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ABSTRACT 

The nucleoside phosphonates cidofovir (CDV) and (S)-9-[3-hydroxy-(2-

phosphonomethoxy)propyl]adenine [(S)-HPMPA] are analogs of dCMP and dAMP, 

respectively. Collectively these drugs are effective inhibitors of a wide range of DNA 

viruses, RNA viruses, and retroviruses. Because they are nucleotide analogs, the drugs 

are thought to target viral polymerases and inhibit viral genome replication. However, the 

precise mechanism by which these drugs block viral growth remains unclear. We have 

studied the mechanism of action of these antivirals against three viral polymerases, 

vaccinia virus DNA polymerase and the reverse transcriptases from human 

immunodeficiency virus type 1 (HIV-1) and Moloney murine leukemia virus (MMLV).  

In vitro experiments using the active intracellular metabolites of CDV and (S)-HPMPA, 

CDV diphosphate (CDVpp) and (S)-HPMPA diphosphate [(S)-HPMPApp], respectively, 

showed that the drugs are substrates for each enzyme and can be incorporated into DNA 

without causing chain termination, although the rate of DNA elongation catalyzed by the 

vaccinia virus and MMLV polymerases is slowed. We have also found that incorporation 

of CDV or (S)-HPMPA blocked the 3′-to-5′ proofreading exonuclease activity of the 

vaccinia virus DNA polymerase. In addition, we determined that when these drugs are 

incorporated into a template DNA strand, they inhibited replication across the drug 

lesion. These results indicate that although CDV and (S)-HPMPA can inhibit some 

enzymes when incorporated into the primer strand, the main effects of drug action occur 

when they are incorporated into the template strand. Our findings point to a new avenue 

of targeted drug design, one in which nucleoside or nucleotide analogues are efficient 



 

substrates for the viral nucleic acid polymerase, do not inhibit primer strand elongation, 

but exert their effects in subsequent rounds of nucleic acid synthesis.  
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CHAPTER ONE 

 

INTRODUCTION 

 

1.1 ANTIVIRAL AGENTS 

 Research into the discovery and development of new antiviral agents has 

increased over the past several years, motivated by an increase in chronic viral infections, 

like those caused by hepatitis B virus (HBV) and hepatitis C virus (HCV), the emergence 

of novel viruses causing human disease like the severe acute respiratory syndrome 

(SARS) coronavirus, the potential re-emergence of viral infections previously brought 

under control, like smallpox virus and measles virus infections, as well as the increase in 

viral resistance to current antiviral agents. As viruses replicate within host cells and 

utilize host cell machinery during their replication cycles, any antiviral agent needs to 

balance therapeutic efficacy with minimal toxicity to the host. There are several stages of 

the virus life cycle that can be targeted by antiviral drugs, including entry into the host 

cell, genome replication, transcription, and maturation. At present, there are several 

agents approved in North America for the treatment of viral infections (Table 1.1). These 

drugs target a number of virus life cycle stages and have diverse mechanisms of action. 

This thesis will focus on those compounds that target enzymes responsible for the 

replication of viral genomes. Both those compounds that are currently approved for use 

as well as examples of those that are in development will be discussed.  

 

Antiviral Agents Targeting Enzymes That Replicate the Viral Genome 

 The majority of the antiviral agents that are approved for use are those that target 

the virus-encoded enzymes responsible for the replication of the viral genome. The 

properties of these enzymes differ depending on the nucleic acid composition of the 

genome and the life cycle of the virus. These enzymes include DNA-dependent DNA 

polymerases, RNA-dependent RNA polymerases, and RNA- and DNA-dependent DNA 

polymerases [reverse transcriptases (RT)]. Although these genome-replicating enzymes 

are diverse, antiviral agents that target them can be divided into two broad categories, the
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Table 1.1  Currently approved antiviral agents1 

 
Antiviral Agent Virus2 

Nucleoside/Nucleotide Analogs  
Acyclovir/Valaciclovir HSV, VZV 

Abacavir HIV-1 
Adefovir HBV 
Cidofovir Adenovirus, Polyomavirus, CMV, HSV, VZV 

Didanosine HIV-1 
Emtricitabine HIV-1 

Entecavir HBV 
Famciclovir HSV, VZV 

Ganciclovir/Valganciclovir CMV, HSV, VZV 
Lamivudine HIV-1, HBV 

Ribavirin HCV3, RSV 
Stavudine HIV-1 

Telbivudine HBV 
Tenofovir HIV-1, HBV 

Zidovudine HIV-1 
Non-Nucleoside Analog Polymerase Inhibitors  

Efavirienz HIV-1 
Etravirine (TMC-125) HIV-1 

Foscarnet CMV, HSV, VZV 
Nevirapine HIV-1 

Integrase Inhibitors  
Raltegravir HIV-1 

Protease Inhibitors  
Amprenavir HIV-1 
Atazanavir HIV-1 
Darunavir HIV-1 
Indinavir HIV-1 
Lopinavir HIV-1 
Ritonavir HIV-1 

Saquinavir HIV-1 
Tipranavir HIV-1 

Fusion Inhibitors  
Enfuvirtide HIV-1 

Co-Receptor Inhibitors  
Maraviroc HIV-1 

Ion Channel Inhibitors  
Amantadine Influenza4 

Rimantadine Influenza4 

Neuraminidase Inhibitors  
Oseltamivir Influenza 
Zanamivir Influenza 

1 Adapted from Gilbert et al., 2009 
2 Virus abbreviations: CMV – cytomegalovirus, HIV-1 – human immunodeficiency virus type 1, HBV – 
hepatitis B virus, HCV – hepatitis C virus, HSV- herpes simplex virus, RSV – respiratory syncytial virus, 
VZV – varicella zoster virus 
3 In combination with interferon 
4 Not recommended due to the high prevalence of resistance 
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non-nucleoside polymerase inhibitors and the nucleoside/nucleotide analog polymerase 

inhibitors. 

 

Non-nucleoside Analog Inhibitors 

 Non-nucleoside analog polymerase inhibitors are a structurally diverse group of 

compounds that are unrelated to nucleosides and nucleotides. One of the first compounds 

of this class to be described was foscarnet, an analog of pyrophosphate (Helgstrand et al., 

1978). Foscarnet blocks pyrophosphate exchange during DNA synthesis and shows 

efficacy against the herpesviruses herpes simplex virus (HSV), cytomegalovirus (CMV), 

varicella zoster virus (VZV), and Epstein Barr virus (EBV) as well as human 

immunodeficiency virus type 1 (HIV-1) (Crumpacker, 1992). Other compounds in this 

class of antiviral agents have been developed as specific inhibitors of HIV-1 RT. There 

are currently three of these non-nucleoside reverse transcriptase inhibitors (NNRTIs) 

licensed for use (Table 1.1). However, many other inhibitors are being developed for the 

treatment of this and other virus infections, like HCV, herpesviruses, measles virus and 

respiratory syncytial virus (RSV) (Huang et al., 2006; Jochmans, 2008; Manns et al., 

2007; Oien et al., 2002; Sudo et al., 2005; White et al., 2007). Because of their structural 

diversity, these inhibitors have diverse of mechanisms of inhibition of polymerases. 

 The NNRTIs bind to a site on the HIV-1 RT 66 kDa (p66) subunit termed the 

NNRTI binding pocket (NNRTI-BP). This hydrophobic binding pocket is approximately 

10 Å away from the active site of the enzyme, and the entrance to the pocket is composed 

of residues that also make up the interface between the p66 and 51 kDa (p51) RT 

subunits (Sluis-Cremer et al., 2004). Interestingly, the NNRTI-BP does not exist in the 

absence of the inhibitor (Ding et al., 1995), nor does it exist in the smaller HIV-1 RT p51 

subunit (Kohlstaedt et al., 1992). Further, NNRTIs do not inhibit the closely related 

human immunodeficiency virus type-2 (HIV-2) RT (Le Grice, 1993). The binding of an 

NNRTI to HIV-1 RT induces the NNRTI-BP but does not result in a significant change 

in the secondary structure surrounding this pocket; however, significant changes do occur 

in the relative positions of the enzyme’s secondary structural elements and in the 

orientations of some of the side chain residues (Ding et al., 1995). These changes are 
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thought to alter the geometry of the active site, as well as the association of p66 and p51 

(Sluis-Cremer et al., 2004). 

 Based on pre-steady state analyses, the NNRTI nevirapine has been shown to 

inhibit the chemical reaction step in DNA polymerization; catalysis still occurs, but at a 

slower rate (Rittinger et al., 1995; Spence et al., 1995). In contrast, the binding of the 

nucleotide substrate and the nucleotide-induced conformational change of the enzyme are 

not inhibited (Spence et al., 1995). As such, nevirapine exhibits non-competitive 

inhibition with respect to the nucleotide and primer-template substrates (Spence et al., 

1995). These results were confirmed and extended to the NNRTI efavirenz by Xia et al. 

(2007), who also suggested that the slow rate of catalysis was due to an indirect effect of 

these NNRTIs on the amino acids involved in positioning the active site, rather than on a 

direct effect on phosphodiester bond formation. 

 The NNRTIs efavirenz and etravirine, but not nevirapine, have also been shown 

to inhibit the late stages of HIV-1 replication (Figueiredo et al., 2006). Efavirenz and 

etravirine were shown to enhance the intracellular processing of the Gag and Gag-Pol 

polyproteins resulting in decreased viral particle production. This enhanced processing of 

the polyproteins was correlated with increased HIV-1 p66 homodimerization induced by 

these NNRTIs. These authors suggest that the binding of efavirenz or etravirine to the 

HIV-1 RT, as part of the Gag-Pol polyprotein, results in enhanced interaction between 

these polyproteins, leading to premature activation of the HIV-1 protease, which in turn 

results in fewer unprocessed polyproteins in the cell available for virion assembly and 

budding (Figueiredo et al., 2006). Nevirapine is ineffective in this inhibition because it 

has only a weak capacity to enhance p66 homodimerization (Figueiredo et al., 2006). 

This modification of the inter-subunit interactions of HIV-1 RT has also been suggested 

as a mechanism of action of NNRTIs on HIV-1 RT activity (Sluis-Cremer et al., 2004). 

However, experiments have shown that although the various NNRTIs have differential 

effects on HIV-1 RT dimerization, they all mediate similar effects on single nucleotide 

incorporation, suggesting that the effects on subunit association do not contribute to the 

inhibition of DNA synthesis (Xia et al., 2007). 
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 CP-94,707 is another NNRTI that was discovered using a high throughput 

screening analysis. This compound differs from nevirapine and efavirenz in that its 

binding pocket only partially overlaps the NNRTI-BP and is therefore ~3.5 Å closer to 

the active site (Pata et al., 2004). The conformation of the CP-94,707 binding pocket 

closely resembles the unliganded HIV-1 RT conformation. However, the active site of the 

bound enzyme is distorted and there is an additional conformational change that occurs in 

the nucleotide binding pocket that has not been observed previously with the binding of 

other NNRTIs (Pata et al., 2004). This conformational change is a result of the 

reorientation of residue tyrosine 115 to a position that is incompatible with dNTP 

binding. This latter change was suggested to be an additional factor in the inhibition of 

HIV-1 RT activity (Pata et al., 2004).  

 KM-1 is another novel NNRTI (Wang et al., 2004). Although the binding site of 

this inhibitor has not been determined, KM-1 has been shown to weaken the binding 

affinity of HIV-1 RT for DNA and displace DNA from the enzyme, suggesting that the 

binding site overlaps with the primer-template binding site. These authors also suggest 

that KM-1 distorts the HIV-1 RT conformation and misaligns DNA at the active site 

(Wang et al., 2004). 

 Indolopyridones are non-nucleoside inhibitors of RT with a unique mechanism of 

action (Jochmans et al., 2006). These compounds, typified by indolopyridone-1 

(INDOPY-1), act neither as NNRTIs nor as nucleoside/nucleotide RT inhibitors. Further, 

unlike other NNRTIs, INDOPY-1 is active against the lentiviruses HIV-1, HIV-2 and 

simian immunodeficiency virus (SIV), but is inactive against Moloney murine sarcoma 

virus (MMSV) and other RNA and DNA viruses (Jochmans et al., 2006). INDOPY-1 

exhibits competitive inhibition of HIV-1 RT with respect to nucleotide substrate and 

reversibly inhibits HIV-1 RT by binding to the active site of the enzyme, thus preventing 

the binding and incorporation of next templated nucleotide. This binding is not dependent 

on base-like complementarities, but rather on structural features at, and/or in close 

proximity to, the 3′-end of the primer and occurs preferentially following incorporation of 

pyrimidines (Jochmans et al., 2006). 
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 Non-nucleoside inhibitors of the HCV nonstructural protein 5B (NS5B) RNA-

dependent RNA polymerase have also been described. These compounds tend to be 

allosteric inhibitors of the enzyme that cause conformational changes in the structure of 

HCV NS5B upon binding (Huang et al., 2006; Manns et al., 2007). 

 Benzo-1,2,4-thiadiazine and 1,5-benzodiazepine compounds inhibit the RNA 

synthesis activity of NS5B non-competitively with respect to the nucleotide substrate and 

interfere with the initiation of RNA synthesis rather than with elongation (Dhanak et al., 

2002; Gu et al., 2003; Nyanguile et al., 2008). Benzimidazole derivatives also act to 

inhibit the enzyme non-competitively with respect to nucleotide substrate and inhibit 

NS5B prior to the elongation phase of RNA synthesis (Tomei et al., 2003). A novel 

group of benzylidene HCV NS5B inhibitors also inhibit the RNA synthesis initiation 

reaction and appear to form a reversible covalent bond with the enzyme (Lee et al., 

2006). 

 A pyranoindole class of compounds has also been shown to be allosteric 

inhibitors of the HCV NS5B (Howe et al., 2004; Howe et al., 2006). These compounds 

inhibit the enzyme non-competitively with respect to nucleotide and RNA template and 

appear to block the transition from RNA synthesis initiation to elongation (Howe et al., 

2006). One of these compounds, HCV-371, showed a high selectivity for the HCV NS5B 

polymerase versus cellular enzymes and exhibited efficacy in an HCV subgenomic 

replicon system with no apparent cytotoxicity (Howe et al., 2004). Unfortunately 

however, no significant antiviral activity was found during a phase 1b efficacy study 

(Laporte et al., 2008). However, a newer pyrano[3,4-b]indole-based derivative does show 

antiviral activity in vivo in a chimeric mouse model (Laporte et al., 2008). 

 The crystal structures of other non-nucleoside NS5B polymerase inhibitors, in 

complex with the enzyme have also been described (Biswal et al., 2005; Biswal et al., 

2006; Love et al., 2003; Wang et al., 2003). On the basis of these structural studies, 

several mechanisms of action for these inhibitors have been suggested, including 

perturbations of the enzyme structure, such as the NS5B allosteric GTP binding site; 

disruption of oligomerization; interference with RNA binding; and interference with 

conformational changes required for RNA synthesis. 
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Nucleoside/Nucleotide Analog Polymerase Inhibitors 

 Nucleoside and nucleotide analog polymerase inhibitors were among the first 

compounds described for the treatment of viral infections. Most of these inhibitors have 

been developed to act as competitive substrates for viral DNA and RNA polymerases 

with respect to the natural substrates, deoxynucleoside triphosphates (dNTPs) and 

nucleoside triphosphates (NTPs). Specificity for inhibition of viral nucleic acid synthesis 

relative to cellular DNA synthesis occurs because of the selective phosphorylation of 

these compounds in virus infected cells and/or the increased inhibition of viral enzymes 

relative to the cellular enzymes by the phosphorylated metabolites. These inhibitors can 

be divided into two groups: those that are obligate chain terminators and those that have 

the potential to be incorporated into the growing nucleotide chain and promote further 

elongation. The difference between these two types of compounds is whether they 

possess a hydroxyl moiety in a position equivalent to that of the 3′-hydroxyl group of a 

natural nucleotide. 

 

Obligate Chain Terminators 

One of the first antiviral agents developed and licensed for use was acyclovir for 

the treatment of herpesvirus infections. This compound is an acyclic analog of guanosine, 

and because it lacks a 3′-hydroxyl group, it is an obligate chain terminator (Figure 1.1). 

Acyclovir has low oral bioavailability, and as such, an oral prodrug derivative of this 

compound, valaciclovir, has also been developed and approved for use. Bioavailability of 

valaciclovir approximates that achieved with intravenous acyclovir therapy (Soul-Lawton 

et al., 1995). Acyclovir is converted to its 5′-monophosphate derivative by the thymidine 

kinases of herpes simplex virus type 1 (HSV-1) and VZV, and subsequent conversion to 

the 5′-triphosphate derivative is catalyzed by cellular enzymes (Biron and Elion, 1980; 

Elion et al., 1977). The metabolic activation of acyclovir occurs to only a limited extent 

in uninfected cells (Biron and Elion, 1980; Elion et al., 1977; Furman et al., 1981). The 

incorporation of acyclovir 5′-monophosphate into DNA, followed by dead-end complex 

formation after the binding of the next templated nucleotide results in the selective 

inhibition of the HSV-1 and VZV DNA polymerases (Abele et al., 1988; Derse et al.,
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Figure 1.1  Structures of the nucleoside/nucleotide analog polymerase inhibitors currently approved in 

North America for the treatment of viral infections. 
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1981; Reardon and Spector, 1989). Further, once incorporated, acyclovir monophosphate 

cannot be excised by the HSV-1 DNA polymerase 3′-to-5′ proofreading exonuclease 

activity (Derse et al., 1981). 

 Several obligate chain terminators have also been developed for the treatment of 

HIV-1 infections. Zidovudine [3′-azido-3′-deoxythymidine (AZT); Azidothymidine] 

(Figure 1.1) was the first antiviral compound described to inhibit HIV-1 replication 

(Mitsuya et al., 1985). This drug is phosphorylated by cellular enzymes and selectively 

inhibits HIV-1 RT (Furman et al., 1986). The incorporation of AZT 5′-monophosphate 

into DNA by HIV-1 RT results in chain termination (Huang et al., 1990). Stavudine 

(2′,3′-didehydro-2′,3′-dideoxythymidine; D4T) (Figure 1.1) is also strongly and 

selectively inhibitory to the RT of HIV-1 and the DNA chain termination activity of this 

compound has been shown to be equipotent to that of AZT (Balzarini et al., 1989; Huang 

et al., 1992). 

 Didanosine (2′,3′-dideoxyinosine, ddI) (Figure 1.1), is metabolized by cellular 

enzymes to yield the active intracellular metabolite, 2′,3′-dideoxyadenosine triphosphate 

(ddATP) (Ahluwalia et al., 1987). Didanosine selectively inhibits HIV-1 replication by 

the incorporation of 2′,3′-dideoxyadenosine monophosphate (ddAMP) into DNA by HIV-

1 RT and subsequent chain termination (Mitsuya and Broder, 1986; Mitsuya et al., 1987), 

although ddATP also potently inhibits human DNA polymerase γ, leading to 

mitochondrial toxicity (Martin et al., 1994). 

Abacavir [(-)-(1S,4R)-4-[2-amino-6-(cyclopropylamino)-9H-purin-9-yl]-2-

cyclopentene-1-methanol] (Figure 1.1) undergoes a unique metabolism to yield carbovir 

[1R,4S)-9-[4-(hydroxymethyl)-2-cyclopenten-1-yl]guanine] 5′-triphosphate (Daluge et 

al., 1997; Faletto et al., 1997). Carbovir 5′-triphosphate is a potent and selective inhibitor 

of HIV-1 RT (Daluge et al., 1997) and is inefficiently used as a substrate by human DNA 

polymerase γ, leading to the least mitochondrial toxicity of the approved antiretroviral 

nucleoside analogs (Johnson et al., 2001). 

Lamivudine [(-)-β-2′,3′-dideoxy-3′-thiacytidine; 3TC] and its fluorinated 

derivative emtricitabine [(-)-β-2′,3′-dideoxy-5-fluoro-3′-thiacytidine; (-)FTC] are 

nucleoside analogs with an unnatural (-)-β-L configuration (Figure 1.1). Lamivudine 5′-
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triphosphate is a selective inhibitor and substrate for HIV-1 RT and can be incorporated 

into DNA by this enzyme where it acts as a chain terminator (Gray et al., 1995; Hart et 

al., 1992). Emtricitabine 5′-triphosphate is also used as a substrate by HIV-1 RT and is 

incorporated into DNA three- to ten-fold more efficiently than is lamivudine 5′-

triphosphate (Feng et al., 2004; Feng et al., 1999). Lamivudine has also been approved 

for the treatment of HBV infections. Its 5′-triphosphate derivative is used as a substrate 

by the hepadnavirus DNA polymerase and its incorporation results in chain termination 

(Severini et al., 1995). 

 

Nucleoside Analogs Possessing a 3′-Hydroxyl Group 

Ganciclovir and penciclovir are guanosine analogs that are related to acyclovir, 

and like acyclovir, prodrugs (valganciclovir and famciclovir, respectively) were 

developed to improve oral bioavailability (Cocohoba and McNicholl, 2002; Hodge et al., 

1989). The major difference between these compounds and acyclovir is that the former 

contain a hydroxymethyl group that is equivalent to the 3′-hydroxyl group of natural 

nucleosides (Figure 1.1). However, both of these compounds act as functional chain 

terminators. The first step of ganciclovir and penciclovir phosphorylation is catalyzed by 

viral kinases; subsequent steps are catalyzed by cellular enzymes, leading to the 

production of the active triphosphorylated metabolites in virus infected cells (Biron et al., 

1985; Hodge and Perkins, 1989; Earnshaw et al., 1992; Koyano et al., 1996; Sullivan et 

al., 1992). Although ganciclovir can be incorporated internally into DNA (Cheng et al., 

1983), subsequent work showed that when DNA polymerases from human CMV 

(HCMV) and HSV-1 incorporate ganciclovir, the incorporation of one additional 

nucleotide results in stalling (Reid et al., 1988). This stalling is thought to be due to a 

greatly reduced Vmax and increased Km in the DNA polymerase after the formation of the 

ganciclovir + 1 structure, effectively resulting in chain termination (Reardon, 1989). 

Penciclovir monophosphate can be incorporated into DNA by herpes simplex virus type 2 

(HSV-2) DNA polymerase but chain termination occurs after the incorporation of a few 

subsequent nucleotides (Earnshaw et al., 1992).  
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Entecavir is approved for use in the treatment of HBV. A novel 2′-

deoxyguanosine (dG) analog, entecavir is a functional chain terminator (Figure 1.1). 

After activation by cellular enzymes and incorporation into DNA, entecavir causes 

pausing of the multifunctional HBV polymerase at sites two to three residues downstream 

from dG incorporation sites (Levine et al., 2002; Seifer et al., 1998). Termination was 

shown to be less efficient past single dG residues than termination after closely spaced 

dG residues (Seifer et al., 1998). Modeling studies have indicated that chain termination 

is caused by steric strain, resulting in a distortion of the DNA that deteriorates the 

efficiency of dNTP incorporation (Langley et al., 2007). This mechanism has also been 

shown to apply to the inhibition of HIV-1 RT by entecavir (Domaoal et al., 2008). 

Although this drug was originally thought to be selective for HBV (Innaimo et al., 1997), 

subsequent data indicated that entecavir is also clinically effective against HIV-1 

(McMahon et al., 2007). Tchesnokov et al. (2008) found that entecavir interferes with 

DNA replication by HIV-1 in three ways: pausing after incorporation of entecavir at 

position N, strong pausing at position N + 3, and pausing when entecavir is located in the 

template strand. Based on kinetic analyses, the delayed chain termination at position N + 

3 was determined to be the dominant mechanism of action (Tchesnokov et al., 2008). 

These data are supported by a model of HIV-1 RT inhibition by entecavir, which showed 

that entecavir at the + 5 position (i.e. five nucleotides upstream of the nucleotide 

incorporation site) causes a great distortion in the DNA strand (Domaoal et al., 2008). 

 Telbivudine (-L-thymidine) is another antivial agent approved for the treatment 

of hepatitis B virus. Like lamivudine and emtricitabine, its structure has an unnatural -L 

configuration (Figure 1.1). Unlike these two drugs however, telbivudine possesses a 3′-

hydroxyl group. Cellular enzymes phosphorylate telbivudine to its active 5′-triphosphate 

metabolite (Hernandez-Santiago et al., 2002), which selectively inhibits the hepadnavirus 

DNA polymerase (Bryant et al., 2001). However, the mechanism by which polymerase 

activity is inhibited remains unclear at present, as it is not known whether this compound 

acts as a functional chain terminator or can be incorporated into DNA and support further 

elongation. 



12 
 

Nucleoside analogs have also been developed to treat HCV infections. 2′-C-

methyladenosine and 2′-O-methylcytidine inhibit HCV replication, and their 5′-

triphosphates inhibit RNA synthesis catalyzed by HCV NS5B (Carroll et al., 2003; 

Migliaccio et al., 2003). Although these compounds possess a 3′-hydroxyl group, they 

terminate RNA elongation after incorporation (Carroll et al., 2003). Modeling studies 

have indicated that termination is due to steric hindrance between the 2′-methyl groups 

and the incoming NTP (Migliaccio et al., 2003). 

 Ribavirin is a synthetic ribonucleoside analog of adenosine (A) or guanosine (G) 

(Figure 1.1) that has shown in vitro activity against a wide range of RNA and DNA 

viruses (Huffman et al., 1973; Hruska et al., 1980; Sidwell et al., 1972; Streeter et al., 

1973). This compound has been used effectively in the treatment of Lassa fever and RSV 

and has been approved for the treatment of HCV in combination with interferon α 

(Groothuis et al., 1990; Hall et al., 1983; Manns et al., 2007; McCormick et al., 1986). 

Ribavirin has also been used to treat measles virus infections, although there are 

conflicting reports as to whether this drug is effective against this infection in vivo 

(Barnard, 2004). The mechanism of action of ribavirin is unclear, but several activities 

have been proposed. These include the inhibition of inosine monophosphate 

dehydrogenase by ribavirin monophosphate, leading to a decrease in cellular GTP pools; 

inhibition of 5′ cap formation of viral mRNAs by ribavirin triphosphate; inhibition of 

viral RNA-dependent RNA polymerases by ribavirin triphosphate; and the induction of 

error catastrophe in RNA viruses due to the mutagenic properties of ribavirin 

triphosphate (Gilbert and Knight, 1986; Parker, 2005), however the impact of this latter 

mechanism in vivo has been questioned (Heck et al., 2008; Summers and Litwin, 2006). 

Ribavirin also has immunomodulatory properties and has been shown to enhance the T 

helper type 1 immune response in vivo (Fang et al., 2000). This property has been 

suggested to comprise the mechanism of action of this drug against HCV because 

ribavirin monotherapy does not effectively treat HCV but does augment the action of 

interferon α  (Manns et al., 2007).  

 Another group of nucleoside analogs that are in development are those that induce 

mutations in the viral genome. This process was first described by Loeb et al. (1999), 
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who showed that when HIV-1 is passaged in the presence of 5-hydroxydeoxycytidine, an 

analog of deoxycytidine that base pairs with dAMP, there was an accumulation of G to A 

substitutions and a sustained loss in viral titers after several sequential passages (Loeb et 

al., 1999). These observations led to the development of novel mutagenic compound, 5-

aza-5,6-dihydro-2′-deoxycytidine (KP-1212) (Harris et al., 2005). KP-1212 has a 

modified cytosine ring and was designed to form base pairs with multiple bases 

(Murakami et al., 2005). Serial passaging of HIV-1 in the presence of KP-1212 increases 

the mutation rate by 50 to 100% and causes ablation of the virus after 8 to 13 passages 

(Harris et al., 2005). Although there is concern that mutagenic nucleoside analogs could 

also be incorporated into cellular DNA, no genotoxic effects of KP-1212 have been 

observed (Harris et al., 2005). 

 

Acyclic Nucleoside Phosphonates 

 The acyclic nucleoside phosphonates are a class of antiviral agents that are 

nucleotide, rather than nucleoside, analogs. As a class, these drugs have shown activity 

against a range of DNA viruses, RNA viruses, and retroviruses (De Clercq and Holý, 

2005; De Clercq et al., 1986; Wyles et al., 2009). The structure of these drugs consists of 

an acyclic nucleoside moiety attached to a phosphonate group through a phosphate-

carbon-oxygen bond. This type of bond is not cleaved by cellular esterases, making these 

compounds more stable than those that contain the phosphate-oxygen-carbon bond of a 

phosphate group (De Clercq, 1997; De Clercq and Holý, 2005). The phosphonate group 

on this class of compounds acts as a phosphate mimic, making these drugs analogs of 

deoxynucleoside monophosphates (dNMPs). This structure means that only two 

phosphorylation steps are required to activate these drugs to their active diphosphoryl 

metabolites, which then act as analogs of dNTP. 

 Several acyclic nucleoside phosphonates have been described, and these generally 

fall into three categories: the phosphonomethoxyethyl (PME) purine and pyrimidine 

derivatives, the phosphonomethoxypropyl (PMP) purine and pyrimidine derivates, and 

the N-(S)-(3-hydroxy-2-phosphonomethoxypropyl) (HPMP) purine and pyrimidine 

derivatives. The PME and PMP derivatives are obligate chain terminators because they 
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lack a hydroxyl group that can act as a 3′-hydroxyl, as found in a natural dNTP structure, 

whereas the HPMP derivatives do possess a 3′-hydroxyl group in the correct position and 

can theoretically be incorporated into DNA and extended (De Clercq and Holý, 2005; De 

Clercq and Neyts, 2009). Three of these nucleoside phosphonates, 9-(2-

phosphonomethoxyethyl)adenine (PMEA, adefovir), 9-(2-

phosphonomethoxypropyl)adenine (PMPA, tenofovir), and (S)-1-[3-hydroxy-2-

(phosphonylmethoxypropyl)]cytosine [(S)-HPMPC, cidofovir],  have been approved for 

use in the treatment of viral infections (Table 1.1; Figure 1.1). Adefovir has been 

approved for the treatment of HBV in a prodrug form (adefovir dipivoxil; Hepsera), 

although it also shows efficacy against herpesviruses and retroviruses, including HIV-1 

(De Clercq and Holý, 2005). Adefovir is phosphorylated to its active intracellular 

metabolite adefovir diphosphate in two steps by the cellular enzyme AMP kinase (Merta 

et al., 1992). This active metabolite is unable to support DNA synthesis catalyzed by 

HSV-1 DNA polymerase in the absence of dATP (Merta et al., 1990), most likely 

because it acts as a chain terminator once incorporated into DNA (Birkus et al., 1999; 

Cihlar and Chen, 1997; Kramata et al., 1996). Adefovir diphosphate selectively inhibits 

HBV DNA polymerase when compared to cellular DNA polymerases. The Ki/Km value 

for this substrate for HBV DNA polymerase is 0.3, whereas these same values are 0.4, 

12.6, and 1.3 for human DNA polymerases α, β, and γ, respectively (Cherrington et al., 

1995; Xiong et al., 1998).  

