regardless of the increased bioavailability, the 

specific activity of ACV is approximately 10-times lower against clinical isolates of VZV 

than the related herpes simplex virus (HSV) (Arvin, 1996; Partridge and McKendrick, 

2009). The thymidine analogue, BVdU [(E)-5-(2-bromovinyl)-2’-deoxyuridine, 

Zostex™, Zonavir™, Zerpex™], has good oral bioavailability and is a highly selective 

antiviral agent against VZV as compared to ACV and PCV. However, BVdU does have 

one limitation to its use. BVdU should not be given to patients on 5-fluorouracil (5-FU) 

chemotherapy since a degradation product of BVdU, bromovinyluracil (BVU), is a potent 

inhibitor of dihydropyrimidine dehydrogenase (DPD). DPD is the enzyme that breaks 

down 5-FU, thus co-administration of BVdU and 5-FU may cause toxic accumulation of 

5-FU in the body (Fig 1.1) (Li-Wan-Po, 2013). BVaraU, which has a similar cytotoxic 

profile, was licensed in Japan in 1993 for the treatment of herpes zoster, but the product 

was withdrawn following several deaths related to co-administration with 5-FU (Ogura et 

al., 1998; Okuda et al., 1997). In chapter two, we studied whether L-BHDU had any 

similar detrimental effect on 5-FU metabolism in vivo, and we found that it did not.  

Significant research efforts are required to develop superior anti-viral compounds 

for treatment of herpes zoster (De Clercq, 2013a). An alternative drug of choice for 

treatment of VZV infections resistant to nucleoside analogues is foscarnet (Foscavir™), 

an inorganic pyrophosphate analogue (De Clercq, 2013b). Cidofovir (CDV, 

deoxycytidine monophosphate analogue) is active against VZV and most DNA viruses. 

Another class of compounds that inhibit VZV replication at subnanomolar concentrations 

are the bicyclic furo(2,3-d)pyrimidine nucleoside analogues (BCNAs), Cf 1368, Cf 1369, 
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Cf 1743 and Cf 1742. Their antiviral activity is very specific to VZV due to the presence 

of an alkyl(phenyl) side chain on the furanyl ring of the BCNAs. Helicase/primase 

inhibitors (HPI) are a new class of anti-herpesvirus agents. The thiazolylphenyl 

derivatives BILS 179BS and BAY 57-1293, and ASP2151 (amenamevir), a novel 

oxadiazolephenyl derivative, have potent antiviral activity against VZV. Due to serious 

adverse events during the Phase I safety trial of ASP2151, the clinical trial was 

terminated and development of the drug was completely abandoned. Other potential anti-

VZV candidates include carbocyclic nucleoside analogues, H2G ((R)-9-[4-hydroxy-2-

(hydroxymethyl)butyl]guanine, omaciclovir) and its prodrug valomaciclovir; 

phosphorothioated oligonucleotides (PS-ONs), 5-iodo-4’-thio-2’-deoxyuridine (4’-

thioIDU),  nonnucleoside DNA polymerase inhibitors (4-oxodihydroquinolines, PNU-

183792), acyclic nucleoside phosphonates (CMX001, adefovir, tenofovir etc,) and 

compounds that target cellular proteins (roscovitine, a CDK inhibitor) (Andrei and 

Snoeck, 2013). In the present study, we used ACV, VACV, BVdU, PFA and CDV (see 

Fig 1.2 for their structures). 

 

Mechanism of Action of antiviral compounds  

The selective activity of the nucleoside analogues including the BCNAs depends 

on the preferential phosphorylation of these compounds by the virus-encoded thymidine 

kinase (TK) into their respective monophosphates. AVC-MP and PCV-MP are further 

phosphorylated by cellular guanosine monophosphate (GMP) kinase to respective 

diphosphates (DP). BVdU-MP and BCNA-MPs, on other hand, are phosphorylated to 

their DP form by the intrinsic deoxythymidine monophosphate (dTMP) kinase activity of 
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the VZV TK. Cellular nucleoside diphosphate (NDP) kinase converts ACV-DP, PCV-DP 

and BVdU-DP to their corresponding active triphosphates (TP). ACV-TP is incorporated 

into viral DNA replacing deoxyguanosine triphosphate (dGTP) and its modified sugar 

moiety is an efficient chain terminator. BVdU-TP is also incorporated into viral DNA 

substituting deoxythymidine-triphosphate (dTTP). Unlike ACV-TP, BVdU-TP reduces 

integrity and function of the viral DNA pol during replication (Mustafa et al., 2009). In 

addition, BVdU-MP inhibits cellular thymidylate synthase (TS), which prevents cell 

proliferation (Fig 1.3). The exact molecular target of the BCNAs has not yet been 

identified, but studies suggest that BCNAs exert their inhibitory effect via their 

monophosphate or diphosphate derivatives. Hence, the DNA polymerase is virtually 

excluded as the molecular target of the BCNAs, however further studies are underway to 

confirm this point. Foscarnet, the pyrophosphate analogue, is independent of viral TK 

and inhibits viral DNA synthesis by interference with the pyrophosphate-binding site of 

viral DNA pol. Cidofovir is also independent of viral TK because its structure includes a 

phosphonate group, thus precluding the first phosphorylation step mediated by TK.  

Cellular kinases convert CDV to the active diphosphate form, which causes premature 

chain termination during viral DNA synthesis by acting as a competitive inhibitor of the 

viral DNA polymerase. The diphosphate forms of acyclic nucleoside phosphonates 

(ANPs) inhibit viral polymerases more potently than cellular DNA polymerases (Andrei 

and Snoeck, 2013). In the current study, we explore the mode of the action of a novel 

nucleoside analogue, L-BHDU, which depends on viral TK but may be active in the 

diphosphate form. 
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Thymidine Kinase 

Thymidine kinases (TK) were long associated with DNA synthesis before it was shown 

they were also encoded by viruses. In 1963, Kit et al., discovered HSV TK (Gentry, 

1992). TK activity increases in tissues and cell cultures undergoing DNA synthesis 

(Gentry, 1992). In human cells, phosphorylation of nucleosides at the 5’ position is 

catalyzed by two cytosolic enzymes, thymidine kinase 1 (hTK1) and deoxycytidine 

kinase (dCK), and by two mitochondrial enzymes, thymidine kinase 2 (hTK2) and 

deoxyguanosine kinase (dGK). These four enzymes have distinct but overlapping 

specificities (Reviewed in Deville-Bonne et al., 2010).  The deoxynucleoside kinases 

(dNKs) are divided into two families based on amino acid sequences. The Type I family 

contains deoxycytidine kinase (hdCK), deoxyguanosine kinase (hdGK) and the 

mitochondrial hTK (so-called hTK2), which have more than 40% sequence identity. It 

also contains the Drosophila deoxynucleoside kinase (Dm-dNK), HSV-1 TK and VZV 

TK. The Type II thymidine kinases include cytosolic hTK1 and vaccinia virus TK ( 

Welin et al., 2004). Three conserved motifs have specific roles in dNKs: 1) the P-loop 

motif binds the phosphates of ATP, 2) the Glu–Arg–Ser sequence contributes to Mg2+ 

binding and catalysis, and 3) three conserved arginines form the “LID” domain 

(discussed in chapter three, Fig. 3.4). The LID domain closes onto the bound phosphoryl 

donor and supplies residues that participate in ATP binding and catalysis (Deville-Bonne 

et al., 2010). HSV-1 and VZV TKs belong to the Type I family and are active as 

homodimers of a 40 kDa monomer. Viral TK differs in several respects from cellular TK. 

HSV-1 and VZV TKs have a broader range of phosphorylation activities and are less 

sensitive to inhibition by dTTP than cellular TKs, which use Mg2+ and ATP to 
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monophosphorylate only thymidine.  In contrast, viral TK is a deoxypyrimidine kinase 

that phosphorylates a range of nucleoside analogues, uses other nucleoside triphosphates 

than ATP as a phosphate donor (CTP in particular), and accepts both D and L 

enantiomers of dT, dC and dG as substrates (Evans et al., 1998; Gentry, 1992; Spadari et 

al., 1992). Furthermore, HSV-1 and VZV TKs have thymidylate kinase activity that 

converts dTMP to dTDP. In chapter three, we show that VZV TK phosphorylates L-

BHDU to its –MP and –DP forms. HSV-1 TK, HSV-2 TK and VZV TK also 

accommodate acyclic guanine nucleoside analogs such as acyclovir and ganciclovir, and 

add only the first phosphate group to those analogs (Deville-Bonne et al., 2010). 

However, the genes encoding viral TKs are more mutable than the genes for cellular TK 

enzymes (Evans et al., 1998). Drug resistance arising due to mutation in viral TK is 

discussed next and also in chapter three. 

 

Drug Resistance 

Resistance of VZV to nucleoside analogues is rare in immunocompetent patients, 

but can be a major problem among immunosuppressed people, mainly those receiving 

prolonged ACV therapy (Andrei et al., 2012; Partridge and McKendrick, 2009). 

Approximately 30% of VZV infections clinically resistant to ACV are associated with 

virological resistance, which is due to mutations that alter the viral enzymatic activity. 

Acyclovir resistance in VZV is predominantly conferred by mutations in the viral TK 

gene, although a few cases are documented with an alteration in DNA polymerase (Pol). 

Thus the molecular basis for resistance to ACV (denoted ACVR) is linked to mutations in 

either the viral TK or the DNA Pol gene. Herpesvirus TKs phosphorylate many 
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nucleoside analogues due to broader substrate specificity than mammalian cytosolic TKs 

(Andrei et al., 2012). ACVR strains either have no TK activity or TK activity with altered 

substrate specificity (Partridge and McKendrick, 2009). TK-negative mutants that are 

devoid of TK activity cannot phosphorylate thymidine, deoxycytidine, or acyclovir. 

ACVR mutants that encode an altered TK are unable to phosphorylate acyclovir or 

deoxycytidine but can still phosphorylate thymidine (Kimberlin and Whitley, 1996). In 

chapter three, we characterized ACVR, BVdUR, and L-BHDUR mutants and determined 

the VZV TK activity by in vitro assays. The structure of TK and related mutations are 

explained in detail in chapter three.   

VZV TK mutants are cross-resistant to all drugs dependent on viral TK for their 

activation. Thus, PFA is the drug of choice to treat VZV that has mutations in TK. Few 

reports have described VZV mutants with alterations in the DNA Pol associated with 

resistance to PFA. Cidofovir, which does not require activation by viral TK, can be 

considered an alternative for the treatment of ACVR and/or PFAR mutants (Andrei et al., 

2012; Fillet et al., 1995; Kamiyama et al., 2001; Visse et al., 1998). Laboratory-generated 

TK and DNA pol VZV mutant strains are used for genetic and phenotypic 

characterization. In chapter three, we characterized the laboratory-generated ACVR, 

BVdUR, PFAR and L-BHDUR VZV strains and studied their cross-resistance patterns. 

 

Challenges in VZV research 

Certain characteristics of the virus make VZV research very challenging, creating 

a lack of basic knowledge of VZV biology. As previously stated, VZV is highly cell-

associated and spreads mainly by cell-to-cell contact in cultured cells (Kinchington et al., 
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2012; Zerboni et al., 2014). Unlike HSV-1 or human cytomegalovirus, infectious virions 

are not released in the supernatant. The efficiency by which a virus infects cultured cells 

is measured by particle/PFU ratio, which refers to the number of viral particles required 

to form one plaque. One study shows that approximately 40,000 VZV particles are 

needed in a cell-free inoculum to generate 1 PFU, whereas only 10 particles are needed 

for HSV-1 (Carpenter et al., 2009). This property has led to many obstacles in VZV 

research. For example, due to low titers of cell-free VZV it is not feasible to synchronize 

infections of cultured cells to define the kinetics of viral mRNA and protein synthesis 

(Reichelt et al., 2009). In typical protocols, a cell-associated VZV inoculum is added to a 

monolayer of uninfected cells to start an infection. This experimental method is not 

optimal for analyzing the VZV replication cycle. The cell-associated inoculum is a 

mixture of cells at different stages of viral infection and includes cellular proteins and 

metabolites (Reichelt et al., 2009). Of particular importance for this study, cell-associated 

virus is not suitable for generating drug resistant VZV strains under selective pressure in 

vitro as discussed in chapter three. To overcome this problem, infected cells are sonicated 

to disrupt them and release virions. However, sonication severely reduces the virus titer. 

We used this method in chapter three to generate the drug resistant mutant VZV strains. 

Another challenge of VZV research is that it is entirely restricted to primate cells 

(unlike HSV-1). VZV enters rodent cells but they are not permissive, therefore the virus 

does not spread or cause disease.  VZV is also exceedingly difficult to experimentally 

reactivate from human ganglia. Human studies indicate that cellular immune status is a 

major factor in VZV reactivation. The lack of animal models has hampered studies of this 

observed adaptive immune response in human to VZV, and to date, no animal model 
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reproduces varicella, latency and zoster (Kinchington et al., 2012). Hence, in vivo studies 

are performed using the SCID-hu mouse model. We used the established SCID-hu mouse 

model of VZV replication in chapter two to determine the efficacy and safety of novel 

antiviral compounds (Moffat et al., 1995).  

 

New technologies 

Bacterial artificial chromosome (BAC) technology is an invaluable tool for 

studying herpesvirus pathogenesis. Since the genome of these viruses is too large to be 

cloned in individual plasmids or cosmids, BACs present a useful tool for studying 

herpesviruses. BACs are more stable than YACs (yeast artificial chromosome) and are 

less prone to undesired genomic rearrangements (Warden et al., 2011). Throughout this 

study, we used a recombinant VZV strain (VZV-BAC-Luc), produced from BAC DNA, 

that is indistinguishable from wild-type virus (Zhang et al., 2007). Viral BACs in E. coli 

can be more stable than traditional or natural viral mutants. However, viral BACs may 

acquire undesired mutations after replicating in E. coli, because viruses are subject to 

different selective pressures in bacterial cells. In chapter three, we report an instance 

where we found a mutation in VZV-BAC-Luc that was only detectable by deep 

sequencing the whole viral genome. By adding luciferase and/or reporter genes to the 

viral BAC genome, it is possible to visualize and quantify viral replication. Luciferase 

activity correlates to viral replication, and so viral pathogenesis can be studied in vitro 

and in vivo. The luciferase reporter measurements are also more efficient and accurate 

than regular titration assays (Warden et al., 2011).  
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Bioluminescence is a biological process where luciferase, in the presence of ATP, 

Mg2+ and the substrate (luciferin), converts chemical energy into light. This natural 

phenomenon has led to a research field called bioluminescence imaging (BLI). 

Luciferases, unlike fluorescent probes, do not require incident radiation for excitation to 

produce light. Another advantage of BLI is the negligible background signal for 

bioluminescence imaging in vivo. Three luciferases are used in biomedical research: the 

Photinus pyralis (firefly) luciferase (Fluc); the sea pansy Renilla reniformis luciferase 

(Rluc); and the marine copepod Gaussia princeps luciferase (Gluc) (Badr and Tannous, 

2011). To detect bioluminescence from firefly luciferase, the substrate D-luciferin is 

administered in vitro or in vivo and time is allowed for the reaction to take place (10-60 

min). The animals or tissue culture plate is placed in a dark chamber and photons emitted 

during the reaction are measured using a light-sensitive camera. The IVIS (in vivo 

imaging system) and Living Image Software (Xenogen, Perkin Elmer) report the amount 

of light emitted from a given area, the region-of-interest (ROI),  as counts or photons 

(Zinn et al., 2008). We use this technology for studying VZV pathogenesis in culture, in 

skin explants, and in mice by utilizing the bioluminescent capabilities of VZV-BAC-Luc 

strain. We and others confirmed that bioluminescence intensity is proportional to viral 

titers measured by standard plaque assay (Zhang et al., 2007). Application of BLI reduces 

variability in the assay, increases the number of replicates, shortens the time to collect 

and process the data, and facilitates quantification of viral growth kinetics  (Contag et al., 

1998). In chapter two, we used BLI to measure the efficacy of drugs against VZV 

replication in cell culture, skin organ culture and in mice. In chapter three and four, we 

measured the viral replication and growth kinetics in cultured cells. 
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L-nucleoside analogues 

It has long been believed that only natural D-configuration nucleoside analogues 

had biological activity. It was thought that substrate stereospecificity was necessary to 

effectively interact and inhibit metabolic enzymes. This assumption was re-evaluated 

after the discovery of lamivudine, an L-nucleoside (a non-superimposable enantiomer of 

the natural D-nucleosides). Lamivudine is an approved L-nucleoside drug for HBV and 

HIV.  It appears that L-nucleoside analogues have several favorable features, including 

an antiviral activity comparable and sometimes greater than their D-counterparts, more 

favorable toxicological profiles, and greater metabolic stability. L-nucleoside analogues 

are potent against HBV (clevudine, telbivudine, valtorcitabine), HIV (emtricitabine, 

elvucitabine), EBV (clevudine, maribavir), HCMV (maribavir), HCV (Levovirin) and 

HSV-1, and more are currently in clinical trials. Notably, the chemotherapeutic potential 

of L-nucleoside analogues is not limited to the antiviral field but is also evident in drugs 

for malaria and leukemia (troxacitabine) (Gumina et al., 2002, 2001; Mathé and Gosselin, 

2006; Spadari et al., 1992). In this study, we explored the antiviral efficacy, safety profile 

(chapter two) and mode of action (chapter three and four) of a new L-nucleoside 

analogue, L-BHDU, against VZV. 

 

Pyrimidine metabolism and Herpesvirus 

Pyrimidines are ubiquitous building blocks for the synthesis of RNA (uridine and 

cytidine) and DNA (cytidine and thymidine). These central metabolic roles require their 

continued biosynthesis. Synthesis of pyrimidine starts with ATP, glutamine and 

bicarbonate. The first three steps in the de novo synthesis of pyrimidines are catalyzed by 
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a trifunctional, cytoplasmic enzyme known as CAD (carbamoyl phosphate synthetase, 

aspartate transcarbamylase and dihydroorotase). The product of CAD is dihydroorotate 

(DHO), which is converted to orotate by dihydroorotate dehydrogenase (DHODH) in 

mitochondria. The bifunctional enzyme orotate phosphoribosyltransferase/orotidine-5’-

monophosphate decarboxylase (also known as UMP synthetase) converts orotidine-5’-

monophosphate (OMP) to uridine monophosphate (UMP). UMP is the precursor for all 

other pyrimidine nucleotides. UMP/CMP kinase and nucleoside diphosphate kinase 

(NDP kinase) convert UMP to its corresponding di- and triphosphorylated forms (UDP 

and UTP). These phosphorylated bases are required for the subsequent synthesis of 

dUMP by ribonucleotide reductase and dUTPase (Fig 1.4). Thymidylate synthase 

catalyzes the reductive methylation of deoxyuridine monophosphate (dUMP) to 

deoxythymidine monophosphate (dTMP). This reaction provides the sole de novo source 

of thymidylate, which is necessary for DNA replication and repair. dTMP is converted to 

dTDP and subsequently to dTTP by other cellular kinases (Berg et al., 2002; Nelson and 

Cox, 2008; Traut, 2009). Depletion of deoxythymidine triphosphate (dTTP) induces 

changes in the levels of the other deoxynucleotides through various feedback 

mechanisms. Imbalances in the deoxynucleotide pool severely disrupts DNA synthesis 

and repair, resulting in lethal DNA damage (Longley et al., 2003). The critical role of the 

pyrimidine biosynthesis pathway in cell function and replication makes it an attractive 

target for drug intervention. If interventions sufficiently depleted the dNTP pool, DNA 

replication arrest may result (Hyde, 2007). 