Tenofovir has activity against HBV and retroviruses and has also been approved 

in a prodrug form (tenofovir disoproxil fumatate; Viread) for use in the treatment of HIV-

1 and HBV infections (De Clercq and Holý, 2005). Tenofovir is phosphorylated by the 

cellular enzymes adenylate kinase and nucleoside diphosphate kinase (Robbins et al., 

1995) and is selective for the inhibition of HIV-1 RT (Ki/Km value of 0.33 for a DNA 

template and 0.24 for an RNA template) and HBV DNA polymerase (Ki/Km value of 

0.47) (Cherrington et al., 1995; Delaney et al., 2006). In contrast, the Ki/Km values of this 

substrate for the human DNA polymerases α, β, and γ are 2.0, 14.5, and 82.6, respectively 

(Cherrington et al., 1995). 
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Cidofovir has been approved for use in the treatment of CMV retinitis in AIDS 

patients. This compound also shows activity against a wide range of DNA viruses 

including polyomavirus, papillomavirus, adenovirus, other herpesviruses [HSV-1, HSV-

2, VZV, EBV, Kaposi’s sarcoma-associated herpesvirus (KSHV)], and poxviruses (De 

Clercq and Holý, 2005).  

 

Cidofovir 

 Cidofovir (CDV), an analog of deoxycytidine monophosphate (dCMP) (Figure 

1.2), was the first of the nucleoside phosphonates licensed for use and was approved in 

the United States in 1996 (U.S. Food and Drug Administration, 1996). As described 

above, cidofovir has been approved for the treatment of CMV-retinitis in AIDS patients. 

However, it has also been used off-label to treat a variety of other virus infections, 

including those caused by the poxviruses orf (Geerinck et al., 2001; Weston and Storch, 

2003) and molluscum contagiosum (Davies et al., 1999; Ibarra et al., 2000; Meadows et 

al., 1997; Toro et al., 2000; Zabawski and Cockerell, 1999), the herpesvirus Epstein Barr 

virus (Yoshizaki et al., 2008), adenovirus (Gordon et al., 1996), polyomavirus (Dodge, 

1999), and human papillomavirus (Calista, 2000; DeRossi and Laudenbach, 2004).  

 Cidofovir is taken up into cells by fluid-phase endocytosis (Connelly et al., 1993) 

and the intracellular metabolism of CDV yields three major metabolites: cidofovir 

monophosphate (CDVp), cidofovir diphosphate (CDVpp), and cidofovir phosphocholine 

(CDVp-choline) (Aduma et al., 1995; Ho et al., 1992). The production of these 

metabolites is unchanged by infection with HSV-1 (Ho et al., 1992) or with cowpox virus 

(Smee et al., 2002), indicating that cellular enzymes catalyze the metabolism of this drug. 

Pyrimidine nucleoside monophosphate kinase has been shown to catalyze the first 

phosphorylation step, and one of three enzymes, pyruvate kinase, creatine kinase or 

nucleoside diphosphate kinase, catalyze the second step (Cihlar and Chen, 1996). The 

formation of CDVp-choline from CDVpp is catalyzed by choline phosphate 

cytidyltransferase (Cundy, 1999); CDVp-choline is an analog of cytidine 5′-

diphosphocholine, a phospholipid synthesis intermediate (Cihlar et al., 2001), and acts as 

a slow-release reservoir for CDVpp. The fact that cellular enzymes are used to catalyze
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Figure 1.2  The structures of CDV and (S)-HPMPA. Cidofovir is an acyclic analog of deoxycytidine 

monophosphate (dCMP) (top) and (S)-HPMPA is an acyclic analog of deoxyadenosine monophosphate 

(dAMP) (bottom). The acyclic backbone structures of the two compounds are identical; only the 

structures of the base moieties differ. 
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these steps means that viral enzymes are not required, thus expanding the range of 

potential viral targets to include kinase-deficient and mutant viruses. 

 Another advantage of CDV is its long lasting antiviral effect. Pretreatment of cells 

with CDV for 12 to 24 hours induces an effective antiviral state, which is maintained for 

greater than seven days. The long half lives of the metabolites of CDV (6, 17 to 65, and 

87 hours for CDVp, CDVpp, and CDVp-choline, respectively) (Aduma et al., 1995; Ho 

et al., 1992) account for this long-lasting antiviral effect of the drug and have 

implications for dosing schedules and its use as a prophylactic. 

 Aside from the numerous advantages of CDV, the drug has two main 

disadvantages. First, CDV has poor oral bioavailability. The oral bioavailability has been 

estimated to be less than 5% (Wachsman et al., 1996) and is most likely due to its 

dianionic charge at physiological pH, resulting in a limited ability to cross the intestinal 

epithelia (Cundy, 1999). As a result, CDV is currently administered intravenously. 

Second, CDV exhibits dose-limiting nephrotoxicity (Lalezari et al., 1995), a result of the 

fact that CDV is a high-affinity substrate for the human organic anion transporter 1 

(hOAT1) (Cihlar et al., 1999). This transporter has been localized to the basolateral 

membrane of human renal proximal tubules (Pastor-Anglada et al., 2005). The uptake of 

CDV across the basolateral tubular cell membrane has been shown to be more efficient 

than its subsequent secretion into the tubular lumen resulting in drug accumulation in the 

renal tubules (Cihlar et al., 1999). Hydration and the use of probenecid, an inhibitor of 

organic ion transport, have been recommended to reduce the risk of nephrotoxicity 

(Gilead Sciences, 2003). A group of lipid prodrugs of CDV has been developed that 

appears to eliminate these drawbacks. These ether lipid ester derivatives were designed to 

resemble natural lipids that are absorbed intact from the small intestine, circulate in the 

plasma as the intact prodrug, and be slowly converted to CDV in the tissues (Ciesla et al., 

2003; Painter and Hostetler, 2004). These derivatives are highly orally bioavailable and 

do not concentrate in the kidney (Ciesla et al., 2003). A further advantage of these lipid 

prodrugs of CDV is that they have increased antiviral activity relative to the parent 

compound (Beadle et al., 2002; Kern et al., 2002). This increase in activity appears to be 

a result of a rapid cellular uptake of these prodrugs based on their interaction with the cell 
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membrane relative to the parent compound (Aldern et al., 2003). The intracellular half 

life of CDVpp in cells treated with one of these prodrugs was also increased to about 10 

days, caused by the presence of a large pool of the prodrug in the cell membrane that is 

then metabolized to release CDV, which is then further metabolized to CDVpp (Aldern et 

al., 2003). 

 Cidofovir diphosphate, an analog of deoxycytidine triphosphate (dCTP), is 

predicted to target viral DNA polymerases. CDVpp has been shown to be a competitive 

inhibitor of HCMV, HSV-1, and HSV-2 DNA polymerases with respect to dCTP (Ho et 

al., 1992; Xiong et al., 1996). CDVpp shows greater affinity for viral enzymes relative to 

cellular enzymes, leading to a selective inhibition of viral DNA polymerases. CDVpp is a 

poor inhibitor of human DNA polymerases β and γ (Ki/Km values are 121 and 1424, 

respectively) (Cherrington et al., 1994), a moderate inhibitor of human DNA polymerase 

α and HCMV DNA polymerase  (Ki/Km values are 10.8 and 9.2, respectively) (Ho et al., 

1992; Xiong et al., 1996), and a strong inhibitor of HSV-1 and HSV-2 DNA polymerases 

(Ki/Km values are 2.8 and 3.8, respectively) (Ho et al., 1992). CDVpp has also been 

shown to inhibit HIV-1 RT, with a Ki/Km value of 4.6 for a DNA template and 5.9 for an 

RNA template (Cherrington et al., 1996). However, subsequent work has indicated that 

CDVpp is not active against HIV-1 RT (Frangeul et al., 2008). In determining the IC50 of 

CDVpp, these authors showed that HIV-1 RT activity is not inhibited by concentrations 

of this drug up to 2 mM; however, this enzyme could use CDVpp as a substrate and 

inefficiently incorporate it into DNA. 

 In experiments investigating the interaction of CDVpp with HCMV DNA 

polymerase, Xiong et al. (1997) showed that CDVpp can be used as an alternative 

substrate for this enzyme, and is faithfully incorporated opposite dGMP. Once 

incorporated, a single drug molecule does not cause chain termination, although it does 

slow elongation. In contrast, when two consecutive molecules are incorporated into 

DNA, or when two molecules of CDV separated by a natural nucleotide are incorporated, 

elongation is dramatically reduced or terminated. Further, when present at the 3′-terminus 

of the primer strand, CDV is not excised by the 3′-to-5′ proofreading exonuclease activity 

of HCMV DNA polymerase. In addition, when present in the template strand, pausing 
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was observed at positions immediately prior to, at, and immediately after the CDV 

molecule. However, CDV in the template strand is not an absolute block to DNA 

synthesis as full-length extension past the drug lesion was also observed (Xiong et al., 

1997). 

 Further evidence that CDVpp targets DNA polymerases has come from studies of 

viruses resistant to CDV, including HSV-1, HCMV, and vaccinia virus (Andrei et al., 

2006; Andrei et al., 2000; Becker et al., 2008; Chou et al., 2003; Cihlar et al., 1998; 

Gilbert et al., 2002; Kornbluth et al., 2006). These resistant viruses have been both 

selected in vitro by prolonged passage in the presence of drug or found in clinical 

isolates. Mutations conferring resistance to CDV have been mapped to the viral DNA 

polymerase genes, both in the polymerase and in the 3′-to-5′ proofreading exonuclease 

domains. In addition, CDVpp was shown to be less inhibitory to the DNA polymerase 

purified from a CDV-resistant cowpox virus than to the polymerase purified from the 

wild type cowpox (Smee et al., 2002). However, specific amino acid differences between 

the polymerases were not determined in the latter case. 

 

(S)-HPMPA 

 (S)-9-(3-hydroxy-2-phosphonomethoxypropyl)adenine [(S)-HPMPA] was the first 

of the acyclic nucleoside phosphonates described and is an analog of deoxyadenosine 

monophosphate (dAMP) (Figure 1.2) (De Clercq et al., 1986). This compound originated 

as a merger of two other antiviral agents, phosphonoformate and (S)-9-(2,3-

dihydroxypropyl)adenine [(S)-DHPA] (De Clercq and Holý, 2005; De Clercq et al., 

1987) and is related to CDV. (S)-HPMPA and CDV have the same backbone structure 

and differ only in the structure of the base moiety. (S)-HPMPA has activity against a 

number of different viruses, including the DNA viruses HSV-1, HSV-2, VZV, HCMV, 

vaccinia virus, orf virus, and human adenoviruses (Dal Pozzo et al., 2007; De Clercq et 

al., 1986). (S)-HPMPA was also shown to be inhibitory to the transformation of mouse 

embryo cells by the retrovirus MMSV (De Clercq et al., 1986) and have activity against 

duck hepatitis B virus (DHBV) (Yokota et al., 1990a). In contrast, in the original 

descriptions of this compound, it was determined that (S)-HPMPA was not active against 
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RNA viruses or against HIV-1 (De Clercq et al., 1986; Pauwels et al., 1988). Subsequent 

work has shown that alkoxyalkyl ester derivatives of (S)-HPMPA do exhibit efficacy 

against HIV-1, HCV, and HBV (Hostetler et al., 2006; Wyles et al., 2009). These lipid 

derivatives were also more effective than unmodified (S)-HPMPA against vaccinia virus, 

cowpox virus, and HCMV (Beadle et al., 2006), similar to that seen with the prodrug 

derivatives of CDV. The activity spectrum of (S)-HPMPA has also been expanded to 

include parasites like trypanosomes (Kaminsky et al., 1996; Kaminsky et al., 1994), 

Schistosomiasis mansoni (Botros et al., 2003), and Plasmodium species (de Vries et al., 

1991; Smeijsters et al., 1999; Smeijsters et al., 1996). 

 Like CDV, (S)-HPMPA is taken up into cells by endocytosis (Palú et al., 1991). 

The metabolites formed after the uptake of this drug are (S)-HPMPA monophosphate 

[(S)-HPMPAp] and (S)-HPMPA diphosphate [(S)-HPMPApp]; no phosphocholine adduct 

is observed (Votruba et al., 1987). The phosphorylation pattern of (S)-HPMPA is similar 

in uninfected cells and in cells infected with HSV-1 (Votruba et al., 1987), indicating that 

cellular enzymes phosphorylate this drug. AMP kinase has been shown to catalyze the 

two-step phosphorylation of (S)-HPMPA to (S)-HPMPApp (Merta et al., 1992). Creatine 

kinase is also able to convert (S)-HPMPAp to (S)-HPMPApp (Merta et al., 1992). 

Although the half lives of these metabolites have not been determined, the antiviral state 

induced by pretreatment of cells with (S)-HPMPA is much shorter (24 to 72 hours) than 

that observed with CDV (Aduma et al., 1995). This shorter antiviral state is most likely 

due to the lack of a long-lasting reservoir like CDVp-choline. 

 The active intracellular metabolite of (S)-HPMPA, (S)-HPMPApp, is an analog of 

deoxyadenosine triphosphate (dATP), and as such, like CDVpp, is thought to target viral 

polymerases. (S)-HPMPA has been shown to inhibit the DNA synthesis of HSV-1, HBV, 

and DHBV (Votruba et al., 1987; Yokota et al., 1990a; Yokota et al., 1990b). (S)-

HPMPApp is a competitive inhibitor of HSV-1 and adenovirus DNA polymerases with 

respect to dATP (Merta et al., 1990; Mul et al., 1989). Interestingly, (S)-HPMPApp is not 

as selective for viral DNA polymerases as is CDVpp. The Ki/Km values for HSV-1 and 

adenovirus DNA polymerases are 1.9 and 0.58, respectively (Merta et al., 1990; Mul et 

al., 1989). In comparison, these values for human DNA polymerase α, rat DNA 
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polymerase α, human DNA polymerase β, rat DNA polymerase δ, and rat DNA 

polymerase ε are 2.3, 3.1 >170, 0.3 and 0.07 (Kramata et al., 1996; Merta et al., 1990). 

The low Ki/Km values obtained with the cellular enzymes are most likely the cause of the 

cytotoxic effects of (S)-HPMPA seen at higher drug doses (Bronson et al., 1989; Veselý 

et al., 1990; Votruba et al., 1987). Plasmodium α-like and γ-like DNA polymerases are 

also competitively inhibited by (S)-HPMPApp with respect to dATP; Ki/Km values were 

determined to be 3.9 and 0.04, respectively (de Vries et al., 1991). However, resistance to 

(S)-HPMPA maps to substitutions in polymerase δ (Smeijsters et al., 2000). 

 (S)-HPMPApp can be used by HSV-1 DNA polymerase as an alternative 

substrate for dATP (Merta et al., 1990). Although the incorporation of (S)-HPMPA into 

DNA by this or the adenovirus enzyme has not been investigated, the rat cellular DNA 

polymerases α, δ, and ε were shown to use (S)-HPMPApp as a substrate and incorporate 

two to four consecutive (S)-HPMPA molecules into a growing DNA strand (Birkus et al., 

2004; Kramata et al., 1996). Further, both DNA polymerases δ and ε could excise (S)-

HPMPA from a primer terminus, with more efficient removal of the drug by polymerase 

ε (Birkus et al., 2004). Interestingly, although Plasmodium DNA polymerases are 

inhibited by (S)-HPMPApp (de Vries et al., 1991), the polymerase activity of a crude 

extract of Plasmodium was not increased by the addition of (S)-HPMPApp to a reaction 

lacking dATP (Smeijsters et al., 1994). Based on these results, the authors suggested that 

(S)-HPMPApp is not an alternative substrate for dATP in Plasmodium. 

 As also seen with CDVpp, additional support for the hypothesis that (S)-

HPMPApp acts as a nucleotide analog and targets nucleic acid polymerases comes from 

analyses of viruses resistant to (S)-HPMPA. The passage of HSV-1 in increasing 

concentrations of (S)-HPMPA resulted in the production of resistant viruses; the 

resistance was mapped to the viral DNA polymerase gene (Andrei et al., 2000). In 

addition, HSV-1 and vaccinia virus selected for resistance to CDV by the same methods 

showed cross-resistance to (S)-HPMPA (Andrei et al., 2006; Andrei et al., 2000). And as 

described above, Plasmodium resistance to (S)-HPMPA was also mapped to a DNA 

polymerase gene of this parasite (Smeijsters et al., 2000). 
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1.2 MODEL SYSTEMS FOR STUDYING CDV and (S)-HPMPA 

 CDV and (S)-HPMPA exhibit a wide spectrum of antiviral activity, including 

against DNA viruses, retroviruses, and more recently, RNA viruses (De Clercq and Holý, 

2005; De Clercq et al., 1986; Wyles et al., 2009). The initial studies on the mechanism of 

action of this group of nucleoside phosphonates examined the interaction of CDVpp with 

HCMV DNA polymerase (Xiong et al., 1997; Xiong et al., 1996). For the purposes of 

this study, two additional model systems were chosen, a second DNA polymerase (from 

vaccinia virus) and reverse transcriptase [from HIV-1 and Moloney murine leukemia 

virus (MMLV)]. These model systems were chosen to determine if the mechanism of 

action of CDV and (S)-HPMPA is similar for these diverse viral enzymes. 

 

Poxviruses 

 The Poxviridae are a family of large, double stranded DNA viruses that replicate 

in the cytoplasm of infected cells (reviewed in Moss, 2007). This family consists of two 

subfamilies, the Chordopoxvirinae and the Entomopoxvirinae, that infect vertebrates and 

insects, respectively. Within the Chordopoxvirinae, there are eight genera, shown in 

Table 1.2, and a number of members are able to cause infections in humans. One of the 

most well-known members of the poxvirus family is variola virus, the causative agent of 

smallpox. The World Health Organization declared smallpox eradicated in 1980 (World 

Health Organization, 1980), and eradication was achieved through a large-scale 

vaccination campaign using vaccinia virus, the prototypic poxvirus. Routine vaccination 

of the public was discontinued shortly thereafter. 

 Recently there has been a renewed interest in the treatment of human poxvirus 

infections. The events of September 11, 2001 and the subsequent anthrax attacks in the 

United States have raised concerns that variola virus could be used as a biological 

weapon (Henderson et al., 1999; Whitley, 2003). A smallpox attack could be potentially 

devastating, since the vaccine was shown to not confer lifelong immunity (Henderson et 

al., 1999), and global travel could spread the virus quickly. Although vaccination 

performed early in the incubation period can attenuate or prevent smallpox disease 

(Breman and Henderson, 2002; Henderson et al., 1999), the vaccine is contraindicated in  
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Table 1.2  Poxviridae genera1 

 
Genus Examples 

Chordopoxvirinae Subfamily  
Orthopoxvirus Vaccinia, Variola, Monkeypox, Cowpox, 

Ectromelia 
Parapoxvirus Orf 
Avipoxvirus Fowlpox 

Capripoxvirus Goatpox 
Leporipoxvirus Myxoma, Shope fibroma 

Suipoxvirus Swinepox 
Molluscipoxvirus Molluscum contagiosum 

Yatapoxvirus Tanapox 
Unassigned Crocodilepox, Dolphinpox 

Entomopoxvirinae Subfamily  
Entomopoxvirus A Melontha melontha 
Entomopoxvirus B Amsacta moorei 
Entomopoxvirus C Chrionimus luridus 

1 Adapted from Moss, 2007 
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a number of people including those with eczema, immunodeficiencies or 

immunosupression, as well as the household contacts of these individuals (Parrino and 

Graham, 2006). In addition, smallpox vaccination itself is associated with a number of 

adverse events, ranging in severity from mild to lethal (Bray, 2003). 

 Monkeypox is another poxvirus that can cause infections in humans. This 

zoonotic infection causes a smallpox-type illness and in general results in very few 

human infections each year. However, recurrent outbreaks of this disease in the 

Democratic Republic of Congo (Esposito and Fenner, 2001; Hutin et al., 2001; Meyer et 

al., 2002) and its appearance in the United States in 2003 (Centers for Disease Control 

and Prevention, 2003), suggest that this rare infection, as well as other zoonotic poxvirus 

infections (Lewis-Jones, 2004), could become much more common. 

 The poxviruses orf and molluscum contagiosum generally cause mild, self-

limiting disease in humans. However, in immunocompromised individuals, these diseases 

can be much more extensive and require treatment for resolution (Birthistle and 

Carrington, 1997; Georgiades et al., 2005). 

 All of these examples illustrate the need for effective treatment regimens for 

poxvirus infections. Prior to the eradication of smallpox, marboran (1-methylisatin 3-

thiosemicarazone), cytosine arabinoside, and adenine arabinoside were used in the 

treatment of this disease; however, contemporary clinical and field trials indicated that 

none of these compounds were effective (Dennis et al., 1974; Heiner et al., 1971; Koplan 

et al., 1975; Monsur et al., 1975; Rao et al., 1966). ST-246, a small molecule inhibitor of 

orthopoxvirus extracellular virus formation (Smith et al., 2009; Yang et al., 2005) and 

CMX001, an alkoxyalkyl ester derivative of CDV, are currently undergoing clinical trials 

in the United States (www.ClinicalTrials.gov), but at present there are no licensed 

antiviral agents for the treatment of poxvirus infections. 

 

Vaccinia Virus DNA Polymerase 

 The vaccinia virus DNA polymerase is a single polypeptide chain that possesses 

both 5′-to-3′ polymerase and 3′-to-5′ proofreading exonuclease activity (Challberg and 

Englund, 1979). The 116 kDa protein is a member of the B family of DNA polymerases 
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and is a product of the E9L gene (Ito and Braithwaite, 1991; McDonald and Traktman, 

1994a). Although little is known about the structure of vaccinia virus DNA polymerase, 

the exonuclease domain is predicted to reside in the amino-terminus and the polymerase 

domain in the carboxy-terminus, based on similarities to other B family members.  

 Vaccinia virus DNA polymerase is an early gene product (McDonald et al., 1992) 

and is responsible for the replication of the viral genome. This enzyme is also involved in 

catalyzing the recombination that occurs with high frequency in vaccinia virus infected 

cells (Colinas et al., 1990; Willer et al., 1999; Yao and Evans, 2001). Although vaccinia 

virus DNA polymerase is capable of catalyzing polymerase and exonuclease activity in 

the absence of any other protein, this catalysis is highly distributive under physiological 

conditions (McDonald and Traktman, 1994b). In vaccinia virus infected cells however, a 

highly processive form of the enzyme exists. This processivity is conferred on the 

enzyme by its association with a heterodimeric processivity factor, composed of the A20 

and D4 vaccinia gene products (Stanitsa et al., 2006). 

 Vaccinia virus and its DNA polymerase have been used as a model system for 

variola virus (Kern et al., 2009; Neyts and De Clercq, 2001; Neyts et al., 2002; Prichard 

et al., 2006; Sauerbrei et al., 2006; Silverman et al., 2008). The DNA polymerases from 

these two viruses are highly related, and it is expected that compounds that inhibit 

vaccinia virus DNA polymerase will also inhibit variola virus DNA polymerase.  

 

Retroviruses 

 The Retroviridae are a large family of viruses that infect vertebrates. This family 

is distinguished by their unique lifecycle (reviewed in Goff, 2007). Retroviruses have 

RNA genomes, which are copied into double-stranded DNA by a virus-encoded reverse 

transcriptase. This double-stranded copy of the genome is then integrated into the host 

cell DNA to form a provirus. The provirus then acts as a template for the transcription of 

viral RNAs by cellular RNA polymerase to produce mRNAs and full-length genome 

copies. There are seven genera of retroviruses (Table 1.3). The alpharetroviruses, 

betaretroviruses, and gammaretroviruses are simple retroviruses in that they encode only 

the Gag, Pro, Pol, and Env gene products. In contrast, the deltaretroviruses, 
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Table 1.3  Retroviridae genera1 

 
Genus Examples 

Alpharetrovirus Rous sarcoma virus, Avian leukosis virus 
Betaretrovirus Mouse mammary tumor virus 

Gammaretrovirus Moloney murine leukemia virus, Moloney murine 
sarcoma virus 

Deltaretrovirus Human T-lymphotropic virus type 1 (HTLV-1), 
Human T-lymphotropic virus type 2 (HTLV-2) 

Epsilonretrovirus Walleye dermal sarcoma virus 
Lentivirus Human immunodeficiency virus type 1 (HIV-1), 

Human immunodeficiency virus type 2 (HIV-2), 
Simian immunodeficiency virus (SIV) 

Spumavirus Human foamy virus 
1 Adapted from Goff, 2007 
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epsilonretroviruses, lentiviruses, and spumaviruses are complex retroviruses that encode 

these same gene products in addition to a number other gene products with a range of 

regulatory functions. 

 The most studied retrovirus is HIV-1. This virus was isolated after a series of 

unusual outbreaks of Kaposi’s sarcoma, Pneumocystis carinii pneumonia, chronic HSV, 

and other opportunistic infections led to the description of an acquired immune 

deficiency syndrome (AIDS) (Centers for Disease Control, 1981; Gottlieb et al., 1981; 

Masur et al., 1981; Siegal et al., 1981). This syndrome appeared to be caused by an 

infectious agent, and a T-lymphotropic retrovirus was subsequently identified and named 

HIV (Barré-Sinoussi et al., 1983; Coffin et al., 1986; Gallo et al., 1984; Gallo et al., 

1983). It was estimated that as of 2007, 33 million people were living with HIV and an 

estimated 2 million deaths were attributed to AIDS in that year (Joint United Nations 

Programme on HIV/AIDS, 2008). The high prevalence rate of HIV-1 infections has 

spurred tremendous interest in the development of anti-HIV-1 drugs. In fact, most of the 

antiviral agents currently approved for use are those that have been approved for the 

treatment of HIV-1 infections (Table 1.1). 

 

Reverse Transcriptase 

 Reverse transcriptase is the enzyme responsible for copying the retrovirus single 

stranded RNA genome into a double stranded integration-competent DNA form. To 

accomplish this step in the life cycle, reverse transcriptases possess three activities: RNA-

dependent DNA polymerase activity, DNA-dependent DNA polymerase activity and 

RNaseH activity. The polymerase open reading frame of most retroviruses encodes 

protease, RT, and integrase gene products (Prasad, 1993). The polymerase gene is 

translated as a fusion protein with Gag by low-level readthrough or translational 

frameshift (Prasad, 1993). The processing of this polyprotein to form active RT is 

thought to take place during release of virions from infected cells and is catalyzed by the 

protease. 

 The structures of RTs from different retroviruses vary (reviewed in Prasad, 1993). 

The MMLV RT is a monomeric enzyme of 75 kDa (Das and Georgiadis, 2004). The 
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reverse transcriptase and RNaseH domains of this protein are not functionally 

interdependent as these domains can be expressed separately and still retain activity 

(Prasad, 1993). This enzyme has been used extensively as a molecular biology tool to 

produce DNA from RNA samples (Gerard et al., 1997). 

 In contrast, HIV-1 RT is a heterodimer of 66 and 51 kDa subunits (Le Grice, 

1993). The p51 subunit is a product of carboxy-terminal processing of the p66 subunit 

between amino acid residues phenylalanine 440 and tyrosine 441 by the HIV-1 protease; 

the subunits therefore have the same amino-termini but different carboxy-termini (Prasad, 

1993). Interestingly, although the two subunits share amino acid sequences and the 

overall folding of the protein subdomains are similar, the spatial arrangements of these 

subdomains are different (Jacobo-Molina et al., 1993). The p51 subunit does not have a 

DNA binding cleft and has little or no RT activity (Prasad, 1993). In addition, p51 has no 

RNAseH activity as this domain resides in carboxy-terminus. The HIV-1 RT heterodimer 

therefore has one polymerase active site, one RNaseH active site, one tRNA binding site, 

and one NNRTI binding site (Kohlstaedt et al., 1993). Further, unlike the MMLV RT, the 

polymerase and RNaseH are interdependent (Prasad, 1993). 

 As the retrovirus RT plays a key role in the life cycle of the virus, it is a key target 

in the development of antiretroviral agents. As described above, most of the antiviral 

agents currently approved for use are those that have been approved for the treatment of 

HIV-1 infections (Table 1.1); the majority of these target the RT.  

 

1.3 PURPOSE OF STUDY 

 The purpose of this study was to investigate the mechanism of action of the 

antiviral agents cidofovir and (S)-HPMPA. This study was initially focused on examining 

the interaction of CDVpp with vaccinia virus DNA polymerase to determine if the 

inhibition of this enzyme was similar to that previously observed for the inhibition of 

HCMV DNA polymerase. The study focus was then broadened to include a 

determination of the mechanism of inhibition of vaccinia DNA polymerase by (S)-

HPMPApp, a compound structurally similar to CDVpp and differing only in the base 

moiety. This second group of experiments was undertaken to examine the biochemical 
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basis for the increased antiviral activity against poxviruses seen with (S)-HPMPA relative 

to CDV. Finally, this study was expanded to investigate the interactions of CDVpp and 

(S)-HPMPApp with the reverse transcriptases from the retroviruses MMLV and HIV-1. 

These latter experiments were motivated by data showing that both CDV and (S)-

HPMPA, or their prodrugs, have a much wider range of antiviral activity than originally 

thought and by the hypothesis that the mechanism of action that we observed for these 

drugs against vaccinia DNA polymerase are more broadly applicable. 
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CHAPTER TWO 

 

MECHANISM OF INHIBITION OF VACCINIA VIRUS DNA POLYMERASE BY 

CIDOFOVIR DIPHOSPHATE1,2 

 

Wendy C. Magee, Karl Y. Hostetler and David H. Evans 

 

2.1 INTRODUCTION 

Poxviruses are large, double-stranded DNA viruses that replicate in the cytoplasm 

of infected cells. Members of this virus family can cause severe infections, including 

human smallpox. Smallpox was declared eradicated in 1980 (World Health Organization, 

1980), but concerns over bioterrorism (Henderson et al., 1999; Whitley, 2003) and a 

recent outbreak of monkeypox in the midwestern United States (Lewis-Jones, 2004), 

illustrate some need for the continued development of effective new treatment regimens. 

A number of new treatments are currently the subject of active investigation including 

immunotherapy. However, antiviral drugs offer a combination of chemical stability and 

simplicity of delivery that is especially attractive from a public health perspective. 

One class of drugs that have been shown to inhibit poxvirus replication are the 

nucleoside phosphonate analogs of cellular deoxyribonucleotides that were developed by 

De Clercq et al. (1986). These drugs have been shown to be effective against a wide 

range of DNA viruses and retroviruses (reviewed in De Clercq, 1997) and one of these 

compounds, (S)-1-[3-hydroxy-2-(phosphonylmethoxypropyl]cytosine, also known as 
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cidofovir (CDV), has been granted Food and Drug Administration approval for the 

treatment of human cytomegalovirus (HCMV)-induced retinitis. CDV has been used off-

label in the treatment of orf (Geerinck et al., 2001) and molluscum contagiosum virus 

infections (Meadows et al., 1997). It has also been shown to block the replication of 

variola and monkeypox viruses in culture (Baker et al., 2003) and to protect mice from a 

lethal challenge dose of ectromelia, vaccinia, or cowpox virus (Bray et al., 2000; Buller 

et al., 2004; Quenelle et al., 2004).   

Unfortunately, CDV causes significant problems of nephrotoxicity and can only 

be administered by intravenous injection. These problems have been addressed by the 

Hostetler group who have shown that alkoxyglycerol or alkoxypropanediol esters of 

CDV and cyclic CDV are 50 to 230 times more active than CDV against vaccinia virus in 

vitro (Kern et al., 2002) while also being orally bioavailable (Ciesla et al., 2003). Further 

studies indicated that this family of CDV analogs also blocked the replication of variola, 

monkeypox, cowpox and ectromelia viruses in vitro (Buller et al., 2004; Huggins et al., 

2002; Kern et al., 2002), and when delivered orally protect mice from a lethal challenge 

with vaccinia, cowpox, or ectromelia viruses (Buller et al., 2004; Quenelle et al., 2004).  

 CDV is taken up into cells by fluid-phase endocytosis (Connelly et al., 1993) 

whereas its alkoxy derivatives are more rapidly absorbed through a direct association 

with the lipid bilayer (Ciesla et al., 2003). Regardless of the uptake route, the alkoxyester 

link (if present) is then hydrolyzed to yield CDV, which is then is phosphorylated in a 

two-step process to yield the active intracellular metabolite, CDV diphosphate (CDVpp). 

The phosphorylation of CDV is carried out by cellular enzymes and in the absence of 

viral infection (Cihlar and Chen, 1996). This property of CDV results in drug efficacy 

even against kinase-deficient or mutant viruses.  Human DNA polymerases , , and  

also exhibit some natural resistance to CDVpp, thus partially explaining the antiviral 

specificity of the drug (Cherrington et al., 1994; Ho et al., 1992).  

 Previous studies have examined the effects of CDVpp on the activity of the 

HCMV DNA polymerase (Xiong et al., 1997; Xiong et al., 1996). This is a member of 

the B family of DNA polymerases and it possesses both 5′-to-3′ polymerase and 3′-to-5′ 

exonuclease activities encoded within a single polypeptide. These studies have shown 
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that CDVpp behaves as a dCTP analog, which HCMV DNA polymerase can incorporate 

into a growing polynucleotide chain opposite template G’s (Xiong et al., 1997; Xiong et 

al., 1996). Under these circumstances, a single molecule of incorporated CDV somewhat 

retards further DNA synthesis, while adding two consecutive molecules of CDV opposite 

a pair of template G’s causes a severe reduction or termination of elongation. In addition, 

a primer bearing a molecule of CDV at the 3′-terminus is refractory to the 3′-to-5′ 

exonuclease activity of the HCMV enzyme (Xiong et al., 1997). These observations led 

Xiong et al. to suggest that a combination of these two enzymatic effects were 

responsible for the efficacy of CDV in HCMV-infected cells (Xiong et al., 1997). 

These observations also suggest a mechanism by which CDV could inhibit 

orthopoxvirus DNA replication since poxviruses similarly encode B family DNA 

polymerases. The best characterized of the poxvirus polymerases is the 116 kDa E9L 

gene product encoded by vaccinia virus (Earl et al., 1986; McDonald and Traktman, 

1994a; Taddie and Traktman, 1991). This enzyme can be produced in a recombinant 

form (McDonald and Traktman, 1994a) and serves as an excellent surrogate model for its 

variola virus homolog since the two enzymes differ by only 18 to 20 amino acids over a 

polypeptide spanning 1,006 amino acids. Vaccinia virus DNA polymerase normally 

forms part of a larger protein complex (Ishii and Moss, 2002; Klemperer et al., 2001; 

McCraith et al., 2000; Stanitsa et al., 2006) and its processivity is modified by the A20R 

and D4R virus gene products (Klemperer et al., 2001; Stanitsa et al., 2006). However, it 

is nevertheless catalytically active in isolation and this permits the characterization of the 

substrate specificity. In this communication, we have used steady-state experimental 

methods and the purified form of vaccinia virus DNA polymerase to show that the effects 

of CDV on vaccinia DNA polymerase in vitro differ in important ways from the effects 

of the drug on betaherpesvirus DNA polymerases. These effects provide formal 

biochemical support for the contention that poxviral DNA polymerases are an enzymatic 

target of these drugs.  These studies also provide a starting point for the characterization 

of viruses exhibiting acquired resistance to CDV (Andrei et al., 2006; Becker et al., 2008; 

Kornbluth et al., 2006; Smee et al., 2002). 
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2.2 MATERIALS AND METHODS 

2.2.1 Chemicals.  Cidofovir diphosphate (CDVpp) was synthesized by Trilink Biotech-

nologies, San Diego, CA. Radioactive nucleotides were purchased from Amersham 

Biosciences and unlabeled deoxynucleoside triphosphates (dNTPs) from Fermentas. 

Oligonucleotides were obtained from Sigma-Genosys. 

 

2.2.2 Vaccinia virus DNA polymerase.  Recombinant vaccinia virus DNA polymerase 

was purified from vaccinia-infected cells according to the protocol of McDonald and 

Traktman (McDonald and Traktman, 1994a) and appeared homogenous as judged by 

sodium dodecyl sulfate – polyacrylamide gel electrophoresis (SDS-PAGE) analysis and 

silver staining (Figure 2.1). The enzyme was stored at –20˚C in glycerol at a 

concentration of 230 ng/l. For use in enzyme assays, the enzyme was freshly diluted in 

25 mM potassium phosphate (pH 7.4), 5 mM -mercaptoethanol, 1 mM EDTA, 10% 

[v/v] glycerol, and 0.1 mg/ml bovine serum albumin (New England Biolabs). 

 

2.2.3 DNA polymerase and exonuclease assays.  Different combinations of 

oligonucleotide primers and templates were used to create different enzymatic substrates 

(Figure 2.2). The primer strands were first end-labeled using T4 polynucleotide kinase 

(Fermentas) and [-32P]ATP and the unincorporated nucleotides were removed using 

MicroSpin™ G-25 columns (Amersham Biosciences). Each 10-µl reaction contained one 

pmol of end-labeled primer (approximately 90,000 cpm) and 3 pmol of template strand in 

a solution containing 30 mM Tris · HCl (pH 7.9), 5 mM MgCl2, 70 mM NaCl, 1.8 mM 

dithiothreitol, 80 µg/ml bovine serum albumin, and 0 to 25 ng of purified vaccinia DNA 

polymerase. Different concentrations of CDVpp and dNTPs were added as indicated.  

The primer and template strands were mixed, heated to 55°C, and allowed to cool slowly 

to room temperature prior to adding the remaining reagents. The reactions were incubated 

at 37°C and stopped by adding 5 µl of gel loading buffer [80% (v/v) formamide, 10 mM  

EDTA (pH 8.0), 1 mg/ml xylene cyanole FF, 1 mg/ml bromophenol blue]. The reaction 

products were separated using 10% denaturing polyacrylamide sequencing gels run at 45  
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Figure 2.1  The purity of the recombinant vaccinia virus DNA polymerase used in these experiments. 

About 230 ng of vaccinia virus DNA polymerase was subjected to SDS-PAGE analysis and the gel 

stained with silver. Unstained protein molecular weight marker (Fermentas) is shown in lane 1. 
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Figure 2.2  Oligonucleotide primer-template pairs used in this study. The P1 primer and templates T1, 

T2, and T3 were originally described by Xiong et al. (1997). Each primer strand was 5′ end-labeled 

with 32P prior to its annealing with a template strand. The melting point under the salt conditions used 

in this study (70 mM NaCl, 5 mM MgCl2) is estimated to exceed 70°C. 

 



57 
 
W for 45 minutes in half-strength Tris-borate-EDTA (Sambrook and Russell, 2001). The 

gels were fixed in a solution containing 10% [v/v] methanol plus 10% [v/v] acetic acid 

and dried under vacuum. The dried gels were exposed to phosphorimager screens 

(Amersham Biosciences) and the images analyzed using a Storm 840 or a Typhoon 8600 

Phosphorimager (Amersham Biosciences) with ImageQuant software (v. 5.1).   

The Klenow fragment of Escherichia coli DNA polymerase I (Fermentas) and 

dideoxy sequencing reactions were used to generate size standards (Sambrook and 

Russell, 2001). The relative concentrations of each ddNTP:dNTP pair were adjusted as 

needed to generate a suitable distribution of marker fragments. 

 

2.2.4 Determination of the Ki value for CDVpp.  A filter-based DNA polymerase 

assay was used to determine the Ki value for CDVpp. Three sets of reactions were 

prepared, each examining a different CDVpp concentration: 1 µM, 2 µM and 4 µM. Each 

100-µl reaction was performed in triplicate and contained 1.67 µg of activated calf 

thymus DNA (Amersham Biosciences), polymerase buffer [30 mM Tris · HCl (pH 7.9), 5 

mM MgCl2, 70 mM NaCl, 1.8 mM dithiothreitol, 80 µg/ml bovine serum albumin], 10 

µM (each) dATP, dGTP and dTTP, 0.2 µl of [α32P]dCTP, varying concentrations of 

dCTP and CDVpp, and 100 ng of vaccinia virus DNA polymerase. The dCTP 

concentrations in each set of reactions were 0.5 µM, 0.67 µM, 1 µM, 2 µM and 4 µM. 

The reactions were incubated at 37°C for 10 min and stopped with 200 µl of sodium 

pyrophosphate, followed by the addition of 200 µg of calf thymus DNA (Sigma) and 600 

µl of trichloroacetic acid. After incubation on ice for 5 min, 3 ml of acid-pyro (1 N HCl, 

0.1 M sodium pyrophosphate) were added and the solution filtered through glass fiber 

filters (Schleicher & Schuell), presoaked in 0.1 M sodium pyrophosphate. The filters 

were washed with acid-pyro and 95% ethanol, allowed to dry, and counted in a Beckman 

LS 6500 liquid scintillation counter using CytoScint ES™ liquid scintillation fluid (MP 

Biomedicals). The number of pmol of dCTP incorporated and the velocity of dCTP 

incorporation for each reaction was calculated by determining the specific activity of 

dCTP. The data were plotted using a double reciprocal plot and a linear regression fit 
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using Prism software (v. 4.0b for Macintosh). The results are presented as the mean ± the 

standard error of the mean. 

 

2.2.5 Determination of Km and Vmax values for CDVpp.  Standard 10-µl reaction 

mixtures were prepared as described above (Section 2.2.3) containing ~8 pmol of 32P-

labeled primer P1, 32 pmol of template T3, 25 ng of vaccinia DNA polymerase, 10 µM 

dGTP, and various concentrations of dCTP or CDVpp. After incubation for 0 to 16 min 

at 37°C, the reactions were stopped and the amount of primer molecules extended by one 

nucleotide was determined by PAGE and phosphorimager analysis. Initial primer 

extension rates were calculated for each CDVpp or dCTP concentration and Km and Vmax 

determined from a nonlinear regression fit of these data to the Michaelis-Menten 

equation. Prism software (v. 4.0b for Macintosh) was used to perform all the curve fits 

from which the relevant kinetic parameters were obtained. The results are presented as 

the mean ± the standard error of the mean. 

 

2.3 RESULTS 

2.3.1 Adding CDVpp to DNA polymerase reactions promotes chain termination.  

As a first step in determining the effect of CDVpp on vaccinia virus DNA polymerase, 

we performed a simple analysis of the rate of primer extension in the absence of any 

drug. These assays contained 10 µM each dATP, dGTP, and dTTP and 5 µM dCTP.  The 

dNTP concentrations are similar to those estimated to exist in vivo in vaccinia virus-

infected cells and vary from 2- to 10-fold greater than the calculated Kms for each of the 

four nucleotides (Hendricks and Mathews, 1998; McDonald and Traktman, 1994a). 

Figure 2.3 shows the results of one such assay. Vaccinia virus DNA polymerase has been 

estimated to incorporate dNTPs at a rate in excess of 30 sec-1 under certain conditions 

(McDonald and Traktman, 1994b), and under our steady state conditions, the majority of 

the primers were extended out to near the end of the template strand in well under a 

minute (Figure 2.3, top panel).  We noted that the enzyme could never fully extend the 

primer strand out to the terminus of the duplex and created instead an array of products 

terminated 1 to 3 nucleotides from the end of the template strand as judged by a
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Figure 2.3  CDVpp promotes chain termination in reactions containing a mixture of CDVpp and dCTP. 

Both reaction mixtures contained 32P-labeled primer P1, template T3, and all four dNTPs (10 M each 

dATP, dGTP, and dTTP plus 5 M dCTP). The reaction mixture analyzed in the lower panel was 

further supplemented with 10 µM CDVpp. The reactions were started by adding vaccinia virus DNA 

polymerase, and the mixtures were incubated at 37°C. Sampling was conducted over a time scale 

ranging from 0 to 15 min, and each reaction was stopped by adding gel loading buffer on ice. The 

products were subjected to PAGE analysis, and 32P-labeled molecules were detected by 

phophorimaging. Note the accumulation of premature termination products in the lower panel. 

Comparison with dideoxy sequencing ladders (at right) shows that these reaction products are 

terminated 1 nucleotide past the point where CDV would expect to be incorporated. 
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comparison with the four sequencing lanes (Figure 2.3). Small amounts of other partially 

extended strands were also sometimes detected at early times in the reaction. None of 

these effects were artifacts of the templates used in these studies and appear to be 

characteristic features of the nonprocessive form of vaccinia virus DNA polymerase. For 

example, a different polymerase (Klenow enzyme) extended essentially all of the primer 

strands out to the end of the template in reaction mixtures containing ddTTP (Figure 2.3). 

[Note that the P1-T3 primer-template pair which was used in this reaction mixture 

contained no template dA’s that could direct chain termination in the presence of ddTTP 

(Figure 2.2).] 

In contrast, adding 10 µM CDVpp to these reaction mixtures caused the 

accumulation of a significant fraction of products (28% at 1 min) terminated two 

nucleotides beyond the end of the primer strand (Figure 2.3, bottom panel, lanes 3 to 7). 

When the size of these products is compared with the sequencing ladder it is apparent 

that these CDV-induced stops are located at position N + 1 where N is the site where a 

molecule of CDV is expected to be incorporated opposite a template dG (Figure 2.3). In 

contrast, strands that have avoided suffering this fate seem to have been extended out to 

the end of the template. It is important to note that this process does not irreversibly block 

DNA synthesis, because prematurely terminated molecules were slowly chased into full-

length extension products over the 15-min time course of these experiments. 

All of these studies were conducted using primer P1 annealed to template T3. To 

test whether these effects might be an idiosyncratic feature of this particular template- 

primer pair, we repeated the experiment using two additional oligonucleotide duplexes.  

The results of this experiment are shown in Figure 2.4. Adding CDVpp to reaction 

mixtures containing a P1-T1 primer-template combination inhibited further chain 

extension after the primer had been extended by either 2 or 4 nucleotides (Figure 2.4, 

lanes 2 and 3). Similarly, some termination was seen after primer P1 had been extended 

either 2 or 3 nucleotides when annealed to template T2 (Figure 2.4, lanes 8 and 9). In all 

three situations, these termination sites were located at positions N + 1 relative to the site 

where a template dGMP would direct the incorporation of CDV. 
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Figure 2.4  CDV promotes the same pattern of chain termination opposite dGMP in a variety of 

template contexts. Reactions were prepared containing the primer-template combinations shown in the 

lower panel, all four dNTPs, and ± 10 µM CDVpp as indicated. The six different reactions were then 

incubated for 10 min at 37°C and subjected to PAGE analysis followed by phosphorimaging. Dideoxy 

sequencing reactions were performed in parallel for each of the three different primer-template 

combinations. Comparison with these size standards suggests that all of the prematurely terminated 

molecules incorporate dC or CDV (“X”, lower panel) plus one additional nucleotide residue at the 3′-

end. 
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2.3.2 CDV can be incorporated into DNA.  These preliminary studies suggested that 

CDVpp promotes the termination of DNA synthesis but are complicated by the mixture 

of dCTP, CDVpp, and other dNTPs used in the reaction mixtures. To test the suitability 

of CDVpp as a substrate for vaccinia virus DNA polymerase, we investigated the kinetics 

of incorporation of CDVpp versus dCTP using a combination of primer P1 and template 

T9. The reaction was supplied with only dCTP or CDVpp, so we expected the primer to 

be extended at most only 1 nucleotide beyond its 3′ end. The results of this experiment 

are shown in Figure 2.5. Under these reaction conditions, we could not detect any great 

differences between CDVpp and dCTP as substrates for vaccinia virus DNA polymerase, 

with some conversion of the P1 primer into a primer + 1 product occurring in both 

reaction mixtures even on ice. By the first time point (1 min) the primer was 

quantitatively converted into the primer + 1 product in both reaction mixtures (Figure 2.5, 

lanes 3). We also noted that by the 5-min time point, molecules terminated with CDV or 

dCMP were broken down again into much smaller labeled reaction products (Figure 2.5, 

lanes 5 to 7). Presumably, the 5′-to-3′ DNA polymerase and 3′-to-5′ proofreading 

exonuclease activities can consume all of the dNTPs in these reactions and, once this has 

happened, the proofreading exonuclease can then degrade the substrate down to a limit 

digest comprised of hexanucleotides and other smaller oligonucleotides. CDVpp is a 

substrate for the polymerase activity and CDV-terminated DNAs can be attacked by the 

proofreading exonuclease. 

 

2.3.3 CDV-terminated primers are substrates for the vaccinia DNA polymerase.  

The pause sites detected in our primer extension assays containing CDVpp are located at 

positions N + 1 relative to the site of incorporation of CDV. This suggests that vaccinia 

virus DNA polymerase might encounter some difficulties utilizing CDV-terminated 

primers. To test this hypothesis, we first added dCMP or CDV residues to primer- 

template pair P1-T9 as described in Figure 2.5. After sampling the reaction mixture, we 

added dATP and compared the subsequent rate of chain extension. The results are shown 

in Figure 2.6. We noted that a dCMP-terminated primer was a good substrate for adding 

dAMP (Figure 2.6, top panel, lanes 3 to 8), although a dynamic interplay between 3′-to-5′  
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Figure 2.5  Kinetics of dCTP versus CDVpp incorporation. Primer P1 plus template T9 were incubated 

with vaccinia virus DNA polymerase and either 10 µM dCTP (left panel) or 10 µM CDVpp (right 

panel). The reaction mixtures were sampled at 0, 1, 2, 5, 10, and 15 min; the reactions were stopped; 

and then the mixtures were subjected to PAGE analysis. Both compounds are rapidly incorporated into 

DNA during the initial stages of the reaction; at later time points, the primers are degraded into 

molecules as small as hexanucleotides. 



64 
 
 

 

Figure 2.6  Kinetics of dAMP addition to 3′-CDV- or 3′-dCMP-terminated primer strands. Duplex P1-

T9 was incubated with vaccinia virus DNA polymerase and either 10 µM dCTP (top panel) or 10 µM 

CDVpp (bottom panel) for 1 min at 37°C. The concentration of dATP was then adjusted to 10 µM and 

further samples taken for gel analysis over another 15-min interval. The first samples (lanes 3) were 

taken on ice.  
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proofreading exonuclease and polymerase activities was apparent, and the enzyme 

eventually degraded the reaction products down to oligonucleotides over the course of the 

reaction. A CDV-terminated primer also directed the addition of dAMP with extension 

kinetics indistinguishable (using these methods) from a dCMP-terminated primer (Figure 

2.6, bottom panel). However, once extended by the addition of CDV plus dAMP, this 

reaction product was stable over the 15-min course of the experiment. 

 

2.3.4 Primers bearing CDV as the 3′ penultimate base are poor substrates for 

vaccinia virus DNA polymerase.  We next examined what happens when vaccinia virus 

DNA polymerase encounters a molecule bearing CDV as the penultimate 3′ residue. To 

do this, we used a P1-T9 primer-template pair and a series of sequential assembly 

reaction mixtures to incorporate CDV (10 µM CDVpp) followed by residue N + 1 (10 

µM dATP) into DNA. We then tested the substrate properties of this primed structure 

after adding the remaining three dNTPs (no dCTP). As a control, dCTP was substituted 

for CDVpp. The results of these experiments are shown in Figure 2.7. As noted in 

previous experiments (Figure 2.6), vaccinia virus DNA polymerase produced a mix of 

extension products terminated in dCMP or dCMP-dAMP (Figure 2.7, top panel, lane 3). 

These two control reaction products were nearly instantaneously extended out to the ends 

of the template strand in the presence of dGTP, dATP, and dTTP (Figure 2.7, top panel, 

lanes 4 to 9).  Primers terminated in CDV-dAMP were synthesized in high yield (Figure 

2.7, bottom panel, lane 3), but the rate of extension of this product by vaccinia virus DNA 

polymerase clearly lagged well behind the rate of extension of control primers. Based 

upon the calculated distribution of label in substrates and products (Figure 2.8) we 

estimated that the rate of primer extension, measured as a first-order rate constant, is at 

least threefold slower when CDV replaces dCMP as the 3′ penultimate nucleotide (K = 3 

min-1 versus 0.9 min-1 for extension from dCMP- versus CDV-bearing primers, 

respectively).  However, there is a large standard error in the estimate of the control rate 

(95% confidence intervals for KdCMP = 0 to 24 min-1) and thus this calculation will 

probably underestimate the rate difference by at least a factor of ten. 
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Figure 2.7  Kinetics of chain extension using a 3′-CDV-dAMP-terminated primer. Substrates were 

prepared as described in the legend to Figure 2.6, consisting of duplex P1-T9 that had been extended 

two nucleotides using dCTP-dATP (top) or CDVpp-dATP (bottom) as illustrated by Figures 2.5 and 

2.6. (Note that vaccinia DNA polymerase always generates a mixture of dCMP- and dCMP-dAMP-

terminated products, whereas only a single CDV-dAMP product is formed.) A mixture of dATP, dGTP, 

and dTTP was then added and further samples taken for gel analysis over another 15-min interval. The 

first samples (lanes 4) were taken on ice. 
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Figure 2.8  Quantitative analysis of the kinetics of chain extension. The amounts of label present in 

substrate and product bands, as a proportion of the total label in each lane (Figure 2.7) was determined 

using ImageQuant software and curve fits calculated using the program Prism 4.0b.  The substrates 

were defined as the sum of label in bands labeled “P + C” (or X) and “P + C + A” (or X) in Figure 2.7. 

The products are defined as all labeled species larger than these substrate bands. The points are: dCTP 

substrates (-○-) and products (-●-), CDV substrates (-□-) and products (-■-).   
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We also looked to see if the enzyme could extend a primer incorporating two 

CDV molecules. Previous experiments with CMV DNA polymerase indicated that the 

presence of two consecutive CDV molecules dramatically reduced or terminated DNA 

synthesis (Xiong et al., 1997). To compare the behavior of the two DNA polymerases, an 

assay was performed using primer P1 and template T2. The primer-template pair was first 

incubated with 10 µM CDVpp or dCTP (as a control), and then 10 µM dATP was added. 

Samples were taken for analysis after a brief incubation period, followed by the addition 

of dATP, dGTP and dTTP (10 µM each) to the remainder of the mixture. This reaction 

mixture was then sampled over the next 80 min. These results are shown in Figure 2.9. 

Molecules terminating with 5′-CC-OH 3′ and 5′-CCA-OH 3′ were again very rapidly 

extended out to the ends of the template within less than a minute (Figure 2.9, top panel, 

lanes 4 to 9). In contrast, the rate of elongation of a primer incorporating two CDV 

molecules was drastically reduced, as judged by the very slow incorporation of the next 

(dAMP) residue and the subsequent extension of the primer out to the end of the template 

strand. However, it was also apparent that two CDV molecules did not completely block 

DNA synthesis catalyzed by vaccinia virus DNA polymerase. We saw the accumulation 

of primers terminated with 5′-XXA-OH 3′ and 5′-XXAG-OH 3′ (where X = CDV), but 

molecules extended immediately beyond this point were not seen and appeared to be 

chased into full-length products over the 80-min incubation time. 

 

2.3.5 A single CDV molecule is a substrate for vaccinia virus DNA polymerase 3′-

to-5′ exonuclease.  Vaccinia virus DNA polymerase encodes a 3′-to-5′ proofreading 

exonuclease activity and we also tested whether molecules terminated with CDV were 

substrates for this activity. To address this question, we first added a single dCMP or 

CDV residue to primer-template pair P1-T9 as described in Figure 2.5. We purified these 

reaction products free of any unincorporated dCTP or CDVpp and then incubated the two 

extension products with fresh enzyme in the absence of any additional dNTPs or CDVpp.  

The results of this experiment are shown in Figure 2.10. Molecules terminated with CDV 

(Figure 2.10, bottom panel) were degraded as quickly as were dCMP-terminated primers
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Figure 2.9  The presence of two consecutive template dG’s slows, but does not completely block, DNA 

synthesis. A series of reaction mixtures were used to incorporate dCMP-dAMP (top panel) or CDV-

dAMP (bottom panel) onto the 3′ end of primer P1. This was accomplished by incubating P1-T2 with 

DNA polymerase plus 10 µM dCTP (top) or 10 µM CDVpp (bottom) for 1 min at 37°C. After sampling 

the two reaction mixtures, dATP was added to a final concentration of 10 µM in each reaction mixture 

and the incubation continued for another 1 min at 37°C. Further samples were taken, and then a dNTP 

mixture was added to both reactions to produce final concentrations of 10 µM each of dATP, dGTP, and 

dTTP with no additional dCTP. These solutions were incubated at 37°C with sampling at 1, 5, 10, 20, 

40, and 80 min. A mixture of primers terminating in 5′-CC-OH 3′ or 5′-CCA-OH 3′ (top panel, lane 3) 

is fully extended to the end of the template strand in less than a minute by vaccinia virus DNA 

polymerase (lanes 4 to 9). However, the enzyme only reluctantly synthesizes molecules encoding two 

CDV resides (bottom panel, lanes 2 and 3) and takes much longer to assemble a primer terminating in 

5′-XXA-OH 3′ (where X = CDV, lanes 4 to 9). These molecules do eventually chase into various 

amounts of full-length products over an 80-min period (lanes 7 to 9).   
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Figure 2.10  Excision of CDV from a 3′-CDV-terminated strand. Duplex P1-T9 was extended 1 

nucleotide using either dCTP (top) or CDVpp (bottom) and then purified free of reaction materials by 

gel filtration. The purified product (lanes 2) was then incubated with vaccinia virus DNA polymerase at 

37°C, in the absence of dNTPs, with sampling at 0, 1, 5, 10, and 20 min (lanes 4 to 8). Lanes 3 show a 

reaction incubated for 20 min in the absence of polymerase. Both types of extension products are 

substrates for the 3′-to-5′ proofreading exonuclease. 
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(Figure 2.10, top panel). This shows that a single CDV molecule is a substrate for the 3′-

to-5′ proofreading exonuclease activity if it is located at the 3′ end of the primer strand. 

 

2.3.6 The CDV + 1 product is not a substrate for the 3′-to-5′ exonuclease.  In 

contrast to primers bearing a 3′-terminal CDV molecule, the CDV + 1 reaction product 

was completely resistant to attack by the proofreading exonuclease. For this assay, primer 

P1 and template T9 were again used. The primer-template pair was incubated together 

with 10 M each CDVpp (or dCTP) and dATP, and vaccinia virus DNA polymerase, to 

create primers terminated with either 5′-CA-OH 3′, or 5′-XA-OH 3′ residues. The 

unincorporated dCTP, CDVpp, and/or dATP were removed by gel filtration, and then a 

new reaction was prepared containing DNA polymerase but lacking any dNTPs (as in 

Section 2.3.5). Figure 2.11 shows the results of this experiment. Molecules terminated 

with a 5′-CA-OH 3′ sequence were rapidly attacked by the exonuclease, generating a 

series of degradation products of which the smallest detectable by these methods were 6 

to 7 nucleotides in length (Figure 2.11, left panel, lanes 4 to 10). In contrast, the 5′-XA-

OH 3′ terminated primer was stable over 80 minutes of incubation. A second molecule 13 

± 1 nucleotides long was also resistant to this activity (Figure 2.11, right panel). These 

likely correspond to primer molecules that during the initial extension step (with CDVpp 

and dATP, but without dGTP) were excised back to the next nearest 5′-CA-3′ residue. If 

this sequence motif had been replaced by 5′-XA-OH 3′ it would create a 13-mer molecule 

(Figure 2.2) that, like the 20-mer, would also be resistant to nuclease attack. We 

concluded that the CDV + 1 extension product is resistant to attack by the vaccinia virus 

DNA polymerase 3′-to-5′ proofreading exonuclease. 

 

2.3.7 Determination of the Ki of CDVpp.  We attempted to determine the Ki value for 

CDVpp by using a filter-based DNA polymerase assay. Because CDVpp is an analog of 

dCTP and can be used by vaccinia virus DNA polymerase in place of this natural 

substrate, we predicted that this drug would act as a competitive inhibitor. Reactions were 

prepared in which the CDVpp and dCTP concentrations were varied, and the 

incorporation of dCTP into an activated calf thymus DNA template was determined by
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Figure 2.11  CDV inhibits the 3′-to-5′ exonuclease activity of vaccinia virus DNA polymerase when 

located in the penultimate position of the primer strand. Primer-template pair P1-T9 was incubated with 

vaccinia virus DNA polymerase at 37°C for 1 min in the presence of 10 M dCTP and 10 M dATP 

(left panel) or 10 M CDVpp and 10 M dATP (right panel). The unincorporated nucleotides and 

CDVpp were removed by gel filtration. The purified product (lanes 2) was then incubated with vaccinia 

virus DNA polymerase at 37°C, in the absence of dNTPs, with sampling at 0, 1, 5, 10, 20, 40, and 80 

min. Lanes 3 show reactions incubated for 80 min in the absence of polymerase. Molecules terminated 

with 5′-C-OH 3′ or 5′-CA-OH 3′ are rapidly degraded (left), whereas molecules terminated with 5′-XA-

OH 3′ are completely resistant to exonucleolytic attack (right). 
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labeling with [α32P]dCTP. The double reciprocal plot of the data is shown in Figure 2.12. 

Increasing the concentration of a competitive inhibitor will result in a group of lines that 

intercept the 1/V axis at the same point but have increasing slopes (Nelson and Cox, 

2005; Spector and Cleland, 1981). However, the results generated from our data do not 

intercept the Y-axis at a common point [0.54 ± 0.32 min · pmol-1 (1 µM CDVpp), 1.6 ± 

0.5 min · pmol-1 (2µM CDVpp) and 1.3 ± 0.4 min · pmol-1 (4 µM CDVpp)], and the 

slopes of the lines [2.0 ± 0.2 (1 µM CDVpp), 2.0 ± 0.4 (2 µM CDVpp), 1.8 ± 0.3 (4 µM 

CDVpp)] are not significantly different. Based on these results, the inhibition constant for 

CDVpp could not be determined. 