The pyrimidine biosynthesis pathway is critically important for many viruses, 

including herpesviruses. Though herpesviruses rely primarily on the metabolic 
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capabilities of their cellular hosts for replication, all herpesviruses encode their own 

metabolic enzymes that are involved in nucleotide metabolism. HSV-1 encodes 

thymidine kinase, ribonucleotide reductase, DNA pol, dUTPase and uracil DNA 

glycosylase (Vastag et al., 2011). VZV also encodes these, as well as its own thymidylate 

synthase (ORF 13). The roles these enzymes play in VZV replication are not well 

characterized. Some of the enzymes are dispensable for viral replication in vitro. HCMV 

and HSV-1 infection increases the cellular dTTP pool to facilitate viral replication. It has 

been suggested that these changes in dNTP pools may be due to the induction of viral 

encoded enzymes, as well as by actively redirecting host cell metabolism (Daikoku et al., 

1991; Vastag et al., 2011). For example, HCMV induces cellular dihydrofolate reductase, 

thymidylate synthase (TS) and deoxycytidylate deaminase (dCMP deaminase) in 

quiescent human fibroblasts for efficient HCMV replication in quiescent cells (Gribaudo 

et al., 2003, 2002). Another major factor in viral replication is the state of the cellular 

metabolism. Viruses face a greater challenge in acquiring nucleotides for viral DNA 

replication when replicating in quiescent cells as opposed to actively dividing ones. 

Dividing cells harbor abundant dNTPs compared to non-dividing cells where the de novo 

nucleotide biosynthesis pathways are less active. Also, cellular dNTP concentrations vary 

greatly among cell types, making it important to study changes in dNTP pools in the right 

cell types. The pyrimidine biosynthesis pathway is an attractive target for anticancer and 

antiviral compounds. Many studies demonstrate antiviral activity of compounds against 

RNA-, DNA-, and retroviruses by targeting pyrimidine metabolism (Fischer et al., 2013; 

Hoffmann et al., 2011; Lucas-Hourani et al., 2013; Ortiz-Riaño et al., 2013; Wang et al., 

2011). Enzymes of nucleotide metabolism pathways also provide promising molecular 
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targets for the development of anti-malaria and tuberculosis drugs (Breda et al., 2012; 

Cassera et al., 2011). These results have strengthened the concept that targeting 

pyrimidine biosynthesis is a potential approach for antiviral development. 

In this study we explored the efficacy, safety and mechanism of action of a novel 

L-nucleoside bromovinyl uracil analogue, L-BHDU, in inhibiting VZV replication. We 

investigated the efficacy, safety and drug-drug interaction of L-BHDU in chapter two. 

We found that L-BHDU was superior to ACV and VACV in vitro and in vivo and did not 

interfere with 5-FU catabolism. L-BHDU was well tolerated and effective in mice. 

Genotypic and phenotypic characterization of L-BHDU drug-resistant mutant strains 

were studied in chapter three. We observed that mutations in L-BHDUR mutants were 

mapped in the active domains of VZV TK. The TK mutants were enzymatically inactive 

failing to convert dTMP from thymidine.  We identified that L-BHDU was converted to 

its monophosphate and diphosphate metabolites. In chapter four, we describe the possible 

mechanism of action of L-BHDU which suggested that L-BHDU depletes the cellular 

dTTP pool by interfering with the pyrimidine biosynthesis pathway. We observed that 

exogenous addition of thymidine and uridine restored VZV replication in the presence of 

L-BHDU only in dividing cells. VZV infection of confluent cells caused a 6-fold increase 

of dTTP, while treatment of the infected cells with L-BHDU decreased the dTTP pool by 

4-fold. The exact molecular mechanism of action of L-BHDU still eludes us, which could 

be further investigated in the future.   
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Abstract 

The alphaherpesvirus varicella-zoster virus (VZV) causes chickenpox and shingles.  

Current treatments are acyclovir (ACV) and its derivatives, foscarnet and brivudine 

(BVdU).  Additional antiviral compounds with increased potency and specificity are 

needed to treat VZV, especially to treat post-herpetic neuralgia.  We evaluated β-L-1-[5-

(E-2-Bromovinyl)-2-(hydroxymethyl)-1,3-dioxolan-4-yl)] uracil (L-BHDU, 1) and 5′-O-

valyl-L-BHDU (2) in three models of VZV replication: primary human foreskin 

fibroblasts (HFFs), skin organ culture (SOC) and in SCID-Hu mice with skin xenografts.  

The efficacy of L-BHDU in vivo and its drug-drug interactions were previously not 

known.  In HFFs, 200 μM L-BHDU was noncytotoxic over 3 days, and L-BHDU 

treatment reduced VZV genome copy number and cell to cell spread. The EC50 in HFFs 

for L-BHDU and valyl-L-BHDU were 0.22 and 0.03 μM, respectively.  However, L-

BHDU antagonized the activity of ACV, BVdU and foscarnet in cultured cells.  Given its 

similar structure to BVdU, we asked if L-BHDU, like BVdU, inhibits 5-fluorouracil 

catabolism. BALB/c mice were treated with 5-FU alone or in combination with L-BHDU 

or BVdU. L-BHDU did not interfere with 5-FU catabolism. In SCID-Hu mice implanted 

with human skin xenografts, L-BHDU and valyl-L-BHDU were superior to ACV and 

valacyclovir.  The maximum concentration (Cmax) levels of L-BHDU were determined in 

mouse and human tissues at 2 h after dosing, and comparison of concentration ratios of 

tissue to plasma indicated saturation of uptake at the highest dose. For the first time, an 

L-nucleoside analog, L-BHDU, was found to be effective and well tolerated in mice. 
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1. Introduction 

 Varicella-zoster virus (VZV) is a human-restricted alphaherpesvirus.  It causes 

varicella (chicken pox) upon primary infection and zoster (shingles) upon reactivation 

from latency.  VZV disease is partially preventable by inoculation with the live, 

attenuated vaccine strain Oka-Merck (Oxman et al., 2005; Vazquez et al., 2004).  

Pediatric vaccination has reduced varicella cases in the United States (Seward et al., 

2008), although the incidence of zoster is not likely to decline in the near future because 

in older adults the vaccine efficacy is approximately 50% (Holcomb and Weinberg, 

2006).  There will continue to be a demand for antiviral drugs for VZV due to natural and 

breakthrough cases and in immunocompromised patients that cannot receive live virus 

vaccines.  Current treatments are nucleoside and pyrophosphate analogues that target the 

viral DNA polymerase and may depend on viral thymidine kinase activity (De Clercq, 

2004).  Acyclovir (ACV) and its acyclic derivatives of guanosine, such as valacyclovir 

(VACV), penciclovir (PCV) and famciclovir (FCV), are the most frequently prescribed 

drugs to treat VZV.  These drugs are widely approved for use in the United States, 

Europe, and Asia.  They are moderately effective against VZV, but for best results 

treatment should begin within 72 h of rash onset and resistance may arise during long-

term administration to immunocompromised patients (Sampathkumar et al., 2009).  In 

these patients, Foscarnet (phosphonoformate) delivered intravenously may be necessary 

to treat resistant VZV (Ahmed et al., 2007).  The cyclic derivatives of uridine are another 

class of drugs currently used to treat VZV.  Infections in the eye (herpes zoster 

ophthalmicus) can be treated with topical idoxuridine and trifluridine.  Brivudine [BVdU, 

(E)-5-(2-bromovinyl)-2’-deoxyuridine] is approved for use in Europe and was the first 
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bromovinyl nucleoside analog to show anti-herpesvirus activity (De Clercq et al., 1979).  

BVdU is phosphorylated by VZV thymidine kinase (TK) to both the 5’-monophosphate 

and 5’-diphosphate forms.  Cellular kinases produce the 5’-triphosphate form (BVdU-

TP).  BVdU-TP interacts with the viral DNA polymerase either as a competitive inhibitor 

or an alternative substrate whereby it can be incorporated into DNA (reviewed in De 

Clercq, 2005).  BVdU is more potent against VZV than acyclovir and its derivatives 

(Andrei et al., 1995; Shigeta et al., 1983).  Another benefit of BVdU over acyclovir is the 

ease of dosing, making it appealing to elderly patients (De Clercq, 2005).  The main 

drawback of BVdU is that it is cleaved into a metabolite of bromovinyluracil (BVU).  

BVU in turn inhibits dihydropyrimidine dehydrogenase, which is involved in the 

degradation of thymidine, uracil, and the commonly used cancer drug 5-fluorouracil (5-

FU).  Patients receiving this chemotherapy regimen should not be given BVdU as it may 

cause toxic accumulation of 5-FU and result in death (De Clercq, 2004; De Clercq, 2005; 

Diasio, 1998; Keizer et al., 1994).     

The serious possible adverse effects of BVdU are the main reason why alternative 

antiviral uridine compounds have been sought.  One approach has been to screen 

nucleosides in the L-configuration, which can be just as effective as the D-nucleoside 

counterparts (Chu et al., 1995; Spadari et al., 1992).  The uridine derivative, -L-1-[5-(E-

2-Bromovinyl)-2-(hydroxymethyl)-1,3-dioxolan-4-yl)] uracil (L-BHDU), exhibited 

potent anti-VZV activity in cultured cells and was noncytotoxic in HEL 299 cells up to 

200 µM (Choi et al., 2000; Li et al., 2000).  Efforts to elucidate the mechanism of action 

found that L-BHDU was phosphorylated by VZV TK but not further converted to the di- 
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and triphosphate forms, suggesting a different antiviral mechanism than BVdU (Li et al., 

2000).  Their evidence pointed to the monophosphate form as the active moiety.  

5′-O-Amino acid esters of nucleosides have been extensively used as prodrugs 

due to their well-established chemistry, structural diversity, and lack of toxicity concerns 

(Ibrahim et al., 1996). Using amino acids for a prodrug strategy provides several 

advantages, including increasing cellular transport and bio-availability. These prodrugs 

are at least as polar as the parent molecules, due to the α-amino group at physiological pH 

and carrier mediated transport.  Prodrugs can be rapidly hydrolyzed to the parent drugs 

by intracellular hydrolysis.  Indeed, the parent drugs show greatly increased cellular 

uptake when the prodrugs have amino acid esters. Furthermore, prodrugs of 5’-O-L-valyl 

esters improve pharmacokinetic properties without cellular toxicity in comparison to the 

parent nucleoside [Han et al., 1998(a); Han et al., 1998(b)]. In view of this information, 

the 5′-O-L-valyl ester of L-BHDU (2) was synthesized and evaluated for its anti-VZV 

activity in vitro and in vivo.  Additionally, phosphoramidate prodrugs are known to 

increase nucleoside potency, presumably by increasing the intracellular concentration of 

nucleotides by bypassing the mono-phosphorylation step (Rawal et al., 2013). Therefore, 

we also investigated the phosphoramidates of L-BHDU (3 & 4).  

It was not known whether L-BHDU and its prodrugs were effective against VZV 

in vivo or if it inhibited 5-FU metabolism like BVdU.  To address these questions, we 

evaluated L-BHDU (1), its 5’-O-L- valyl ester prodrug (2), and two phosphoramidate 

derivatives (3 & 4) in a range of models that address cytotoxicity and efficacy in culture 

and in vivo.  We have developed systems for screening potential antiviral compounds 

against VZV that employ fully differentiated, intact human tissues and live animals in an 
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attempt to more closely mimic what occurs during a natural infection (Rowe et al., 2010).  

The cytotoxic and antiviral effects of L-BHDU were first examined in a primary cell line, 

human foreskin fibroblasts (HFFs), and then ex vivo in a skin organ culture (SOC) model 

(Taylor and Moffat, 2005).  The effects of L-BHDU and valyl-L-BHDU were tested 

against VZV in SCID-Hu mice with human skin xenografts (Moffat and Arvin, 1999).  

This screening process employs the recombinant strain VZV-BAC-Luc, which was 

selected for its expression of firefly luciferase that can be quantitatively measured by 

bioluminescence, as well as for its wild type virulence and tissue tropism (Zhang et al., 

2007). We report that L-BHDU prevented VZV replication in HFFs, in skin explants, and 

in SCID-Hu mice.   Importantly, L-BHDU did not affect 5-FU metabolism in mice. 

These results demonstrate the potential of L-BHDU as a novel and safe anti-VZV agent. 

 

2. Materials and Methods 

2.1. Propagation of cells and virus 

 Human foreskin fibroblasts (HFFs) (CCD-1137Sk; American Type Culture Collection, 

Manassas, VA), used prior to passage 20, were grown in Eagle minimum essential 

medium with Earle’s salts and L-glutamine (HyClone Laboratories, Logan, UT), 

supplemented with 10% heat-inactivated fetal bovine serum (Benchmark FBS; Gemini 

Bio Products, West Sacramento, CA), penicillin-streptomycin (5,000 IU/ml), 

amphotericin B (250 µg/ml), and nonessential amino acids (all Mediatech, Herndon, 

VA). VZV-BAC-Luc (Zhang et al., 2007) was derived from the Parental Oka strain, a 

wild type clinical isolate from Japan (Accession number: AB097933). Dr. Hua Zhu 

(University of Medicine and Dentistry of New Jersey) kindly provided a master stock of 
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VZV-BAC-Luc (passage 10). VZV-BAC-Luc was stored at -80°C and grown on HFFs 

for up to 10 passages.   

 

2.2. Preparation of drugs 

 L-BHDU (1) was synthesized as previously reported (Choi et al., 2000). The structures 

of valyl ester and phosphoramidate analogues of L-BHDU used in this study are shown 

(Fig. 2.1).  5′-O-L-valyl ester of L-BHDU (2) was synthesized by coupling Boc-L-valine 

with L-BHDU (1) in the presence of 4-dimethylaminopyridine (DMAP) and 1,3-

diisopropylcarbodiimide (DIC) to provide the Boc-protected valyl esters of L-BHDU.   

Deprotection of the Boc group was achieved by treating with 50% trifluoroacetic acid 

(TFA) in dichloromethane (DCM). The volatiles were removed under reduced pressure 

and the residue obtained was purified by column chromatography to give 5′-O-L-valyl 

ester of L-BHDU (2) in good yield. 

Phosphoramidates of L-BHDU (3 & 4) were synthesized according to the method 

described by McGuigan et al. (McGuigan, 1992). Phenol was first reacted with 

phosphoryl chloride in diethyl ether to give aryl dichlorophosphates.  This product was 

then reacted with hydrochloride of amino acid alkyl ester in dichloromethane in the 

presence of triethylamine at -78°C to yield phosphorochloridate intermediates of the aryl 

alkoxy-amino acid.  These phosphorochloridates, without further purification, were 

reacted with L-BHDU (1) in THF, in the presence of N-methylimidazole to provide the 

target compounds, aryl phosphoramidates of L-BHDU (3 & 4), in excellent yields.  

Acyclovir (A669), (E)-5-(2-Bromovinyl)-2′-deoxyuridine (B9647), sodium 

phosphonoformate tribasic hexahydrate (PFA, P6801), and 5-fluorouracil (F6627) were 
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purchased from Sigma Aldrich, St. Louis, MO.  Stock solutions of all the compounds 

except 5-FU and PFA were prepared in dimethyl sulfoxide (DMSO, D2650; Sigma 

Aldrich), aliquoted and stored at -20°C. PFA and 5-FU stock solutions were made in 

water. Final drug dilutions used in all experiments were prepared fresh as indicated.  

Valacyclovir HCl (VACV, 500 mg tablet, GlaxoSmithKline) was crushed in a mortar and 

used in the in vivo studies. For in vivo studies, mice were administered drugs mixed in 

0.4% sodium carboxymethylcellulose (CMC, C948, Sigma Aldrich).  

 

2.3. Cytotoxicity and cell proliferation assay 

The neutral red (NR) cytotoxicity assay was performed as described previously (Rowe et 

al., 2010). Cellular proliferation was evaluated by colorimetric MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay following the method 

developed by Mosmann (Mosmann, T.1983). Both these assays were used to determine 

the concentration causing a 50% reduction in the number of viable cells (CC50). 

 

2.4. Dose-response studies  

HFFs were seeded in clear bottom, black-sided, 6-well plates (W1150, Genetix, 

Molecular Devices) 24 h prior to infection. Subconfluent HFFs were infected with cell-

associated VZV-BAC-Luc showing more than 80% cytopathic effect (CPE) at 1:100 ratio 

of infected to uninfected cells and adsorbed for 2 h at 37C. Excess virus was removed 

and the cells were washed once with PBS. Medium containing either DMSO diluent or 2-

fold dilutions of the test compounds at concentrations between 0.002 and 4.0 µM were 

added; this point was deemed time zero.  Cells were treated for 48 hpi (hour post 
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infection) and the medium containing the drug was changed after 24 h.  VZV spread was 

measured by bioluminescence imaging of the same cultures at time zero and 48 hpi. VZV 

yield was determined daily by bioluminescence imaging (see below) using the IVIS® 50 

instrument (Caliper Life Sciences/Xenogen, Hopkinton, MA) and expressed as Total Flux 

(photons/sec/cm2/steradian). The 50% effective concentration (EC50) values were 

calculated using two model systems, Yield-Density and Sigmoidal Models, by XLfit 5.3 

software (ID Business Solution, www.idbs.com) and GraphPad Prism 5.02 for Windows 

(GraphPad Software, San Diego, CA, www.graphpad.com).  

 

2.5. Quantitative Real time PCR   

Cellular and viral DNA was isolated with DNeasy Blood & Tissue Kit (69506, Qiagen). 