 

2.3.8 Determination of the Km of CDVpp.  Since the Ki of CDVpp could not be 

calculated using a standard filter-based DNA polymerase assay, we decided to determine 

the Km of this substrate so that it could be compared to that of the natural substrate, 

dCTP. Our primer extension assays provided a method for estimating this value. Reaction 

mixtures were prepared containing a P1-T3 primer-template pair, 25 ng of vaccinia virus 

DNA polymerase, and 10 µM dGTP. The dGTP was added to maximize the stability of 

the dGMP-terminated primer in the presence of various concentrations of CDVpp. The 

kinetics of CDV incorporation were then determined in the presence of 0.3 to 30 µM 

CDVpp, monitoring the amount of labeled primer plus CDV extension product using 

polyacrylamide gel electrophoresis and phosphorimaging (Figure 2.13). The various 

initial rates of CDV incorporation were then used to estimate that the Km and Vmax for 

CDVpp, under these reaction conditions, are 23 ± 6 µM and 3.0 ± 0.4 pmol · min-1, 

respectively. Each reaction contained 25 ng (0.22 pmol) of DNA polymerase and, 

assuming that the enzyme is fully active, the turnover number (kcat) for CDVpp can be 

estimated as ~0.2 sec-1. The same methods were used to determine Km (3.8 ± 0.7 µM), 

Vmax (2.4 ± 0.2 pmol · min-1), and kcat (~0.2 sec-1) for dCTP (Figure 2.14). 

 

2.4 DISCUSSION 

The effect of CDVpp on the activity of vaccinia virus DNA polymerase was 

investigated using an in vitro primer extension assay. Adding CDVpp to a pool of 



74 
 
 

 

 

Figure 2.12  Double reciprocal plot of the rate of dCTP incorporation in the presence of increasing 

concentrations of CDVpp. The rate of incorporation of dCTP into an acid-precipitatible material was 

measured in the presence of 1 µM CDVpp (-■-), 2 µM CDVpp (-●-) or 4 µM CDVpp (-○-). The 

reciprocal of these rates were plotted against the reciprocal of the dCTP concentration using a linear 

regression analysis and Prism 4.0 software (GraphPad). The Y-intercepts were determined to be 0.54 ± 

0.32 min · pmol-1, 1.6 ± 0.5 min · pmol-1 and 1.3 ± 0.4 min · pmol-1 and the slopes of the lines calculated 

to be 2.0 ± 0.2, 2.0 ± 0.4, and 1.8 ± 0.3 for 1 µM CDVpp, 2µM CDVpp and 4 µM CDVpp, respectively. 
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Figure 2.13  Kinetics of CDVpp incorporation. The rate of CDV incorporation was determined using 

the primer-template pair P1-T3 and electrophoretic methods shown in Figure 2.5 and initial rates 

calculated from the data plotted as shown in the upper panel using nonlinear regression analysis and 

Prism 4.0 software (GraphPad). These data were replotted as shown in the bottom panel and the same 

nonlinear regression method used to calculate the Michaelis-Menten constants Km (23 ± 6 µM) and Vmax 

(3.0 ± 0.4 pmol · min-1). 
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Figure 2.14  Kinetics of dCTP incorporation. The initial rates of dCMP incorporation were determined 

as described in the legend to Figure 2.13 and are shown in the upper panel. The lower panel shows a 

replotting of the data using a nonlinear regression method. These data were used to determine the 

Michaelis-Menten constants Km (3.8 ± 0.7 µM) and Vmax (2.4 ± 0.2 pmol · min-1) for dCTP. 
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ordinary dNTPs caused the DNA polymerase to pause during chain extension at a point 

always one nucleotide past the site where CDV would be incorporated opposite a 

template dG. These observations provide a straightforward rationale for the antiviral 

activity against orthopoxviruses that has been reported both in vitro and in vivo. They 

also explain why CDV-resistant viruses encode mutations in the E9L gene (DNA 

polymerase), mutations that can be shown to be responsible for the drug resistant 

phenotype by marker rescue methods (Andrei et al., 2006; Becker et al., 2008; Kornbluth 

et al., 2006). 

Vaccinia virus DNA polymerase can use CDVpp as a substrate and can extend a 

CDV-terminated primer by one more nucleotide (Figures 2.5, 2.6 and 2.13). The 

differences between the substrate properties of dCTP and CDVpp are not readily apparent 

from the steady-state data seen in Figure 2.5, but a more detailed kinetic analysis clearly 

shows that CDVpp is a less favored substrate than dCTP. This is illustrated by the fact 

that the catalytic efficiency is about fivefold higher for dCTP as a substrate versus 

CDVpp, with the difference primarily accounted for by differences in the Km. The effects 

of CDV on the relative rate of addition of the next templated nucleotide (dATP) is more 

difficult to judge by these methods given the effects of the product on the proofreading 

exonuclease activity (see below) and the consequential biased accumulation of the CDV 

+ 1 product. Nevertheless, the presence of a CDV molecule linked to the 3′ terminus of 

the primer strand still permitted the addition of the next nucleotide with kinetics 

superficially comparable to dATP addition to a dCMP-terminated primer (Figure 2.6). 

CDV is thus not a chain-terminating drug in the classical sense, since it can be 

incorporated into DNA and still prime chain extension after incorporation into the 

nascent strand. From a structural perspective, CDVpp must be capable of occupying the 

nucleotide-binding site and serving as a substrate for the nucleophilic attack on the -

phosphonate. After translocation of the newly incorporated CDV molecule to the primer-

terminus binding site, vaccinia virus DNA polymerase must also be able to reposition the 

hydroxyl group with sufficient accuracy to permit further polymerization. The crystal 

structure of tenofovir [R-9-(2-(phosphonomethoxypropyl)adenine] complexed with 

human immunodeficiency virus type 1 reverse transcriptase illustrates the conformational 
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flexibility of nucleoside phosphonates (Tuske et al., 2004) that presumably accounts for 

this enzymatic behavior. 

 Although these substrate properties can partially explain the anti-poxvirus activity 

of CDVpp, more dramatic effects of the drug are seen at the next step in the 

polymerization cycle. Molecules bearing a CDV residue at the penultimate 3′ primer 

position are only very slowly extended into full-length chains (Figure 2.7). The rate-

limiting factor appears to be the reaction steps catalyzing the addition of the next 

nucleotide to the CDV + 1 product (Figure 2.7). Although these molecules are poor 

substrates, they are still slowly converted into full-length products with a half-life of ~0.8 

min under our conditions (Figure 2.8). Generally, the same effect was seen when two 

molecules of CDV were incorporated into the primer strand. However, the transient 

accumulation of a CDV2 + 2 product and the much-delayed appearance of full-length 

product (Figure 2.9) suggested that the deleterious effects of CDV are propagated further 

and with greater effect under such circumstances. Base-paired deoxynucleoside 

monophosphates are relatively inflexible molecules and this property, combined with 

structural distortions imposed by a nucleoside phosphonate linkage, could result in the 

misalignment of 3′-hydroxyl terminus with deleterious effects on the next nucleotide 

addition step. Alternatively, the enzyme might have difficulty repositioning the CDV + 1 

reaction product within the polymerase reaction site, which would also inhibit further 

chain extension. 

The same effects are seen when one examines the susceptibility of CDV-

containing molecules to attack by the 3′-to-5′ proofreading exonuclease. CDV is excised 

from the 3′ end of the primer at a rate comparable to dCMP (Figure 2.10) and shows that 

vaccinia virus DNA polymerase has little difficulty hydrolyzing a phosphonate ester 

linkage. This is not true of the CDV + 1 substrate, where the 3′-terminal (-1) 

phosphodiester linkage is completely resistant to hydrolysis (Figure 2.11). These 

observations can be rationalized using the same structural arguments outlined above.  

CDV-terminated molecules might exhibit sufficient conformational flexibility to still 

serve as exonuclease substrates, while the constraints imposed by a phosphonate linkage 

at the –2 bond may render the phosphodiester bond at –1 resistant to hydrolysis. 
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We had attempted to determine a Ki value for CDVpp using vaccinia virus DNA 

polymerase in order to compare the value to those previously reported for cowpox virus 

DNA polymerase, HCMV DNA polymerase, and human DNA polymerases α, β, and γ 

(Cherrington et al., 1994; Ho et al., 1992; Smee et al., 2002; Xiong et al., 1996). 

Unfortunately, our data did not fit the expected competitive inhibition model with respect 

to dCTP (Nelson and Cox, 2005; Spector and Cleland, 1981). As an alternative substrate 

for the polymerase, CDVpp is expected to be only a competitive inhibitor of vaccinia 

virus DNA polymerase and not an uncompetitive inhibitor that would bind to a site 

distinct from the active site of the enzyme (Nelson and Cox, 2005). The reasons why a Ki 

value for CDVpp could not be determined are unclear. One possibility is that the different 

effects of CDVpp and CDV on vaccinia virus DNA polymerase, depending on the 

context in which the enzyme encounters the drug (as a substrate, at the 3′ end of the 

primer, at the 3′ penultimate position of the primer, or as two consecutive molecules at 

the 3′ end of the primer), complicates the analysis with an undefined template like 

activated calf thymus DNA. That Smee et al. (2002) were able to calculate a Ki value for 

cowpox virus DNA polymerase (26 ± 4 µM) would tend to discount this possibility. 

Primer extension analyses like those described here have not been performed with the 

cowpox enzyme; however, the high percent identity between these two proteins (>98%) 

suggests that CDVpp will have a similar effect on this enzyme. Similarly, although CDV 

shows differential effects on the HCMV DNA polymerase [a single drug molecule slows 

elongation by HCMV DNA polymerase and two consecutively incorporated molecules 

cause chain termination (Xiong et al., 1997)], a Ki value for CDVpp of 6.6 ± 0.8 µM was 

calculated for this enzyme (Xiong et al., 1996). A direct comparison between the results 

obtained using these three enzymes are difficult to make, as the experimental designs 

differ or are unknown. Smee et al. used only a single competitive concentration (0.25 

µM) of [3H]dCTP in their assay, a value 10-fold lower than the Km of this substrate (2.3 ± 

0.7 µM) (Smee et al., 2002). Further, these authors calculated the Ki value by 

determining the concentration of CDVpp that reduced the rate of the reaction by 50% 

(IC50) and using the formula IC50 = Ki (1 + S/Km), where S is the concentration of dCTP 

(Cheng and Prusoff, 1973). The method used by Xiong et al. is unclear, as the assay used 



80 
 
is not described (Xiong et al., 1996). The DNA polymerase assays used to calculate Ki 

values for CDVpp and human DNA polymerases α, β, and γ (51.0 µM, 520 µM and 299 

µM, respectively) are similar to those that we performed except that no cold dCTP was 

used in the reactions and the [3H]dCTP concentration was varied (Cherrington et al., 

1994; Ho et al., 1992). As the effect of CDVpp on these DNA polymerases using primer 

extension assays has not been determined, it is unknown whether this change in 

experimental design would account for the inability to obtain a Ki value for CDVpp and 

vaccinia virus DNA polymerase. 

As described above, HCMV DNA polymerase exhibits some of the same 

enzymatic responses to CDVpp (Xiong et al., 1997; Xiong et al., 1996). In particular, the 

two different virus enzymes utilize CDVpp less efficiently than dCTP (Xiong et al., 

1996). Substituting CDVpp for dCTP also causes the transient accumulation of the CDV 

+ 1 reaction product. However, poxvirus polymerases appear capable of slowly copying 

templates encoding a dGpdG motif in the presence of CDVpp (Figure 2.9), while these 

residues completely block readthrough catalyzed by HCMV polymerase. A much more 

notable difference is that HCMV polymerase cannot excise CDV from a CDV-terminated 

primer (Xiong et al., 1997), whereas it is the CDV + 1 reaction product that creates the 

greatest difficulties for vaccinia virus DNA polymerase. These differences suggest that 

the two enzymes interact with CDV and CDV-bearing DNAs in sometimes different 

ways, and caution must be observed extrapolating from the molecular genetic properties 

of CDV-resistant herpesviruses to poxvirus systems.  

In conclusion, these data provide insights into the anti-poxvirus activity of 

nucleoside phosphonate drugs. These compounds inhibit chain extension, and since DNA 

synthesis is a key regulator of the virus life cycle, they are expected to compromise a 

diverse array of other processes including intermediate and late gene transcription and 

virus assembly. The incorporation of CDV into DNA also completely inhibits the 

associated 3′-to-5′ exonuclease. The proofreading exonuclease serves a critical role in 

minimizing replication errors and probably also catalyzes virus genetic recombination 

(Hamilton et al., 2007; Willer et al., 2000; Yao and Evans, 2003). Future studies will use 
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CDV and CDV-resistant viruses as a tool for investigating these two critical viral 

systems. 
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CHAPTER THREE 

 

CIDOFOVIR AND (S)-9-[3-HYDROXY-(2-

PHOSPHONOMETHOXY)PROPYL]ADENINE ARE HIGHLY EFFECTIVE 

INHIBITORS OF VACCINIA VIRUS DNA POLYMERASE WHEN 

INCORPORATED INTO THE TEMPLATE STRAND1,2 

 

Wendy C. Magee, Kathy A. Aldern, Karl Y. Hostetler, and David H. Evans 

 

3.1 INTRODUCTION 

(S)-9-[3-hydroxy-(2-phosphonomethoxy)propyl]adenine [(S)-HPMPA] is an 

acyclic analog of dAMP and was the first of the nucleoside phosphonate drugs described 

in the research literature (De Clercq et al., 1986). (S)-HPMPA was first shown to exhibit 

activity against a range of DNA viruses, including herpesviruses, vaccinia virus, and 

adenovirus, as well as Moloney murine sarcoma retrovirus (De Clercq et al., 1986). Later 

work has shown that it is also effective against hepatitis B viruses (Yokota et al., 1990a; 

Yokota et al., 1990b). Although the drug did not show any activity against human 

immunodeficiency virus in its original formulation (Pauwels et al., 1988), Hostetler et al. 

have recently shown that the alkoxyalkyl ester derivatives are active against this virus, as 

well as against mutant viruses resistant to azidothymidine, lamivudine, tenofovir, and 

nevirapine (Hostetler et al., 2006). The antimicrobial range of (S)-HPMPA also includes 

parasites such as trypanosomes (Kaminsky et al., 1996; Kaminsky et al., 1994), 

Schistosoma mansoni (Botros et al., 2003), Plasmodium falciparum, and Plasmodium 

berghei (de Vries et al., 1991; Smeijsters et al., 1999). 

 (S)-HPMPA is taken up into cells by endocytosis (Palú et al., 1991) and converted 

                                                 
 
1 A version of this chapter has been published in Antimicrobial Agents and Chemotherapy (2008), 52(2): 
586-597. Copyright 2008. American Society for Microbiology. 
 
2 This study was supported by Canadian Institutes of Health Research (CIHR) and Natural Sciences and 
Engineering Research Council of Canada (NSERC) grants to Dr. D. H. Evans and National Institutes of 
Health (NIH) grants AI-066499 and AI-064615 to Dr. K. Y. Hostetler. 
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into the active metabolite (S)-HPMPA diphosphate [(S)-HPMPApp] by cellular kinases 

(Merta et al., 1992). (S)-HPMPApp is an analog of dATP, and different studies have 

described a variety of cytotoxic effects at higher drug doses, which are most likely caused 

by the inhibition of cellular DNA replication (Bronson et al., 1989; Veselý et al., 1990; 

Votruba et al., 1987).  Rat cell DNA polymerases α, δ, and ε can use (S)-HPMPApp as a 

substrate and incorporate two to four consecutive (S)-HPMPA molecules into a growing 

DNA strand (Birkus et al., 2004; Kramata et al., 1996). More specifically, (S)-HPMPApp 

is a strong inhibitor of DNA polymerase ε (Ki/Km = 0.07), a moderate inhibitor of DNA 

polymerase δ (Ki/Km = 0.25) and a weak inhibitor of DNA polymerase α (Ki/Km = 2.29) 

(Kramata et al., 1996), but not an inhibitor of DNA polymerase β (Merta et al., 1990). 

Interestingly, both DNA polymerases δ and ε can still excise (S)-HPMPA from a primer 

terminus, with polymerase ε showing more effective removal of the drug (Birkus et al., 

2004). 

 Similar studies have examined the effects of (S)-HPMPApp on parasitic and viral 

DNA synthesis. (S)-HPMPA inhibits the replication of human and duck hepatitis B 

viruses (Yokota et al., 1990a; Yokota et al., 1990b) and herpes simplex virus type 1 (De 

Clercq et al., 1987). Herpes simplex virus DNA polymerase can use (S)-HPMPApp as a 

substitute for dATP, but curiously (S)-HPMPApp is a poor inhibitor of the enzyme itself 

(Merta et al., 1990). Adenovirus DNA polymerases are inhibited by (S)-HPMPApp, 

which causes a block in replication at the level of DNA elongation (Mul et al., 1989). 

Trypanosomal DNA replication is also inhibited by (S)-HPMPA (Kaminsky et al., 1998), 

but although P. falciparum DNA polymerases α and γ are inhibited by (S)-HPMPApp, 

the in vivo target of the drug appears to be polymerase δ (de Vries et al., 1991; Smeijsters 

et al., 2000). 

 These studies suggest that (S)-HPMPApp affects different polymerases in 

different ways, but the mechanism linking the effects on DNA synthesis to a cytotoxic, 

antiviral, or antiparasitic effect is not well understood. To address this question, we have 

chosen to examine the antiviral effects of nucleoside phosphonate drugs using vaccinia 

virus and vaccinia DNA polymerase as a model system. Orthopoxviruses are acutely 

sensitive to nucleoside phosphonate drugs, and it has been suggested they might prove 
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useful for treating renascent smallpox (Baker et al., 2003; Keith et al., 2003). Vaccinia 

polymerase is a B family DNA polymerase (Ito and Braithwaite, 1991) and possesses 

both 5′-to-3′ polymerase and 3′-to-5′ exonuclease activities (Challberg and Englund, 

1979). We have previously shown that when a related compound, cidofovir [(S)-1-(3-

hydroxy-2-phosphonylmethoxypropyl)cytosine] [(S)-HPMPC)] diphosphate (CDVpp), is 

incorporated into DNA it inhibits both primer extension and drug excision by vaccinia 

DNA polymerase (Chapter 2; Magee et al., 2005). (S)-HPMPA and CDV differ only in 

the structure of the base moiety, so we hypothesized that the two compounds would have 

a similar mechanism of inhibition. (S)-HPMPA has been shown to be more toxic in mice 

than CDV (Bronson et al., 1989), but subsequent work yielded conflicting results on the 

relative cytotoxicity and selectivity indices between the two drugs (Baker et al., 2003; 

Beadle et al., 2006; Keith et al., 2003; Lebeau et al., 2006; Snoeck et al., 2002). The 

latter results are most likely due to differences in the sensitivity of the various cells lines 

used to (S)-HPMPA and CDV. (S)-HPMPA shows greater efficacy against 

orthopoxviruses in culture (De Clercq et al., 1987; Keith et al., 2003; Lebeau et al., 2006; 

Snoeck et al., 2002) and the hexadecyloxypropyl (HDP) ester of (S)-HPMPA is 80-fold 

more active than the HDP-ester of CDV (Beadle et al., 2006; Kern et al., 2002). 

Therefore, we predicted that (S)-HPMPA would have a more profound effect on these 

aspects of enzyme activity than does CDV. Oddly, (S)-HPMPApp is not as good an 

inhibitor of primer extension as is CDVpp. We demonstrate that both drugs, when 

incorporated into the template strand, cause a profound block in DNA elongation. These 

results show that CDV and (S)-HPMPA are more complex drugs than has been 

previously recognized, affecting DNA elongation when incorporated in both the primer 

and template strands and blocking 3′-to-5′ exonuclease activity when located in the 

primer strand. 

 

3.2 MATERIAL AND METHODS 

3.2.1 Chemicals.  (S)-HPMPApp and CDVpp were prepared by custom synthesis by 

TriLink Biotechnologies. (S)-HPMPA was a gift of Dr. G. Andrei, Rega Institute for 

Medical Research, Leuven, Belgium. CDV was obtained from Moravek Biochemicals.  
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Radiolabeled cordycepin triphosphate ([α-32P]3′-deoxyATP) was purchased from 

PerkinElmer, [γ-32P]ATP and [α-32P]dATP were obtained from GE Healthcare, and the 

unlabeled deoxynucleoside triphosphates (dNTPs) were from Fermentas. 

Oligonucleotides were purchased from Sigma-Genosys or Integrated DNA Technologies. 

[2-14C]CDV (56 mCi/mmol), (S)-[8-14C]HPMPA (57 mCi/mmol) and their alkoxyester 

derivatives HDP-[2-14C]CDV (50 mCi/mmol) and HDP-(S)-[8-14C]HPMPA (50 

mCi/mmol) were synthesized by Moravek Biochemicals using unlabeled intermediates 

and methods provided by Dr. J. Beadle, as previously described (Beadle et al., 2006). 

 

3.2.2 Enzymes.  Vaccinia virus DNA polymerase was purified from cells coinfected 

with recombinant vaccinia vTMPOL and vTF7.5 viruses as described previously 

(McDonald and Traktman, 1994). The enzyme was freshly diluted in polymerase dilution 

buffer [25 mM potassium phosphate (pH 7.4), 5 mM β-mercaptoethanol, 1 mM EDTA, 

10% (v/v) glycerol, 0.1 mg/ml bovine serum albumin] prior to use. T4 polynucleotide 

kinase, the Klenow fragment of DNA polymerase I, uracil-DNA glycosylase (UDG), and 

terminal deoxynucleotidyl transferase (TdT) were purchased from Fermentas. Moloney 

murine leukemia virus (MMLV) reverse transcriptase was obtained from Invitrogen. 

 

3.2.3 Cells and virus.  All cells and virus were obtained from the American Type 

Culture Collection. MRC-5 human lung fibroblasts were grown in minimal essential 

medium with Earle’s salts containing 2% (v/v) fetal bovine serum. BSC40 African green 

monkey kidney epithelial cells and vaccinia virus [Western Reserve (WR) strain] were 

cultured in minimal media containing 5% (v/v) fetal bovine serum, 1% (v/v) amino acids, 

1% (v/v) L-glutamine, and 1% (v/v) antibiotic/antimycotic. Cells were maintained at 

37°C in a 5% CO2 atmosphere.  

 

3.2.4 Plaque reduction assays.  Plaque reduction assays were performed in triplicate 

using 200 plaque-forming units (pfu) of virus per 60-mm dish. Virus-infected BSC40 

cells were cultured for 48 h and then stained with crystal violet. The 50% effective 

concentration (EC50) was calculated from a nonlinear curve fit using Prism 4.0b software. 
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3.2.5 Slot blot hybridization.  BSC40 cells were infected with vaccinia virus at a 

multiplicity of infection of 10 in 60-mm dishes. The cells were then incubated at 37°C 

and harvested at the times indicated by scraping and centrifugation. [To examine the 

effects of drugs on virus replication, cells were preincubated with (S)-HPMPA or CDV 

for 24 h prior to infection, and then more drug added after the virus was added.] The cell 

pellets were washed and resuspended in 1.5 ml of 10X saline sodium citrate containing 1 

M ammonium acetate and stored at -80°C. The samples were frozen and thawed three 

times and clarified by centrifugation, and then 25-µl aliquots were mixed with an equal 

volume of 0.8 M NaOH plus 20 mM EDTA, boiled for 10 min, cooled on ice, and diluted 

with 125 μl of 0.4 M NaOH and 10 mM EDTA. The samples were applied in duplicate to 

a Zeta-Probe membrane (Bio-Rad) by using a vacuum manifold, washed, and 

immobilized with UV light. A 3.1 kb probe spanning the DNA polymerase gene was 

prepared using the PCR (Andrei et al., 2006; Yao and Evans, 2004), purified, and labeled 

with [α-32P]dATP using a random priming labeling kit (Roche). The membrane was 

processed using a Southern blot hybridization procedure (Sambrook and Russell, 2001) 

and label detected by using a Typhoon phosphorimager.  

 

3.2.6 DNA polymerase and exonuclease assays.  Oligonucleotide primer-template 

pairs (Figure 3.1) were used as substrates for DNA polymerase and exonuclease assays as 

previously described (Chapter 2; Magee et al., 2005). The primers were first end-labeled 

by using [γ-32P]ATP and T4 polynucleotide kinase. Reaction products were resolved on 

10 to 15% polyacrylamide gels and also analyzed as described previously (Chapter 2; 

Magee et al., 2005). To determine the Km and Vmax values for (S)-HPMPApp, we 

prepared 10-µl reaction mixtures containing ~9 pmol of 32P-labeled primer P1, 35 pmol 

of template T11, 25 ng of vaccinia polymerase, 10 µM dGTP, various concentrations of 

dATP [or (S)-HPMPApp], and polymerase buffer [30 mM Tris · HCl (pH 7.9), 5 mM 

MgCl2, 70 mM NaCl, 1.8 mM dithiothreitol, 80 µg/ml bovine serum albumin]. The 

reaction products were separated on 15% polyacrylamide gels and analyzed using 

phosphorimaging. To determine the fidelity of drug incorporation, 10-µl reactions were 

prepared containing 1 pmol of 5′-32P end-labeled primer P1, 3 pmol of template DNA
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Figure 3.1  Oligonucleotide primer-template pairs used in the present study. Primer P1 was originally 

described by Xiong et al. (1997). The primer DNA was 5′-end labeled with [-32P]ATP and T4 

polynucleotide kinase prior to annealing with the template DNA. 
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(templates T9 or T19 to 25, Figure 3.1), 10µM CDVpp or (S)-HPMPApp, buffer, and 25 

ng of vaccinia virus DNA polymerase. In controls, dCTP and dATP were substituted for 

CDVpp and (S)-HPMPApp, respectively. Reactions were incubated for 1 min at 37°C for 

CDVpp and dCTP reactions and at 25°C for (S)-HPMPApp and dATP reactions and 

stopped by adding 5 µl of gel loading buffer. 

 

3.2.7 Preparation of CDV- and (S)-HPMPA-containing templates.  CDV-containing 

templates were prepared using a two-step procedure. First, ~25 pmol of primer P9 was 

annealed to a threefold excess of the deoxyuridine-containing template T13 (Figure 3.1), 

followed by incubation at 37°C for 5 min in a reaction containing 25 µM (each) CDVpp 

(or dCTP), dATP, and dGTP and 2.5 ng vaccinia virus DNA polymerase/µl in 

polymerase buffer. The reactions were stopped by adding EDTA (to 45 µM), and the 

DNA was purified by using chloroform extraction and G-25 MicroSpin columns (GE 

Healthcare). The DNA was incubated at 37°C for 15 min with 1 U of UDG and then 

heated at 95°C for 10 min to cleave apyrimidinic sites. The reactions were extracted with 

phenol and chloroform, and the DNA precipitated with ethanol. An aliquot of this DNA 

was also labeled using TdT and [α-32P]3′-deoxyATP to assess the extent of primer 

extension. 

(S)-HPMPA-containing templates were prepared in a similar way except that (S)-

HPMPA was incorporated using a different primer-template pair plus one additional 

enzymatic step. About 30 pmol of primer P11 was mixed with a threefold excess of 

template T17 (Figure 3.1), and the primer then extended by two residues at 37°C for 1 h 

in a reaction containing 10 µM each (S)-HPMPApp and dGTP, 0.01 M dithiothreitol, 

first-strand buffer, and 8 U of MMLV reverse transcriptase/µl. The DNA was purified 

using chloroform extraction and G-25 MicroSpin columns and precipitated with ethanol. 

This (S)-HPMPA-containing primer was then converted to a full-length extension product 

using vaccinia polymerase and all four dNTPs, purified, treated with UDG, purified 

again, and characterized as described above. A template containing dAMP (instead of 

(S)-HPMPA) was prepared the same way, except that the reverse transcriptase step was 

omitted. 
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3.2.8 DNA polymerase assays using CDV- or (S)-HPMPA-containing templates.  

Enzyme substrates were prepared by annealing 5′-end-labeled primers to drug-containing 

templates in a ~3:1 (template/primer) molar ratio. These DNAs were added to reactions 

containing the indicated dNTPs (50 µM each), polymerase buffer, and 2.5 ng vaccinia 

DNA polymerase/µl and incubated at 37°C. The reactions were stopped by adding EDTA 

and the biotinylated strands (and hybridized DNAs) recovered by using M-280 

streptavidin Dynabeads as directed by the manufacturer (Invitrogen). The products were 

then size fractioned and detected by phosphorimaging. Size standards were generated by 

using dideoxy-sequencing reactions and Klenow DNA polymerase plus the same 5′ end-

labeled primers used in the vaccinia DNA polymerase assays annealed to templates T14 

and T18 (Figure 3.1) (Sambrook and Russell, 2001). 

 

3.2.9 Cell uptake and HPLC analysis of (S)-HPMPA and CDV metabolites.  (S)-[8-
14C]HPMPA and HDP-(S)-[8-14C]HPMPA (3 M) were added to 24-well plates 

containing MRC-5 fibroblasts, and after 24 h at 37°C the media was removed, the cell 

monolayer was washed twice with cold phosphate-buffered saline, and cell uptake of 

drug was assessed by liquid scintillation counting in quadruplicate as previously 

described (Aldern et al., 2003). For measurement of (S)-HPMPA and HDP-(S)-HPMPA 

conversion to their mono- and diphosphates, radioactive drugs were added to 25-cm2 

flasks of near-confluent MRC-5 cells (10 µM), followed by incubation for 24 h. The 

medium was removed, and the monolayer washed twice with cold phosphate-buffered 

saline, followed by the addition of 0.6 ml of distilled water. The flasks were twice frozen 

and thawed and sonicated for 5 min in a cold sonicator bath, and the flask contents 

scraped into a glass tube. Cold trichloroacetic acid was added to a final concentration of 

8% and the contents vortex mixed and centrifuged for 10 min at 4°C.  The supernatant 

was removed, an aliquot was subjected to liquid scintillation counting, and another 

aliquot (10,000 dpm) was subjected to high-pressure liquid chromatography analysis as 

previously described (Aldern et al., 2003). The method used a Partisil 10 SAX column 

(4.6 x 15 cm), with SAX guard column, equilibrated with 20 mM potassium phosphate 

buffer (pH 5.8) and operating at a flow rate of 1 ml/min. The sample was applied to the 
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column and, after 9 min of isocratic operation, eluted with a 20 to 700 mM potassium 

phosphate buffer gradient, over 20 min, followed by a 5-min terminal hold. Each 1-ml 

fraction was collected and analyzed by liquid scintillation counting using FloScint IV 

fluid. The retention times of [2-14C]CDVpp (25 to 27 min) (Aldern et al., 2003) and (S)-

[8-14C]HPMPApp (32 to 33 min) were identical to that of pure reference standards. The 

data shown are the average of two separate determinations. 

 

3.3 RESULTS 

3.3.1 Effect of (S)-HPMPA on vaccinia DNA replication.  (S)-HPMPA inhibits viral 

DNA replication in vitro, but at lower concentrations than seen using CDV. A plaque 

reduction assay was first performed to determine the EC50 values for each drug against 

vaccinia virus strain WR in BSC40 cells (Figure 3.2). These values were determined to 

be 18 µM for (S)-HPMPA and 46 µM for CDV, confirming the greater efficacy of (S)-

HPMPA against vaccinia virus (De Clercq et al., 1987; Keith et al., 2003; Lebeau et al., 

2006; Snoeck et al., 2002) and similar to values determined previously using vaccinia 

virus strain Copenhagen in MRC-5 cells (Table 3.1). To determine the effect of (S)-

HPMPA and CDV on virus DNA synthesis we then tested two concentrations of each 

drug corresponding to the EC50 and twice the EC50. BSC40 cells were pretreated (or mock 

treated) with drug for 24 h prior to infection and then infected with virus while 

maintaining the drug selection pressure. The cells were harvested, and the amount of viral 

DNA accumulated was determined at different time points by slot blot hybridization 

using a 32P-labeled vaccinia gene probe. Figure 3.3 shows the results of this experiment. 

No viral DNA was detected in any of the mock-infected samples or in any of the infected 

cell samples at 2 h postinfection (Figure 3.3, top panel). In drug-free media, viral DNA 

began to be detected at 4 h postinfection, followed by a large accumulation at 6 h 

postinfection. As predicted, CDV and (S)-HPMPA caused a substantial reduction in DNA 

synthesis relative to what was detected in cells infected with virus in the absence of drug.  

Moreover, DNA replication was inhibited to a similar extent when cells were treated with 

concentrations of drug corresponding to the respective EC50s or to twice their respective 

EC50s (Figure 3.3, bottom panel). Thus, both drugs cause comparable effects 
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Figure 3.2  Plaque reduction assay. BSC40 cells were infected with vaccinia WR in the presence of 

increasing concentrations of CDV (-■-) or (S)-HPMPA (-□-), or in the absence of drug. Each sample 

was assayed in triplicate. After culturing for 48 h, the cells were stained with crystal violet and the 

number of plaques counted. The plating efficiency at each drug concentration was determined relative 

to the plating efficiency in the absence of drug (100%). The 50% effective concentrations (EC50) were 

calculated from a sigmoidal dose-response curve fit using Prism 4.0b software. 
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Table 3.1  Metabolic properties of CDV, (S)-HPMPA and their hexadecyloxypropyl esters and 

antiviral activity against vaccinia virus strain Copenhagen in vitro1,2 

 

 

 
Cell uptake Anabolic phosphorylation Antiviral activity 

Drug 

Drug 

concn 

M) 

Mean 

uptake 

(pmol/well) 

± SD 

Source 

or ref. 

 

Drug 

concn 

(M) 

N Np Npp 

Source 

or ref. 

 

 

Mean EC50, 

(M) ± SD 

Source 

or ref. 

 

CDV 3.0 
3.60 ± 0.29 

(3) 

Aldern 

et al., 

2003 

10 274 1.0 1.3 

Aldern 

et al., 

2003 

46 ± 12 (2) 
Kern et 

al., 2002 

HDP-CDV 3.0 
187 ± 12.0 

(2) 

Aldern 

et al., 

2003 

10 697 63 132 

Aldern 

et al., 

2003 

0.80 ± 0.40 

(2) 

Kern et 

al., 2002 

(S)-HPMPA 3.0 
2.77 ± 0.20 

(4) 

This 

study 
10 29 6.0 21 

This 

study 

2.70 ± 2.40 

(2) 

Beadle et 

al., 2006 

HDP-(S)-

HPMPA 
3.0 155 ± 16 (4) 

This 

study 
10 93 68 451 

This 

study 

0.01 ± 0.004 

(2) 

Beadle et 

al., 2006 

 

1 Drug uptake was measured in MRC-5 fibroblasts in 24-well plates 24 h after each compound was added to 

the culture media. Anabolic phosphorylation was assessed in MRC-5 cells grown in T-75 flasks, 24 h after 

the addition of 14C-labeled versions of each compound. Abbreviations: N, nucleotide; Np, nucleotide 

monophosphate; Npp, nucleotide diphosphate. 
2 Values in parentheses are the numbers of independent replicates. 
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Figure 3.3  Effect of CDV and (S)-HPMPA on vaccinia virus DNA synthesis in vitro.  BSC40 cells 

were cultured for 24 h, with or without the indicated concentrations of drugs, and then infected with 

vaccinia WR at a multiplicity of infection of 10. Fresh culture media was added, also containing CDV 

or (S)-HPMPA where indicated, and then all of the nucleic acids recovered at times 2, 4, or 6 h 

postinfection. A slot blotting protocol followed by phosphorimager analysis (top panel), was used to 

quantify the amount of accumulated viral DNA [in arbitrary units] using a 32P-labeled vaccinia DNA 

polymerase gene as a probe (bottom panel). The concentrations of each drug used correspond to the 

EC50 (18 and 45 µM) and twice the EC50 (36 and 90 µM) for (S)-HPMPA and CDV, respectively. 
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on viral replication, but less (S)-HPMPA is required than CDV in the culture media. 

 

3.3.2 Cellular uptake and metabolism of (S)-HPMPA and CDV and their 

hexadecyloxypropyl esters. To further evaluate the reasons for the much greater 

inhibitory effect of (S)-HPMPA and HDP-(S)-HPMPA, versus CDV and HDP-CDV, we 

measured the uptake and conversion of these compounds to their diphosphates (the 

triphosphate equivalent and the active metabolite) as shown in Table 3.1. The cell uptake 

of CDV and (S)-HPMPA was comparable (4.0 versus 2.8 pmol/well), but the conversion 

of (S)-HPMPA to the diphosphate in 24 h was 16-fold greater than that of CDV (21 

versus 1.3 pmol/plate). Esterification with hexadecyloxypropyl increased the cell uptake 

of both CDV and (S)-HPMPA by 47- and 55-fold, respectively. However, the amount of 

(S)-HPMPApp formed was still greater than CDVpp, (451 versus 132 pmol/flask) 

(Aldern et al., 2003). Thus, the intracellular level of CDVpp and (S)-HPMPApp correlate 

roughly with antiviral efficacy of the compounds shown in Table 3.1.  

  

3.3.3 (S)-HPMPApp is a weak chain terminator.  These observations suggested that 

the greater bioactivity of (S)-HPMPA, relative to CDV, is at least partially explained by 

differences in the uptake and conversion of the two drugs to their diphosphoryl 

derivatives. Nevertheless, we decided to test the effect of (S)-HPMPApp on vaccinia 

DNA polymerase, to confirm that (S)-HPMPApp and CDVpp have comparable effects on 

this enzyme. Curiously they do not. 

 We first examined what happens when (S)-HPMPApp is added to a primer 

extension assay in a reaction containing an 18-nucleotide 32P-labeled primer annealed to a 

36-nucleotide template (primer P1 and template T11, Figure 3.1). The reactions also 

contained all four dNTPs at concentrations approximating those observed in vivo (5 µM 

dATP, 10µM dCTP, 10 µM dGTP and 10 µM dTTP) and were incubated at 37°C. When 

10 µM (S)-HPMPApp was added to the reactions, it caused a very weak stop at the N + 1 

position, where N is the expected site of incorporation of (S)-HPMPA opposite a dTMP 

residue in the template (compare Figure 3.4A and 3.4B). We also noted that adding (S)-

HPMPApp caused a slight reduction in the production of molecules terminated at the N, 
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Figure 3.4  (S)-HPMPApp is a weak inhibitor of primer extension assays. The reactions contained 32P-

labeled primer P1 annealed to template T11, four dNTPs (5 µM dATP, 10µM dCTP, 10 µM dGTP and 

10 µM dTTP), 2.5 ng of vaccinia DNA polymerase/µl, and 0 µM (A) or 10 µM (B) (S)-HPMPApp. The 

mixture was incubated at 37°C, and samples removed at the indicated time points and mixed with a 

formamide-containing stop/loading buffer. The reaction products were then separated on 10% denaturing 

polyacrylamide gels and the radioactivity detected by using a phosphorimager. Lanes numbered 1 show 

the position of the labeled primer. Size markers were prepared by using dideoxy sequencing reactions 

and Klenow DNA polymerase (lanes 8 to 11). The band corresponding to the (S)-HPMPA + 1 extension 

product was seen (arrowed, panel B) but comprised ~1.4% of the total label in each of lanes 3 to 7. The 

same band comprised ~0.3% of the extension products in panel A. 
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N + 2, and N + 3 positions compared with the ladder of incomplete extension products 

seen in the control reaction. Since adding (S)-HPMPApp to the primer extension reaction 

produced only a weak stop, whereas adding CDVpp to a similar reaction mixture resulted 

in a strong stop one nucleotide after a template dG (Chapter 2; Magee et al., 2005), we 

investigated whether the yield of premature termination products was affected by the (S)-

HPMPApp concentration. No substantial differences in the intensity of the N + 1 (or 

other) termination products were detected using (S)-HPMPApp concentrations varying 

from 0.1 µM to 100 µM (Figure 3.5). 

  

3.3.4 Vaccinia DNA polymerase can use (S)-HPMPApp as a substrate and extend a 

primer containing (S)-HPMPA.  We next wanted to compare the substrate properties of 

(S)-HPMPApp versus dATP using the P1-T11 primer-template combination. These 

experiments were complicated by the fact that, in the absence of other dNTPs, both 

compounds were incorporated into DNA and then sometimes excised so rapidly as to 

cause the complete degradation of the labeled primer strand in less than a minute at 37°C 

(Figure 3.6). After some experimentation with reaction temperatures ranging from 0 to 

25°C (Figure 3.7), we found that the problem can be avoided by incubating the reactions 

at 25°C (Figure 3.8). This sufficiently slows the reaction to permit ready detection of 

both polymerase and exonuclease activities under steady-state conditions, and most of the 

subsequent experiments were performed at 25°C unless otherwise noted.   

 These assays were next used to determine the Km and Vmax for (S)-HPMPApp and 

for dATP. The 32P-labeled primer P1 was annealed to template T11, mixed with various 

concentrations of (S)-HPMPApp or dATP, followed by incubation at 37°C for 0, 1, 2, or 

4 min with vaccinia DNA polymerase. We also added the nucleotide found at the 3′-end 

of the P1 strand to each reaction (dGTP, 10 µM) to minimize attack on that end by the 3′-

to-5′ exonuclease and permit use of a 37°C reaction temperature. The reaction products 

were separated by using a 15% polyacrylamide gel and detected by using a 

phosphorimager. The amount of primer extended by one nucleotide in each reaction was 

determined by using ImageQuant software, and the results were analyzed using one-

phase exponential association, to determine an initial velocity, and the Michaelis-Menten 
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Figure 3.5  The effect of (S)-HPMPApp concentration on the yield of premature termination products. 

Primer P1 was labeled with 32P, annealed to template T10, and incubated at 37°C in the presence of 

four dNTPs (5 µM dATP, 10µM dCTP, 10 µM dGTP and 10 µM dTTP) and 2.5 ng of vaccinia DNA 

polymerase/µl. Reactions were further supplemented with (S)-HPMPApp concentrations ranging from 

0 to 100 µM as indicated. After incubation for 10 min, the reactions were stopped by the addition of gel 

loading buffer and the reaction products were size fractionated on a 10% denaturing polyacrylamide 

gel. A DNA sequencing ladder shown on the right was prepared for use as a size marker. The (S)-

HPMPA + 1 product is indicated by the arrow.  
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Figure 3.6  Kinetics of dATP versus (S)-HPMPApp incorporation at 37°C. Primer template pair P1-

T11 was incubated with vaccinia virus DNA polymerase and either 10 µM dATP (left panel) or 10 µM 

(S)-HPMPApp (right panel). The reaction mixtures were sampled at 0, 1, 2, 5, 10, and 15 min; the 

reactions were stopped; and then the mixtures were subjected to denaturing polyacrylamide gel 

analysis. Both compounds are rapidly incorporated into DNA and then rapidly degraded in less than 1 

min.  
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Figure 3.7  The effect of reaction temperature on the incorporation of (S)-HPMPApp. The 

incorporation of (S)-HPMPApp into DNA was examined at 0°C, 10°C, and at 25°C. Primer-template 

pair P1-T11 was incubated at the indicated temperatures with 10 µM of (S)-HPMPApp and 2.5 ng of 

vaccinia DNA polymerase /µl for reaction times ranging from 0 to 15 min. After stopping each reaction 

with gel loading buffer, the reaction products were subjected to denaturing polyacrylamide gel 

electrophoresis and phosphorimager analysis.  
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Figure 3.8  Kinetics of dATP versus (S)-HPMPApp incorporation at 25°C. Reaction mixtures were 

prepared as described in the legend to Figure 3.6 except that the incubation temperature was 25°C 

instead of 37°C. The incorporation of both compounds and their subsequent degradation are slowed 

sufficiently to allow detection of both processes. 
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equation. The Km of (S)-HPMPApp was calculated to be 3.8 ± 0.8 µM and the Vmax was 

calculated at 2.1 ± 0.1 pmol/min. The Km and Vmax of dATP were determined to be 4.6 ± 

0.5 µM and 2.0 ± 0.07 pmol/min, respectively.  These data indicate that (S)-HPMPApp is 

as good a substrate for vaccinia DNA polymerase as is dATP.  

 Having shown that (S)-HPMPApp is a good substrate for vaccinia virus DNA 

polymerase, we next examined what effect the presence of the drug near the primer 

terminus would have on chain extension. Of particular interest was the effect of (S)-

HPMPA when incorporated into the penultimate position of the primer strand (“(S)-

HPMPA + 1”), since it is the CDV + 1 structure that is less well used by vaccinia and 

herpes DNA polymerases. Figure 3.9A shows such a stepwise comparison of the 

substrate properties of dAMP versus (S)-HPMPA at 25°C. As noted above, (S)-HPMPA 

can be incorporated into DNA with kinetics resembling dATP. The next nucleotide 

(dTTP), was then added to the (S)-HPMPA-terminated primer in a manner also similar to 

that seen in the dAMP-terminated control reaction. Finally, when an equimolar mixture 

of dCTP, dGTP, and dTTP was added to each of these reactions (to 30 µM total 

concentration) the primer was rapidly extended out to the end of the template strand. We 

noted that there might be a slight lag in the production to the full-length products from a 

primer terminating in (S)-HPMPA plus dTMP compared with extension from a primer 

terminating in dAMP plus dTMP (Figure 3.9A). Nevertheless, nearly all of the (S)-

HPMPA-containing labeled primer was rapidly chased into higher-molecular-weight 

products within moments of starting the reactions. 

 

3.3.5 Vaccinia DNA polymerase can use primers containing two consecutive (S)-

HPMPA molecules.  CDV has been shown to greatly reduce the rate of primer extension 

by vaccinia virus and human cytomegalovirus (HCMV) DNA polymerases whenever the 

template contains two consecutive dG residues (Chapter 2; Magee et al., 2005; Xiong et 

al., 1997). These data have led to the suggestion that CDV might be especially prone to 

causing chain termination whenever it is incorporated into adjacent sites in the primer 

(De Clercq, 2004) and led us to test whether (S)-HPMPA might have similar effects on 

vaccinia DNA polymerase. For this experiment, a 32P-labeled primer P1 was annealed to
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Figure 3.9  (S)-HPMPA can be incorporated into DNA and extended by vaccinia DNA polymerase. 

(A) Primer P1 was labeled with 32P, annealed to template T11, and incubated for 1 min with 2.5 ng of 

vaccinia DNA polymerase/µl plus 10 µM dATP or (S)-HPMPApp at 25°C. A sample of the product 

was removed from each reaction and added to formamide stop buffer. dTTP was then added to each of 

the remaining mixtures, to a final concentration of 10 µM, and the incubation continued for another 

minute. A second sample was removed, followed by the addition of dCTP, dGTP and dTTP (all to 10 

µM final concentration), and the incubation was continued with periodic sampling. The reaction 

products were then size fractionated and detected by phosphorimaging. A slight lag may be seen in the 

extension of molecules terminated by (S)-HPMPA + dGMP, but the majority of the primer chases into 

a series of extension products in less than a minute at 25°C.  (B) Experiment similar to that in panel A 

except that template T12 directs the incorporation of two consecutive molecules of dAMP or (S)-

HPMPA. 
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template T12 (Figure 3.1) and used as an alternative substrate. The P1-T12 primer-

template was incubated with vaccinia DNA polymerase and with either 10 µM dATP or 

10 µM (S)-HPMPApp (Figure 3.9B) for one minute. A sample was taken of each 

reaction, and the next nucleotide (dGTP) was added to the remainder to a final 

concentration of 10 µM. After another minute of incubation, a sample was taken, and the 

remaining reaction mixture was adjusted to include 10 µM each for dTTP and dCTP.  

The reaction was then sampled at different time points. We observed that vaccinia DNA 

polymerase can readily incorporate two consecutive molecules of dATP into DNA, 

extend this primer further by one nucleotide, and then rapidly extend this primer in the 

presence of all four dNTPs. Replacing dATP with (S)-HPMPApp produced similar 

results. Although there is again a slight lag on the initial production of fully extended 

primer products, as seen by the decreased intensity of the full-length bands in the first 

minute, the incorporation of two consecutive (S)-HPMPA molecules into the growing 

DNA strand did not cause a dramatic reduction in the rate of DNA elongation compared 

with two molecules of CDV (Chapter 2; Magee et al., 2005). 

  

3.3.6 Effect of (S)-HPMPA on the 3′-to-5′ proofreading exonuclease activity. To 

determine what effect (S)-HPMPA has on the 3′-to-5′ exonuclease activity of vaccinia 

DNA polymerase, the 5′-to-3′ polymerase activity was first used to incorporate (S)-

HPMPA (or dAMP) into the terminus of 32P-labeled primer P1 annealed to template T11.  

We also added dTTP to some reactions to position the (S)-HPMPA/dAMP moiety at the 

penultimate location in the primer strand. Unincorporated nucleotides and (S)-HPMPApp 

were removed by gel filtration. The substrates were then incubated with fresh DNA 

polymerase, in the absence of dNTPs and at 25°C, to examine exonuclease activity in the 

absence of any polymerase activity. Figure 3.10 (left panel) shows the results obtained 

when the enzyme is presented with substrates incorporating dAMP or (S)-HPMPA at the 

3′-primer terminus. A primer terminated with dAMP was completely converted to an 

array of smaller products by vaccinia DNA polymerase in less than a minute. A primer 

terminated with (S)-HPMPA was also rapidly degraded although we noted that there was 

still a trace of the (S)-HPMPA-terminated primer band visible after 1 min of incubation
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Figure 3.10  Vaccinia DNA polymerase can excise (S)-HPMPA from the primer terminus but not if 

(S)-HPMPA is the penultimate 3′-nucleotide. Primer P1 was labeled with 32P, annealed to template 

T11, and incubated for 1 min with 2.5 ng of vaccinia DNA polymerase/µl at 25°C in the presence of 10 

µM dATP, 10 µM (S)-HPMPApp, 10 µM (each) dATP and dTTP or 10 µM (each) (S)-HPMPApp and 

dTTP. This produced molecules bearing the 3′ structures indicated in the Figure (“H” = (S)-HPMPA). 

The unincorporated nucleotides and (S)-HPMPApp were removed by gel filtration, and the purified 

substrates incubated with fresh enzyme at 25°C. The reactions were sampled at the times indicated, 

mixed with formamide stop buffer, and size fractionated on 10% polyacrylamide gels, and the 

radioactivity was detected by phosphorimaging. Water was substituted for DNA polymerase in the no 

polymerase controls (indicated with “-” symbols). Primers terminated with (S)-HPMPA + dTMP are 

highly resistant to exonuclease attack (lanes 14 to 18, at right), but did not inhibit exonuclease attack on 

a trace of contaminating molecules terminated with dAMP or (S)-HPMPA (asterisk). 
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(Figure 3.10, left, lane 12). A primer terminating in dAMP plus dTMP was also rapidly 

degraded by the vaccinia DNA polymerase (Figure 3.10, right panel) with nearly 

complete conversion of this primer to smaller products seen after a minute of incubation.  

In contrast, a primer terminating in (S)-HPMPA plus dTMP was refractory to 

exonuclease activity. We estimate that the half-life of this product at 25°C is about 7 min 

(Figure 3.11), and although the exonuclease is more active if the reaction is incubated at 

37°C (Figure 3.12), the half-life is still at least ~4 min (Figure 3.11). It should also be 

noted that these (S)-HPMPA-containing molecules are not irreversible inhibitors of the 

exonuclease activity. During the preparation of these substrates a small amount of a 

contaminating product is left behind that is one nucleotide smaller than the original 

primer P1 (Figure 3.10, asterisk). This DNA should bear either a 3′-terminal dAMP or 

(S)-HPMPA residue, and even in the presence of the molecules terminated with (S)-

HPMPA + dTMP, it is completely degraded within a minute of adding the enzyme. 

 

3.3.7 CDV and (S)-HPMPA are faithfully incorporated into DNA by vaccinia DNA 

polymerase.  One mechanism that might account for the greater activity of (S)-HPMPA 

relative to CDV could be that (S)-HPMPA is a substrate that is especially prone to 

misincorporation by vaccinia polymerase. This would cause mutations and deleterious 

effects on replication. To examine whether (S)-HPMPA is misincorporated into DNA by 

this enzyme, a simple primer extension analysis was performed. For these reactions, 32P-

labeled primer P1 was annealed to different templates containing each of the four 

nucleotides located immediately after the primer terminus (Figure 3.1). These primer-

template pairs were incubated with vaccinia DNA polymerase and 10 µM CDVpp (or 

dCTP) or 10 µM (S)-HPMPApp (or dATP) for 1 min. The results are presented in Figure 

3.13, where it can be seen that CDV and dCMP are incorporated opposite only dG and 

(S)-HPMPA and dAMP are incorporated opposite only dT. Thus, under the conditions of 

this experiment (which we estimate could detect 1 to 2% misincorporation), both CDV 

and (S)-HPMPA are faithfully incorporated into DNA by vaccinia polymerase. 
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Figure 3.11  Degradation of the (S)-HPMPA + 1 product by the vaccinia DNA polymerase 3′-to-5′ 

proofreading exonuclease. The amount of the (S)-HPMPA + 1 product present at various times after 

incubation with vaccinia DNA polymerase at 25°C (-■-) or 37°C (-□-) was determined by 

phosphorimager analysis using ImageQuant software. The half-life of this product at each temperature 

was determined from a nonlinear fit of the data using Prism 4.0b software. These values were 

determined to be approximately 7 min and 4 min, respectively.  
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Figure 3.12  Excision of molecules terminating with dATP + 1 or (S)-HPMPA + 1 by vaccinia DNA 

polymerase at 37°C.  Duplex P1-T11 was extended 2 nucleotides using either dATP and dTTP (left) or 

(S)-HPMPApp and dTTP (right) at 37°C and then purified free of reaction materials by gel filtration. 

The purified product (lanes marked “Substrate”) was then incubated with vaccinia virus DNA 

polymerase at 37°C, in the absence of dNTPs, with sampling at 0, 1, 5, 10, 20, 40 and 80 min. Lanes 

marked “No pol” show 80 min reactions in which water was substituted for polymerase.  
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Figure 3.13  CDV and (S)-HPMPA are faithfully incorporated into DNA by vaccinia DNA polymerase. 

The reaction mixtures contained 32P end-labeled primer P1 annealed to different template strands and 

were incubated with the indicated nucleotides (each at 10 µM) and 2.5 ng of vaccinia DNA 

polymerase/µl at 37°C (dCTP and CDVpp) or 25°C (dATP and (S)-HPMPApp). The nucleotide 

encoded by the template strand at the position immediately after the primer terminus is indicated on the 

figure. Each reaction was stopped after 1 min, and the products separated by gel electrophoresis and 

detected using a phosphorimager. 
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3.3.8 Preparation of oligonucleotide templates containing CDV or (S)-HPMPA.  

When one considers the data outlined above, one factor that differentiates (S)-HPMPA 

from CDV is that (S)-HPMPA could be more readily incorporated into DNA than CDV. 

This raises the interesting question of what effects the two drugs have on DNA synthesis 

when located in the template strand. Since there is currently no chemical method to 

synthesize these drug-containing DNAs, we used the enzymatic approach illustrated in 

Figure 3.14 to produce these templates.  

 In order to synthesize a CDV-containing template, the 5′ biotinylated primer, P9, 

was annealed to template T13 (Figure 3.1) and extended using vaccinia DNA polymerase 

and CDVpp (or dCTP for control purposes) plus dATP and dGTP. The T13 template 

strand contains seven uracil residues that permitted its degradation using uracil-DNA 

glycosylase and heat. The UDG-resistant, CDV-containing (or dCMP-containing) DNAs 

were then purified for use as template strands. Aliquots of the UDG-resistant template 

DNA was also end labeled with 32P using TdT and cordycepin triphosphate in order to 

assess the extent of P9 extension. 

   The preparation of an (S)-HPMPA-containing template followed a similar 

procedure, using 5′ biotinylated primer P11 annealed to template T17. However, this 

approach was complicated by the fact that the uracil in the template can promote the 

incorporation of many (S)-HPMPA molecules, and attempts to add the drug in a stepwise 

manner, using vaccinia polymerase, were frustrated by exonuclease attack on the P11 

primer. Therefore, we used MMLV reverse transcriptase to incorporate (S)-HPMPA plus 

the next nucleotide (dGMP) into the terminus of primer P11, purified the product, and 

generated a full-length copy using vaccinia polymerase and four dNTPs. The product was 

then processed as described above. We tried using the same method to prepare a dAMP-

containing control template, but the extensive misincorporation of dAMP and/or dGMP 

by MMLV reverse transcriptase prevented us from doing so (Figure 3.15, lanes 4 and 9).  

This problem can be avoided by limiting the time of incubation of the reverse 

transcriptase with (S)-HPMPApp and dGTP (Figure 3.15, lane 10), but we found no good 

method to avoid it using dATP plus dGTP. As a result, this template was prepared like 

the CDV- and dCMP-containing templates, namely by incubating the primer-template 
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Figure 3.14  Scheme used to incorporate CDV and (S)-HPMPA into a template strand.  The figure 

shows the method used to incorporate (S)-HPMPA into DNA. MMLV reverse transcriptase was used 

to add (S)-HPMPA (“H”) and dGMP to a DNA comprising primer P11 annealed to template T17 

(Figure 3.1). The products were purified and further extended using vaccinia DNA polymerase and 

four dNTPs. The T17 strand was then degraded with uracil glycosylase, and the (S)-HPMPA-

containing strand was purified and annealed to 32P-labeled primers P17, P18, or P19 (Figure 3.1). 

Molecules containing CDV, and control DNAs, were prepared the same way, except we omitted the 

MMLV reverse transcriptase step. We also used different primers and templates to direct the 

incorporation of CDV and dCMP (Figure 3.1). 



114 
 
 

Figure 3.15  (S)-HPMPA inhibits labeling with TdT. (A) Primer P11 was annealed to strand T17 and 

incubated at 37°C with vaccinia DNA polymerase (1 min) or MMLV reverse transcriptase (1 h), in the 

presence of 10 µM dGTP and either 10 µM dATP or 10 µM (S)-HPMPApp. The T17 strand was 

degraded using UDG and heat, and the biotinylated P11 strand was recovered by using magnetic beads. 

The DNAs were labeled using terminal transferase and [32P]3′-deoxyATP, subjected to 

electrophoresis, and the radioactivity detected by using a phosphorimager. Primer P11 was purified and 

labeled the same way but not incubated with either polymerase (lane 1). (B) Primer P20 was 5′ end 

labeled and annealed to template T17 and then incubated with vaccinia polymerase or MMLV reverse 

transcriptase as described above. The reaction products were size fractionated by electrophoresis and 

detected using phosphorimaging. Both polymerases can incorporate (S)-HPMPA (and dGMP) into 

DNA, as judged using pre-labeled primers (lanes 8 and 10), but these N + 1 products are not 

postlabeled with terminal transferase (lanes 3 and 5). The TdT is still active, as shown by the capacity 

to label any of the molecules encoding dAMP (lanes 2 and 4). VAC, vaccinia DNA polymerase; RT, 

reverse transcriptase. 
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pair P11-T17 with vaccinia polymerase plus all four dNTPs, followed by UDG and heat 

treatment and ethanol precipitation. 

 During the preparation of these substrates, aliquots were taken of the reaction 

intermediates and labeled with 32P using terminal transferase to assess the extent of 

elongation of primer P11. We observed little or no labeling of the biotinylated-P11 

products if they were expected to contain (S)-HPMPA (Figure 3.15 lanes 3 and 5). We 

hypothesized that these might be poor substrates for TdT and confirmed this by 

performing control reactions using the nonbiotinylated primer P20 instead of P11 (Figure 

3.1). This permitted 5′ end labeling of the primer using T4 polynucleotide kinase and 

showed that the “absence” of an extension product (Figure 3.15, lanes 3 and 5) was an 

artifact of the TdT not being able to extend (S)-HPMPA-containing primers. 

 

3.3.9 CDV or (S)-HPMPA are faithfully copied by vaccinia DNA polymerase.  To 

test the coding properties of these drug lesions, the newly prepared templates were 

annealed to 5′-32P end-labeled primers and incubated with vaccinia DNA polymerase plus 

one each of the four dNTPs at 50 µM concentration. After a 1-min incubation, the 

products that had annealed to the template were retrieved using Dynabeads, size 

fractionated, and visualized by phosphorimaging. As shown in Figure 3.16, only dGMP is 

incorporated opposite dCMP and CDV (top panel) and only dTMP is incorporated 

opposite dAMP and (S)-HPMPA (bottom panel). These results show that CDV and (S)-

HPMPA are both faithfully incorporated into DNA and then copied by vaccinia DNA 

polymerase. 

 

3.3.10 The presence of CDV or (S)-HPMPA in the template strand blocks primer 

extension.  We next examined what effect these drug lesions had on primer extension. 

We synthesized three kinds of primers for the present study, designed so that the 3′ 

terminus was located one nucleotide preceding, next to, or one nucleotide past the site of 

incorporation of the drug residue (Figure 3.1, primers P10 to P14 and P17 to P19). These 

strands were 32P end labeled, annealed to the prepared templates, and incubated at 37°C 

with vaccinia DNA polymerase and all four dNTPs at 50 µM each. The results of this 
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Figure 3.16  CDV and (S)-HPMPA are faithfully copied by vaccinia DNA polymerase.  The four 

template strands were prepared containing dCMP/CDV (top panel) or dAMP/(S)-HPMPA (bottom 

panel) and annealed to 32P-labeled primers P10 or P17 as indicated. These primer-template pairs were 

incubated with 2.5 ng of vaccinia DNA polymerase/µl at 37°C for 1 min in the presence of each of the 

indicated single dNTPs (50 µM), and the products were recovered using magnetic beads. The reaction 

products were then separated on a 10% polyacrylamide gel and the radioactivity was visualized by 

phosphorimaging. CDV and (S)-HPMPA direct the incorporation of dGMP and dTMP, respectively. 

Each of the enzymatically prepared template strands was also separately labeled with terminal 

transferase to measure the length of the original extension products (template). Sequencing ladders 

were prepared using primer P10 annealed to template T14 (top panel) or primer P17 annealed to 

template T18 (bottom panel).  
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study are shown in Figure 3.17. In all of these experiments, the primers annealed to 

control (i.e. drug-free) strands were all rapidly extended the full length of the 

enzymatically-copied strand, regardless of where we positioned the 3′ end relative to the 

dAMP or dCMP template nucleotide. This demonstrated the integrity of templates 

produced in this manner. In contrast, the presence of CDV or (S)-HPMPA strongly 

inhibited primer extension.   