Test samples and standards were analyzed in triplicate with iQ™ SYBR® Green 

Supermix (170-8880, Bio-Rad) and 2.5 μL template in a final volume of 25 μL. VZV 

genomes were amplified with this primer set: forward - 

AAGTTTCAGCCAACGTGCCAATAAA and reverse - 

AGACGCGCTTAACGGAAGTAACG (Hawrami and Breuer, 1999). The β-actin gene 

was amplified with this primer set: forward - TCACCCACACTGTGCCCATCTACGA 

and reverse - CAGCGGAACCGCTCATTGCCAATGG.  Amplification conditions were: 

1 cycle of 95°C (3 min) followed by 40 cycles of 95°C (10 s) and 55°C (30 s) using the 

Bio-Rad iCycler iQ.  Data were analyzed with iQ5 optical software (Bio-Rad) and the 

absolute viral genome copy number was calculated based on a standard curve obtained 

from serial dilutions ranging from 0.04 pg/µL to 4 ng/µL of a plasmid containing a 647-

bp fragment of VZV ORF38 (Taylor et al., 2004). 

http://www.graphpad.com/
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2.6. Skin organ culture   

Human fetal skin tissue (approximately 18 weeks gestational age, Advanced Bioscience 

Resources, Alameda, CA) was obtained in accordance with all local, state, and federal 

guidelines.  Skin was divided into approximately 1-cm2 pieces, cultured on NetWells 

(Corning, NY), and inoculated with VZV-BAC-Luc by scarification with a 27-gauge 

needle (Rowe et al., 2010; Taylor and Moffat, 2005). For bioluminescence imaging, skin 

explants were submerged in D-luciferin (300 µg/mL in PBS) for 1 hour before scanning 

in the IVIS® 50. Skin cytotoxicity was also determined after 6 days of treatment with the 

drugs by hematoxylin and eosin staining of the uninfected skin pieces.  

 

2.7. Drug synergy assay  

The activity of L-BHDU in combination with ACV, BVdU and PFA was evaluated in 

vitro using the method of Prichard and Shipman (Prichard and Shipman. Jr. 1990). VZV 

yield was measured by bioluminescence imaging after 48 h.  Results were analyzed using 

a modified version of MacSynergy II 

(http://medicine.uab.edu/Peds/54568/infectious/79968/). 

 

2.8. Mass spectrometry analysis of 5-fluorouracil (5-FU) metabolism in mice  

5-fluorouracil was dissolved in water and a dose of 30 mg/kg was administered to 5-

week-old, male BALB/c mice (Taconic, Hudson, NY) by tail vein.  BVdU and L-BHDU 

(10 mg/kg dose) were mixed in 0.4% sodium carboxymethylcellulose (CMC, C948, 

Sigma Aldrich) in sterile water and administered by oral gavage. Exactly 30 or 60 min 

after treatment, blood was collected by cardiac puncture causing euthanasia by 

http://medicine.uab.edu/Peds/69011/
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exsanguination. Plasma was separated from the blood and prepared for LC-MS/MS 

analysis by adding 10x volume of acetonitrile (271004, Sigma Aldrich). The mixture was 

vortexed for 2 min, and then centrifuged at 20,000 x g at 4C for 5 min. The supernatant 

was collected, lyophilized and then stored at -80C for later analysis. The lyophilized 

samples were resuspended in 100 µL distilled, deionized water, centrifuged at 20,000 x g 

in a microfuge to pellet particulates, and the supernatant was transferred to an 

autosampler vial.  An aliquot of the sample (10%) was injected in an LC-MS run, trained 

for absolute quantification of 5-FU, using triple quadrupole mass spectrometry. This 

instrument configuration consisted of a Thermo Quantum Access Max triple quadrupole 

mass spectrometer, with a Dionex Ultimate 3000 UPLC, using porous carbon graphite 

chromatography, on a HyperCarb column (100 x 2.1 mm) with a 5-micron particle size, 

and with the column oven set at 40°C.  The solvent system consisted of Solvent A: 0.1% 

formic acid and Solvent B: 100% methanol.  The LC-MS/MS run began with the column 

equilibrated at 10% Solvent B, which was held for 1 min after injection, and then an 

organic gradient was ramped to 95% Solvent B over 1 min, held at 95% Solvent B for 1 

min, then returned to 10% Solvent B in 0.25 min, which was held for equilibration for 2 

min, prior to the next injection.  Raw data files from the LC-MS/MS run were imported 

into LCQUAN software (Thermo Scientific), including a standard curve spanning 

concentrations of 0.1 - 10 µM in water. Area under the curve (AUC) analysis was used to 

quantify the absolute concentration of the compound in unknown samples. The selected 

reaction monitoring (SRM) parameters for 5-FU were performed by infusion in the 

negative mode using 50% methanol with 0.1% formic acid.  The parent ion m/z, fragment 
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ion m/z, collision energy, and tube lens voltage for the compound was: 129 m/z, 42.6 

m/z, 20v, 70v, respectively. 

 

2.9. Animal procedures 

Human fetal skin xenografts were introduced subcutaneously into 5-week-old, male scid-

beige mice  (C.B-Igh-1b/GbmsTac-Prkdcscid-Lystbg N7, CBSCBG-M, Taconic, 

Hudson, NY) as full-thickness dermal grafts as described previously with the exception 

that single implants were used instead of bilateral implants (Moffat et al., 1995).  Three 

weeks after implantation, xenografts were inoculated with cell-associated VZV-BAC-Luc 

as in (Rowe et al., 2010), and virus growth was monitored daily using the IVIS® 200 

apparatus for bioluminescence imaging. Drugs were administered by oral gavage daily 

for 6-7 days in 0.4% CMC (vehicle) suspension. ACV (120 mg/kg/day) and valacyclovir 

(VACV, 120 and 200 mg/kg/day) were controls. L-BHDU (8, 15 or 150 mg/kg/day) and 

valyl-L-BHDU (10 mg/kg/day or 30 mg/kg/day) were the test compounds. Mice were 

weighed on the day of inoculation and again upon termination of the experiment.  Mice 

were euthanized for immediate collection of blood and tissues 2 h after final treatment, 

which were stored in liquid nitrogen until the steady state tissue distribution of L-BHDU 

was determined by HPLC analysis. The protocol was reviewed and approved by the 

Committee for Humane Use of Animals at SUNY Upstate Medical University. 

 

2.10. HPLC Analysis 

L-BHDU concentrations were determined by an HPLC-UV method.  Plasma (100 μL) or 

tissue homogenates (200 μL) spiked with 10 μL triamterene (100 mg/L) were mixed with 
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300 μL acetonitrile and 600 μL ethyl acetate.  Samples were then centrifuged for 10 min 

at 2000 x g and the upper organic phase was evaporated to dryness.  The HPLC 

measurements were carried out using an Agilent 1100 series HPLC coupled with a UV 

detector.  The chromatographic separation of L-BHDU was achieved using a 

Phenomenex Gemini column (5µ, C18, 110Å, 250 x 4.6 mm) coupled with a 

Phenomenex Security Guard column (C18) (Torrance, CA).  The mobile phase was 

isocratic: A: 20 mM KH2PO4 (pH= 9.0): acetonitrile (10:1); B: methanol; A:B = 63:37. 

The mobile phase flow rate was 1.0 mL/min and the UV detection wavelength was set at 

254 nm. Under the chromatographic conditions described, L-BHDU and triamterene 

eluted at 8.7 min and 10.2 min, respectively.   Calibration curves were generated by using 

samples from spiked blank matrix to yield final calibration points of 0.1 -150 µg/mL with 

an internal standard concentration of 10 µg/mL in each sample.  This method has been 

previously validated to show acceptable precision and accuracy over the calibration range 

of 0.1 to 150 μg/mL.  Absolute recoveries were greater than 90% for all matrices.  Data 

acquisition was performed using ChemStation chromatography software package 

(Agilent). 

 

2.11. Bioluminescence imaging  

Imaging was performed exactly as described in (Rowe et al., 2010).  Briefly, cell and skin 

cultures were scanned with the IVIS® 50 instrument; mice were scanned with the IVIS® 

200 instrument (Caliper Life Sciences/Xenogen, Hopkinton, MA).  Cell and skin images 

were acquired for 1 min; in vivo images were acquired for an initial exposure time of 5 

minutes; if pixels were saturated, additional images with shorter exposure times were 
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acquired. Background signals were determined from mock-treated, uninfected cultures or 

in vivo by placing a 1-cm2 region of interest (ROI) on the head between the ears of mice 

with VZV-infected skin implants.  The rate of VZV spread in the skin implants was 

calculated as the slope of a line with y = log10 photons/s, and x = day of treatment, where 

slope = VZV growth rate (log10 photons/s/day).  The time interval was set as the day after 

treatment was initiated to the day it ended.   

 

2.12. Statistical analysis   

Data from mouse experiments were analyzed using one-way ANOVA and post hoc 

Dunnett's Multiple Comparison Test.  Calculations were made using GraphPad Prism 

5.02 for Windows (GraphPad Software, San Diego, CA, www.graphpad.com).  A p  

0.0001 was considered statistically significant. 

 

3. Results 

3.1. Cytotoxicity and antiviral efficacy of L-BHDU (1) and its prodrug analogues (2, 3, 4) 

To determine the cytotoxic effect of the L-dioxolane uracil analogues on low 

passage human foreskin fibroblast (HFFs) cells, neutral red dye uptake and MTT cell 

proliferation assays were performed after 72 h.  All the test compounds were 

noncytotoxic (CC50 >200 µM) and did not affect cellular proliferation (Table 1).  L-

BHDU and its three prodrug analogues demonstrated good antiviral efficacy against 

VZV-BAC-Luc in two systems: HFFs and skin organ culture (SOC) (Table 1).  Valyl-L-

BHDU (2) was the most potent compound with an EC50 of 0.03 µM in cell culture (Table 

1 and Fig 2.2B).  Both L-BHDU (EC50 = 0.22 µM, Fig. 2.2A) and methyl-L-BHDU 
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(EC50= 0.13 µM) were also potent against VZV-BAC-Luc in cell culture systems (Table 

1).  All the tested analogues of L-BHDU were superior to acyclovir (ACV) and 

phosphonoformate (PFA, Foscarnet), for which EC50 values of 5 µM and 40 µM, 

respectively, were obtained in the HFF culture system (data not shown).  

L-BHDU analogues (except the less potent ethyl-L-BHDU) were next evaluated 

in skin where VZV infects epidermal keratinocytes and dermal fibroblasts (Cohen et al., 

2007; Sexton et al., 1992).  We used a skin organ culture (SOC) model that provides the 

differentiated cell types and the tissue microenvironment that is highly suitable for VZV 

replication (Taylor and Moffat, 2005).  SOC also provides the relevant conditions for 

evaluating potential antiviral compounds against VZV (Rowe et al., 2010).  Previous 

studies showed that skin explants retained their integrity for at least 10 days and VZV 

replication was unrestricted (Taylor and Moffat, 2005).  Triplicate skin samples were 

infected with VZV-BAC-Luc by scarification and treated for 6 days with 2-fold dilutions 

of the test compounds at concentrations between 0.008 and 4.0 µM (refreshed daily). The 

level of VZV infection was measured daily by bioluminescence imaging.  Similar to the 

results in cultured HFFs, the antiviral effects of the analogues were dose-dependent in 

SOC (Table 1).  Histopathological studies showed neither DMSO nor L-BHDU 

analogues treatment caused obvious detrimental effects to the tissue (data not shown).   

 

3.2. L-BHDU antagonizes the antiviral activity of ACV, BVdU and PFA 

A common approach to studying the mechanism of action of a compound is to 

evaluate its effects in combination with other drugs.  If the drugs target different 

pathways, then synergy may occur.  Conversely, if the drugs target the same pathway, 
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then they may compete for the same substrates and antagonize.  We used the 

MacSynergy platform to evaluate the interactions between L-BHDU and BVdU, ACV, 

and PFA, which are frequently prescribed for VZV infections (Prichard and Shipman, 

1990).   HFFs were inoculated with VZV-BAC-Luc, the drug combinations were added 

in the appropriate matrix, and the cultures were incubated for 48 h.   Virus yield was 

measured by bioluminescence imaging.  In all three cases, VZV yield was below the 

expected level of inhibition as compared to each drug alone, indicating that L-BHDU 

antagonized the activity of these drugs (Fig. 2.3).  Interference between the drugs 

occurred at the highest concentration of L-BHDU (2 µM) and the approximate EC50 of 

the other drugs.  It is possible that antagonism exhibited by the combination of L-BHDU 

with BVdU and ACV was due to competition for phosphorylation by VZV TK.   Since 

PFA is not a substrate of TK, and its antiviral mechanism is inhibition of DNA 

polymerase, the antagonism with L-BHDU could have arisen from unknown effects of L-

BHDU on VZV DNA Pol expression or activity. 

 

3.3. L-BHDU did not inhibit 5-fluorouracil metabolism in mice 

L-BHDU has a similar structure to BVdU, which is highly active against VZV.  

BVdU is not approved for use in the U.S. because it may cause lethal drug interactions 

with the cancer drug 5-FU.  The mechanism of this toxic interaction is the inhibition of 

dihydropyrimidine dehydrogenase by bromovinyluracil, a metabolite of BVdU, which 

results in toxic accumulation of 5-FU in a person treated with both drugs (De Clercq. 

2004).  The effects of L-BHDU on 5-FU levels in vivo were not known.  Mice were 

administered 5-FU (30 mg/kg, i.v.).  Two groups also received BVdU (10 mg/kg, p.o.) or 
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L-BHDU (10 mg/kg, p.o.) immediately following.  Blood was collected exactly 30 and 

60 min later. Plasma was separated and 5-FU concentration was measured by LC-

MS/MS.  Mice treated with 5-FU alone eliminated the drug after 60 min (Fig 2.4A). The 

average AUC for the 5-FU group at 30 min was 1246 nM and at 60 min it was 

undetectable. As expected, 5-FU persisted in the mice that received BVdU, with the 

relative average concentration decreasing from 945 nM at 30 min to 685 nM at 60 min. In 

contrast, 5-FU concentration decreased 90% in mice treated with L-BHDU from an 

average concentration of 1720 nM to 180 nM. Thus L-BHDU did not affect 5-FU 

catabolism in vivo. 

 

3.4. L-BHDU (1) and valyl-L-BHDU (2) prevent VZV replication in SCID-Hu mice 

The SCID-Hu mouse model is valuable for analyzing VZV pathogenesis and 

potential antiviral compounds, and so it was employed to evaluate the effectiveness of L-

BHDU in vivo (Ku et al., 2004; Oliver et al., 2008; Rowe et al., 2010).  SCID mice with 

xenografts of human fetal skin were inoculated by scarification with VZV-BAC-Luc.  

Virus spread in the skin implants was monitored by bioluminescence imaging starting at 

2 days post infection (dpi).  When VZV infection was established and the 

bioluminescence signal for an individual mouse crossed the background threshold of 

2x104 Total Flux (usually at 2-3 dpi), the mouse was randomly assigned to either a 

treatment or control group.  The control groups consisted of mice treated with 0.4% CMC 

(vehicle), acyclovir (120 mg/kg/day) or valacyclovir (120 or 200 mg/kg/day). The 

experimental groups were administered L-BHDU (8, 15, or 150 mg/kg/day) or valyl-L-

BHDU (10 or 30 mg/kg/day) daily. All drugs were suspended in 0.4% CMC and 
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administered by oral gavage. Representative images of mice from selected treatment 

groups at 5 dpi demonstrate the bioluminescence signal directly above the infected skin 

implant on the left flank (Fig. 2.5A).  In mice treated with vehicle, virus growth was 

unrestricted and the bioluminescence signal increased more than 1000-fold over 7 days.   

Treatment with L-BHDU (15 mg/kg/day) and valyl-L-BHDU (30 mg/kg/day) 

reduced virus spread after 4 days, resulting in significant reduction in bioluminescence 

signal (Fig. 2.5A) and VZV growth rate (Fig. 2.5B) by the end of the experiment. When 

the mice were treated with a higher dose of L-BHDU (150 mg/kg/day), virus growth was 

also severely limited. The rate of VZV spread in each skin xenograft was calculated from 

the day after treatment was initiated to the day it ended.  The average VZV growth rate 

was then calculated for each group (Table 2).  Combined data from two separate 

experiments demonstrate that the vehicle (n = 21) had no effect on the VZV growth rate, 

producing a rate of 0.43 ± 0.10 Log10 photons/s/day that corresponded to the typical 

results in cultured HFFs of 0.50 (½ Log10 per day).  The average rate of VZV growth in 

the mice treated with 120 mg/kg/day acyclovir (n = 11) was 0.38 ± 0.07 log10 

photons/s/day, which is nearly identical to that of the diluent treated group, thus there was 

no antiviral effect.  Valacyclovir at 200 mg/kg/day (n=10) caused a significant reduction 

of the VZV growth rate (0.27 ± 0.07).  Low doses of L-BHDU (8 mg/kg/day) and valyl-

L-BHDU (10 mg/kg/day) caused an intermediate reduction in the VZV growth rate at 

0.33 ± 0.03 and 0.34 ± 0.14 log10 photons/s/day. Higher doses of L-BHDU (15 and 150 

mg/kg/day) prevented VZV replication and reduced the growth rate to 0.25 ± 0.9 and 

0.22 ± 0.6 log10 photons/s/day respectively. Valyl-L-BHDU at 30 mg/kg/day (n=8) had a 

similar inhibitory effect as 200 mg/kg/day VACV in decreasing the VZV growth rate 
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(0.26 ± 0.07). The reduction in VZV growth rates for the groups treated with 150 

mg/kg/day L-BHDU and 30 mg/kg/day valyl-L-BHDU were significant compared to the 

vehicle group.  No overt toxicity from L-BHDU was seen in vivo.  L-BHDU and CMC 

both caused moderate weight loss, which did not correspond to dose, and mortality was 

2/10 in 30 mg/kg/day valyl- L-BHDU group and 1/5 in the 8 mg/kg/day L-BHDU group.  

All groups lost weight during the studies due to the stress of surgery, oral gavage 

treatments, and handling.  However, none of the treated groups lost >20% of body 

weight, suggesting that the mice tolerated these drugs.      

To determine the concentrations of L-BHDU in mouse organs and the human skin 

xenografts, preliminary pharmacokinetic analysis was performed.  Tissue and plasma 

specimens were collected 2 h after the final treatment, and then drug concentrations were 

measured by HPLC.  The maximum concentration (Cmax, µg/mL of plasma or µg/g of 

tissue) was determined and the ratio to plasma was calculated (Table 3).  The ratio of L-

BHDU to plasma was significantly higher at the lower dose for all tissues indicating dose 

dependent tissue distribution due, in part, to saturation of influx transporters.  L-BHDU 

reached similar concentrations in the mouse skin and human skin xenografts.  For the 150 

mg/kg/day group, the amount of L-BHDU found in the skin implant was only slightly 

less than the concentration found in the plasma with a ratio to plasma of 0.88  0.29.  

Drug levels in the heart were similar to plasma, while levels in the spleen and liver were 

slightly higher at 1.36  0.23 and 1.47  0.30, respectively.  The kidney and lung had the 

highest ratio to plasma.  Not unexpectedly, little drug was detected in the brain.  The ratio 

to plasma of most tissues was greater than 1, indicating extensive tissue distribution of L-

BDHU.  In the mice given 8 mg/kg/day L-BHDU, the concentration in the human skin 
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implants was 0.73  0.08 µg/g, from which the approximate molar concentration of 2.3 

µM can be calculated from the known molecular weight of 319.1 g/mol.  This 

concentration is in the effective range determined in HFFs and SOC and exceeds the EC50 

by 10-fold. 