 With CDV-containing templates (Figure 3.17, top panel), primer P10 was first 

extended by just one nucleotide and then attacked and degraded by the 3′-to-5′ 

exonuclease. At no point did we ever see the complete conversion of the primer to the 

primer plus one nucleotide (N + 1); instead a mix of molecules corresponding to N - 1, N, 

and N + 1 products was formed and then degraded (Figure 3.17, top left image). No net 

DNA synthesis was seen with primers P13 and P14; instead these DNAs were 

progressively degraded to a series of shorter molecules with the most prominent products 

being the N - 1 and N - 2 bands (for P13) and N - 2 and N - 3 bands (for P14) (Figure 

3.17, top middle and top right images). A similar effect was seen using templates 

containing (S)-HPMPA. Primer P17 was converted to a mix of N and N + 1 products, 

P18 to a mix of N and N - 1 products, and P19 to a mix of N - 1 and N - 2 products 

(Figure 3.17, bottom images). However, although both drugs had similar inhibitory 

effects on DNA extension, a dramatic difference was seen in the stability of the DNAs 

formed in these reactions. All of the substrates and products detected in reactions using 

the CDV-containing template were completely degraded in less than 15 min, whereas 

those products that result from using the (S)-HPMPA-containing templates were stable 

throughout the entire reaction. This exonucleolytic attack on these strands occurs despite 

using high (200 µM) concentrations of dNTPs and suggests that the two different drugs, 

and resulting DNA structures, may have dramatically different effects on the rate of 

nucleotide turnover by vaccinia DNA polymerase. 

 

3.4 DISCUSSION 

The nucleoside phosphonate family of drugs exhibits a varying degree of activity 

against orthopoxviruses with the purine analog, (S)-HPMPA, being more active than the 
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Figure 3.17  Effects of templates bearing nucleoside phosphonate drugs on trans-lesion DNA 

synthesis. Templates were prepared bearing dCMP/CDV (top panels) or dAMP/(S)-HPMPA (bottom 

panels) and annealed to the six indicated 32P-labeled primer strands.  These primers terminate at 

positions N + 1 (P10 and P17), N (P13 and P18), and N - 1 (P14 and P19), where N is site of drug 

incorporation [“X” = CDV, “H” = (S)-HPMPA]. Each of these primer-template pairs was incubated 

with 2.5 ng of vaccinia DNA polymerase/µl at 37°C for 0, 1, 2, 5, 10 or 15 min (triangles) in the 

presence of all four dNTPs (50 µM each), and the products recovered by using magnetic beads. The 

reaction products were then separated on a 10% polyacrylamide gel and the radioactivity visualized by 

phosphorimaging. All of the six primers were rapidly extended across control molecules bearing dCMP 

or dAMP residues. In contrast P10 and P17 were extended only one nucleotide (left-hand column), and 

the drugs blocked net DNA synthesis from the other four primers. Each of the enzymatically prepared 

template strands were also separately labeled with terminal transferase and [32P]3′-deoxyATP to 

measure the length of the original extension products (“T”). The electrophoretic properties of 

unmodified primer strands are illustrated in lanes marked “P”. 
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pyrimidine analog, CDV, as judged by a 2.5- to 17-fold difference in EC50 in vivo (Figure 

3.2 and Table 3.1). Metabolic studies provide some insight into the reasons for this 

difference since cells exposed to these drugs also appear to more rapidly convert (S)-

HPMPA into (S)-HPMPApp and provide intracellular concentrations of (S)-HPMPApp 

that are 16-fold higher than that of CDVpp with the unmodified nucleotides and 3.4 fold 

higher with HDP-(S)-HPMPA versus HDP-CDV (Table 3.1). A variety of data also 

clearly implicates the replication machinery, and DNA polymerase in particular, as being 

the primary target of both drugs. In particular one selects for spontaneous mutations in 

the E9L (DNA polymerase) gene by continued passage of vaccinia virus in the presence 

of CDV, and such CDV-resistant mutations create cross-resistance to most other 

nucleoside phosphonate drugs including (S)-HPMPA (Andrei et al., 2006). When one 

exposes vaccinia virus-infected cells to biologically equivalent concentrations of both 

drugs (i.e., concentrations equal to the EC50), one sees nearly equal levels of inhibition of 

virus DNA replication, as judged by the amount of virus DNA synthesized (Figure 3.3). 

However, it is not clear what might be “wrong” with the substrate properties of (S)-

HPMPApp as judged by the primer extension assays used in this study. 

We have previously shown that the diphosphoryl derivative of CDV, CDVpp, can 

be used and incorporated into DNA by vaccinia DNA polymerase (Chapter 2; Magee et 

al., 2005). CDVpp is a poor substrate for the vaccinia enzyme relative to the natural 

substrate, dCTP [Km, CDVpp = 23 ± 6 µM, Km, dCTP = 3.8 ± 0.7 µM (Chapter 2; Magee et al., 

2005)]. Its incorporation results in only a slight decrease in the rate of chain extension 

after adding one CDV molecule, but causes premature chain termination, as evidenced by 

the appearance of “pause sites”, after the addition of the next nucleotide (Chapter 2; 

Magee et al., 2005). DNA synthesis is also profoundly inhibited when two consecutive 

molecules of CDV are incorporated into the 3′ end of the primer strand. These effects of 

CDVpp on vaccinia DNA polymerase are similar to the effects on HCMV DNA 

polymerase (Xiong et al., 1997). Given that (S)-HPMPA is more biologically active than 

CDV but shares a similar chemical structure within the nucleoside phosphonate moiety, 

we hypothesized (S)-HPMPApp would interact with vaccinia DNA polymerase in a 

manner similar to CDVpp, but that the effects of the drug would simply be more 
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exaggerated and perhaps detectable at lower concentrations. This is not what is observed. 

The first experiment we performed was a simple primer extension assay 

containing all four dNTPs. When (S)-HPMPApp was added to this reaction, a weak stop 

at a position corresponding to 2 nucleotides longer than the original primer strand was 

detected (Figure 3.4B). This is in contrast to that seen with CDVpp, where the addition of 

this compound at an equal concentration (10 µM) resulted in the formation of a strong 

stop at this N + 1 position (Chapter 2; Magee et al., 2005). We next examined the 

kinetics of incorporation of (S)-HPMPApp relative to dATP. These studies showed that 

(S)-HPMPApp is as good if not a better substrate for the polymerase than is dATP (Km, (S)-

HPMPApp = 3.8 ± 0.8 µM versus Km, dATP = 4.6 ± 0.5 µM, with comparable Vmax), and it is 

also very rapidly excised with kinetics comparable to dAMP from the 3′ end of the 

primer strand (Figure 3.10). Our experiments also showed that when (S)-HPMPA is 

incorporated into DNA, it can then serve as a primer for further extension with kinetics 

similar to that seen in a control reaction, where dATP replaced (S)-HPMPApp (Figure 

3.9A). Finally, whereas molecules encoding CDV + 1 nucleotide are poor primers, and 

molecules bearing two consecutive molecules of CDV are nearly inert in elongation 

reactions (Chapter 2; Magee et al., 2005), the analogous (S)-HPMPA containing 

structures have not nearly as marked effects on the elongation rate (Figure 3.9). The only 

striking difference between molecules bearing (S)-HPMPA and dAMP, as the 

penultimate 3′-nucleotide, is that the presence of (S)-HPMPA clearly inhibits the activity 

of the 3′-to-5′ exonuclease (Figure 3.10). This is a property common to both (S)-HPMPA 

and CDV. Thus these primer extension assays have identified no particular effect of (S)-

HPMPApp on vaccinia polymerase that can directly account for the enhanced activity in 

vivo. 

These observations suggested that (S)-HPMPA exerts its effects on vaccinia 

replication in a more indirect manner than CDV, and in a way that is exacerbated by the 

relatively higher intracellular concentrations of (S)-HPMPApp versus CDVpp. A lower 

Km for (S)-HPMPApp (versus CDVpp), combined with greater amounts of (S)-

HPMPApp relative to dATP (compared to the CDVpp to dCTP ratio) and little effect of 

(S)-HPMPA on chain extension, would lead to relatively more incorporation of (S)-
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HPMPA than CDV into viral DNA. One possible consequence might then be that more 

(S)-HPMPA can be misincorporated into DNA than CDV. However, we examined 

incorporation of CDV and (S)-HPMPA opposite all four dNMPs and found that both 

drugs are faithfully incorporated opposite dGMP and dTMP, respectively (Figure 3.13). 

 This led us to investigate what effects CDV and (S)-HPMPA have on DNA 

synthesis when located in the template strand. Most nucleoside and nucleotide analogues 

act as obligate chain terminators, whereas CDV, which still bears a 3′ hydroxyl, is 

generally classified as a non-obligate chain terminator. Since (S)-HPMPA can be 

incorporated into DNA without causing much chain termination (Figure 3.9), some of the 

antiviral effects of this drug could be explained by what happens at the next round of 

replication. Since there are currently no chemical methods for the synthesis of CDV- and 

(S)-HPMPA-containing DNAs, we developed an enzymatic approach using vaccinia 

DNA polymerase, or vaccinia DNA polymerase in combination with MMLV reverse 

transcriptase (Figure 3.14). A number of quality controls were conducted during the 

preparation of these substrates and one of the more interesting effects that we noted was 

that (S)-HPMPA-containing DNAs are also poorly labeled by TdT (Figure 3.15). This 

suggests that DNAs bearing a nucleoside phosphonate drug at the penultimate 3′ position 

likely exhibit some structural feature that is broadly inhibitory to many different 

nucleotidyl transferases. Since TdT plays a key role in the development of immune 

diversity (Thai and Kearney, 2005), this observation also raises some questions regarding 

what effect prolonged exposure to these drugs might have on immune responses to viral 

infection. 

 These new substrates were used to show that templates containing CDV and (S)-

HPMPA cause a severe block in DNA extension. Although the polymerase can faithfully 

incorporate a nucleotide opposite either drug residue (Figure 3.16), further elongation is 

inhibited (Figure 3.17). Vaccinia DNA polymerase also rapidly degraded primers 

extending one nucleotide past the drug lesion in the presence of dNTPs, suggesting that 

such structures tend to be recognized as being mismatched by the 3′-to-5′ proofreading 

exonuclease. A similar experiment using HCMV DNA polymerase and a template DNA 

containing a single CDV residue showed that this drug greatly reduced the rate of 
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elongation and caused pausing at positions N – 1, N and N + 1 (Xiong et al., 1997). 

Interestingly, CDV in the template did not cause an absolute block in DNA synthesis 

using the betaherpesvirus enzyme, as full-length extension products were still produced, 

although to a lesser extent than that seen using a control template containing dCMP 

(Xiong et al., 1997). There have also been a few reports of similar effects caused by other 

polymerase inhibitors and using other enzymes. For example Mikita and Beardsley 

(Mikita and Beardsley, 1988) showed that arabinosylcytosine template residues partially 

blocked DNA elongation by Klenow, T4, and human 2 DNA polymerases, although it 

did not efficiently inhibit avian myeoloblastosis virus reverse transcriptase. Satake et al. 

(1991; 1992) also noted that 5-trifluoromethyl-2′-deoxyuridine caused a strong arrest one 

nucleotide before or after the lesion site using Klenow polymerase and human DNA 

polymerase , respectively. Collectively these results show that if nucleotide analogues 

are incorporated into the template strand, they can severely inhibit polymerase activity, 

much like some forms of DNA damage (Baynton and Fuchs, 2000). This mechanism of 

action is not relevant for common DNA polymerase inhibitors, since most are obligate or 

de facto chain terminators. However, (S)-HPMPApp is a good substrate and a not very 

effective chain terminator (Figure 3.9) and thus might well act more by inhibiting 

secondary rounds of DNA synthesis. Since both CDV and (S)-HPMPA block DNA 

synthesis to a similar extent, once incorporated into the template strand, the relatively 

greater efficacy of (S)-HPMPA is probably explained by a combination of factors related 

to higher intracellular levels of (S)-HPMPApp plus a greater likelihood that (S)-HPMPA 

would be incorporated into an irrepairable DNA lesion. 

Viewed from this perspective, these new insights into this mode of drug action 

can shed new light on the genetics of drug-resistant poxviruses. We have shown that 

CDV-resistant vaccinia viruses exhibit cross-resistance to (S)-HPMPA, and acquire 

mutations in the E9L gene in both the DNA polymerase and 3′-to-5′ exonuclease domains 

(Andrei et al., 2006). Substitution mutations located in the exonuclease domain are 

probably the primary determinant of resistance and likely act to enhance drug excision 

from DNA (Andrei et al., 2006). However, it is less clear how the substitution mutations 

located in the polymerase domain promote drug resistance. We have suggested that they 
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might enhance the discrimination against CDVpp and (S)-HPMPApp during nucleotide 

selection (Andrei et al., 2006). Based on the results of the present study, it is also possible 

that these mutations affect how mutant polymerases copy drug-containing (or otherwise 

damaged) templates and might help explain the weak mutator phenotype exhibited by 

virus encoding the A684V substitution mutation (Andrei et al., 2006). Work is currently 

in progress to isolate these mutant polymerases so they can be used in biochemical assays 

to investigate the role of these mutations on DNA polymerase activity. 
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CHAPTER FOUR 

 

INHIBITION OF HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 AND 

MOLONEY MURINE LEUKEMIA VIRUS REVERSE TRANSCRIPTASES BY 

CIDOFOVIR DIPHOSPHATE AND (S)-9-[3-HYDROXY-(2-

PHOSPHONOMETHOXY)PROPYL]ADENINE DIPHOSPHATE1 

 

Wendy C. Magee, Karl Y. Hostetler and David H. Evans 

 

4.1 INTRODUCTION 

 The nucleoside phosphonates (S)-1-(3-hydroxy-2-phosphonylmethoxypropyl) 

cytosine [(S)-HPMPC], also known as cidofovir (CDV), and (S)-9-[3-hydroxy-(2-

phosphonomethoxy)propyl]adenine [(S)-HPMPA] are acyclic analogs of dCMP and 

dAMP, respectively. Collectively these drugs are effective inhibitors of a wide range of 

DNA viruses and retroviruses (De Clercq et al., 1986; reviewed in De Clercq and Holý, 

2005). We have previously used the poxvirus vaccinia as a model system to investigate 

the mechanism of action of these compounds (Chapters 2 and 3; Magee et al., 2008; 

Magee et al., 2005). Our results have shown that the active intracellular metabolites of 

these drugs, CDV diphosphate (CDVpp) and (S)-HPMPA diphosphate [(S)-HPMPApp], 

respectively, are substrates for vaccinia virus DNA polymerase and, once incorporated 

into the penultimate 3′-end of the primer strand, inhibit the enzyme’s polymerase and 3′-

to-5′ proofreading exonuclease activities. Further, we found that when these drugs are 

incorporated into the template strand, they profoundly inhibit replication across the drug 

lesion. These results suggest that this class of antiviral agents has a complex mechanism 

of action, inhibiting DNA synthesis when present in both the primer and template strands 

and blocking 3′-to-5′ exonuclease activity when located in the primer strand. 

 During the course of these studies and in other experiments in our laboratory, we 

determined that both CDVpp and (S)-HPMPApp are also used by the Moloney murine 

                                                 
 
1 This study was supported by a Canadian Institutes of Health Research (CIHR) grant to Dr. D.H. Evans. 
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leukemia virus (MMLV) reverse transcriptase (RT) as substrates and are incorporated 

into DNA by this enzyme (Chapter 3; Hamilton et al., 2007; Magee et al., 2008). In the 

original description of the nucleoside phosphonate class of drugs, (S)-HPMPA was found 

to be inhibitory to the transformation of mouse embryo cells by Moloney murine sarcoma 

virus (MMSV) (De Clercq et al., 1986). Further work showed the efficacy of this 

compound against the transformation of murine fibroblast cells by this virus (Pauwels et 

al., 1988). (S)-HPMPA however, was not effective against human immunodeficiency 

virus type 1 (HIV-1) in its original form (Pauwels et al., 1988). Interestingly, CDV was 

able to inhibit HIV-1 in epithelioid HeLa-CD4 cells, but not in the T-lymphocyte cell line 

MT-2, a result partially explained by differences in the metabolism of CDV to CDVpp in 

the two cells lines (Srinivas et al., 1997). The influence of cellular metabolism on the 

efficacy of these drugs was strengthened by data showing that alkoxyalkyl ester 

derivatives of both CDV and (S)-HPMPA are inhibitory to HIV-1 in MT-2 cells 

(Hostetler et al., 2006; Valiaeva et al., 2008). These prodrugs of CDV and (S)-HPMPA 

are taken up by cells and metabolized to the active CDVpp and (S)-HPMPApp 

metabolites to a greater extent than the underivatized forms (Chapter 3; Aldern et al., 

2003; Magee et al., 2008). 

 Based on these data, we were interested in extending our studies on the 

mechanism of action of CDV and (S)-HPMPA to reverse transcriptases to determine if a 

pattern of inhibition similar to that seen with vaccinia virus DNA polymerase was 

observed. Although both retroviruses, MMLV and HIV-1 belong to different genera of 

the Retroviridae family and the structures of their RTs are different (reviewed in Goff, 

2007 and Prasad, 1993). MMLV is a simple gammaretrovirus with a monomeric enzyme 

of 75 kDa (Das and Georgiadis, 2004). In contrast, HIV-1 is a complex lentivirus and its 

RT is an asymmetric heterodimer consisting of 66 kDa and 51 kDa subunits (Le Grice, 

1993). We used steady state primer extension analyses to determine the effects of CDVpp 

and (S)-HPMPApp on the purified forms of these two enzymes. Our data indicate that 

both MMLV RT and HIV-1 RT can use CDVpp and (S)-HPMPApp as substrates and 

incorporate them into DNA using both RNA and DNA templates. In addition, both 

enzymes are inhibited by the drugs when they are incorporated into the template strand. 
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However, the degree of inhibition by CDV and (S)-HPMPA, both in the primer strand 

and in the template strand, differed between the two enzymes. Further, differences were 

observed in the ability of CDV and (S)-HPMPA to block DNA elongation when in the 

template strand. These results are discussed in terms of the known antiviral activity of 

CDV and (S)-HPMPA against these two types of retroviruses. 

 

4.2 MATERIALS AND METHODS 

4.2.1 Chemicals.  CDVpp and (S)-HPMPApp were prepared by custom synthesis by 

TriLink Biotechnologies. Radiolabeled [γ-32P]ATP and cordycepin triphosphate ([α-
32P]3′-deoxyATP) was purchased from PerkinElmer, and unlabeled deoxynucleoside 

triphosphates (dNTPs) were from Fermentas. DNA and RNA oligonucleotides were 

purchased from Sigma-Genosys or Integrated DNA Technologies. 

 

4.2.2 Enzymes.  MMLV reverse transcriptase was purchased from Fermentas and 

Invitrogen. Wild-type clade B HIV-1 reverse transcriptase produced in Escherichia coli 

was a generous gift from Dr. M. Götte (McGill). T4 polynucleotide kinase, the Klenow 

fragment of DNA polymerase I, uracil-DNA glycosylase (UDG), and terminal 

deoxynucleotidyl transferase (TdT) were obtained from Fermentas. 

 

4.2.3 Preparation of CDV- and (S)-HPMPA-containing templates.  CDV- and (S)-

HPMPA-containing templates were prepared by enzymatic synthesis as described 

previously (Chapter 3; Magee et al., 2008) using the primer-template pairs shown in 

Figure 4.1. Control templates containing dCMP and dAMP, respectively, were prepared 

also as described previously (Chapter 3; Magee et al., 2008). 

 

4.2.4 Reverse transcriptase and DNA polymerase assays.  Oligonucleotide primer-

template pairs (Figure 4.1) were used as substrates for reverse transcriptase and DNA 

polymerase assays. Reverse transcriptase assays utilized RNA oligonucleotide templates 

and DNA oligonucleotide templates were used in the DNA polymerase assays. The 

primers were first end-labeled by using [γ-32P]ATP and T4 polynucleotide kinase prior to
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Figure 4.1  Oligonucleotide primer–template pairs used in this study. Primer P1 was previously 

described by Xiong et al. (1997). Template T9 was originally described by Magee et al. (2005; Chapter 

2) and primers P9, P10, P11, P13, P14, P17, P18, P19 and templates T11, T13, T14, T17, and T18 

were previously described by Magee et al. (2008; Chapter 3). The RNA oligonucleotides T9RNA and 

T11RNA have a sequence corresponding to the DNA oligonucleotides T9 and T11, respectively.  
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annealing to the template strand. Various combinations of dNTPs and CDVpp or (S)-

HPMPA were added as indicated. MMLV RT was used at a final concentration of 2 U/µl 

in the manufacturer’s recommended buffer (Fermentas) and HIV-1 was used at a final 

concentration of 50 nM in a solution containing 50 mM Tris·HCl, pH 7.8; 50 mM NaCl; 

and 6 mM MgCl2. After incubation at 37°C for 5 min, reaction mixtures were stopped by 

the addition of gel loading buffer [80% (v/v) formamide, 10 mM EDTA (pH 8.0), 1 

mg/ml xylene cyanol FF, 1 mg/ml bromophenol blue]. Reaction products were resolved 

on 10% polyacrylamide gels and analyzed by phosphorimager analysis as previously 

described (Chapter 2; Magee et al., 2005) using a Typhoon 9400 phosphorimager. DNA 

polymerase assays using the CDV- or (S)-HPMPA-containing templates were performed 

as previously described (Chapter 3, Magee et al., 2008), except that MMLV RT (2 U/µl) 

and HIV-1 RT (50 nM) in their respective buffers were used in place of vaccinia virus 

DNA polymerase. Size standards were generated by using the Klenow fragment and 

dideoxy sequencing reactions (Sambrook and Russell, 2001). 

 

4.3 RESULTS 

4.3.1 The addition of CDVpp or (S)-HPMPApp to a primer extension assay 

catalyzed by MMLV RT results in a greater inhibition of DNA elongation when 

using a DNA template rather than an RNA template.  To determine the mechanism of 

inhibition of CDVpp and (S)-HPMPApp against a simple monomeric retrovirus reverse 

transcriptase, we performed a primer extension assay using MMLV RT and all four 

dNTPs. Because retroviruses synthesize DNA using both RNA and DNA templates, we 

performed these assays using both types of templates to represent first strand and second 

strand syntheses, respectively. For reactions involving CDVpp, primer-template pairs P1-

T9RNA and P1-T9 were used, and for those reactions designed to study (S)-HPMPApp, 

primer-template pairs P1-T11RNA and P1-T11 were used (Figure 4.1). The 18 nucleotide 

primer strands were first 5′-end labeled using [γ-32P]ATP and T4 polynucleotide kinase 

prior to annealing to the template strand. The results of this experiment are shown in 

Figures 4.2 and 4.3. When 10 µM CDVpp is added to a reaction mixture containing 10 

µM dATP, 5 µM dCTP, 10 µM dGTP, 10 µM dTTP, and primer-template pair P1-T9RNA,  
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Figure 4.2  Primer extension analysis of MMLV RT and HIV-1 RT using RNA templates. Left panel. 

Primer extension reactions incubated in the presence or absence of CDVpp. Each 10-µl reaction 

contained 32P labeled primer P1 annealed to template T9RNA, 5 µM dCTP, 10 µM dATP, 10 µM dGTP, 

10 µM dTTP, and either 20 U of MMLV RT or 50 nM of HIV-1 RT. Lanes marked “(+) CDVpp” were 

further supplemented with 10 µM CDVpp. After incubation at 37°C for 5 min, each reaction was 

stopped by the addition of gel loading buffer, reaction products were separated on a 10% 

polyacrylamide gel and then analyzed by phosphorimaging. Lanes marked “Primer” show the position 

of the labeled primer. Size markers are shown in lanes 7 to 10. Right panel. Primer extension reactions 

incubated in the presence or absence of (S)-HPMPApp. Each 10-µl reaction consisted of 32P labeled 

primer P1 annealed to template T11RNA, 5 µM dATP, 10 µM dCTP, 10 µM dGTP, 10 µM dTTP and 

either 20 U of MMLV RT or 50 nM of HIV-1 RT. Lanes marked “(+) (S)-HPMPApp” also contained 

10 µM (S)-HPMPApp. Reactions were incubated at 37°C for 5 min, stopped by the addition of gel 

loading buffer and subjected to phosphorimager analysis after running reaction products on a 10% 

polyacrylamide gel. Lanes marked “Primer” show the position of the labeled primer. Size markers are 

shown in lanes 17 to 20.  
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Figure 4.3  Primer extension analysis of MMLV RT and HIV-1 RT using DNA templates. Reactions 

were prepared and analyzed as indicated in the legend to Figure 4.2, except that templates T9 and T11 

replaced templates T9RNA and T11RNA, respectively. 
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no substantial difference in reaction products were seen compared to a reaction incubated 

in the absence of drug (Figure 4.2, lanes 2 and 3). Both reactions resulted in the 

production of full-length extension products. Faint bands of a size larger than the full-

length extension products were also observed in these lanes. As retroviral reverse 

transcriptases do not possess terminal transferase activity (Marcus and Sarkar, 1978), 

these bands may be a result of DNA synthesis occurring after slippage of the primer-

template. A very faint band was also seen in the products of the reaction incubated with 

CDVpp; this band was located at position N, where N is the expected site of 

incorporation of CDV opposite a template dG. When a reaction mixture containing 

primer-template pair P1-T11RNA and all four dNTPs (5 µM dATP, 10 µM dCTP, 10 µM 

dGTP and 10 µM dTTP) was further supplemented with 10 µM (S)-HPMPApp, the 

reaction products were also similar to those produced in the absence of drug (Figure 4.2, 

lanes 12 and 13). However, the addition of (S)-HPMPApp resulted in the presence of two 

very faint bands at positions N and N + 1. These results suggest that CDVpp and (S)-

HPMPApp do not greatly inhibit MMLV RT DNA synthesis when using an RNA 

template. 

 In contrast, when the DNA templates T9 and T11 were used in these same primer 

extension assays, the inhibition of DNA synthesis by these drugs was more pronounced. 

The addition of 10 µM CDVpp to a P1-T9 reaction mixture resulted in a strong stop at 

position N and a weaker stop at position N + 1 (Figure 4.3, compare lanes 2 and 3). 

Similarly, a strong stop at the N + 1 position was observed when a P1-T11 reaction 

mixture was incubated with 10 µM (S)-HPMPApp (Figure 4.3, lanes 12 and 13). Other 

pause sites were also seen in this reaction mixture (weak stops corresponding to 

extension products of 24, 25 and 27 nucleotides and strong stops corresponding to 

extension products of 28 and 29 nucleotides). These latter pause sites were also seen in 

the control reaction incubated without (S)-HPMPApp and most likely represent template 

sequence effects on the enzyme. Interestingly, these sites all occurred at the beginning of 

runs of dA in the template strand. MMLV RT has been reported to exhibit a strong stop 

within an oligo(dA)16 tract, suggesting that this enzyme has difficulty copying runs of dA 

(Williams et al., 1990).  
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4.3.2 CDVpp and (S)-HPMPApp do not inhibit HIV-1 RT when using either RNA 

or DNA templates.  The same primer extension assays as those performed in Section 

4.3.1 were repeated using HIV-1 RT in place of MMLV RT to see if there were 

differences in the interactions of these drugs with the two enzymes. When 10 µM CDVpp 

or 10µM (S)-HPMPApp were added to reaction mixtures containing the primer-template 

pairs P1-T9RNA and P1-T11RNA, respectively, little difference was observed compared to 

those reactions incubated in the absence of drug (Figure 4.2, lanes 5 and 6 and lanes 15 

and 16, respectively). A very weak band at position N + 3, where N is the expected site of 

incorporation of drug opposite dG and dT, respectively, was seen in each drug-containing 

reaction. The occurrence of this band in these reactions was reproducible; however, the 

weak intensity of these bands suggests that these drugs were not inhibiting DNA 

synthesis to a great extent. The reactions containing the P1-T9RNA primer-template pair 

also produced reaction products of a length greater than full-length extension products, 

similar to that observed in reactions catalyzed by the MMLV RT. CDVpp and (S)-

HPMPApp also did not appear to inhibit DNA synthesis catalyzed by HIV-1 RT when 

using a DNA template (Figure 4.3, lanes 5 and 6 and 15 and 16, respectively). The 

reaction products produced in the absence and presence of 10 µM CDVpp were 

indistinguishable using this assay. The reaction products formed in the absence and 

presence of 10 µM (S)-HPMPApp were also similar. However, there was a strong pause 

site corresponding to a 33 base pair (bp) product in the reaction mixture containing (S)-

HPMPApp that was not seen in the reaction incubated without drug. As this pause site is 

located far away (14 nucleotides) from the expected incorporation site of (S)-HPMPA, its 

relevance is unknown. 

 

4.3.3 MMLV RT can incorporate CDV and (S)-HPMPA into DNA and extend 

primers containing these substrates.  We next wanted to investigate the stepwise 

incorporation and extension of CDV and (S)-HPMPA into DNA by MMLV RT 

compared to the incorporation and extension of the corresponding natural nucleotides, 

dCTP and dATP, respectively. The results of the experiment examining the incorporation 

and extension of CDVpp and dCTP opposite RNA and DNA templates are shown in 
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Figure 4.4. When using the primer-template pair P1-T9RNA, MMLV RT could incorporate 

CDVpp into DNA to an extent similar to that seen with dCTP (Figure 4.4, lanes 2 and 6). 

When these reaction mixtures were supplemented with the next templated nucleotide, 

dATP, the primer was extended by one nucleotide in each case with no apparent 

difference in the formation of this product between the two reaction mixtures (Figure 4.4, 

lanes 3 and 7). A band at position N was also seen in each of these lanes. There were also 

two additional bands seen in the control reaction sample. These corresponded to DNA 

products of 23 and 25 bp in length and likely represent extension products resulting from 

the misincorporation of dCTP and/or dATP. We and others have previously observed that 

MMLV RT is able to incorporate and extend non-complementary nucleotides (Chapter 3; 

Huang et al., 1992; Magee et al., 2008). When the remaining two nucleotides (dGTP and 

dTTP) were added, full-length and larger than full-length extension products were 

observed in each reaction mixture. There were also two stops at positions N and N + 1 

seen in the CDVpp reaction lane (Figure 4.4, lane 8). When the DNA primer-template 

pair P1-T9 was used in these same reactions, similar results were obtained, although no 

larger than full-length extension products were observed and the stops at positions N and 

N + 1 were stronger than those obtained using the DNA-RNA primer-template pair 

(Figure 4.4, lane 20). Additionally, in the sample that was incubated with CDVpp, dATP 

and a DNA template, the N and N + 1 bands were of a similar intensity (Figure 4.4, lane 

19), whereas in the reaction using an RNA template, the N + 1 band was the stronger 

band (Figure 4.4, lane 7). These results suggest that MMLV RT has difficulty extending 

primers terminating in CDV and in CDV + 1, and this difficulty is more pronounced 

when using a DNA template. 

 The incorporation and extension of (S)-HPMPApp relative to dATP was also 

investigated. As shown in Figure 4.5 (left panel), MMLV RT had little difficulty 

incorporating and extending a primer containing (S)-HPMPA when using the RNA 

template T11RNA. (S)-HPMPApp was utilized as a substrate and incorporated into DNA 

to an extent similar to that seen in the control reaction containing dATP (Figure 4.5, lanes 

2 and 6). These primers were then extended one nucleotide after the addition of the next 

templated nucleotide, dTTP, with no obvious difference in incorporation between the two  



138 
 

Figure 4.4  MMLV RT can use CDVpp as a substrate and extend primers containing CDV opposite 

RNA and DNA templates. Left panel. The incorporation and extension of CDV opposite an RNA 

template. Labeled primer P1 was annealed to template T9RNA and incubated with 2 U/µl of MMLV RT 

in the presence of 10 µM dCTP (lanes 2 to 4) or 10 µM CDVpp (lanes 6 to 8) for 5 min at 37°C. After 

sampling, the reaction mixtures were adjusted to contain 10 µM dATP, incubated for another 5 min, 

and another sample taken. The reaction mixtures were further adjusted to contain 10 µM each dGTP 

and dTTP and the reactions incubated for a final 5 min. Right panel. The incorporation and extension 

of CDV opposite a DNA template. Reactions were prepared as indicated for the left panel, except that 

the DNA template T9 was used. dCTP reactions are shown in lanes 14 to 16 and CDVpp reactions are 

shown in lanes 18 to 20. Lanes marked “Primer” show labeled primer P1. Size standards are shown in 

lanes 9 to 12 and 21 to 24. 
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Figure 4.5  MMLV RT can incorporate (S)-HPMPA opposite RNA and DNA templates and extend 

primers containing this drug. Left panel. The incorporation and extension of (S)-HPMPA opposite an 

RNA template. 32P-labeled primer P1 was annealed to template T11RNA and incubated at 37°C for 5 

min with 2 U/µl MMLV RT in the presence of 10 µM dATP (lanes 2 to 4) or 10 µM (S)-HPMPApp 

(lanes 6 to 8). A sample was taken, each reaction mixture was adjusted to contain 10 µM dTTP, and the 

reactions incubated for a further 5 min. Another sample was taken and the reaction mixtures further 

adjusted to include 10 µM dCTP and 10 µM dGTP. After an additional 5 min incubation, a final 

sample was taken. Right panel. The incorporation and extension of (S)-HPMPA opposite a DNA 

template. Reaction mixtures were prepared and analyzed as indicated in the description for the left 

panel, except that the DNA oligonucleotide T11 was used as the template. The reactions using dATP 

are shown in lanes 14 to 16 and those using (S)-HPMPApp are shown in lanes 18 to 20. The position of 

the labeled primer P1 is shown in the lanes marked “Primer”. Dideoxy sequencing reaction products 

used as size markers are shown in lanes 9 to 12 and 21 to 24. 
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reactions (Figure 4.5, lanes 3 and 7), although there were some faint bands in the control 

reaction lane that, again, were most likely due to misincorporation. When the remaining 

two nucleotides, dCTP and dGTP, were added, the products formed by the two reaction 

mixtures were indistinguishable (Figure 4.5, lanes 4 and 8). In contrast, when these 

experiments were repeated using the DNA template T11, differences between the two 

reactions were observed. Although MMLV RT can incorporate (S)-HPMPA and extend 

this (S)-HPMPA-terminated primer by an additional nucleotide to an extent similar to that 

seen in the control reaction using dATP (Figure 4.5, compare lanes 18 and 19 to lanes 14 

and 15), the addition of dCTP and dGTP resulted in the appearance of a strong stop at 

position N + 1 (Figure 4.5, lane 20). This strong stop was also observed in the primer 

extension assay shown in Figure 4.3. 

 

4.3.4 HIV-1 RT can also incorporate CDV and (S)-HPMPA into DNA and extend 

primers containing these substrates.  The ability of HIV-1 RT to use CDVpp and (S)-

HPMPApp as substrates and incorporate them into DNA was also investigated using both 

RNA and DNA templates. Using the primer-template pair P1-T9RNA, HIV-1 used CDVpp 

as a substrate, extended this primer by one more nucleotide, and then extended this N + 1 

primer out to the end of the RNA template (Figure 4.6, lanes 6 to 8). The reaction 

products formed were comparable to those observed in the control reaction in which 

dCTP replaced CDVpp (Figure 4.6, compare lanes 6 to 8 with 2 to 4). Both sets of 

reaction products showed evidence of misincorporation, although this was seen to a 

greater extent in the control reaction lanes. Interestingly, a stop at position N + 3 was 

seen in the products of the reaction mixture containing CDVpp, dATP, dGTP and dTTP. 

This stop was at the same position as the weak stop observed in the primer extension 

assay shown in Figure 4.2. In this assay however, this stop was also seen in the control 

reaction; the latter reaction also produced an additional stop product at the N + 4 position. 

Since the N + 3 stop was seen in both reaction mixtures, it is not likely due to a drug-

specific effect. When the DNA template T9 was used in the reaction, the incorporation 

and extension of CDVpp by HIV-1 RT was similar to that seen with dCTP, although the 

latter reaction produced some additional products, again presumably due to



141 
 

Figure 4.6  HIV-1 RT can incorporate and extend molecules of CDV opposite RNA and DNA 

templates. Reaction mixtures were prepared as described in the legend to Figure 4.4, except that 50 nM 

HIV-1 RT was used in place of MMLV RT. 
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misincorporation (Figure 4.6, right panel). No pause sites were detected in the products of 

the reactions containing CDVpp. 

 The incorporation and extension of (S)-HPMPApp by HIV-1 were also analyzed; 

these results are shown in Figure 4.7. The stepwise incorporation and extension of (S)-

HPMPApp opposite RNA was very similar to that seen in the control reaction containing 

dATP instead of drug (Figure 4.7, lanes 2 to 4 and 6 to 8). As observed previously, there 

was evidence of misincorporation products in the control reaction lanes. The N + 3 stop, 

previously observed in the primer extension assay containing (S)-HPMPApp (Figure 4.2), 

was also seen in this incorporation assay (Figure 4.7, lane 8). However, this stop was also 

seen in the control reaction containing dATP, although this band was much weaker in the 

latter reaction (Figure 4.7, lane 4). The incorporation and extension of (S)-HPMPApp by 

HIV-1 RT using a DNA template was also very similar to that observed in the control 

reaction in which dATP replaces (S)-HPMPApp. The only differences observed between 

the products formed in these two reaction mixtures was the extent and nature of the 

misincorporation products produced (Figure 4.7, compare lanes 15 and 19) and the 

presence of pause sites in the (S)-HPMPApp reaction mixture corresponding to products  

greater than 27 nucleotides in length. These pause sites included the strong stop at an 

oligonucleotide length of 33 nucleotides that was observed in the primer extension 

analysis shown in Figure 4.3. 

 

4.3.5 MMLV RT and HIV-1 RT are inhibited by CDV and (S)-HPMPA in the 

template strand.  Since both MMLV RT and HIV-1 RT can utilize CDVpp and (S)-

HPMPApp and incorporate them into DNA, we next examined the ability of these 

enzymes to copy DNA templates containing each of these drugs. The drug-containing 

templates were prepared as described previously (Chapter 3; Magee et al., 2008), and 

annealed to 32P-labeled primers designed to terminate one nucleotide prior to the drug 

lesion (P10 and P17), at the drug lesion (P13 and P18), or one nucleotide past the drug 

lesion (P14 and P19) (Figure 4.1) (Chapter 3; Magee et al., 2008). The results of these 

experiments are shown in Figure 4.8. In each of the control reaction lanes, in which 

dCMP or dAMP is present in place of CDV and (S)-HPMPA, respectively, both MMLV
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Figure 4.7  The incorporation of (S)-HPMPA by HIV-1 RT opposite RNA or DNA templates does not 

cause chain termination. Reaction mixtures were prepared and analyzed as described in the legend to 

Figure 4.5, except that 50 nM HIV-1 RT was used in place of 2 U/µl MMLV RT. 
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Figure 4.8  Effects of templates bearing CDV and (S)-HPMPA on DNA synthesis catalyzed by MMLV 

RT and HIV-1 RT. Templates containing dCMP/CDV (top panel) or dAMP/(S)-HPMPA (bottom panel) 

were prepared and annealed to the indicated 32P labeled primers. These primers terminate one nucleotide 

prior to (P10 and P17), at (P13 and P18), or one nucleotide after (P14 and P19) the drug lesion. The 

primer-template pairs were incubated with 200 µM dNTPs and either 2 U/µl MMLV RT or 50 nM HIV-

1 RT for 5 min at 37°C. The reaction products were recovered with magnetic beads and analyzed by 

phosphorimager analysis after separation on a 10% polyacrylamide gel. Lanes marked “Primer” show 

the position of each primer on the gel and dideoxy sequencing reaction size markers are shown to the 

right of each set of reactions. 
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RT and HIV-1 RT were able to extend each primer out to the end of the template. There 

was an array of these fully-extended products seen in each of these reaction mixtures; the 

nature of these products is unknown but may be a result of the biotin tag located at the 5′-

end of the template strand. The dCMP control template reactions incubated with MMLV 

RT also exhibited a pause site at a position corresponding to an oligonucleotide 22 

nucleotides in length (Figure 4.8 top panel, lanes 2, 5, and 8). 

 The presence of CDV or (S)-HPMPA in the template strand resulted in the 

inhibition of DNA synthesis across the drug lesions. This inhibition was more 

pronounced with the CDV-containing templates relative to the (S)-HPMPA-containing 

templates and in reactions catalyzed by MMLV RT relative to those reactions catalyzed 

by HIV-1 RT. In each of the three reactions catalyzed by MMLV RT in which the CDV-

containing templates were used, no full-length extension products were produced (Figure 

4.8, top panel, lanes 3, 6, and 9). In the reaction containing primer P10, the products 

consisted of a mixture of primer and primer + 1 products; the latter product was weak 

compared to the former. In the reaction utilizing primer P13, there appeared to be no net 

DNA synthesis, and in the reaction containing primer P14, there was a mixture of primer, 

primer + 1, and primer + 2 products; the primer product was the predominant band in this 

lane. The presence of (S)-HPMPA in the template strand did not result in as strong of a 

block to MMLV RT relative to that seen with the CDV-containing templates. Some full-

length extension products were observed in all three reaction mixtures, although 

relatively little were produced when primers P17 and P18 were used relative to P19 

(Figure 4.8 bottom panel, lanes 3, 6 and 9). In addition to these full-length products, two 

prominent bands corresponding to primer and primer + 1 were seen in the reactions 

incubated with primers P17 and P18. A stop at the primer position is also observed in the 

reaction utilizing primer P19. 

 When these primer-template pairs were incubated with HIV-1 RT, some 

inhibition of DNA synthesis was observed, but not as great as that seen in reactions 

incubated with MMLV RT. For the CDV-containing templates, the use of primers P10 

and P13 resulted in faint smearing located at the position of full-length extension 

products. The strongest products found in each of these reactions however, were primer 
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and primer + 1 and primer, respectively (Figure 4.8 top panel, lanes 16 and 19). In 

contrast, when primer P14 was annealed to this template, distinct full-length extension 

products were seen along with two stop sites located at positions primer and primer + 1 

(Figure 4.8 top panel, lane 22). The presence of (S)-HPMPA in the template strand 

resulted in even less of a block to DNA synthesis. In all three reactions catalyzed by 

HIV-1 RT full-length extension products were observed (Figure 4.8 bottom panel, lanes 

16, 19 and 22). Although stop sites were observed at positions primer + 1 and primer for 

reactions containing P17 and P18, respectively (and relative to the control reactions), 

there were no stop sites seen when primer P19 was used. These results suggest that once 

the newly-synthesized DNA is immediately past the (S)-HPMPA drug lesion, HIV-1 can 

continue synthesis unimpeded. 

 

4.4 DISCUSSION 

 The nucleoside phosphonate class of antiviral drugs are effective against a wide 

range of DNA viruses and retroviruses (De Clercq et al., 1986; reviewed in De Clercq 

and Holý, 2005). Reports also indicate that some of these drugs are effective against 

hepatitis C virus (HCV) and hepatitis B virus (HBV) (Wyles et al., 2009). Although CDV 

has been approved for the treatment of human cytomegalovirus retinitis in AIDS patients 

and has been used off-label for the treatment of a variety of other DNA virus infections 

(De Clercq, 2004), (S)-HPMPA has not been used in a clinical setting. These two drugs 

possess a 3′-hydroxyl moiety that can theoretically be used for subsequent DNA chain 

elongation. This property separates CDV and (S)-HPMPA from all other 

nucleoside/nucleotide reverse transcriptase inhibitors approved for the treatment of HIV-

1 infections; the latter compounds are all obligate chain terminators lacking this 

functional group. In contrast, the hepatitis B drug entecavir, an analog of 

deoxyguanosine, is not an obligate chain terminator as it possesses the 3′-hydroxyl group. 

Reports have indicated that this drug also has activity against HIV-1 (McMahon et al., 

2007), and biochemical studies using purified HIV-1 RT have demonstrated that this drug 

acts as a delayed chain terminator (Tchesnokov et al., 2008). The results presented in this 
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report suggest that CDV and (S)-HPMPA inhibit HIV-1 replication by a different 

mechanism, namely by blocking DNA synthesis when in the template strand. 

 The addition of CDVpp or (S)-HPMPApp to a primer extension assay containing 

all four dNTPs indicated that the RTs utilize these drugs as substrates differently 

depending on whether or not the template strand is RNA or DNA. For example, very 

weak stop sites associated with drug incorporation were observed when MMLV RT 

catalyzed a reaction in which RNA was used as a template (Figure 4.2), but strong stops 

were observed when a DNA template of the same sequence was used (Figure 4.3). The 

opposite occurred in HIV-1 catalyzed reactions. No inhibition of DNA synthesis was 

observed when using a DNA template (with the exception of a stop site 14 nucleotides 

away from the expected incorporation site of (S)-HPMPA) (Figure 4.3), but a weak stop 

was observed at position N + 3 in both drug-containing reaction products when using an 

RNA template (Figure 4.2). Discrimination between RNA and DNA templates by HIV-1 

RT has previously been observed, although mainly in the context of replication fidelity 

(Boyer et al., 1992; Kerr and Anderson, 1997). However, because this stop product was 

also seen in the control reaction lanes when analyzing the stepwise incorporation and 

extension by HIV-1 RT, its relevance to the inhibition of DNA synthesis is difficult to 

assess. The presence of this reaction product is intriguing, since it is located at the same 

position as the delayed chain termination site caused by entecavir incorporation into 

DNA by HIV-1 RT (Tchesnokov et al., 2008). 

 Because these primer extension assays contained all four dNTPs, it was possible 

that where no drug effect was seen, the enzymes were simply not using the drugs as 

substrates. We therefore performed stepwise incorporation and extension assays and 

supplied each reaction with drug first, then the next template nucleotide, followed by the 

remaining two nucleotides. Under these conditions, it was apparent that both MMLV RT 

and HIV-1 RT could use CDVpp and (S)-HPMPApp as substrates, incorporate them into 

DNA, and then extend primers terminating in either of these drugs, although in certain 

cases the presence of the drugs caused pausing to occur (Figures 4.4 to 4.7) In all cases 

however, full-length extension products were seen, indicating that these drugs are not 

causing an absolute block in DNA synthesis. It is unclear from these studies, however, 
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the efficiency with which these RTs utilize CDVpp and (S)-HPMPApp relative to the 

natural nucleotides, dCTP and dATP, respectively. Although Cherrington et al. (1996) 

calculated a Ki value of 0.83 µM for CDVpp against HIV-1 RT (relative to the Km value 

of 0.14 µM for dCTP), the Km values of CDVpp and (S)-HPMPA for MMLV RT and 

HIV-1 RT have not been determined. We hypothesize that these Km values, at least for 

HIV-1 RT, will be large relative to the natural nucleotides. This hypothesis is based on 

the observation that CDV and (S)-HPMPA are not effective against HIV-1 in a T-

lymphocyte cell culture, in contrast to their prodrugs, which achieve higher intracellular 

diphosphoryl metabolite concentrations, are effective. 

 This work helps to explain the known antiviral activities of CDV and (S)-HPMPA 

against these two types of retroviruses. Although no data are available for the activity of 

CDV against MMLV, (S)-HPMPA was shown to have activity against a related 

retrovirus, MMSV (De Clercq et al., 1986; Pauwels et al., 1988). In contrast, CDV and 

(S)-HPMPA are ineffective against HIV-1 in a CD4+ T-lymphocyte cell line (Pauwels et 

al., 1988; Srinivas et al., 1997), although alkoxyalkyl ester prodrug derivatives do show 

efficacy against this virus (Hostetler et al., 2006; Valiaeva et al., 2008). Both CDV and 

(S)-HPMPA inhibit MMLV RT when being incorporated into DNA (at least during 

second strand synthesis), as well as when in the template strand. In contrast, HIV-1 RT 

does not appear to be inhibited by either drug when being incorporated into DNA, but it 

is inhibited by drug in the template strand. This inhibition is not an absolute block to 

replication, however. Although the impact of the efficiency with which these two 

enzymes use these drugs relative to the natural substrates remains to be determined, the 

antiviral efficacy of each drug can be explained by their relative effects on incorporation 

during first strand synthesis, on incorporation during second strand synthesis, and on 

trans-lesion synthesis during second strand synthesis. Unlike MMLV RT, HIV-1 RT does 

not show an absolute block at any of these stages and may require a large amount of 

incorporated drug before any antiviral activity is seen, a condition that could be achieved 

by using the alkoxyalkyl ester prodrugs. Our findings suggest that CDV and (S)-HPMPA 

affect diverse viral polymerases by a similar, complex mechanism. With the antiviral 

spectrum of these compounds recently expanded to include HCV and HBV (Wyles et al., 



149 
 
2009), it will be of interest to determine if CDVpp and (S)-HPMPApp inhibit the 

polymerases encoded by these two viruses in a similar manner. 
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CHAPTER FIVE 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1 SUMMARY OF RESULTS 

The mechanism of action of two antiviral agents, CDV and (S)-HPMPA, was 

examined using steady state analyses with three different viral polymerases, vaccinia 

virus DNA polymerase and HIV-1 and MMLV reverse transcriptases. These drugs are 

part of the nucleoside phosphonate class of antiviral agents and are structurally similar in 

that they differ only in the structure of their base moiety. The three viral enzymes each 

play a key role in the life cycle of their respective viruses and are responsible for the 

replication of the viral genome. CDV and (S)-HPMPA were shown to inhibit these 

enzymes in several different ways. These two drugs are first taken up into cells and then 

phosphorylated by cellular enzymes to their active intracellular metabolites, CDVpp and 

(S)-HPMPApp, respectively (Cihlar and Chen, 1996; Merta et al., 1992). Although the 

amount of CDV taken up by MRC-5 cells is similar to that of (S)-HPMPA, (S)-HPMPA 

is phosphorylated to (S)-HPMPApp to a greater extent than is CDV to CDVpp (Chapter 

3; Aldern et al., 2003). This increased amount of (S)-HPMPApp in cells results in a larger 

pool of active metabolite that can be used by the viral enzymes. Further, the addition of 

an alkoxyalkyl moiety to either CDV or (S)-HPMPA results in greater uptake relative to 

the underivatized forms, leading to larger pools of the diphosphoryl metabolites (Chapter 

3; Aldern et al., 2003). The importance of drug uptake and metabolism for antiviral 

efficacy is clearly illustrated by the inhibition of HIV-1 by CDV, (S)-HPMPA and their 

alkoxyalkyl ester derivatives. Early studies of (S)-HPMPA indicated that this drug 

exhibits some inhibitory effects on HIV-1 replication, but only at levels approaching 

cytotoxicity (Pauwels et al., 1988). In addition, CDV was shown to inhibit HIV-1 

replication in epithelioid HeLa-CD4 cells, but not in the T-lymphocyte cell line MT-2 

(Srinivas et al., 1997). These latter results were due, at least in part, to differences in the 

metabolism of CDV in the two cell types. The uptake of CDV is similar in MT-2 cells 

and HeLa-CD4 cells, but the levels of CDVpp are ~three- to ten-fold lower in the former 
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relative to the latter. In contrast, alkoxyalkyl ester derivatives of CDV and (S)-HPMPA 

are effective in inhibiting HIV-1 replication in the subnanomolar to nanomolar range 

(Hostetler et al., 2006; Valiaeva et al., 2008). As the difference between these derivatives 

and the parent compounds is only in the amount of drug taken up and the extent of 

metabolism to the active diphosphoryl compounds, these results suggest that high levels 

CDVpp or (S)-HPMPApp need to be present in the cell in order for inhibition of the HIV-

1 RT to occur. Indeed, kinetic studies with HIV-1 RT and a series of antiviral agents 

including CDVpp, AZT triphosphate, stauvidine triphosphate, lamivudine triphosphate 

and ddATP showed that the Ki value for CDVpp is ~nine- to 110-fold higher than for the 

other antiretroviral drugs (Cherrington et al., 1996). 

 CDVpp and (S)-HPMPApp can be used as substrates by all three polymerases and 

be incorporated into the 3′-terminus of the growing DNA strand. (S)-HPMPApp was 

shown to be a more efficient substrate for vaccinia virus DNA polymerase than was 

CDVpp (Chapters 2 and 3). Indeed, (S)-HPMPApp was shown to be as good as, if not a 

better substrate than, the natural substrate, dATP. In contrast, CDVpp was a less efficient 

substrate for this enzyme than dCTP. This difference in the efficiency of use between the 

two substrates in part explains the greater antiviral efficacy of (S)-HPMPA versus CDV 

against poxviruses. The Km and Vmax values of these substrates for the HIV-1 and MMLV 

RTs have not yet been determined. Because little work has been done on the effects of 

CDV and (S)-HPMPA on MMLV replication, it is difficult to make predictions about the 

efficiency of use of these substrates by MMLV RT relative to the natural nucleotides. 

However, the need for large pools of CDVpp and (S)-HPMPApp in the cell, coupled with 

the higher Ki value of CDVpp for HIV-1 RT (Cherrington et al., 1996), suggests that 

these are inefficient substrates for the HIV-1 enzyme. This prediction is strengthened by 

the findings of Franguel et al. (2008), who measured a Kd value of CDVpp for HIV-1 RT 

using pre-steady state kinetic analysis. This value was determined to be 180 µM, 23-fold 

higher than the Kd of dCTP (7.9 µM).  

 The drug-terminated primers could also be extended by each polymerase, 

indicating that the hydroxymethyl moiety on each drug can act as a 3′-hydroxyl group to 

initiate nucleophilic attack on the incoming dNTP. The presence of drug in the primer 
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strand did however, lead to the slowing or pausing of DNA synthesis when vaccinia virus 

DNA polymerase or MMLV RT were used to catalyze the reaction (Chapters 2, 3 and 4). 

The incorporation of a single CDV or (S)-HPMPA residue by vaccinia virus DNA 

polymerase resulted in pausing at the N + 1 position, where N is the expected site of 

incorporation of the drug. When two consecutive molecules of CDV or (S)-HPMPA were 

incorporated into DNA by this enzyme, a slowing of DNA synthesis relative to control 

reactions in the absence of drug was also observed; pause sites were located at positions 

N, N + 1, N + 2, and N + 3. This slowing of DNA synthesis was more profound when 

CDV was incorporated in the primer strand than when (S)-HPMPA was present, 

particularly when two molecules were incorporated. MMLV RT was more strongly 

inhibited by the incorporation of these drugs when DNA templates, rather than RNA 

templates, were used. Further, the pause sites produced in these reactions were observed 

at positions N and N + 1 (CDV) and N [(S)-HPMPA]. In contrast, HIV-1 RT was not 

inhibited when these drugs were incorporated into the primer strand; drug-containing 

reaction products were similar to those obtained in the absence of drug and using the 

natural substrates (Chapter 4). In reactions catalyzed by all three enzymes however, the 

production of full-length DNA strands was observed. These results indicate that CDV 

and (S)-HPMPA do not act as functional chain terminators and can be incorporated into 

DNA allowing subsequent DNA synthesis to occur. 

 The effect of CDV and (S)-HPMPA on the 3′-to-5′ exonuclease activity of 

vaccinia virus DNA polymerase was also investigated. Although CDV and (S)-HPMPA 

could be excised from DNA bearing these drugs at the primer terminus, oligonucleotides 

containing either drug at the penultimate position of this terminus, equivalent to the N + 1 

structure described above, were refractory to exonuclease activity (Chapters 2 and 3). 

The ability of CDV and (S)-HPMPA to be incorporated into DNA without 

causing chain termination prompted an examination of the effects of these drugs when 

positioned in the template strand. Although not relevant for most nucleoside and 

nucleotide analogs (because these are either obligate or functional chain terminators), 

some of the antiviral effects seen by CDV and (S)-HPMPA may in fact be mediated 

during subsequent rounds of DNA synthesis, after drug has been incorporated into DNA. 
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Indeed, the presence of CDV or (S)-HPMPA in the template resulted in inhibition of 

DNA synthesis catalyzed by vaccinia virus DNA polymerase, MMLV RT or HIV-1 RT. 

The extent of this inhibition varied depending on the enzyme and, in the case of the 

reverse transcriptases, the drug used (Chapters 3 and 4). Vaccinia virus DNA polymerase 

was completely inhibited by drug in the template; nucleotide could be incorporated 

opposite the drug lesion but further extension did not occur. This inhibition of extension 

was observed even if oligonucleotides terminating one nucleotide past the drug residue 

were used to prime DNA synthesis. Interestingly, these latter primers were rapidly 

degraded by one nucleotide by the vaccinia virus DNA polymerase 3′-to-5′ exonuclease 

activity, suggesting that these structures are not favored substrates. Similarly, when 

MMLV RT was used to catalyze DNA synthesis using a template containing CDV, no 

full-length extension products were observed and synthesis was terminated at, or a few 

nucleotides past, the drug lesion, depending on the site of the primer 3′-terminus. The 

presence of (S)-HPMPA in the template strand did not result in as great an inhibition of 

MMLV RT as did CDV in the template; full-length extension product were observed, 

although the predominant products were pause sites again located at, or a few nucleotides 

past, the drug lesion. HIV-1 RT was not as strongly inhibited by CDV and (S)-HPMPA in 

the template strand as was MMLV RT. Full-length extension products were observed in 

all reaction mixtures, although some pausing was seen around the drug lesions. The 

results obtained with HIV-1 RT help to explain those obtained by Franguel et al. (2008), 

who were unable to measure the inhibition of HIV-1 RT by CDVpp at concentrations up 

to 2 mM and concluded that this drug is therefore not active against HIV-1 RT. These 

authors used a filter-based DNA polymerase assay, which measured the incorporation of 

radiolabeled dAMP into an activated calf-thymus DNA substrate. This type of 

experiment measures only the first round of DNA synthesis and its inhibition by drug 

incorporated into the primer strand. Our results indicate that CDV and (S)-HPMPA do 

not inhibit DNA synthesis by HIV-1 RT when incorporated into DNA and exert their 

inhibitory effects only when in the template strand, which would not be measured by this 

assay. These results also indicate that the type of assay used to assess inhibition is 

important in determining the mechanism of action of drugs and suggest that different 



156 
 
assays, like filter-based DNA polymerase assays and primer extension assays, be used in 

parallel to understand and detect inhibition of viral polymerases by antiviral drugs. In 

fact, Franguel et al. were able to show that CDVpp can be used as a substrate, albeit an 

inefficient one, by HIV-1 RT and is incorporated into the 3′-end of a DNA primer by this 

enzyme (Frangeul et al., 2008). 

 The mechanism of action of CDVpp was previously examined by Xiong et al. 

using HCMV DNA polymerase (Xiong et al., 1997). These authors demonstrated that 

CDVpp can be used by HCMV DNA polymerase as a substrate and is incorporated into 

DNA. The incorporation of a single CDV molecule does not block DNA synthesis, 

although it does result in a pause site at the N + 1 position, the same pause site observed 

when the vaccinia virus DNA polymerase is used. Two incorporated CDV molecules 

impede further DNA synthesis, regardless of whether these two molecules are 

incorporated consecutively or with an intervening natural nucleotide. Further, the 

presence of CDV at the primer terminus blocks the HCMV DNA polymerase’s 3′-to-5′ 

proofreading exonuclease activity. These authors also investigated the effect of CDV 

when in the template strand. They observed that the rate of DNA synthesis is slowed by 

the drug lesion. The three major products seen in this reaction are DNAs terminated one 

residue prior to, at, and one residue past the CDV lesion. However, full-length DNA 

products are still formed. These authors noted that the degree of inhibition of HCMV 

DNA polymerase is greater when CDV is in the template strand than when it is in the 

primer strand (Xiong et al., 1997). 

 

5.2 MODEL OF THE MECHANISM OF ACTION OF CDV AND (S)-HPMPA 

 Taken together, these results indicate that the inhibition of virus polymerases by 

CDV and (S)-HPMPA is due to a complex interplay of uptake, metabolism to the 

diphosphoryl derivatives, the efficiency of substrate usage, the ability to incorporate the 

drugs into DNA, inhibition of DNA synthesis and 3′-to-5′ exonuclease activity (if 

present) by drug in the primer strand, and inhibition of DNA synthesis by drug in the 

template strand (Figure 5.1). The impact of each of these factors will determine the 

relative susceptibility of a virus to these nucleotide analogs. For example, the greater
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Figure 5.1  The mechanism of action of CDV and (S)-HPMPA. CDV and (S)-HPMPA are taken up by 

cells by endocytosis (1) and then converted to their active intracellular metabolites, CDVpp and (S)-

HPMPApp, respectively, by cellular enzymes (2). Although similar amounts of both drugs are taken up 

into cells, (S)-HPMPA is phosphorylated to a greater extent than is CDV. Both CDVpp (X) and (S)-

HPMPApp (H) can be used as substrates by viral polymerases and incorporated into viral nucleic acid 

(3). Although this incorporation of drug may slow elongation, it does not terminate synthesis. The 

drugs’ inhibitory effects take place during the subsequent rounds of synthesis, where drug in the 

template strand inhibits synthesis past the lesion (4). 
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efficacy of (S)-HPMPA versus CDV against vaccinia virus can be explained by 

differences in metabolism, the efficiency with which each drug is utilized as a substrate, 

and the inhibition of DNA synthesis upon incorporation of the drug in the primer strand. 

(S)-HPMPA is metabolized to (S)-HPMPApp to a greater extent than is CDV to CDVpp. 

(S)-HPMPApp is also used by vaccinia virus DNA polymerase more efficiently than is 

CDVpp; incorporation of the former also leads to less inhibition of DNA synthesis than 

incorporation of the latter. These properties will result in a greater amount of (S)-HPMPA 

being incorporated into viral DNA than CDV, resulting in a more profound inhibition of 

DNA synthesis by drug in the template strand, even though single molecules of CDV or 

(S)-HPMPA similarly inhibit vaccinia virus DNA polymerase when located in the 

template strand. 

 Similarly, the inhibition of simple retroviruses like MMLV and MMSV relative to 

the lentivirus HIV-1 by these drugs can also be explained, at least in part, by differences 

in the inhibition of DNA synthesis by the presence of drug in the primer strand or in the 

template strand. The transformation of murine cells by MMSV is inhibited by (S)-

HPMPA (De Clercq et al., 1986; Pauwels et al., 1988). In contrast, HIV-1 replication in 

T-lymphocytes is not inhibited by CDV or (S)-HPMPA (Hostetler et al., 2006; Srinivas et 

al., 1997; Valiaeva et al., 2008). The MMLV RT was inhibited by CDV and (S)-HPMPA 

when incorporated into the primer strand and was strongly inhibited by both drugs when 

in the template strand. HIV-1 RT, in contrast, exhibited no inhibition of DNA synthesis 

by either drug in the primer strand and was inhibited by these drugs in the template strand 

to a much lesser extent than that seen with MMLV RT. The relative efficiencies with 

which MMLV RT and HIV-1 RT utilize CDVpp and (S)-HPMPApp as substrates may 

also play a role in the inhibition of each virus by these drugs. However, the steady state 

kinetic values for these substrates and these enzymes have not been determined at 

present. Further, pre-steady state experiments examining the effects of CDVpp and (S)-

HPMPApp on these three viral enzymes will provide a more detailed determination of the 

interactions of these drugs with the enzymes’ active sites. 