 

4. Discussion 

The results of this study confirmed the activity of L-BHDU against VZV in 

cultured cells and extended the evaluation in human skin ex vivo and engrafted in mice.  

L-BHDU was effective in all three systems at low micromolar concentrations, and the 

treatment was not toxic to cells, skin, or mice. We found that L-BHDU did not cause cell 

death or inhibit cell proliferation at 200 µM. Using 200 µM as an approximation of the 

CC50, the selective index (SI) in HFFs was estimated to be >909 for L-BHDU and >6667 

for the valyl analogue. These values greatly exceed the SIs for acyclovir and foscarnet 

that we determined using the same culture system as 250 and 60, respectively (Rowe et 

al., 2010).  Of all the compounds tested in HFFs, valyl-L-BHDU was the most potent 

with an EC50 of 0.03 µM. The EC50 of L-BHDU was 0.22 µM, which was higher than 

previously reported values of 0.055 and 0.07 µM in HEL cells using the VZV Ellen strain 

and measured by quantification of DNA hybridization (Choi et al., 2000; Li et al., 2000). 

This difference could be due to the cell type, the VZV strain, or measuring virus yield by 

bioluminescence.  Interestingly we found that the EC50 of L-BHDU was approximately 

0.07 µM when determined by qPCR, which was similar to the previously reported EC50 

(Li et al., 2000). The difference between the bioluminescence and qPCR assay could be 

due to the fact that inhibition of DNA replication by L-BHDU would not immediately 
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block transcription and translation of luciferase that is expressed from the SV40 

immediate early promoter in VZV-BAC-Luc (Zhang et al., 2007).  This continued protein 

synthesis prolongs bioluminescence even when L-BHDU concentrations are inhibitory to 

viral DNA synthesis.  The long duration of bioluminescence from the VZV-BAC-Luc 

strain could also explain why the apparent virus growth rates in the mouse model were 

only reduced by half despite high concentrations of L-BHDU and valyl-L-BHDU in vivo.    

L-BHDU proved to be equally effective in skin organ culture and the estimated 

EC50 was 0.24 µM. The concordance of EC50 in SOC and cell culture is another 

difference between L-BHDU and ACV.  We found that 400 µM ACV was necessary to 

prevent VZV spread in SOC whereas 100 µM ACV was required in HFFs (Rowe et al., 

2010).  It is not known why ACV is less potent in full-thickness skin than in skin 

fibroblasts, but it could be due to the high levels of ATP in skin cells.  It is well known 

that absorption of ACV is poor in the gastrointestinal tract, which limits its antiviral 

potency against VZV and HSV. However addition of the valine moiety to ACV increases 

its bioavailability by carrier-mediated transporters (MacDougall and Guglielmo, 2004). 

Similarly, valyl-L-BHDU showed a much lower EC50 of 0.04 µM in SOC. This bodes 

well for future studies with L-BHDU and valyl-L-BHDU, as their potency is not 

hampered by the increased complexity of the skin tissue. 

VZV infection has been treated mainly with ACV, which has low oral 

bioavailability (Snoeck et al., 1994) as well as low specific activity against clinical 

isolates of VZV (Arvin AM. 1996). Though highly potent, BVdU is not approved by the 

FDA for use in the United States (De Clercq, 2005). Recently, interest in combination 

drug therapy has increased because the side effects and cytotoxicity may be reduced if 
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lower doses are effective, and because this could also lower the probability that drug-

resistant mutants will arise (Prichard and Shipman, 1990). Drug-drug interactions have 

been also used to study the mechanism of action (Tallarida, 2001). Since not all drug 

combinations result in synergism, it is important to have a clear understanding of drug 

combination pharmacology.  For example, we found that L-BHDU combined with ACV 

or BVdU showed statistically significant antagonism, which may be due to competition 

for phosphorylation by VZV TK.  Since BVdU is a better substrate for VZV TK than 

ACV (Karlström et al., 1986), we observed a robust antagonism with BVdU and L-

BHDU.  In support of this contention, James et al found that competition between 

cyclopropavir and ganciclovir for phosphorylation by the UL97 kinase of human 

cytomegalovirus was the basis of antagonism of these drugs (James et al., 2011). 

In some European and South American countries, BVdU is used to treat HSV and 

VZV infections, and it is more potent in culture than L-BHDU (De Clercq, 2005).  

However, the potential lethal interactions between BVdU and 5-FU deserve caution. 

BVdU is efficiently catabolized by thymidine phosphorylases (TPases) to (E)-5-(2-

bromovinyl)uracil (BVU) and 2-deoxyribose-1-phosphate. BVU is a potent inhibitor of 

dihydropyrimidine dehydrogenase (DPD), the enzyme which is responsible for the first 

step in pyrimidine catabolism. Inhibition of DPD increases the half life of 5-FU leading 

to elevated plasma concentration of 5-FU and increased toxicity leading to patient death 

(Reviewed by De Clercq, 2004). In contrast, we found that L-BHDU had no affect on 5-

FU metabolism. A possible explanation is that L-nucleosides show different substrate 

specificities toward metabolic enzymes, resulting in reduced toxicity, increased potency, 

and metabolic stability (Choi et al., 2000).  Due to the L-configuration, it could be 
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similarly predicted that L-BHDU is not a substrate of TPases and the metabolized 

products of L-BHDU do not interact with DPD or interfere with 5-FU metabolism. Thus, 

L-BHDU may have safety advantages compared to BVdU.      

The effects of L-BHDU in vivo were not known prior to this study. The rationale 

was to mimic natural infection, thus VZV infection was established in skin xenografts 

before treatment commenced.  We have found that treating earlier than 2 dpi confounds 

the data analysis, as one cannot distinguish between failure of the virus inoculum to 

infect the implant or an effective antiviral response.  Starting L-BHDU treatment before 

VZV infection, or simultaneously, would likely improve the drug efficacy, but this 

approach is less likely to provide data with clinical relevance.  We found that ACV or 

VACV at a dose of 120 mg/kg/day had no effect on VZV replication. Others have also 

found that VACV has little to no effect on VZV replication in SCID-Hu mice (Oliver et 

al., 2008). In contrast, L-BHDU at 15 and 150 mg/kg/day and valyl-L-BHDU at 30 

mg/kg/day significantly reduced VZV replication in vivo.   

Determining the minimum effective dose in the SCID-Hu mouse model may 

show that these compounds are more potent than we report here. Studies in animals and 

humans showed that bioavailability of ACV was reduced as doses increased, suggesting a 

saturable absorptive process (MacDougall and Guglielmo, 2004). This could be the case 

in the treatment group of 150 mg/kg/day L-BHDU.  Due to higher bioavailability of 

valyl-L-BHDU we see a comparable antiviral effect at 30 mg/kg/day.  Drug absorption 

can be measured by sampling mouse skin, since we found that the maximum 

concentration of L-BHDU in mouse skin was comparable to the levels in human skin 

xenografts.  Interestingly, the 8 mg/kg/day dose of L-BHDU in this study yielded 
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approximately 0.7 µg/g (human skin), which is similar to the brivudine Cmax of 1.7 

µg/mL (plasma) in herpes zoster patients given a dose of 125 mg/day (Keam et al., 2004). 

Thus these related uridine analogues might have similar bioavailability in vivo.   

There are several questions that deserve further investigation.  Further studies 

would be necessary to understand the molecular mechanism of action of L-BHDU.  

Overall, L-bromovinyl uracil nucleoside analogues were potent, safe and well tolerated 

making them a good choice for drug therapy.  
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Table 2.1. Susceptibility of VZV-BAC-Luc to L-dioxolane uracil analogues in HFFs and 

skin organ culture  

Compounds EC50 in HFFs 

(µM)a 

CC50 

(µM)b 

SI (CC50/ 

EC50)
c 

EC50 in SOC (µM)d 

L-BHDU (1) 0.22 ± 0.01 >200 >909 0.24 ± 0.02 

Valyl L-BHDU 

(2) 

0.03 ± 0.03 >200 >6667 0.04 ± 0.02 

Pro drug 3 0.13 ± 0.003 >200 >1538 0.19 ± 0.01 

Pro drug 4 0.35 ± 0.03 >200 >571 Not Done 

 

a50% inhibitory concentration 48 hpi determined by bioluminescence imaging, mean  

standard deviation from at least 3 experiments  

b50% cytotoxic concentration at 72 h determined by neutral red assay from 3 experiments  

cSelectivity index 

d50% inhibitory concentration 6 dpi determined by bioluminescence imaging, mean  

standard deviation from 6 replicates 
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Table 2.2. Antiviral effects of L-BHDU and valyl-L-BHDU in SCID-Hu mice 

Treatment 

Dose 

(mg/kg/day) 

ABWDa,b 

(SD) 

Mortality 

Ave. VZV Growth Rateb,c  

(± SD)c 

Vehicle 

0.4% CMC 

0 -1.0 (1.3) 2/21 0.43 (0.10) 

ACV 120 -1.2 (0.9) 0/11 0.38 (0.07) 

VACV 

120 -2.9 (1.2)* 0/11 0.40 (0.09) 

200 -3.6 (1.5)* 0/10 0.27 (0.07) * 

L-BHDU (1) 

8 -2.9 (3.0) 1/5 0.33 (0.03) 

15 -4.3 (1.9)* 0/5 0.25 (0.09) * 

150 -1.5 (0.6) 0/5 0.22 (0.06) * 

Valyl-L-BHDU 

(2) 

10 -0.9 (0.8) 0/10 0.34 (0.14) 

30 -0.9 (2.1) 2/10 0.26 (0.07) * 

a Average Body Weight Difference from Days 0-7 in grams 

b SD, standard deviation. One-way ANOVA and post hoc Dunnett's Multiple Comparison 

Test. * = p<0.0001 compared to vehicle group  

c VZV growth rate [Log10(photons/s/day)] 
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Table 2.3. Maximum L-BHDU concentration two hours post final treatment 

Tissue 

150 mg/kg/day (n = 5) 8 mg/kg/day (n = 4) 

Max. Conc. Ratio to Plasma Max. Conc. Ratio to Plasma 

Plasma 13.9 (3.9)a 1 0.3 (0.2) 1 

Brain 1.1 (0.3)b 0.1 (0.03) 0.1 (0.02) 0.4 (0.3) 

Skin (Human) 11.3 (1.1)b 0.9 (0.3) 0.7 (0.1) 3.1 (2.6) 

Skin (Mouse) 11.8 (1.0)b 0.9 (0.2) 0.7 (0.1) 3.0 (2.5) 

Heart 13.7 (2.8)b 1.0 (0.2) 0.7 (0.1) 2.9 (2.5) 

Spleen 18.8 (6.2)b 1.4 (0.2) 0.6 (0.2) 2.1 (1.3) 

Liver 19.8 (4.1)b 1.5 (0.3) 1.4 (0.5) 4.5 (1.1) 

Kidney 27.4 (3.5)b 2.1 (0.4) 1.3 (0.2) 5.1 (3.1) 

Lung 30.4 (2.8)b 2.3 (0.5) 3.0 (0.8) 11.2 (5.7) 

a Mean (± Standard Deviation), μg/mL 

b Mean (± Standard Deviation), μg/g 
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Abstract 

ß-L-1-[5-(E-2-bromovinyl)-2-(hydroxymethyl)-1,3-(dioxolan-4-yl)] uracil (L-BHDU) 

prevents varicella-zoster virus (VZV) replication in cultured cells and in vivo.  Its 

mechanism of action was investigated by evaluating its activity against related α-

herpesviruses and by analyzing resistant VZV strains.  L-BHDU was effective against 

herpes simplex virus type 1 (HSV-1) with an EC50 of 0.22 µM and 0.01 µM in Vero and 

HFF cells, respectively. L-BHDU also inhibited simian varicella virus (SVV) to a lesser 

extent.  VZV mutants resistant to L-BHDU and other antiviral compounds were obtained 

by serial passage of the wild type VZV pOka and VZV Ellen strains in the presence of 

increasing drug concentrations. VZV strains resistant to L-BHDU (L-BHDUR) were 

cross-resistant to acyclovir (ACV) and brivudine (BVdU) but not to foscarnet (PFA) and 

cidofovir (CDV). Similarly, ACV-resistant strains were also resistant to L-BHDU. Whole 

genome sequencing of L-BHDUR strains identified mutations in ATP-binding (G22R) 

and nucleoside binding (R130Q) domains of VZV TK. The wild type and mutant forms 

of VZV TK were cloned as GST fusion proteins and expressed in E. coli. The partially 

purified TKG22R-GST and TKR130Q-GST showed no enzymatic activity and failed to 

convert thymidine to thymidine monophosphate. The purified L-BHDUR TKs were 

enzymatically inactive and failed to phosphorylate the drug leading to resistance against 

L-BHDU.  In wt VZV- infected cells, L-BHDU was converted to L-BHDU 

monophosphate and diphosphate forms; cells infected with L-BHDUR virus did not 

phosphorylate the drug.  
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1. Introduction 

The alphaherpesvirus varicella-zoster virus (VZV) is restricted to humans, and it 

causes varicella (chicken pox) upon primary infection and zoster (shingles) upon 

reactivation from latency. VZV infections are most frequently treated with the guanosine 

analogs, acyclovir (ACV) and its derivatives valacyclovir (VACV), penciclovir (PCV) 

and famciclovir (FCV). Resistance to these drugs may arise in immunocompromised 

patients during extended treatment (Sampathkumar et al., 2009). Intravenous 

administration of foscarnet (phosphonoformate, PFA) is necessary to treat resistant VZV 

in these patients (Ahmed et al., 2007). Foscarnet is a pyrophosphate analogue that inhibits 

viral DNA polymerase by disrupting pyrophosphate release from deoxynucleotides 

during DNA synthesis (Chrisp and Clissold, 1991; Sauerbrei et al., 2011). The cyclic 

derivatives of uridine are another class of drugs currently used to treat VZV. Brivudine 

[BVdU, (E)-5-(2-bromovinyl)-2’-deoxyuridine] is approved for use in Europe and is 

more potent against VZV than ACV and its derivatives (Andrei et al., 1995; Shigeta et 

al., 1983). The main drawback of BVdU is that it is metabolized to (E)-5-(2-bromovinyl) 

uracil, which blocks the degradation of the cancer drug 5-fluorouracil (5-FU), resulting in 

toxic accumulation of 5-FU (De Clercq, 2005, 2004). We showed that another uridine 

derivative, ß-L-1-[5-(E-2-bromovinyl)-2-(hydroxymethyl)-1,3-(dioxolan-4-yl)] uracil (L-

BHDU), exhibited potent anti-VZV activity in HFFs, in skin explants, and in SCID-Hu 

mice. Also, L-BHDU did not affect 5-FU metabolism in mice (De et al., 2014). 

Herpesvirus thymidine kinases (TK) transfer a γ-phosphoryl group from ATP to 

the 5’ hydroxyl group of thymidine to form deoxythymidine monophosphate (dTMP) (El 

Omari et al., 2006). VZV and HSV-1 TKs possess a second function, thymidylate kinase 
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activity that converts dTMP to dTDP (deoxythymidine diphosphate). dTDP is then 

converted to deoxythymidine triphosphate (dTTP) by cellular nucleoside diphosphate 

kinases (NDPKs) (Andrei et al., 2012). Due to broader and different substrate specificity 

between viral and cellular TKs, herpesvirus TKs phosphorylate many nucleoside 

analogues. The general mode of action of these nucleoside analogues is through 

inhibition of viral DNA polymerase (pol) by acting as competitive inhibitors and/or DNA 

chain terminators (Sauerbrei et al., 2011). The active form and mode of action of L-

BHDU are not fully defined, but  L-BHDU activation depends on VZV TK (EC 2.7.2.21) 

and L-BHDU-MP and/or -DP is thought to be the active compound (Li et al., 2000).  

VZV resistance to acyclovir and/or foscarnet rarely arises in immunocompetent 

patients but can be a major concern among immunosuppressed hosts who often require 

extended treatment (Andrei et al., 2012; Sauerbrei et al., 2011). When VZV resistance to 

ACV and BVdU occurs, it is most often associated with deficient TK activity (G. Andrei 

et al., 2004; Morfin et al., 1999) or a modification of substrate specificity (Boivin et al., 

1994). Occasionally, mutations in the DNA pol gene have been described that confer 

resistance to acyclovir or PFA (Fillet et al., 1998; Pahwa et al., 1988; Sauerbrei et al., 

2011).The main objective of this study was to select viruses resistant to L-BHDU (LR), 

ACV (AR), BVdU (BR) and PFA (PR) and characterize their phenotypic and genotypic 

properties. We evaluated the antiviral activity of L-BHDU against HSV-1 and simian 

varicella virus (SVV), a primate herpesvirus closely related to VZV (Gray, 2010) and 

found these viruses were sensitive to the drug. We detected the phosphorylated forms of 

L-BHDU by HPLC-MS/MS to study the possible mode of action of this novel L-

nucleoside. L-BHDU resistance mapped to the active domains of VZV TK and LR VZV 
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TKs were deficient in TK activity. VZV TK phosphorylates L-BHDU to MP and DP 

forms. In summary, this study is first to characterize VZV resistant to an L-nucleoside 

analogue which will in future help us decipher the mode of action of L-BHDU. 

 

2. Materials and Methods 

2.1. Propagation of cells and viruses 

Human foreskin fibroblasts (HFFs) (CCD-1137Sk; American Type Culture Collection, 

Manassas, VA), used prior to passage 20, and Vero  cells (African green monkey kidney, 

CCL-81, ATCC) were grown in Eagle minimum essential medium with Earle’s salts and 

L-glutamine (HyClone Laboratories, Logan, UT), supplemented with 5-10% heat-

inactivated fetal bovine serum (Benchmark FBS; Gemini Bio Products, West 

Sacramento, CA), penicillin–streptomycin (5000 IU/mL), amphotericin B (250 lg/mL), 

and nonessential amino acids (all Mediatech, Herndon, VA). The VZV strains included 

VZV-BAC-Luc (Zhang et al., 2007), derived from the Parental Oka (POka, Accession 

number: AB097933) strain and VZV Ellen, a standard laboratory strain passaged more 

than 100 times since its isolation (Accession number: JQ972913.1), were propagated in 

HFFs. Simian varicella virus (SVV, Delta herpesvirus strain), kindly provided by Dr. 

Ravi Mahalingam (University of Colorado School of Medicine, Denver), was propagated 

in Vero cells and virus stock was prepared as described previously (Mahalingam et al., 

1992). Wild type HSV-1 KOS and TK mutant HSV-1 KOS (LTRZ1) were a kind gift 

from Dr. Donald Coen (Harvard University).  HSV-1 F strain expressing luciferase 

(R8411) was a kind gift from Dr. Bernard Roizman (University of Chicago). All the 
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above HSV-1 strains were propagated and quantified in Vero cells according to standard 

protocol (Blaho et al., 2005).  

 

2.2. Compounds 

L-BHDU was synthesized as described before (Choi et al., 2000). Acyclovir (ACV, 

A669, Sigma), (E)-5-(2-bromovinyl)-20-deoxyuridine (BVdU, B9647, Sigma) and 

sodium phosphonoformate tribasic hexahydrate (PFA, P6801, Sigma) were purchased 

from Sigma Aldrich, St. Louis, MO. Cidofovir (CDV) was kindly provided by Southern 

Research Institute, Birmingham, AL, USA. Stock solutions of all the compounds except 

CDV and PFA were prepared in dimethyl sulfoxide (DMSO, D2650; Sigma Aldrich), 

aliquoted and stored at -200C. PFA and CDV stock solutions were made in water. Final 

drug dilutions used in all experiments were prepared fresh as indicated.  

 

2.3. Multiple step selection of drug-resistant VZV strains 

The drug-resistant virus strains were selected by serial passage of cell-free virus in the 

presence of increasing concentrations of the compounds.  VZV-BAC-Luc or VZV Ellen 

was cultivated in HFFs with antiviral compounds, starting at the EC50 for each.  When 

VZV plaques were visible and CPE reached 60-70%, the infected monolayer was scraped 

and sonicated to generate cell-free virions. The cell-free inoculum was used to infect a 

fresh HFF monolayer, and the concentration of the compound was increased by 2-fold.  

This process was repeated until reaching the EC90. The resistant VZV strains were 

prepared as frozen stocks.   
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2.4. Sequencing VZV thymidine kinase (ORF36) and DNA polymerase (ORF28) 

Drug-resistant VZV strains were cultivated in HFFs until 70 to 80% CPE was observed. 

The infected monolayer was trypsinized and centrifuged at 500 x g for 5 mins. Genomic 

DNA was isolated from cell pellets using DNeasy Blood & Tissue Kit (69506, Qiagen). 

The VZV TK gene (ORF36) was amplified from the extracted DNA with this primer set: 

forward: 5’-TGGCCCGAATTCGACTAG-3’ and reverse: 5’-

CACGTACACGCGAGTATGACA-3’. Amplification conditions: denaturation at 95°C 

for 5 min, followed by 30 cycles of amplification (denaturation 95°C, 30 s; annealing 

61°C, 30 s; extension 68°C, 1 min 20 s) and a final extension step at 72°C for 7 min. 

Similarly, VZV DNA polymerase gene (DNA pol, ORF28) was amplified with this set of 

primers: forward- 5’-CCCAGAACAACAAACAGAGACTG-3’ and reverse- 5’-

ATGTATTAGAAGGGCGTGGG-3’. Amplification conditions: denaturation at 95°C for 

5 min, followed by 30 cycles of amplification (denaturation 95°C, 30 s; annealing 58°C, 

30 s; extension 68°C, 4 min) and a final extension step at 72°C for 7 min. The PCR 

products were purified using QIAquick gel extraction kit (Qiagen, 28704) and sequenced 

using BIG DYE Terminator Version 3.1 Cycle Sequencing Kit (Applied Biosystems) and 

ABI 3130XL Genetic Analyzer. ORF36 was sequenced with one set of primers, whereas 

ORF28 required five sets of sequencing primers due to its large size (Table 3). Sequences 

were analyzed by DNA Sequencing Analysis Software v5.1 (Applied Biosystems) and 

compared to VZV POka (GenBank accession number: AB097933.1) and VZV Ellen 

(GenBank accession number: JQ972913.1) using BLAST. Sequence analysis was 

performed on both strands for each fragment. 
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2.5. Long PCR and whole genome sequencing of isolated VZV strains 

VZV-BAC-Luc and VZV Ellen strains were cultured in HFFs until 70–80% CPE was 

observed.  Viral and cellular DNA was obtained as in 2.4.  Long PCR was performed 

using the method of Depledge et al., (Depledge et al., 2011). In brief, 30 overlapping 

primer pairs were used to generate amplicons ranging from 1–6 kbp that spanned the 

whole VZV genome. All reactions were performed using the LongAmp® Taq PCR Kit 

(New England Biolabs). Amplification conditions: denaturation at 94°C for 3 min, 

followed by 45 cycles of amplification (denaturation 94°C, 10 s; annealing 55°C, 40 s; 

extension 65°C, 30 s to 5 m) and a final extension step at 65°C for 10 min. The 

amplicons were purified by DNA Amplification Clean Up Kit (Clontech). Amplicons 

were pooled in equimolar ratios prior to library preparation. Sequencing libraries were 

subsequently generated using the Illumina Nextera XT kit (Illumina). The libraries were 

validated with the Library Quantification Kit (KAPA Biosystems) using the Roche 

LightCycler 480. The individual libraries were pooled after validation and diluted 50-fold 

to create a final pool at ~20 pM. The pooled library was denatured and run on an Illumina 

MiSeq, with a paired end 2 x 150bp read using the MiSeq Reagent Nano Kit v2 (300 

cycles) (Illumina), with 1% PhiX control spiked in. Raw sequence FASTQ files were 

imported into Avadis Strand NGS software (Strand Genomics, Inc.) for alignment to the 

custom VZV reference genome (AB097933). Reads were aligned using the COBWeB 

algorithm to generate a SAM file. The SAM file generated for each assembly was passed 

through SAMTools (Li et al., 2009) to generate an mpileup file from which a consensus 

sequence for each strain was called using custom scripts. A multiple sequence alignment 

containing all strains sequenced here as well as the POka reference sequence (AB097933; 
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Gomi et al., 2002) was subsequently generated using MAFFT with default parameters 

(Katoh and Standley, 2013) and manually inspected using BaseByBase (BBB, Hillary et 

al., 2011). Note that the R1, R2, R3, R4 and R5 repeat regions, along with the tandem 

repeat at the 3’ end of the unique short, were removed prior to analysis. The Multi 

Genome Comparison Statistics (MGCS) tool in BBB was used to identify all SNP 

differences, coding and non-coding, between strains. 

 

2.6. Modeling thymidine kinase 

The model of VZV TK bearing mutations associated with L-BHDU resistance was 

constructed using UCSF Chimera 1.6.2. The model is based on the crystal structure of the 

VZV TK complexed to BVdU-MP and ADP (Protein Data Bank [PDB] code 1OSN) 

(Bird et al., 2003). 

 

2.7. HFF-TK cell line 

The VZV thymidine kinase gene (ORF36) was inserted into the Lenti-X pLVX-Puro 

vector (Clontech, Mountain View, CA) with XhoI and EcoR I sites. The primers used 

were: forward: 5’-ACTCGAGATAAACATGTCAACGGATAAAACCG-3’ and reverse: 

5’-AGAATTCTTAGGAAGTGTTGTCCTGAACG-3’. One Shot® TOP10 Chemically 

Competent E. coli (Invitrogen) were transformed by pLVX-puro-TK following 

manufacture’s guidelines. The pLVX-puro-TK plasmid was confirmed by sequencing. 

Plasmids were transfected into HEK 293FT packaging cells (Invitrogen) using Lenti-X 

high-titer lentiviral packaging systems (Clontech). The cell culture supernatant was 

harvested after 48 h and 72 h, passed through a 0.45 micron filter, and centrifuged at 
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4000 × g for 5 min to remove cellular debris. The virus was concentrated using Lenti-X 

Concentrator (Clontech).  Lentivirus titers from 48h and 72h were determined by plaque 

assay (data not shown) and stored at −80°C.  HFFs were infected with the lentivirus 

carrying ORF36 with 8 µg/mL polybrene (Hexadimethrine bromide, Sigma). Two days 

after infection, cells were transferred to fresh medium containing 10% Tet System 

Approved FBS (Clontech) and 1 µg/mL puromycin (Sigma) for selection of transduced 

cells. VZV TK expression in the HFF-TK cells was confirmed by Western blot.  

 

2.8. Antiviral assays 

The drug susceptibilities for the VZV-BAC-Luc isolates were evaluated in vitro using the 

method described previously (De et al., 2014). VZV yield was measured by 

bioluminescence imaging after 48 h. Similar methodology was used to determine L-

BHDU efficacy against HSV-1 R8411 Luc strain in HFF and Vero cells. In brief, cells 

were infected with HSV-1 R8411 Luc at an MOI of 0.5 for 2 hours. Medium containing 

either DMSO diluent or 2-fold dilutions of L-BHDU at concentrations between 0.03 and 

16 µM were added.  The extent of virus replication was measured after 48 h by in vivo 

bioluminescence. Virus yield for VZV Ellen was determined using the quantitative real 

time PCR method described previously (De et al., 2014). Plaque reduction assays with 

HSV-1 KOS and HSV-1 LTRZ1 were performed with infected Vero cells as described 

previously (Blaho et al., 2005). In vitro efficacy of L-BHDU against SVV was 

determined in three different cell types. HFFs, HFF-TK and Vero cells were infected with 

cell-associated SVV showing more than 80% cytopathic effect (CPE) at 1:100 ratio of 

infected to uninfected cells and adsorbed for 2 h at 37C. Medium containing either 
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DMSO diluent or 2 µM L-BHDU were added. Cells were treated for 48 h post infection 

(hpi). At 48 hpi medium was removed and cells were trypsinized and resuspended in 

fresh medium. Dilutions of infected cells were added to Vero cell monolayers and 

incubated for 72 h.   Plaques were stained with crystal violet. 

 

2.9. Cloning, expression and partial purification of VZV thymidine kinase 

The coding regions for the wild type and L-BHDU resistant TK (TKG22R and TKR130Q) 

proteins were PCR amplified from genomic DNA isolated from infected HFFs. The 

forward primer, 5’-GCAGGATCCTCAACGGATAAAACCGATGC-3’, and reverse 

primer, 5’-GCAGAATTCTTAGGAAGTGTTGTCCTGGC-3’, introduced BamHI and 

EcoRI restriction sites at the 5′ and 3′ ends of the DNA products, respectively. The 

amplified products were purified using QIAquick gel extraction kit (Qiagen) and cloned 

into the BamHI and EcoRI sites of the pGEX-2T plasmid (GE Life Sciences) for in frame 

translation with glutathione S-transferase (GST). The recombinant proteins were 

produced in E. coli BL21. The plasmids were extracted from the transformed E. coli with 

QIAprep Spin Miniprep Kit (Qiagen) and were confirmed by sequencing. Overnight 

cultures of E. coli BL21 transformed with recombinant pGEX-2T plasmids were diluted 

1:10 with fresh medium and grown for 1 h at 37°C before inducing with 1 mM isopropyl-

β-d-thiogalactopyranoside (IPTG, Sigma). After another 4 h incubation at 37°C, the cells 

were pelleted and resuspended in ice cold PBS. Lysozyme was added to the cells and 

lysed by sonication followed by centrifugation at 14,000 × g for 10 min at 4°C. The 

supernatants were collected and the GST fusion proteins were partially purified using 

glutathione Sepharose 4B beads according to the manufacturer's instructions (Amersham 

Biosciences). In brief, the supernatants were incubated with the glutathione Sepharose 4B 
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beads overnight at 4°C with gentle agitation in microfuge tubes. The suspension was 

centrifuged at 500 x g for 5 min. The supernatant was carefully removed and the pellet 

was washed a minimum of 5 times with cold PBS. The TK-GST fusion proteins (WT and 

mutants) were detected by Coomassie staining and immunoblotting. The yield was 100-

200 µg partially purified protein from 60 mL of bacterial culture.  

 

2.10. Thymidine kinase assay 

VZV-infected (or uninfected negative control) HFF cells were suspended in ice cold 

phosphate buffer (5 mM, pH 7-8) and were sonicated for 30 s on ice at full power. The 

lysate was centrifuged at 14,000 x g for 15 min at 4ºC to remove cell debris, and the 

supernatant was removed.  The cell lysate (40 µL) or partially purified GST-TK or GST-

TKmut immobilized on glutathione beads (20 µL) was the source of enzyme in a total 

volume of 100 µL. The reaction mixture contained ATP (50 µM), sodium phosphate (50 

mM, pH6.0), magnesium acetate (12.5 µM) and either thymidine or L-BHDU (4 µM). 

The reaction mixture was incubated at 37°C for 6 h.  Acetonitrile was added (10X 

volume) to each reaction and then vortexed for 2 min. The mixture was centrifuged at 

14,000 x g for 5 min at 4ºC. The samples were dried in a Speed Vac and stored at -80ºC. 

 

2.11. LC-MS/MS methodology for in vitro thymidine kinase assay 

Deoxyribonucleotides and L-BHDU were detected and measured by selected ion 

monitoring chromatography. Standard solutions for deoxyribonucleotides (10 nM to 3.16 

µM) and in vitro thymidine kinase reactions were prepared by dilution in 25% methanol 

and 10 µL was injected for LC-MS analysis, using a microspray quadrupole-Time-of-
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Flight (Q-TOF) system.  A porous graphite column (Hypercarb 100 x 2.1 mm column, 

ThermoScientific) was utilized for separation on a Dionex Ultimate 3000 HPLC and a 

micrOTOF QII Q-TOF mass spectrometer (Bruker Daltonics), run in the full spectrum 

negative scan mode, after calibration in the 200–600 m/z range using sodium formate 

solution as a calibrant. The solvent system was 2 mM ammonium acetate brought to 

pH10 with NH4OH (Solution A) and 100% acetonitrile (Solution B) in a 16 minute 

HPLC method. With a flow rate of 200 µL/min, the column was equilibrated at 32°C in 

1% Solution B for 2 min, first ramped to 35% Solution B for 3 min, then ramped to 50% 

Solution B for 2.5 min, and held there for 1.5 min, before being returned to the 

equilibration condition of 1% Solution B for the remainder (6.5 min) of the run. Data 

analysis was performed, using extracted ion chromatograms and peak integration 

analysis, using the tools in Data Analysis and Profile Analysis software and standard 

curves from a dilution series of standards.  

Different conditions were necessary to detect L-BHDU and its phosphorylated 

products.  Since peak shape and resolution was poor on the porous graphite column, a 

Synergy Hydro-RP C18 reverse phase column was used.  The C18 column temperature 

and solvent conditions favoring L-BHDU chromatography were not compatible with 

binding some natural nucleotides (primarily pyrimidines). Therefore, the full nucleotide 

panel was not analyzed on the same chromatographic run.  L-BHDU stock solutions (10 

mM in 100% methanol) were diluted with methanol (50% in water). MS and MS/MS 

analysis of L-BHDU was first tested by direct infusion, in both the positive and negative 

mode in methanol (50% in water), with or without formic acid. The negative mode 

electrospray spectra performed the best.  The solvent system: Solution A: 2 mM 
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ammonium acetate (pH10) and Solution B: 100% acetonitrile.  For MS/MS fragmentation 

analysis of phosphorylated species, the peaks for the putative mono- and di-

phosphorylated derivatives of L-BHDU were isolated in the collision cell in an LC-

MS/MS run with a 5 m/z window, and the product ions were scanned. Bromine-

containing compounds, containing heavy 81Br and light 79Br isotopes, were identified by 

doublet peaks differing by 2 Daltons. Peaks with a mass of multiples of 80, 79, or 78 

Daltons greater than the mass of L-BHDU were interpreted as phosphorylated forms of 

L-BHDU.  

  

2.12. Statistical analysis 

The 50% effective concentration (EC50) values were calculated using two model systems, 

Yield-Density and Sigmoidal Models, by XLfit 5.3 software (ID Business Solution, 

www.idbs.comi). Other calculations were made using GraphPad Prism 5.02 for Windows 

(Graph-Pad Software, San Diego, CA, www.graphpad.com). A p ≤ 0.05 was considered 

statistically significant. 

 

3. Results 

3.1. Antiviral activity of L-BHDU against HSV-1 and SVV 

L-BHDU was effective against HSV-1 Luc F strain with an EC50 of 0.22 µM and 0.01 

µM in Vero and HFF cells respectively (Fig. 3.1 A), unlike  previously reported (Choi et 

al., 2000). Plaque reduction assay was used to determine if HSV-1 TK mutant (LTRZ1) 

strain, which is resistant to ACV (Davar et al., 1994), was susceptible to EC90 of L-

BHDU. LTRZ1 TK mutant showed significantly higher cytopathic effect (CPE) in both 

http://www.idbs.comi/
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Vero and HFF cells in presence of 20 µM ACV and 2 µM L-BHDU (Fig. 3.1 B, lower 

right). HSV-1 KOS was sensitive to both drugs and the cell monolayer was intact (Fig. 

3.1 A, lower left). Thus L-BHDU was effective against HSV-1 and mutation in HSV-1 

TK rendered the virus resistant against L-BHDU. Since a cell line for antiviral assay must 

first be permissive for any viral infection (Leary et al., 2002), we determined SVV yield 

in three different cell lines. The SVV viral yields (pfu/ml) are presented in Fig. 3.2 A.  

The human HFF and HFF-TK cell lines were less permissive for SVV than Vero cells. To 

evaluate SVV susceptibility to L-BHDU in three different cell lines, plaque assay was 

performed. L-BHDU at 2 µM reduced SVV yield by 35-40% in Vero cells (Fig. 3.2 B). 

SVV yield was reduced by 60% and almost 90% by L-BHDU treatment in HFFs and 

HFF-TK cells, respectively (Fig. 3.2 B).   

 

3.2. Phenotypic characterization and cross resistance profile of drug-resistant VZV  

VZV strains resistant to L-BHDU, BVdU, or ACV were selected by culturing the parent 

virus, VZV-BAC-Luc, in HFFs in increasing concentrations of the drugs. When 

cytopathic effects were observed, the infected cells were sonicated to separate infectious 

virions from the large amount of viral DNA in the nucleus that would be a mixture of 

wild type and mutant genomes (VZV is usually propagated by transfer of infected cells).  

HFFs were inoculated with the cell-free virions and the amount of drug in the medium 

was doubled at each passage. The drug-resistant strains were obtained after 7 or 8 

passages over a period of 8 or 9 weeks (Table 3.1). The highest drug concentrations 

tested were below the level of cytotoxicity (Andrei et al., 2005) and were 10- to 100-fold 

higher than the known EC50 values determined elsewhere (De et al., 2014). Viral growth 



99 
 

kinetics were similar between the drug-resistant strains and the parent virus, except the 

strains resistant to PFA grew more slowly than wild type (data not shown), which is 

consistent with previous findings (Visse et al., 1999). 

Nucleoside analogues such as ACV and BVdU are dependent on viral thymidine 

kinase (TK) activity for activation (Andrei et al., 2005), and viruses with mutations in TK 

may be cross resistant to multiple drugs that depend on TK.  To determine the pattern of 

cross resistance, the VZV drug-resistant isolates were evaluated for sensitivity to all 

compounds.  Viruses resistant to L-BHDU were also resistant to ACV and BVdU (Fig. 

3.3 A). Similarly, viruses resistant to ACV or BVdU were also cross resistant to L-BHDU 

at 2µM (data not shown). Viruses resistant to L-BHDU, ACV, or BVdU were sensitive to 

PFA and CDV, which do not require activation by viral TK.  As expected, the single 

mutant strain of VZV-BAC-Luc resistant to PFA was sensitive to all the drugs tested, 

including L-BHDU (Fig. 3.3 B), since the mechanism of PFA is to inhibit DNA 

polymerase activity by competitively blocking the pyrophosphorolysis and PPi exchange 

reactions (Marchand et al., 2007).  This pattern of cross-resistance suggested that strains 

resistant to L-BHDU, ACV, and BVdU had mutations in the viral TK gene.    

If a wild type TK gene was expressed in trans, then we hypothesized that the L-

BHDUR isolate would be sensitive to the drug.  To address this question, VZV TK was 

expressed in HFF cells from a lentivirus vector, and then the HFF-TK cells were infected 

with wild type virus or the L-BHDUR strain and treated with L-BHDU (Fig. 3.3 C).  

Compared to normal HFFs, where the L-BHDUR isolate grew well in the presence of 2 

µM L-BHDU, the drug-resistant isolate did not grow in HFF-TK cells in the presence of 

the drug.  The parent strain VZV-BAC-Luc was sensitive to L-BHDU in both cell types.  
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These results added credence to the hypothesis that L-BHDU activity was dependent on 

VZV TK activity. 

 

3.3. Genetic characterization of the drug-resistant VZV isolates 

VZV ORF36 is 1023 nucleotides and encodes a 341 amino acid polypeptide, thymidine 

kinase. VZV TK phosphorylates thymidine and many antiviral nucleoside analogs (Ng et 

al., 2001). It is well documented that mutations in VZV TK confer resistance to various 

antiherpes drugs. To determine whether the drug-resistant strains generated in this study 

harbor mutations in VZV TK, ORF36 was amplified from viral DNA and sequenced 

(Table 3.1). The ORF36 sequence from VZV-BAC-Luc (derived from POka strain, a 

Japanese genotype) perfectly matched its published sequence (AB097933). Surprisingly, 

a single point mutation in ORF36 was found, G64A, in 9 independently isolated drug-

resistant strains of VZV-BAC-Luc that were selected with BVdU, ACV or L-BHDU. To 

rule out contamination of the PCR reagents during amplification of ORF36 that could 

skew the sequencing results to a single point mutation, new primers and kits were 

obtained and the genes were newly cloned and sequenced.  However, the results from 6 

strains consistently showed a single mutation, G64A, in ORF36.  This mutation causes an 

amino acid substitution, G22R, in the P loop of the ATP- binding domain of the enzyme 

(Fig. 3.4).  None of these strains had mutations in ORF28 (DNA pol).  The VZV-BAC-

Luc isolate resistant to PFA had a point mutation at G2230T in ORF28 that conferred an 

amino acid substitution of D744Y. 

To determine whether a European genotype of VZV, Ellen strain (JQ972913), 

would produce the same or different pattern of resistance mutations to these drugs, we 
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repeated the approach that was used for VZV-BAC-Luc.  VZV Ellen took more than 

twice as long as VZV-BAC-Luc to develop resistance, and drug-resistant isolates were 

obtained after 18 or 25 weeks (Table 3.1). One strain of VZV Ellen resistant to L-BHDU 

was obtained and it had a mutation, G389A (R130Q), in the conserved DRH motif of the 

nucleotide binding domain (Fig. 3.4 A). Two independent strains of VZV Ellen resistant 

to BVdU had mutations in ORF36 at different sites, T976A (W326R) and G569A 

(R187Q).  Attempts to isolate VZV Ellen resistant to ACV were not successful.  One 

strain resistant to PFA was obtained and its ORF36 gene was cloned and sequenced and 

found to be wild type, as expected.  ORF28 from this PFAR strain was not cloned, but it 

was later found by deep sequencing to have an amino acid change, R665G (Table 3.2).  

The greater difficulty in isolating drug-resistant strains and the varied location of TK 

mutations in VZV Ellen indicated that the finding of a single mutation in each drug-

resistant isolate of VZV-BAC-Luc selected with L-BHDU, BVdU, or ACV was unusual 

and worthy of further investigation. 

Whole genome sequencing of the viruses in this study revealed an underlying 

frequency of 4% G22R mutation in ORF36 of VZV-BAC-Luc but not in VZV Ellen 

(Table 3.2). The frequency of the G22R mutation was 100% in the independent, drug-

resistant strains of VZV-BAC-Luc that arose under selection pressure with L-BHDU and 

ACV.  No other mutations were found in the genomes of VZV-BAC-Luc or its drug-

resistant isolates.  In contrast, VZV Ellen L-BHDUR strain had the expected mutation in 

ORF36, 94% R130Q. The VZV Ellen strains resistant to BVdU and PFA had only single 

mutations in ORF36 and ORF28, respectively. Additional amino acid changes in gH and 

gM were observed only in VZV Ellen PFAR isolate. Therefore, the low frequency of 
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ORF36 G22R mutation in the parent virus VZV-BAC-Luc is the reason why resistance to 

drugs dependent on TK phosphorylation arose more quickly than in VZV Ellen, and why 

all the strains had the same mutation in ORF36.     

 

3.4. Modeling of mutations in the L-BHDUR VZV TK structure 

To determine whether the mutations in ORF36 had the potential to interfere with activity 

of the enzyme, the VZV TK protein structure was simulated based on the known 

structure of VZV TK (Bird et al., 2003).   A diagram of VZV TK shows the important 

regions for VZV TK activity and mutations identified in the present study (Fig. 3.4 A).  

The ATP-binding site (amino acids 12 to 29) contains the phosphate-binding loop (P-

loop, amino acids 22 to 27), which forms a network of hydrogen bonds to the α- and ß-

phosphates of ATP. The nucleotide binding domain (amino acids 129 to 145) contains a 

conserved DRH motif (amino acids 129 to 131) (Andrei et al., 2012). This motif is the 

most conserved region in herpesvirus TKs and is reported to be involved in thymine 

recognition. Furthermore, the aspartate might interact with the phosphate groups of ATP 

through a Mg2+ salt bridge (Balasubramaniam et al., 1990). 

Two mutations observed in L-BHDUR isolates were nucleotide substitutions in 

VZV TK. To understand how these point mutations might affect the activity of the 

enzyme, we superimposed the mutations on the simulated VZV TK structure. Two 

models of VZV TK showing the position of mutations G22R (Fig. 3.4 B.a) and R130Q 

(Fig. 3.4 B.b) were generated using UCSF Chimera 1.6.2. One novel mutation (G22R) 

was found in the P-loop of the ATP binding domain and the other was in the conserved 

DRH/Y/F motif of nucleotide binding domain (R130Q) (Fig. 3.4 A). G22R substitution 

in the P-loop could lead to structural modification in this conserved domain which 
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prevents the binding of ATP (ADP in Fig. 3.4 B.a). Proximity of Arg 130 to the P-loop 

from the generated model (Fig. 3.4 B.b) suggests that the positively charged 

guanidino group of Arg might help in facilitating transfer of the phosphoryl group to the 

nucleoside from ATP. Introduction of R130Q substitution could hamper this electrostatic 

interaction because of uncharged Gln. Hence by superimposing the observed L-BHDUR 

mutations on the VZV TK structure, we could predict the reasons why L-BHDUR isolates 

expressed enzymatically inactive VZV TKs (see section 3.5). 

 

3.5. In vitro kinase activity of WT and L-BHDUR VZV thymidine kinases 

VZV TK has two enzymatic functions: 1) thymidine kinase converts thymidine to dTMP 

and 2) thymidylate kinase activity converts dTMP to dTDP (Balzarini and McGuigan, 

2002). We found that the cellular TK from uninfected HFFs converted thymidine to 

dTMP; the di- and triphosphate forms (DP and TP) were not detected (Fig. 3.5 A). In 

lysates from cells infected with wild type VZV; dTMP, dTDP and dTTP were detected 

(Fig. 3.5 B), indicating that the viral TK was active and producing substrates for cellular 

thymidine phosphate kinases that synthesize dTTP.  To evaluate the first step in the TK 

reaction, thymidine to dTMP, it was necessary to study VZV TK separately from the 

cellular TK1 enzyme.  Therefore, both wild type and mutant forms of VZV TK were 

cloned as GST fusion proteins and expressed in E. coli. VZV TK was partially purified 

from E.coli lysates by binding to glutathione beads; the GST tag was not cleaved. VZV 

TK-GST converted thymidine to dTMP and a small peak was detected with the same 

retention time as dTDP (Fig. 3.5 C).  As expected, TKG22R-GST and TKR130Q-GST were 

not enzymatically activite and failed to convert thymidine to dTMP (Fig. 3.5 D and E). 



104 
 

Thus the L-BHDUR isolates expressed enzymatically inactive VZV TKs that could confer 

resistance to the compound. 

 

3.6. Detection of phosphorylated forms of L-BHDU 

Like ACV and BVdU, L-BHDU is phosphorylated by VZV TK.  It was previously 

reported that only L-BHDU-MP was detected (Li et al., 2000), but it was not known 

whether the thymidiylate kinase activity of VZV TK would also produce the diphosphate 

form of the compound.  Furthermore, most nucleoside analog antiviral compounds are 

active in the triphosphate form, which had not been observed for L-BHDU.  To address 

this question, we performed an in vitro kinase assay using VZV-infected cell lysate as the 

source of the enzyme, but with the addition of mass spectrometry to analyze the reaction 

products.  Identifying L-BHDU phosphates was facilitated by the presence of bromine in 

the compound, because in nature bromine exists as two stable isotopes: 79Br and 81Br, in a 

ratio of 50.36/49.31, that appear as a double peak in mass spectra. L-BHDU exists as two 

doublet masses: 317.985 and 320.002 (Fig. 3.6 A). L-BHDU was detected in the mass 

spectrometer in the negative mode, when the compound was deprotonated (-1.007276 

Da), thus the apparent masses of the compound were 316.98 and 318.98 (Fig. 5A).  The 

expected double peaks of the unprotonated L-BHDU, which were 2 Da apart, represented 

the two bromine isotopes at approximately 50/50 distribution. The extracted ion 

chromatogram of the LC/MS run showed that the phosphorylated peaks of L-BHDU had 

the same retention time of 2 min. The fraction that eluted at 2 min was analyzed to 

determine the phosphorylated species of L-BHDU (Fig. 3.6 B). The predicted mass of L-

BHDU-MP was calculated by adding the mass of -PO3H group (79.98 Da) to the mass of 

deprotonated L-BHDU (316.98 and 318.98 Da). Monophosphorylated L-BHDU was 



105 
 

clearly identified, with a bromine signature of two different isotopes that differed by 2 Da 

and matched the predicted masses of 396.96 and 398.98 Da (Fig. 3.6 B). 

Diphosphorylated L-BHDU was expected to have a mass of 476.94 and 478.95 Da, 

however the characteristic double peak appeared at 474.92 and 476.92 (Fig. 3.6 B), which 

are 2 Da less than calculated.  Similarly, triphosphorylated L-BHDU was expected to 

have a mass of 556.91 and 558.92 Da, but a minor double peak appeared at 552.89 and 

554.89 Da (Fig. 3.6 B). It is possible that this apparent loss of 2 Da was due to a 

molecular rearrangement occurring after phosphorylation and resulting in loss of protons. 

MS/MS fragmentation analysis of the observed L-BHDU-MP and L-BHDU-DP species 

yielded the parent product, L-BHDU, ions at m/z 316.98 and 318.98 (Δ 79.9 m/z for L-

BHDU-(Pi)1 and Δ 159.95 m/z for L-BHDU-(Pi)2) (Fig. 3.6 C and D). It was not 

possible to ascertain that the minor double peak with mass of 552.89 and 554.89 was L-

BHDU-TP because the quantity was near the background levels of the instrument and the 

signal was too weak for MS/MS fragmentation analysis. Therefore, we found that L-

BHDU was converted to mono- and diphosphate forms, which adds more information to 

the previous analysis (Li et al., 2000) that did not employ mass spectrometry. 

 

4. Discussion  

In this study we showed for the first time that a novel L-nucleoside analog was 

effective against HSV-1, and that HSV-1 TK is necessary. We discovered that the genetic 

basis for resistance to L-BHDU was alterations in the viral TK gene, and that L-BHDU 

was converted to L-BHDU-MP and -DP forms by the dual kinase activity of VZV TK. 
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L-BHDU was effective against HSV-1 F strain with an EC50 of approximately 0.2 

µM and 0.01 µM in Vero and HFF cells, respectively. This 20-fold difference in EC50 

may be due to the absence of a type I interferon response in Vero cells (Osada et al., 

2014). TK deficient HSV-1 LTRZ1 was resistant to L-BHDU, attesting to an 

instrumental role of this enzyme for metabolic activation of L-BHDU. L-BHDU was less 

effective against SVV than VZV, although their TK proteins share 51.3% amino acid 

identity and the nucleotide binding sites are highly conserved (Sienaert et al., 2004). 

However, L-BHDU was more effective in inhibiting SVV in HFF-TK cells, suggesting 

that substrate specificity between SVV TK and VZV TK is responsible. It is possible that 

lower affinity of L-BHDU for SVV TK reduces the antiviral potency against SVV, but 

further studies are required to determine the structure–activity relationship between L-

BHDU and SVV TK versus VZV TK. 

Mutations in the VZV TK gene contribute to antiviral drug resistance. The same 

substitution in the TK P-loop was the genetic basis for resistance among every isolate of 

VZV-BAC-Luc selected with L-BHDU, BVdU and ACV. This unusual finding was due 

to a low-frequency point mutation in ORF36 that encodes arginine at position 22.  This is 

why every drug-resistant isolate of VZV-BAC-Luc expressed this mutated TK. It is 

possible that VZV-BAC-Luc acquired this mutation as a plasmid replicating in E. coli.  

Viral BACs are generally stable, but their genes are under different selection pressures in 

bacterial cells (Warden et al., 2011).  Mutations in the VZV TK P-loop (G24R, G24E, 

K25R) are associated with resistance to drugs requiring activation by TK (Andrei et al., 

2012). P-loop residues bind to the α- and β-phosphates of ATP with a network of 

hydrogen bonds (Bird et al., 2003). Mutations in the P-loop disrupt the structure of the 
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conserved region and prevent ATP binding and subsequent phosphorylation of the 

antiviral compounds. For the G22R mutants we isolated, the longer side chain of arginine 

could disrupt the base moiety binding due to steric hindrance, thus preventing 

phosphotransfer from ATP. 

Mutation in ORF36 leads to reduction or loss of TK activity or alteration of 

substrate specificity (G Andrei et al., 2004). Mutation in the VZV TK P-loop is 

associated with a TK-deficient phenotype (Boivin et al., 1994). The partially purified 

TKG22R protein was inactive, which explains why the L-BHDUR, BVdUR and ACVR 

VZV-BAC-Luc mutants were cross resistant to drugs that depend on TK phosphorylation. 

Partially purified TKR130Q protein from L-BHDUR VZV Ellen was also enzymatically 

inactive, consistent with other reports (Roberts et al., 1991; Sawyer et al., 1988). R130Q 

is in the nucleoside binding site. It is predicted that positively charged Arg helps position 

the ß-phosphate group of ATP to facilitate transfer of the γ-phosphoryl group to the 

nucleoside 5'-OH and stabilizes the electron density of the transition state intermediate 

(Roberts et al., 1991). Thus substitution of uncharged polar Gln might disrupt the 

catalytic activity of the VZV TK and prevent the phosphorylation of L-BHDU.  

The phosphorylated metabolites of nucleoside analogs determine the active 

form(s) of the drug as well as the mode of action of that particular antiviral. Most of the 

nucleoside analogs including ACV, BVdU, ganciclovir, penciclovir etc., are active in 

their TP form. The TP metabolites target viral DNA pol and/or incorporate into the viral 

DNA chain causing chain termination. CDV is active in its DP form whereas bicylic 

pyrimidine nucleoside analogues (BCNAs) are thought to be active in their MP form 

(Reviewed in De Clercq, 2013a, 2013b). L-BHDU-MP was the only form identified in an 
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early study of this compound that used HPLC with UV-Vis absorbance detector (Li et al., 

2000). Here we used liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

and conclusively identified both L-BHDU-MP and -DP. Interestingly, the phosphorylated 

species of L-BHDU had the same retention time on the HPLC column, which could be 

the reason why the previous study failed to differentiate between them. Mass 

spectrometry differentiated the phosphorylated forms based on the masses of variable 

PO3 groups. Thus we present the novel finding that VZV TK phosphorylates L-BHDU to 

L-BHDU-MP and the thymidylate kinase activity of the same enzyme converts L-

BHDU-MP to L-BHDU-DP.  

In summary, we conclude that L-BHDU is converted to MP and DP forms by 

VZV TK. Mutation in HSV-1 TK and VZV TK prevent L-BHDU phosphorylation into 

its active form(s) thus rendering viruses resistant to L-BHDU. However, the exact 

mechanism of how L-BHDU inhibits VZV and HSV-1 requires further investigation. 
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Table 3.1. Isolation and Genetic characterization of drug-resistant isolates  

VZV 

Strain 

Drug-

resistant 

isolates 

(N) 

No. of 

passages 

Time  

(weeks) 

Highest 

[drug] 

tested 

(µM) 

Fold 

Increase 

in EC50 

Gene sequenced 

ORF36 

(TK) 

ORF28 

(DNA Pol) 

 

 

VZV-

BAC-

Luc 

(POka) 

No drug - - - - WT WT 

L-

BHDUR 

(8) 

8 9 8  >32 G64A  

G22Ra 

WT  

BVdUR  

(8) 

8 9 8  >160 G64A  

G22R 

WT  

ACVR 

(6) 

8 9 40  >10 G64A  

G22R 

WT  

PFAR (1) 7 8 400  >10 WT G2230T 

D744Y 

 

 

VZV 

Ellen 

No drug - - - - WT  

 

ND 

 

L-

BHDUR 

(1) 

13 25 8  >30 G389A 

 

R130Q 

BVdUR  

(2) 

10 18 8  >130 T976A 

 

W326R 

8  NDC G560A 

 

R187Q 

PFAR (1) 10 18 400  ND WT 

a nucleotide to amino acid change        b ND: Not done 
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Table.3.3. ORF36 and ORF28 sequencing primers 

 

Gene  Direction Primer (5’-3’) 

ORF36 F AAAAGAAAAACACGTACACGCGA 

R AACCATAACAAACGGCAGATT 

ORF28 F-1 TGGCAGACAACATTTTTACTGTC 

F-2 TTCCATTCAGCAATGGAAAC 

F-3 ACATAAGTTATGGGCCTGAATTATACT 

F-4 ATGCAATTAATAGCTCGAATTCACT 

F-5 TATACATGAACTGCCACCCTTTT 

R-1 ATGTTATTGTGGCCCCCA 

R-2 CGCGATAAAAGTAGTTTGTAATTCC 

R-3 ATGTATGCAATTGCAACTGAAAA 

R-4 TTTATTACTACGATACACAGCCATGTG 

R-5 ATTACACTTTATGTATTAGAAGGGCGT 
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Abstract 

ß-L-1-[5-(E-2-bromovinyl)-2-(hydroxymethyl)-1,3-(dioxolan-4-yl)] uracil (L-BHDU) 

inhibits Varicella zoster virus (VZV) replication. L-BHDU was converted to L-BHDU 

monophosphate (MP) and diphosphate (DP) in VZV-infected cells. The antiviral 

mechanism of L-BHDU was unknown. Given the similar structure to uridine, we asked if 

L-BHDU interfered with viral DNA replication via inhibition of the purine and/or 

pyrimidine biosynthesis pathways. Addition of purines to the medium was unable to 

restore VZV replication in the presence of L-BHDU. In contrast, excess thymidine and 

uridine in proportion to L-BHDU restored VZV replication, suggesting that the active 

form of L-BHDU interfered with pyrimidine biosynthesis pathway. However, addition of 

thymidine and uridine failed to restore VZV replication in non-dividing cells treated with 

L-BHDU. Like other herpesviruses, VZV infection induced a 6-fold increase in 

thymidine triphosphate (dTTP) in confluent cells while L-BHDU decreased the dTTP 

pool by 4-fold. Some herpesviruses induce changes in dNTP pools by inducing cellular 

enzymes. However, VZV infection did not increase cellular thymidylate synthase (TS) 

expression to facilitate viral replication. Furthermore, the active form of L-BHDU did not 

interfere with cellular metabolism, suggesting a viral target. Further studies are required 

to identify the target of L-BHDU active form(s).  
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1. Introduction 

Varicella zoster virus (VZV) is a common α-herpesvirus that causes varicella 

(chicken pox) upon primary infection (Pergam and Limaye, 2009). VZV establishes life-

long latency in dorsal root and trigeminal ganglia, and reactivation results in herpes 

zoster (shingles) (Ichikawa et al., 2014; Pergam and Limaye, 2009). Acyclovir (ACV) 

and its derivatives, foscarnet (phosphonoformate, PFA), and brivudine (BVdU) are 

antiviral drugs used to treat VZV infections. We found that VZV is highly susceptible to 

a novel uridine analogue, ß-L-1-[5-(E-2-bromovinyl)-2-(hydroxymethyl)-1,3-(dioxolan-

4-yl)] uracil (L-BHDU) (De et al., 2014), but its mechanism of action is unknown.  

The antiviral activity of L-BHDU is dependent on viral thymidine kinase (TK) 

and amino acid substitutions in active domains of the enzyme render the virus resistant to 

L-BHDU. VZV TK phosphorylates L-BHDU to monophosphate (MP) and diphosphate 

(DP) forms (see chapter 3). The general mode of action of antiviral nucleoside analogues 

is through competitive inhibition of viral DNA polymerase (pol) and/or DNA chain 

termination (Sauerbrei et al., 2011). Interestingly, the active forms of the antiviral 

compounds differ. The acyclic nucleoside analogues acyclovir, ganciclovir, penciclovir, 

famciclovir and brivudine are active in their TP form (De Clercq, 2004; Freeman and 

Gardiner, 1996), whereas cidofovir (CDV)  is a competitive inhibitor of viral DNA 

polymerase in the diphosphate form (Safrin et al., 1997). Trifluridine and sorivudine in 

the MP form inhibit thymidylate synthase (De Clercq, 1996; Hideki Kawai et al., 1993).  

Viral replication is tightly linked with the cellular nucleotide metabolism. 

Herpesviruses encode proteins to facilitate DNA replication when cellular dNTPs are 

limited, especially deoxythymidine triphosphate (dTTP). There are two pathways for 
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biosynthesis of dTTP in the cell. One pathway is via the production of dTMP from 

deoxyuridine monophosphate (dUMP), which is anabolized by thymidylate synthase 

(TS), and the other is via thymidine by thymidine kinase (TK) (Hoffmann et al., 2011; H 

Kawai et al., 1993). Recent and past studies highlight that components of the pyrimidine 

biosynthesis pathway represent potential therapeutic targets (Fischer et al., 2013; 

Hoffmann et al., 2011; McLean et al., 2001). The purpose of this study was to determine 

the role of L-BHDU in nucleotide metabolism pathways and decipher the possible 

antiviral mode of action of L-BHDU. We found that L-BHDU interfered with the 

pyrimidine biosynthesis pathway and inhibited VZV DNA replication by depleting the 

cellular dTTP pool. 

 

2. Materials and Methods 

2.1. Propagation of cells and viruses 

Human foreskin fibroblasts (HFFs) (CCD-1137Sk; American Type Culture Collection, 

Manassas, VA), used prior to passage 20; human melanoma cell line (MeWo) (ATCC 

HTB-65) and human lung fibroblast (MRC5) cells (ATTC CCL-171) were grown in 

Eagle minimum essential medium with Earle’s salts and L-glutamine (HyClone 

Laboratories, Logan, UT), supplemented with 10% heat-inactivated fetal bovine serum 

(Benchmark FBS; Gemini Bio Products, West Sacramento, CA), penicillin–streptomycin 

(5000 IU/mL), amphotericin B (250 lg/mL), and nonessential amino acids (all Mediatech, 

Herndon, VA). ARPE-19 human retinal pigment epithelial cells were grown in 

Dulbecco’s modified Eagle Medium (DMEM F-12) with 10% fetal bovine serum, 

penicillin–streptomycin (5000 IU/mL) and amphotericin B (250 lg/mL).  Cell were 
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cultured in humidified CO2 (5%) at 37C.  VZV-BAC-Luc (Zhang et al., 2007), derived 

from the Parental Oka (POka, Accession number: AB097933) strain and VZV 13S were 

propagated in HFFs. VZV 13S was a kind gift from Dr. Jeffery Cohen, NIH (Cohen and 

Seidel, 1993) that does not express viral thymidylate synthase (ORF 13). 

 

2.2. Compounds 

L-BHDU was synthesized as described before (Choi et al., 2000). (E)-5-(2-Bromovinyl)-

2′-deoxyuridine (BVdU, B9647), thymidine (T1895), uridine (U3003), cytidine (C4654), 

orotate (O2875), dihydroorotate (DHO, D7003), adenosine (A4036), inosine (I4125) and 

guanosine (G6264) were purchased from Sigma Aldrich, St. Louis, MO. Stock solutions 

of L-BHDU and BVdU were prepared in dimethyl sulfoxide (DMSO, D2650; Sigma 

Aldrich), aliquoted and stored at -20C. The stock solution of the nucleoside bases were 

prepared in water, aliquoted and stored at -80C. Working solutions were prepared fresh 

for each experiment. 

 

2.3. VZV rescue experiment in dividing cells 

HFFs, MRC5 or MeWo cells were seeded in clear bottom, black-sided, 6-well plates 

(W1150, Genetix, Molecular Devices) 24h prior to infection. Dividing cells were infected 

with cell-associated VZV-BAC-Luc and VZV 13S showing more than 80% cytopathic 

effect (CPE) at 1:100 ratio of infected to uninfected cells and adsorbed for 2 h at 37C. 

Excess virus was removed and the cells were washed once with PBS. Medium containing 

either vehicle or 2-fold dilutions of the test compounds at concentrations between 0.25 

and 2.0 µM were added; this point was deemed time zero. The nucleoside supplements 
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were added at a constant concentration of 200 µM together with different concentrations 

of L-BHDU. Cells were treated for 48 h and the medium containing the drug and/or 

nucleoside supplements was changed after 24 h. VZV-BAC-Luc yield was determined by 

bioluminescence imaging using the IVIS® 50 instrument (Caliper Life 

Sciences/Xenogen, Hopkinton, MA) and expressed as Total Flux 

(photons/sec/cm2/steradian) at 48 hpi (De et al., 2014). Virus yield for VZV 13S and 

VZV-BAC-Luc was also measured using a quantitative real time PCR method described 

previously (De et al., 2014) for an accurate comparison between the two VZV strains.  

 

2.4. VZV rescue experiment in non-dividing cells 

HFFs were seeded in clear bottom, black-sided, 6-well plates (W1150, Genetix, 

Molecular Devices). Cells were grown in 10% FBS medium for three days until they 

were contact inhibited. After 72 h, the confluent cells were further grown in medium with 

5% FBS for an additional 48 h.  After five days of cell culture, the non-dividing HFFs 

were infected with cell-associated VZV-BAC-Luc and VZV 13S at 1:100 ratio of 

infected to uninfected cells. The rescue experiment and the virus yield was measured 

similarly to the previously described methodology in 2.2. 

 

2.5. MTT assay for HFF-TK cell proliferation 

HFF-TK cells were generated as described previously (manuscript in preparation, see 

chapter three) and grown as HFF cells with the addition of 2 µg/ml of puromycin  to the 

medium to maintain selection for the integrated lentivirus expression vector.  HFF-TK 

cellular proliferation was evaluated by colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-
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2,5-diphenyl tetrazolium bromide) assay following the method developed by Mosmann 

(Mosmann, 1983). In brief, the cells were seeded 1:3 in 48-well plates and incubated at 

37C in 5% CO2 overnight. The cells were treated with the drugs and/or in combination 

with the pyrimidine bases in eight replicates.  

 

2.6. Immunoblot detection for proteins 

Immunoblots were performed as described previously with some modifications 

(Leisenfelder and Moffat, 2006). Cell monolayers were scraped into ice-cold PBS, lysed 

by sonicating at 60W (Misonix sonicator 3000) for three times at 30s intervals on ice and 

centrifuged at 14,000 x g for 15 min at 4C. Sample buffer (166 mM Tris-HCl, pH 6.8; 

7% sodium dodecyl sulfate [SDS]; 0.3% bromophenol blue; 33% glycerol; 0.3 M 

dithiothreitol) was added to the supernatants. Equal amounts of proteins were resolved by 

10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and elecrophoretically 

transferred to polyvinylidene difluoride (PVDF) membranes (Millipore; US) at 20 V for 1 

h. The PVDF membranes were probed with antibodies for: human TS (sc-134525), β-

actin (sc-47778), α-tubulin (sc-5286) (all purchased from Santa Cruz Biotechnology) and 

viral TS (cl.13.15, Capri). The membranes were washed and incubated for 1 h with 

alkaline phosphatase conjugated secondary antibodies (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA and then covered with LumiPhos detection reagent. 

Signals were detected using Kodak BioMax MR film (Amersham Biosciences, 

Piscataway, NJ). β-actin and α-tubulin were used as loading controls. 
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2.7. LC-MS/MS methodology for dNTP measurement 

ARPE-19 cells were grown in 175-cm2 flasks and harvested at different time points and 

conditions. Dividing ARPE-19 cells were harvested 27 h after plating. Non-dividing 

ARPE-19 cells were harvested 3 days after confluence was reached.  Duplicate flasks of 

confluent ARPE-19 cells were infected with cell-associated VZV-BAC-Luc at 1:20 ratio 

of infected to uninfected cells. One infected culture of ARPE-19 cells was treated with L-

BHDU (2µM) after 24 h.  Both infected cultures of ARPE-19 cells were harvested after 

48 h. The ARPE-19 cell monolayer was scraped, pelleted, and washed three times with 

PBS. The cells were suspended in chilled acetonitrile (50% in water) for 10 min on ice. 

The cell suspensions were centrifuged at 18,000xg at 0oC for 5 min. The supernatants 

were collected and dried in a lyophilizer. The dried extracts were suspended in deionized 

water and stored at -80°C. The cell lysates were then processed for dNTP detection by 

LC-MS/MS. Selected reaction monitoring (SRM) was used to detect and quantify the 

following dNPs : dTMP, dTDP, dTTP, dUMP, dUTP and dCTP. SRM transitions were 

determined by teeing 20 µL of 100 µM dNTP standard with 380 µL of 50:50 Solvent A: 

Solvent B, such that the final concentration of the standard was 5 µM when infused into 

the instrument. Standard dNTP solutions were made by diluting the 100 mM stocks to 

100 µM in water. LC-MS analysis was performed using a microspray triple quadrupole 

system. Specifically, samples were separated on a porous graphite column (Hypercarb 

100x 2.1 mm column, ThermoScientific) using a Dionex Ultimate 3000 HPLC, coupled 

to a Quantum Access Max mass spectrometer (Thermo Scientific), run in the SRM 

negative scan mode.  The solvent system consisted of 2 mM ammonium acetate (pH 10, 

Solution A) and 100% acetonitrile (Solution B) in a 6.5 minute HPLC method. With a 
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flow rate of 400 µL/min, the column was equilibrated at 40°C, in 2% Solution B for 1 

min, then ramped to 25% Solution B in 2.5 min, then ramped to 70% Solution B in 1 min, 

and held there for 1 min, before being returned to the equilibration condition of 2% 

Solution B for the remainder (2 min) of the run. Analysis of the extracted ion 

chromatograms and peaks was performed with the Thermo Scientific LC Quan and 

XCalibur software.  5 point smoothing using the Boxcar method and integration using 

Thermo Scientific’s “ICIS” algorithm were employed. 

 

2.8. Statistical analysis 

All the statistical calculations were made using GraphPad Prism 5.02 for Windows 

(Graph-Pad Software, San Diego, CA, www.graphpad.com). A p ≤ 0.05 was considered 

statistically significant. 

 

3. Results 

3.1. Antiviral Activity of L-BHDU is linked to Pyrimidine Metabolism 

Nucleoside analogues often affect nucleotide metabolism (Galmarini et al., 2001; Parker, 

2009), and so we hypothesized that the active form of L-BHDU might prevent VZV 

replication by this mechanism. To address this question, VZV cultures in three different 

cell types were treated with L-BHDU and different purine and pyrimidine bases were 

added in excess to determine whether they could rescue virus replication (Fig. 4.1). If a 

purine or pyrimidine rescues virus replication, then that pathway is likely blocked by the 

active form of the drug.  In this assay, the amount of purine or pyrimidine was held 

constant while the drug concentration was serially decreased 2-fold.  Purines did not 
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rescue viral replication in the presence of L-BHDU. Conversely, addition of the 

pyrimidines thymidine and uridine rescued VZV replication and reversed the inhibitory 

effect of L-BHDU in a dose dependent manner.  A 200:1 ratio of thymidine to L-BHDU 

restored VZV replication while uridine required 800:1 for the same effect.  This was 

observed in HFFs (Fig. 4.1A) and MRC5 cells (Fig. 4.1B) but not in MeWos (Fig. 4.1C). 

Dihydroorotate (DHO) and orotate (intermediates in the pyrimidine de novo synthesis 

pathway) had no effect on VZV replication in any cell types.  This suggested that L-

BHDU blocked the pyrimidine salvage pathway in VZV-infected cells. 

 

3.2. VZV replication is restored only in dividing cells by exogenous pyrimidine addition 

The abundance of nucleotides in a cell, known as the nucleotide pool, varies greatly 

during the cell cycle. Nucleotides are scarce in confluent or quiescent cells whereas 

dividing cells require high concentrations of dNTPs for genome synthesis during S phase 

(Hollenbaugh et al., 2013). Herpesviruses use dNTPs for viral DNA replication, thus 

they encode metabolic enzymes involved in nucleotide metabolism (Vastag et al., 2011). 

It was not known whether the antiviral effects of L-BHDU could be overcome by 

exogenous pyrimidines in confluent cells, in which the enzymes for dTTP synthesis are 

not expressed. VZV grew normally in confluent HFFs and was inhibited in the presence 

of L-BHDU (Fig. 4.2). This antiviral effect was not rescued by the addition of excess 

thymidine or uridine, in contrast to the results in dividing cells. 

 

3.3. L-BHDU does not inhibit cellular nucleotide metabolism 
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To determine if the active form of L-BHDU had any effect on cellular metabolism, a 

cellular proliferation assay was performed. L-BHDU is phosphorylated to its active form 

by viral thymidine kinase (TK) and not by cellular TK, thus we used a recombinant HFF-

TK cell line stably expressing VZV TK to produce L-BHDU-MP and -DP. We used 

BVdU as a positive control because its monophosphorylated form is cytostatic in cells 

expressing viral TK.  BVdU-MP inhibits host thymidylate synthase and subsequently 

cellular proliferation (Balzarini et al., 1994, 1985). HFF-TK cells grew normally in 

medium and with vehicle (Fig 4.3A and B).  As expected, serum starvation and BVdU 

treatment caused a significant inhibition of cell proliferation after 72 h. Addition of 

thymidine but not uridine restored proliferation in the cells treated with BVdU (Fig 

4.3A), which reflects the known blockade of the de novo biosynthesis pathway by 

BVdU-MP inhibition of cellular TS. Conversely, HFF-TK cells grew normally in the 

presence of L-BHDU at the EC90 concentration, suggesting that L-BHDU-MP and/or -DP 

did not inhibit cellular nucleotide metabolism. There was a small decrease in cellular 

proliferation at a very high concentration of L-BHDU (32 µM) (Fig. 4.3B).  

 

3.4. L-BHDU inhibits VZV by decreasing the cellular dTTP pool 

One response to herpesvirus infection is a marked increase in the level of dTTP in the 

cell, which is consistent with the need to replicate viral DNA (Daikoku et al., 1991; 

Vastag et al., 2011). We hypothesized that L-BHDU indirectly inhibits VZV replication 

by decreasing the cellular dTTP pool, which prevents viral DNA synthesis. The relative 

amounts of various nucleotides were measured by HPLC-MS/MS in dividing or 

confluent cells that were infected with VZV and treated with L-BHDU.  ARPE-19 retinal 
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pigment epithelial cells were used for this experiment because they are highly permissive 

for VZV infection even when contact-inhibited, and they have more abundant dNTPs 

than HFFs (Sloutskin et al., 2013). As expected, the relative amounts of all the 

nucleotides measured in this assay increased in ARPE-19 cells when they were released 

from contact inhibition for 1 day (Fig.4.4, Table 4.1).  When confluent ARPE-19 cells 

were infected with VZV for 1 day, all the nucleotides increased to varying degrees.  The 

level of dTMP was 4-fold higher than dividing ARPE-19 cells while dTDP and dTTP 

were similar.  The levels of dUMP, dUTP, and dCTP were less than dividing ARPE-19 

cells but more than confluent cells.  At this point duplicate cultures of VZV-infected 

ARPE-19 cells were either treated with L-BHDU or the medium was refreshed.  In 

untreated, VZV-infected ARPE-19 cells, the levels of dTDP and dTTP continued to 

increase while L-BHDU treatment prevented this.  The level of dTMP remained high in 

VZV-infected cells treated with L-BHDU.   Thus L-BHDU prevents the accumulation of 

dTTP in VZV-infected cells and thereby blocks viral DNA replication.  

 

3.5. VZV infection does not increase cellular thymidylate synthase expression and 

exogenous uridine fails to restore VZV 13S replication in dividing cells 

HCMV infection of quiescent fibroblasts increases cellular deoxycytidylate deaminase 

(dCMP deaminase), dihydrofolate reductase (DHFR) and TS expression for efficient 

virus replication and inhibition of these enzymes abrogates virus replication (Gribaudo et 

al., 2003, 2002, 2000; Lembo et al., 1999, 1998). TS catalyses the biosynthesis of dTMP 

by reductive methylation from the substrate, dUMP and 5,10-methylenetetrahydrofolate 

(Gribaudo et al., 2003). TS is essential for regulating the balanced supply of dNTP 
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precursors for DNA replication (Kaneda et al., 1990). Therefore, the intracellular 

availability of dUMP may be the rate-limiting step in dTMP biosynthesis and hence 

critical for efficient viral replication in quiescent cells (Gribaudo et al., 2003). To 

determine if cellular TS expression in quiescent cells was induced by VZV infection, 

immunoblots for human TS were performed. Human TS was expressed in the positive 

control melanoma cell line (MeWo) and in subconfluent ARPE-19 cells (Fig. 4.5). TS 

was not expressed in confluent ARPE-19 cells nor in VZV-infected confluent ARPE-19 

cells at 48 hpi (Fig. 4.5). VZV is one of two human herpesviruses other than HHV8 that 

encodes a viral TS (Gáspár et al., 2002), thus cellular TS may not be required in 

confluent cells. We wanted to determine if exogenous addition of thymidine and uridine 

could restore VZV 13S replication in dividing and non-dividing cells. Even in the 

absence of viral TS activity, VZV 13S replicated well in both dividing and non-dividing 

cells in the absence of L-BHDU. We observed that in non-dividing cells neither 

thymidine nor uridine could restore VZV 13S replication (Fig. 4.6). Interestingly, 

thymidine but not uridine was able to restore VZV 13S replication in the dividing cells 

(Fig. 4.6). 

 

4. Discussion 

This study demonstrates that L-BHDU inhibits VZV replication by decreasing the 

cellular dTTP pool by interfering with the pyrimidine biosynthesis pathway. There are 

two routes to the synthesis of pyrimidines; the de novo and salvage pathways. Some 

compounds targeting the de novo pyrimidine biosynthesis pathway have antiviral 

properties (Fischer et al., 2013; Hoffmann et al., 2011; Wang et al., 2011). Our results 
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point away from the de novo pathway because addition of intermediates such as orotate 

and DHO failed to restore VZV replication in the presence of L-BHDU. On the other 

hand, pyrimidine salvage pathway substrates thymidine and uridine rescued VZV 

replication from L-BHDU inhibition, indicating that L-BHDU active form(s) interfere 

with this biosynthesis pathway. The activity of the pyrimidine de novo and salvage 

pathways varies with the developmental stage of the cell. The de novo pathway is low in 

fully differentiated cells, whereas it is indispensable in proliferating cells (Evans and 

Guy, 2004). Rapidly dividing cancer cells have much higher levels of cellular dNTPs 

than primary cells (Amie et al., 2013) and this can reduce phosphorylation of antiviral 

nucleoside analogues (Karlsson et al., 1986).  This may explain why L-BHDU was more 

effective in primary HFF and MRC-5 cells than in MeWo cells (melanoma cell line), and 

why addition of thymidine and uridine did little to rescue VZV replication in MeWo 

cells. Addition of thymidine or uridine did not restore VZV replication in confluent 

HFFs. In non-dividing cells where cellular enzymes are lacking, dNTPs were insufficient 

for virus replication to resume (Cheng and Traut, 1987; Staub and Eriksson, 2006).  

 Though herpesviruses rely primarily on the metabolic capabilities of their cellular 

hosts for replication, all herpesviruses encode enzymes that are involved in nucleotide 

metabolism (Vastag et al., 2011). VZV encodes several enzymes that play critical roles in 

viral replication, especially those involved in the pyrimidine biosynthesis pathway 

(Reviewed in Cohen, 2010, 1996). Herpesviruses also actively redirect host cell 

metabolism to increase the dNTP pool by inducing cellular enzymes. For instance, 

HCMV induces cellular DHFR, TS and cytidylate deaminase in quiescent human 

fibroblasts for efficient HCMV replication (Gribaudo et al., 2003, 2002; Vastag et al., 
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2011). We observed that VZV infection of non-dividing cells increased the cellular dTTP 

pool but did not induce expression of cellular TS (Fig. 4.5). Due to the expression of viral 

enzymes involved in pyrimidine biosynthesis pathway including vTS and increased dTTP 

pool, VZV replicated well in non-dividing cells. 

The maintenance of balanced dNTP pools is critical for viral DNA replication and 

perturbation can lead to inhibition of virus replication. ACV and bucyclovir (BCV) 

treatment of HSV-1 infection increase cellular dNTP pools including dTTP (Furman et 

al., 1982; Karlsson et al., 1986; Prichard et al., 1993). ACV-TP and BCV-TP both target 

viral DNA polymerase and cause chain termination. This results in reduced utilization of 

dNTPs and leads to accumulation in treated, infected cells (Furman et al., 1982). 

Interestingly, L-BHDU lowered the dTTP pool in VZV-infected cells. There several 

possible explanations for this observation. First, if L-BHDU active form(s) inhibits 

enzymes in the pyrimidine biosynthesis pathway, then the dTTP pool would be depleted 

and viral DNA replication would eventually cease. Second, L-BHDU competes with 

thymidine and dTMP as a substrate of VZV TK. Unlike ACV, L-BHDU might be less 

sensitive to competition from intracellular thymidine. Third, a higher rate of formation of 

L-BHDU metabolites compared to the normal substrates (dTMP and dTDP) could lead to 

L-BHDU-TP accumulation and utilization by viral DNA polymerase. These factors could 

deplete the dTTP pool and prevent virus replication. Depletion of dTTP perturbs the 

levels of the other deoxynucleotides through feedback mechanisms, and these imbalances 

severely disrupt cellular DNA synthesis and repair (Longley et al., 2003). 

Both cellular and viral thymidylate synthases (cTS and vTS) could be targets of 

active L-BHDU in infected cells.  Due to structural similarities between dUMP and L-
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BHDU-MP, it is possible that L-BHDU-MP might compete with dUMP for the active 

sites on TS, either viral or cellular. We found that HFF-TK cells grew normally when 

active L-BHDU was present, which excludes cTS and other proliferation enzymes as 

targets.  This conclusion was strengthened by our finding that uridine rescued wt VZV in 

subconfluent HFFs with L-BHDU, but not VZV 13S strain that does not express vTS.  

This points to the key role of vTS in conversion of dUMP to dTMP to replenish the dTTP 

pool and suggests that vTS is inhibited by L-BHDU-MP.  However, we found that 

uridine could not rescue wt or 13S VZV in confluent HFFs in the presence of L-BHDU.  

The reason why addition of uridine failed to restore VZV replication in confluent cells is 

due to low translation and activity of uridine kinase and UMP kinase (Cheng and Traut, 

1987; Staub and Eriksson, 2006). Without these cellular enzymes, uridine fails to convert 

to dUMP and vTS lacks its substrate for dTMP synthesis. However, synthesis of dTMP 

was not sufficient to overcome the antiviral effects of active L-BHDU in confluent cells. 

Thus there are other targets of active L-BHDU that are necessary for VZV replication in 

quiescent cells.  The exact molecular mechanisms that mediate the depletion of dTTP 

pool by L-BHDU active form(s) have not been fully elucidated and will require further 

investigation. 
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Table 4.1. Changes in relative concentration* of deoxynucleotides (dNPs) during VZV 

infection and L-BHDU treatment measured by LC-MS/MS.  

 

Nucleotides Confluent 

cells** 

Subconfluent 

cells 

Confluent cells 

+ VZV 24 hpi 

Confluent 

cells + VZV 

48 hpi 

Confluent cells + 

VZV + L-BHDU 

dTMP ND*** 2.55 x 104 8.78 x 104 4.21x 104 7.99 x 104 

dTDP ND 1.19 x 105 8.99 x 104 2.26 x 105 1.41 x 105 

dTTP ND 1.24 x 106 9.88 x 105 3.04 x 106 7.95 x 105 

dUMP 6.3 x 102 1.87 x 104  3.84 x 103 1.42 x 103 2.76 x 103 

dUTP ND 1.04 x 104 2.30 x 103 1.88 x 103 3.10 x 103 

dCTP 9.92 x 102 2.06 x 105 4.58 x 104 5.97 x 104 9.25 x 104 

 

* Calculated from the area under the curve (AUC) 

** ARPE-19 cells 

***ND= Below the level of detection 
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Varicella, zoster and their complications caused by varicella-zoster virus  remain 

important causes of morbidity and mortality, especially in a population with increasing 

numbers of elderly and immunocompromised individuals (Partridge and McKendrick, 

2009). Approximately 1 million new episodes of zoster are estimated to occur in the 

United States yearly, with a lifetime risk of ~30% (Yawn and Gilden, 2013). Live 

vaccines for prevention of varicella in children (VarivaxTM) and herpes zoster in adults 

(ZostavaxTM) have proved successful to a limited extent (Andrei and Snoeck, 2013; 

Doerr, 2013). Antiviral agents still have a major role in the treatment of VZV-associated 

diseases even after the widespread implementation of vaccination programs (Andrei and 

Snoeck, 2013). Due to shortcomings of existing antiviral agents, significant efforts are 

underway to discover and develop anti-VZV agents with superior activity and safety. In 

this study we evaluated the efficacy, safety profile and the probable mechanism of action 

of a novel anti-VZV compound, L-BHDU. 

The efficacy of nucleoside analogs depends on their ability to mimic natural 

nucleosides. D-nucleoside analogs have the same stereochemistry as natural nucleosides, 

and so were believed to effectively interact and inhibit viral and/or cellular enzymes 

(Gumina et al., 2002). Yet some L-nucleoside analogs have antiviral activity comparable 

and occasionally greater than their D-counterparts.  The L-enantiomers often have a more 

favorable toxicological profile and greater metabolic stability (Gumina et al., 2001). 

Indeed, we determined that L-BHDU has an excellent toxicological profile. L-BHDU 

was non-cytotoxic to cells and skin; it was safe and well tolerated by mice. Unlike 

BVdU, a D-nucleoside thymidine analog (Fig. 5.1), L-BHDU metabolites did not 

interfere with 5-flourouracil metabolism by inhibiting dihydropyrimidine dehydrogenase 
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(DPD). Neither did L-BHDU active forms inhibit cellular replication enzymes. It could 

be predicted that L-BHDU and its metabolites are not a natural substrate of cellular 

enzymes due to the L-configuration. Therefore L-BHDU is a safer option for antiviral 

therapy. L-BHDU is effective against VZV and HSV-1 with low micromolar EC50s. 

Antiviral activity of L-BHDU was superior to the commonly used anti-VZV drugs in 

cells, skin organ culture and in mice. The selective index (SI) calculated for L-BHDU 

(>909) was much higher than the SI of 250 and 60 for ACV and PFA, respectively. L-

BHDU efficacy was similar to its D-nucleoside analog, BVdU, confirming that L-

nucleoside analogs could have comparable and/or better antiviral activity. 

The general mode of action of approved anti-VZV nucleoside analogs is through 

competitive inhibition of viral DNA polymerase and/or DNA chain terminators. 

Nucleoside analogs are converted into their mono, di and triphosphate forms by viral and 

cellular enzymes. The viral thymidine kinase (vTK), which is a dual thymidine and 

thymidylate kinase, performs the first phosphorylation step of ACV. vTK phosphorylates 

BVdU to both mono and diphosphate forms  (Sauerbrei et al., 2011). ACV and BVdU are 

excellent substrates for vTK but poor substrates for the cellular thymidine kinase (cTK). 

Their preferential phosphorylation in virus-infected cells, as compared to uninfected 

cells, is the basis of their selectivity as antiherpetic agents (De Clercq, 1996). Similarly, 

we found that L-BHDU was converted to its mono– and diphosphate forms by VZV TK. 

The presence of L-BHDU-TP could not be determined conclusively in this study. HSV-1 

TK also recognized L-BHDU as a substrate. However, L-BHDU was less effective 

against SVV, even though SVV TK shares 51.3% amino acid identity with VZV TK and 

the nucleotide binding sites are highly conserved in both viruses (Sienaert et al., 2004). 
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This suggests that SVV TK has a lower affinity and substrate specificity for L-BHDU 

than VZV TK. Structure-activity relationship between L-BHDU and other viral TKs will 

be critical in determining the efficacy of this compound against other viruses. 

Analysis of drug resistance provides one of the most useful approaches to 

understanding the mechanism of action of an antiviral compound (Gammon et al., 2008). 

Resistance to ACV and BVdU is associated with either deficiency of viral TK activity or, 

less often, with altered substrate specificity. ACV and PFA resistance is rarely associated 

with mutations in the DNA pol gene (Boivin et al., 1994; Fillet et al., 1995; Morfin et al., 

1999; Pahwa et al., 1988; Sauerbrei et al., 2011). We found that mutation in active 

domains of VZV TK (ORF 36) conferred resistance against L-BHDU and other drugs 

that rely on vTK for their activation. The TKs isolated from the L-BHDUR mutants 

lacked kinase activity. Mutation in HSV-1 TK gene also conferred resistance against L-

BHDU, attesting to an instrumental role of this enzyme for metabolic activation of L-

BHDU. Unfortunately, dependence on vTK for activity will limit the use of L-BHDU in 

certain clinical settings. Notably, mutations mapping to the DNA pol gene or other genes 

were not identified in L-BHDUR isolates that might help us understand the mechanism of 

action of this molecule.   

Viral replication is tightly linked with the cellular nucleotide metabolism. 

Herpesviruses encode proteins to facilitate DNA replication when cellular dNTPs are 

limited, especially deoxythymidine triphosphate (dTTP). HCMV and HSV-1 induce 

expression of cellular enzymes (including TS) for efficient virus replication (Gribaudo et 

al., 2003, 2002; Vastag et al., 2011). We found that like other herpesviruses, VZV 

induced dTTP to facilitate viral replication, but did not induce cellular TS.  Recent and 
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past studies highlight that components of the pyrimidine biosynthesis pathway represent 

potential therapeutic targets (Fischer et al., 2013; Hoffmann et al., 2011; McLean et al., 

2001). We found that L-BHDU active form(s) interfered with the pyrimidine salvage 

pathway and decreased the dTTP pool in infected cells. Limiting cellular dTTP could be 

how L-BHDU inhibits VZV replication. In contrast, ACV, PAA and BCV, which target 

viral DNA pol, generally increase cellular dNTP pools due to lower utilization of dNTPs 

in treated, infected cells (Furman et al., 1982; Karlsson et al., 1986; Prichard et al., 1993). 

This suggests that L-BHDU active form(s) might inhibit enzymes in the pyrimidine 

pathway that limit dTTP formation. This conclusion is strengthened by our finding that 

addition of excess thymidine and uridine rescued VZV replication in the presence of L-

BHDU. Our current premise is that L-BHDU active form(s) target viral enzyme(s) and do 

not inhibit cellular enzymes.  We found a key role for vTS in conversion of dUMP to 

dTMP to replenish the dTTP pool. Due to structural similarities between dUMP and L-

BHDU-MP (Fig. 5.1), it is possible that L-BHDU-MP competitively inhibits vTS (Fig. 

5.2) and addition of excess uridine reverses the inhibition only in dividing cells. Though 

the exact molecular mechanisms that mediate the depletion of dTTP pool by L-BHDU 

active form(s) have not been fully elucidated in this study, we can predict possible 

mechanisms of action which could be investigated in the future.  

A complete understanding of the mechanism of action of L-BHDU at the 

molecular level is an important scientific objective for design and development of more 

effective antiviral therapy. This study helped us to narrow down the potential targets of 

L-BHDU active form(s). HSV-1 and VZV encode distinct ribonucleotide reductases 

(VZV ORF 18 and ORF19). RNRs catalyze formation of high concentrations of 
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deoxynucleotides for viral DNA synthesis (Fig. 5.2) and are not subject to allosteric 

regulation (Spector et al., 1989, 1987). RNR is essential for virus replication in non-

dividing cells (Duan et al., 1998; Sienaert et al., 2002). It cannot be ruled out that L-

BHDU-DP inhibits VZV-encoded RNR by considering that the natural substrates of this 

enzyme are ribonucleoside diphosphates. Since primary amino acid sequences are 

markedly different between viral and cellular RNRs, it is possible that viral RNR is a 

target for L-BHDU active form(s). This could also explain the antiviral activity of L-

BHDU against both VZV and HSV-1. Targeting viral dUTPase is another possible way 

L-BHDU active form(s) could inhibit both VZV and HSV-1. They both encode dUTPase 

and the enzymatic activity is important for efficient viral replication. dUTPase reduces 

levels of dUTP inside the cell (Fig. 5.2), which prevents misincorporation of uracil into 

nascent DNA.   dUTPase also provides dUMP substrate for TS, which synthesizes dTMP 

(Kato et al., 2014; Ross et al., 1997). Thus, inhibition of dUTPase by L-BHDU active 

form(s) could lead to depletion of dTTP pool and thereby inhibit viral replication. 

Many enzymes are inhibited by their own substrates, a phenomenon called 

substrate inhibition. Enzyme velocity curves rise to a maximum and then decline as the 

substrate concentration goes up. It is estimated that substrate inhibition occurs in some 

20% of enzymes (Reed et al., 2010). It is possible that L-BHDU-DP is a substrate 

inhibitor for ORF 36 thymidylate kinase activity (Fig. 5.2). This could also explain why 

we detected little or no L-BHDU-TP in our study. L-BHDU-TP was not conclusively 

detected, yet the potential antiviral activity of L-BHDU-TP should not be disregarded. 

The triphosphates of the nucleoside analogs compete with and inhibit the incorporation of 

the natural substrates (e.g., dTTP and dGTP) into the growing DNA chain or are directly 
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incorporated into DNA causing chain termination (De Clercq, 1996). It is possible that L-

BHDU-TP selectively inhibits viral DNA pol by competing with dTTP (Fig. 5.2), 

explaining the antiviral activity against both VZV and HSV-1. L-BHDU-TP may also 

incorporate into the growing viral DNA strand and terminate the chain because it lacks 

3'-OH, which is required for adding the next nucleotide. These suppositions were not 

studied due to technical limitations and were beyond the scope of this study. However, if 

L-BHDU is to be developed as a potential antiviral drug, these questions should be 

addressed.  

Overall, this project highlighted the safety and efficacy of a novel dioxolan L-

nucleoside analog that is an excellent choice for future development. We confirmed that 

compounds interfering with pyrimidine biosynthesis pathway have potential antiviral 

activity. We also emphasized the importance of herpesvirus TKs and their role in the 

efficacy of the nucleoside analogs and in development of drug resistance. In conclusion, 

the focus of ongoing research efforts should be the development of new and unique 

antiviral drugs to supplement the limited number of agents currently available (Kimberlin 

and Whitley, 1996). 
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