The mechanism of action of CDV and (S)-HPMPA is of interest in that the 

dominant inhibitory effect appears to occur when these drugs are positioned in the 
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template strand. The inhibition by drug in the template strand is not relevant for most 

other antiviral nucleoside analogs because they act as either obligate or functional chain 

terminators. The antiviral drug entecavir is the most closely related to CDV and (S)-

HPMPA based on the mechanism of inhibition. Entecavir is a 2′-deoxyguanosine analog 

that possesses a 3′-hydroxyl moiety. Entecavir 5′-triphosphate can be used as a substrate 

by HBV DNA polymerase and HIV-1 RT and can be incorporated into DNA by both of 

these enzymes. Studies using the HBV DNA polymerase indicated that this drug acts as a 

delayed chain terminator and that this termination is more profound after dG rich 

sequences (Langley et al., 2007; Seifer et al., 1998). The effect of entecavir in the 

template strand has not been examined using this enzyme. The inhibition of HIV-1 RT by 

this drug is a result of three different mechanisms: pausing after the incorporation of 

drug, pausing at a position three nucleotides after the incorporation of drug, and 

inhibition of DNA synthesis by drug in the template (Domaoal et al., 2008; Tchesnokov 

et al., 2008). However, the pausing at the N + 3 position and not inhibition of DNA 

synthesis by drug in the template was shown to be the dominant mechanism of inhibition 

(Tchesnokov et al., 2008).  

The effects of nucleotide analogs in the template strand on DNA replication have 

not been extensively studied, presumably because most of these analogs are obligate or 

functional chain terminators. As described above, entecavir in the template strand inhibits 

DNA synthesis by HIV-1 RT (Tchesnokov et al., 2008). Pausing of the enzyme was 

observed at two positions: at the site of incorporation of nucleotide opposite the entecavir 

residue and at one nucleotide past this residue. However, with extended reaction times, 

these pause products were chased into full-length products, albeit to a lesser extent than 

that seen in control reactions using templates containing dG. The presence of 5-

trifluoromethyl-2′-deoxyuridine in a template strand was also described to block DNA 

synthesis by human DNA polymerase α and the Escherichia coli DNA polymerase I 

Klenow fragment, although no data were shown (Satake et al., 1992; Satake et al., 1991). 

Further, a cytosine arabinoside (araC) residue in the template strand slows DNA 

synthesis past the drug lesion catalyzed by the Klenow fragment, T4 DNA polymerase 

and human DNA polymerase α2 (Mikita and Beardsley, 1988). Interestingly, avian 
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myeloblastosis virus RT exhibited only a weak pause site opposite the araC residue and 

DNA synthesis was not inhibited appreciably (Mikita and Beardsley, 1988). 

The ability of CDV and (S)-HPMPA to be incorporated into DNA by viral 

polymerases without causing chain termination has implications for cellular DNA 

synthesis. Rat DNA polymerases , and  can use (S)-HPMPApp as a substrate and 

incorporate it into DNA (Birkus et al., 2004; Kramata et al., 1996). Primer extension 

analyses using cellular DNA polymerases have not been conducted using CDVpp as a 

substrate, but its similarity to (S)-HPMPApp and the ability of diverse viral polymerases 

to use both drugs as substrates suggest that it too will be incorporated into the DNA of a 

cell. These drugs may then be recognized as DNA damage. Indeed, Vortuba et al. showed 

that the treatment of cells with a related analog, (S)-HPMPazaC, resulted in the up-

regulation of several genes involved in the DNA damage response (Votruba et al., 2008). 

The repair of the drug-induced lesions by one of the various DNA repair pathways could 

protect cells from the deleterious effects of the drugs (Hakem, 2008; Harper and Elledge, 

2007). 

The complex mechanism of action of CDV and (S)-HPMPA on viral polymerases 

also has implications for the development of resistance to these drugs. The in vitro 

selection of resistance to CDV and/or (S)-HPMPA has been described for vaccinia virus 

(Andrei et al., 2006; Becker et al., 2008; Kornbluth et al., 2006), HCMV (Cihlar et al., 

1998) and HSV-1 (Andrei et al., 2000). Resistance in each case has been mapped to the 

viral polymerase genes and the specific residues conferring resistance have been located 

in both the polymerase domain and the 3′-to-5′ exonuclease domain of these enzymes. 

Although more work is needed to examine the interactions of CDVpp and (S)-HPMPApp 

with the resistant polymerases, it is possible that mutated residues in the polymerase 

domain allow the enzyme to select against incorporation of the drugs into DNA or to 

bypass drug lesions in the template strand while mutations in the 3′-to-5′ exonuclease 

domain facilitate removal of the drug after incorporation. The dominant inhibitory effect 

of the drugs in the template strand also helps to explain the difficulty in generating high 

level resistance in poxviruses to these compounds. These viruses will not be able to 

completely exclude the incorporation of either drug into DNA, even in the presence of 
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resistance mutations. Further, mutant DNA polymerases that are able to both faithfully 

replicate the viral genome and replicate past the drug lesions are most likely difficult to 

develop, as evidenced by the occurrence of specialized bypass polymerases in cells. And 

finally, poxviruses lack specialized lesion repair systems and due to their cytoplasmic site 

of replication, do not have access to cellular repair machinery located in the nucleus. 

Interestingly, Hostetler et al. (2006) showed that the alkoxyalkyl ester derivatives of (S)-

HPMPA retained full activity against HIV-1 resistant to azidothymidine and lamivudine, 

and although there was significant cross-resistance noted with a virus resistant to 

tenofovir, this virus was still susceptible to the (S)-HPMPA derivatives at clinically 

relevant concentrations. It will be of interest to determine the types of mutations that will 

develop upon the in vitro selection of resistance of HIV-1 to CDV and (S)-HPMPA. 

Since these two drugs exert their effects on the HIV-1 RT only when present in the 

template strand, we predict that resistance will be more difficult to achieve than that 

obtained with other antiretroviral compounds that act as obligate chain terminators and 

that novel mutations will develop. 

 

5.3 FUTURE DIRECTIONS 

The results from this work point to several avenues for future research. For 

example, the structural basis for the inhibition of viral polymerases by CDV and (S)-

HPMPA has not been elucidated. The presence of either drug in nucleic acid is predicted 

to cause perturbations in the DNA or RNA structure around the site of the drug residue, 

leading to inefficient synthesis. This perturbation of nucleic acid structure has previously 

been observed in a duplex DNA containing ganciclovir residues, another acyclic 

nucleoside analog (Foti et al., 1997; Marshalko et al., 1995). The overall nuclear 

magnetic resonance (NMR) structure of this duplex is consistent with the B-form of 

DNA, but there is a kink observed in the sugar-phosphate backbone at a position 3′ to the 

ganciclovir lesion site (Foti et al., 1997). Dr. James Beadle, a chemist in the laboratory of 

our collaborator, Dr. Karl Hostetler (University of California, San Diego), has been 

developing a method to chemically synthesize the phosphoramidite precursors of CDV 

and (S)-HPMPA so that they can be used to prepare oligonucleotides bearing these drugs, 
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thus eliminating the need for enzymatic synthesis. These oligonucleotides will then be 

used to determine the NMR structures of DNAs containing CDV and (S)-HPMPA and 

compared with the structures of DNA duplexes containing dCMP or dAMP, respectively, 

at the same positions. The drug molecules will be located at positions equivalent to those 

that cause pausing of the various polymerases. These NMR studies have been initiated in 

collaboration with Dr. Brian Sykes (Department of Biochemistry, University of Alberta). 

Further, the thermodynamic properties of these drug-containing duplexes can be 

measured and compared to those of control duplexes as well as ganciclovir and araC-

containing DNA duplexes (Beardsley et al., 1988; Marshalko et al., 1995) to determine 

the relative impact of these drugs on DNA stability. 

Further determination of the structural basis of inhibition by these drugs will 

include elucidating the structures of vaccinia virus DNA polymerase, MMLV RT, and 

HIV-1 RT with DNAs containing CDV and (S)-HPMPA in both the primer strand and in 

the template strand. At present, a crystal structure of the vaccinia virus DNA polymerase 

has not been determined. This protein cannot be purified from virus-infected cells in 

amounts required for crystallography studies, and attempts to express the protein in 

heterologous systems like E. coli or yeast have been unsuccessful (McDonald and 

Traktman, 1994; Appendix). However, the crystal structures of other B family DNA 

polymerase members, like the HSV-1 and the bacteriophage RB69 DNA polymerases, 

have been determined (Franklin et al., 2001; Liu et al., 2006; Shamoo and Steitz, 1999; 

Wang et al., 1997). These structures could be used as a basis for modeling the vaccinia 

virus enzyme with DNAs containing the two drugs, as the overall architecture of this 

family of polymerases is similar (Liu et al., 2006). The structures of the DNAs would be 

obtained from the NMR studies described above. These types of modeling experiments 

have been performed previously with the HCMV DNA polymerase, based on the RB69 

DNA polymerase crystal structure, in the analysis of this enzyme’s resistance to 

ganciclovir, CDV and foscarnet (Shi et al., 2006). 

Several crystal structures of the MMLV RT and HIV-1 RT have been solved, 

including structures of HIV-1 RT in complex with the nucleoside/nucleotide analog 

inhibitors AZT and tenofovir (Arnold et al., 1992; Das and Georgiadis, 2004; Ding et al., 
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1998; Georgiadis et al., 1995; Huang et al., 1998; Jacobo-Molina et al., 1993; Pata et al., 

2004; Sarafianos et al., 2002; Tuske et al., 2004). Comparison of the structures of the 

MMLV RT and HIV-1 RT complexed with DNAs containing CDV and (S)-HPMPA will 

provide insights into the differential susceptibility of these enzymes to these drugs. 

Further work on CDV and (S)-HPMPA will include a determination of the 

mechanism of inhibition of the diphosphoryl derivatives of these drugs on the 

polymerases of HBV and HCV. These experiments will help to determine if the 

mechanism of action that we have observed against vaccinia virus DNA polymerase, 

MMLV RT and HIV-1 RT is more broadly applicable to these other virus systems. In 

addition, it would be of interest to test the efficacy of CDV, (S)-HPMPA and their 

alkoxyalkyl ester derivatives against other viruses, like influenza, measles, or respiratory 

syncytial virus, to determine the full antiviral activity spectrum of these drugs. Both the 

parent compounds and their derivatives should be tested, in case high levels of drug are 

required for activity, as was seen in the case of HIV-1. 

 

5.4 CONCLUSIONS 

The novel mechanism of action that has been described for CDV and (S)-

HPMPA, namely inhibition of viral polymerases by drug incorporation in the template 

strand, points to a new avenue for targeted antiviral drug design. Nucleoside and 

nucleotide analogs can be developed that are efficient and selective substrates for viral 

polymerases and that cause little inhibition of nucleic acid synthesis when being 

incorporated into DNA or RNA. These analogs would instead exert their effects in 

subsequent rounds of replication. Modifications to these drugs could then be made, if 

necessary, to improve oral bioavailability, uptake, and metabolism. These data also stress 

the importance of using multiple screening assays in the discovery of new antiviral 

compounds. The focus on chain terminating nucleoside and nucleotide analogs and the 

use of assays that examine only the inhibitory effects of drug incorporation into the 

growing nucleic acid have the potential to miss useful candidate drugs that act through 

novel mechanisms.  
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APPENDIX 

 

PRODUCTION AND CHARACTERIZATION OF ANTI-VACCINIA DNA 

POLYMERASE ANTIBODIES1,2 

 

Wendy C. Magee, Soraya Shahhosseini, Y.-C. James Lin, Mavanur R. Suresh 

and David H. Evans 

 

A.1 INTRODUCTION 

 Vaccinia virus is a large DNA virus defined taxonomically as belonging to the 

poxvirus subfamily Chordopoxvirinae. It is one of a number of viruses belonging to the 

genus Orthopoxvirus, which also includes Variola virus (the causative agent of 

smallpox), Cowpox virus, and Ectromelia virus. There are seven other genera of 

Chordopoxvirinae, including the Leporipoxviruses (Mxyoma and Shope fibroma virus), 

the Yatapoxviruses (e.g. Tanapox virus), and the Avipoxviruses (e.g. Fowlpox virus) 

(Moss, 2001). Although these viruses show considerable differences with respect to host 

range, genome size, gene complement, and antigenicity, they all share a similar 

replication cycle and a genome structure consisting of a large duplex DNA bearing 

hairpin ends (Baroudy et al., 1982). The replication cycle is unusual for a DNA virus, in 

that it takes place within the cytoplasm of infected cells in special structures called either 

virosomes or factories (reviewed in Moss, 2001). Probably because of this mode and site 

of replication, poxviruses encode an unusually large complement of proteins needed to 

catalyze DNA replication and nucleotide biogenesis. These proteins include a DNA 

polymerase, processivity factor, DNA ligase, single-strand DNA binding protein, a DNA-

independent nucleoside triphosphatase that possesses DNA primase activity, Holliday 

junction resolvase, and uracil glycosylase plus biosynthetic enzymes like a thymidine 

                                                 
 
1 A version of this chapter has been accepted for publication in the Journal of Virological Methods. 
 
2 This study was supported by Canadian Institutes of Health Research (CIHR) and Natural Sciences and 
Engineering Research Council of Canada (NSERC) grants to Dr. D. H. Evans. 
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kinase and ribonucleotide reductase (Garcia et al., 2000; reviewed in Beaud, 1995 and 

Traktman, 1996). Although most of the proteins required for vaccinia virus DNA 

replication have probably now been identified, the actual mechanism of poxvirus 

replication remains obscure. A nick-dependent rolling hairpin model was proposed over 

twenty-five years ago (Moyer and Graves, 1981), but needs to be updated since it was 

discovered that the vaccinia virus D5 protein, the DNA-independent nucleoside 

triphosphatase, encodes a DNA primase activity (De Silva et al., 2007). The D5 primase 

could potentially support bidirectional replication with lagging strand DNA synthesis and 

without requiring replication initiation from a nick. 

 The vaccinia virus encoded DNA polymerase plays a central role in catalyzing 

virus replication. The enzyme belongs to the DNA polymerase B family and possesses 

both 5′-to-3′ polymerase and 3′-to-5′ proofreading exonuclease activities (Challberg and 

Englund, 1979; Ito and Braithwaite, 1991). The E9L gene encodes the vaccinia virus 

enzyme, and E9 has been widely used as a surrogate for the homologous variola virus 

polymerase in studies concerning the development of new smallpox therapeutics (Andrei 

et al., 2006; Magee et al., 2008; Magee et al., 2005). E9 also plays a key role in 

catalyzing virus recombination (Colinas et al., 1990; Willer et al., 1999; Yao and Evans, 

2001). E9 comprises the core of a multi-protein replication complex, consisting of the 

polymerase plus A20 and D4 proteins, and it exhibits markedly different enzymatic 

properties when complexed in this state (Stanitsa et al., 2006). However, it is still unclear 

whether these three components suffice to form a vaccinia replication machine, or 

whether E9+A20+D4 simply comprise the core of an even larger holoenzyme. For 

example, it has been suggested that A20 also interacts with H5 and H5 with G2 (Black et 

al., 1998; Ishii and Moss, 2002; McCraith et al., 2000). The recent demonstration of the 

recruitment by vaccinia DNA ligase of cellular topoisomerase II to sites of viral 

replication and assembly also raises questions regarding what other host proteins might 

promote virus replication (Lin et al., 2008). 

 Antibodies provide a powerful tool for dissecting these kinds of complexes and 

for mapping the distribution of virus antigens in infected cells, yet only one polyclonal 

antibody directed against E9 protein has been described to date (McDonald et al., 1992). 
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In this communication the properties of two new monoclonal antibodies and a 

complementary new polyclonal antibody, which recognize the amino-terminal 

exonuclease-encoding domain of vaccinia virus DNA polymerase, are described. These 

antibodies collectively support Western blotting, immunofluorescence microscopy and 

immunoprecipitation analyses and should prove a useful tool for further investigating the 

systems catalyzing vaccinia virus DNA replication. 

 

A.2 MATERIALS AND METHODS 

A.2.1 Cells and viruses.  SP2/0 myeloma cells and BSC40 African green monkey 

kidney cells were obtained from the American Type Culture Collection (ATCC). Buffalo 

green monkey kidney (BGMK) cells were obtained from Diagnostic Hybrids (Maryland, 

USA) and QM5 quail muscle cells from Dr. M. Barry (University of Alberta). SP2/0 cells 

were cultured in RPMI-1640 medium containing 5% (v/v) heat-inactivated fetal bovine 

serum (FBS; Sigma or Invitrogen-GIBCO) and 1% (v/v) penicillin-streptomycin-

glutamine. BSC40 cells were cultured in minimum essential medium (MEM) containing 

5% FBS, 1% (v/v) non-essential amino acids, 2 mM L-glutamine and 1% (v/v) antibiotic 

plus antimycotic. BGMK cells were grown under the same conditions except using 10% 

FBS. QM5 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 10% heat-inactivated FBS, 2 mM L-glutamine and 1% antibiotic/antimycotic. 

All cells were maintained at 37°C in a 5% CO2 atmosphere and all media and 

components were purchased from Invitrogen-GIBCO, unless otherwise noted. 

 Vaccinia virus (strain Western Reserve), myxoma virus (Lausanne), and Shope 

fibroma virus (Kasza) were obtained from ATCC. Fowlpox virus was obtained from Dr. 

É. Nagy (University of Guelph) and ectromelia virus (Moscow) and cowpox virus 

(Brighton Red) were from Dr. M. Barry. Tanapox virus (Kenya) was provided by Dr. C. 

Brunetti (Trent University). 

 

A.2.2 Expression and purification of full-length vaccinia DNA polymerase from 

Escherichia coli.  A full-length copy of the 3,018 bp vaccinia (strain Western Reserve) 

E9L gene was resynthesized by Geneart (Toronto), bearing codons optimized for
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 expression in E. coli. This codon-optimized gene was used as a template DNA in PCR 

reactions designed to amplify E9L for cloning into E. coli expression vectors bearing 

carboxy-terminal His6 (pETBlue-2; Novagen) or amino-terminal glutathione-S-

transferase (GST) (pDEST™15; Invitrogen) fusion sequences.  

For cloning into pETBlue-2, the 3,018 bp E9L fragment was amplified using the 

primers E9LFwd (5′ GAAGGAGATATACCATGGATGTGCGCTGCATCAAC 3′) and 

E9LRev (5′ GTGGTGGTGGTGCTCGAACGCTTCATAGAAGGTCGG 3′); the ATG 

start codon is shown bolded. These primers also incorporate sequences homologous to 

the pETBlue-2 cloning vector at their 5′ ends (underlined). After amplification and gel 

purification, the PCR fragments were recombined into NcoI and XhoI digested pETBlue-

2 using the In-FusionTM cloning method (Clontech) to yield plasmid pETBlue2-E9L. The 

DNA was used to transform E. coli NovaBlue cells (Novagen), followed by plating onto 

Luria-Bertani (LB) medium containing 50 µg/ml carbenicillin (Sigma) and 12.5 µg/ml 

tetracycline (Sigma). Positive clones were confirmed by sequencing using the 

DYEnamic™ ET Dye Terminator Cycle Sequencing kit (Amersham Biosciences) and the 

primers listed in Table A.1.  

To express the E9 protein from pETBlue2-E9L, E. coli pLacI Tuner cells 

(Novagen) were transformed with the plasmid and cultured in Luria broth containing 50 

µg/ml carbenicillin, 34 µg/ml chloramphenicol (ICN Biomedicals, Inc.) and 1% (w/v) 

glucose. Protein expression was induced by the addition of 0.3 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) (Invitrogen) for 3 h at 37°C. The cells were then harvested, 

resuspended in extraction buffer (50 mM sodium phosphate, pH 7.0; 300 mM NaCl) and 

treated with 0.75 mg of chicken egg white lysozyme (USB Corporation) per ml for 1 h at 

4°C. The cell suspension was Dounce homogenized and centrifuged to prepare 

supernatant and pellet fractions. The supernatant fraction was applied to TALON metal 

affinity resin (BD Biosciences), pre-equilibrated with extraction buffer. The resin was 

washed twice with extraction buffer, twice with 25 mM imidazole (Sigma) in extraction  

buffer and once with 100 mM imidazole in extraction buffer. Aliquots of collected 

samples were analyzed by sodium dodecyl sulfate – polyacrylamide gel electrophoresis 

(SDS-PAGE) and Western blotting (section A.2.8). 
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Table A.1  Oligonucleotide sequencing primers 

 

Primer Sequence (5′ to 3′) Source 

pETBlueUP TCACGACGTTGTAAAACGAC Novagen 

pETBlueDOWN GTTAAATTGCTAACGCAGTCA Novagen 

E9L Seq1 WM TCAATAACGGCTGCTATCAT Sigma-Genosys 

E9L Seq2 WM CGTAACCAGAGCAGCCATAA Sigma-Genosys 

E9L Seq3 WM TCTGTGGGAATACTACGGCG Sigma-Genosys 

E9L Seq4 WM GCGGAACGTGCGCGCTATAA Sigma-Genosys 

E9L Seq5 WM AATATACCACCATGAAATAC Sigma-Genosys 

E9L Seq6 WM TTCAAACGCCTGACCAGCGA Sigma-Genosys 

E9L Seq7 WM ATCAAATTCGCTACGCAGAT Sigma-Genosys 

E9L Seq8 WM CAAAGCGCAGCATACCATTG Sigma-Genosys 

E9L Seq9 WM AAGATCAGCACGTTGTTGCT Sigma-Genosys 

E9L Seq10 WM TTTACCTTTCGCATCGGTGG Sigma-Genosys 

E9L Seq11 WM CCTGAATTTCCTGTTCGGTC Sigma-Genosys 

E9L Seq12 WM TGATAGATTTCATCGGTCAC Sigma-Genosys 
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Gateway® technology (Invitrogen) was used to clone E9L into pDEST15. The 

E9L coding sequence was amplified using primers pENTR-E9LFwd (5′ 

CACCATGGATGTGCGCTGCATCAAC 3′) and pENTR-E9LRev (5′ 

TTACGCTTCATAGAAGGTCGGT 3′); the sequence required for directional TOPO® 

cloning is underlined and the ATG start codon is again shown in bold. The amplified 

fragment was cloned into pENTR™/TEV/D-TOPO® (Invitrogen) according to the 

manufacturer’s recommendations, transformed into E. coli One Shot® TOP10 cells 

(Invitrogen), and plated onto LB medium containing 50 µg/ml kanamycin (ICN 

Biomedicals, Inc.) to yield plasmid pENTR-E9L. The E9L coding sequence was 

recombined into pDEST15 using LR Clonase™ II Enzyme mix (Invitrogen) according to 

the manufacturer’s recommendations to yield plasmid pDEST-E9L. The recombination 

reaction was transformed into E. coli DH5α followed by selection on LB medium 

containing 100 µg/ml ampicillin (ICN Biomedicals, Inc.).  

To express E9 protein from pDEST-E9L, E. coli DHE 142 cells (Zhang and 

Evans, 1995) were transformed with the plasmid and cultured in Luria broth containing 

50 µg/ml carbenicillin and 34 µg/ml chloramphenicol. IPTG was added to a final 

concentration of 0.5 mM and the culture induced at 37°C for 2 h. The cells were 

harvested and resuspended in phosphate buffered saline, pH 7.3. The cells were then 

lysed by incubating with 1 mg/ml chicken egg white lysozyme for 1 h at 4°C, followed 

by Dounce homogenization. Triton X-100 (ICN Biomedicals, Inc.) was added to a final 

concentration of 1% (v/v), the lysates were incubated at 4°C for 1 h, and then centrifuged 

to prepare supernatant and pellet samples. 

 

A.2.3 Expression and purification of an amino-terminal fragment of vaccinia DNA 

polymerase from E. coli.  The PCR was used to amplify a 1,351 bp fragment encoding 

the first 450 amino acids of the E9 protein using two primers [E9LFwd (5′ GAAGGAGAT 

ATACCATGGATGTGCGCTGCATCAAC 3′) and E9LN450Rev (5′ GTGGTGGTG 

GTGGTGCTCGATGTTCAGGTTATAATC 3′); the ATG start codon is indicated in 

bold, the anti-codon 450 is italicized, and sequences homologous to the pETBlue-2 

cloning vector are underlined] and the codon-optimized E9L gene as a template. After 
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amplification, this fragment was recombined into pETBlue-2 and plated as described 

above (Section A.2.2) to yield plasmid pETBlue2-E9L1-N450. Positive clones were 

confirmed by sequencing also as described above (Section A.2.2). 

Expression of the E91-N450 protein was performed by transforming E. coli pLacI 

Tuner cells with plasmid pETBlue2-E9L1-N450 and culturing in Luria broth containing 50 

µg/ml carbenicillin, 34 µg/ml chloramphenicol and 1% (w/v) glucose. IPTG was added to 

a final concentration of 0.5 mM and the cells incubated with shaking at 37°C for 3 h. The 

protein formed inclusion bodies, which were purified using two different methods. In the 

first method, crude inclusion bodies were isolated using a BugBuster kit (Novagen) as per 

the manufacturer’s recommendations, resuspended in phosphate buffered saline, pH 7.4 

(PBS) and the E91-N450 concentration estimated by comparison with a protein of known 

concentration on an SDS-PAGE gel. In the second method, the inclusion bodies were 

isolated and solubilized using an iFoldTM kit (Novagen) again according to the 

manufacturer’s recommendations. The buffer was exchanged with binding buffer (20 

mM sodium phosphate; 0.5 M sodium chloride; 20 mM imidazole, pH 7.4; 0.06% (v/v) 

sarkosyl) using a HiPrep 26/10 column (GE Healthcare), and the tagged protein then 

applied to a HisTrap column (GE Healthcare) also equilibrated in binding buffer. The 

protein was eluted using binding buffer containing 500 mM imidazole, dialyzed against 

PBS containing 10 mM β-mercaptoethanol, and the protein content determined by using a 

Bradford assay (Bio-Rad).  The purity of these proteins is shown in Figure A.1. 

 

A.2.4 Expression and purification of vaccinia DNA polymerase from vaccinia 

virus-infected cells.  Full-length recombinant vaccinia DNA polymerase was purified 

from vaccinia virus infected cells as described previously (McDonald and Traktman, 

1994). The concentration of the purified protein was determined using a Bradford assay 

(Bio-Rad).  The purity of this protein is shown in Figure A.1. 

 

A.2.5 Production of mouse hybridoma cell lines.  Five 6-8 week old BALB/c mice 

were immunized intraperitoneally. Two different forms of the E9 protein were used as 

antigens. The first was the E91-N450 crude inclusion body preparation and the second was
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Figure A.1  Vaccinia virus DNA polymerase antigens. Samples of full-length vaccinia DNA 

polymerase purified from virus-infected cells, E91-N450 inclusion bodies and affinity-purified E91-N450 

(~1 µg each) were resolved on a 10% SDS-PAGE gel and stained with GelCode Blue (Pierce). 
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the full-length protein purified from vaccinia virus-infected cells. The first immunization 

took place on day 0 and consisted of 50 µg/mouse of E91-N450 antigen in complete 

Freund’s adjuvant (CFA; Sigma). This was followed by 25 µg/mouse of E91-N450 in 

incomplete Freund’s adjuvant (IFA; Sigma) on day 14, 50 µg/mouse of E91-N450 in PBS 

on day 28, and then 10 µg/mouse of full-length polymerase in PBS on days 37 and 53. 

The mouse serum antibody titres were assessed by indirect ELISA (Section A.2.7) using 

both protein antigens. The mouse with the highest antibody titres was euthanized and its 

spleen removed on day 56. The splenocytes were fused to SP2/0 cells and the resulting 

hybridomas cultured as described (Köhler and Milstein, 1975, Shahhosseini et al., 2007). 

Vaccinia DNA polymerase was used as the antigen in an indirect ELISA (Section A.2.7) 

and positive cell lines recloned by limiting dilution. Large-scale (~300 ml) cultures of 

these monoclonal cell lines were grown to high cell density, allowed to die off, and the 

supernatant recovered. The isotype of each antibody was determined using the collected 

supernatants and an IsoStrip kit (Roche). Where described, antibodies were affinity 

purified using a HiTrap Protein G HP column (GE Healthcare), as per the manufacturer’s 

guidelines, dialyzed against 50% glycerol in PBS and stored at -20°C.  

 

A.2.6 Production of a rabbit polyclonal antibody.  Affinity purified E91-N450 was used 

to immunize four rabbits through a commercial venue (ProSci Inc). Each rabbit was first 

immunized with 200 µg of antigen in CFA and then boosted twice with 100 µg of antigen 

in IFA at two-week intervals. Western blot analysis (Section A.2.8) was used to identify 

the sera with highest titre and specificity. 

  

A.2.7 Indirect ELISA.  Indirect ELISAs were performed in 96-well flat bottom plates 

[MaxiSorp and C8 Starwell Maxi (Nunc)]. The plates were coated overnight at 4°C with 

3 µg/well of antigen in 100 µl of PBS, washed 3 times with PBS, and blocked with 2% 

(w/v) bovine serum albumin (BSA) in PBS. Test samples were added (100 µl/well) and 

incubated for 2 h at 20°C or overnight at 4°C. The wells were washed three times with 

PBS, incubated for 1 h at 20°C with 100 µl/well of 1:10,000 diluted goat anti-mouse IgG 

conjugated to horseradish peroxidise (Sigma) in 2% BSA, washed 3 times with PBS, and 
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incubated with 100 µl/well of peroxidase substrate [tetramethylbenzidine (TMB); KPL] 

for 10 minutes at 20°C. The reaction was stopped by adding 100 µl/well of TMB stop 

solution (KPL), incubated 5 min at 20°C, and the absorbance determined at 450 nm using 

a FLUOstar OPTIMA plate reader (BMG LABTECH) using PBS or RPMI 1640 media 

as a blank. Hybridoma culture supernatants yielding absorbance values greater than 0.5 

were determined to be positive. 

 

A.2.8 Western blotting.  Proteins were size fractionated using 10% SDS-PAGE gels 

and transferred to membranes by electrophoresis at 25V overnight or at 65V for 2 to 2.5 

h. Two types of detection methods were used, chemiluminescent and infrared. For 

chemiluminescent detection, proteins were transferred to Immobilon-P membranes 

(Millipore) and the membranes treated with 1% (w/v) Membrane Blocking Agent 

(Amersham Biosciences) in PBS-T [0.1% Tween 20 (ICN Biomedicals, Inc.) in PBS]. 

The membranes were washed and incubated with antibody for 1 h at 20°C  [1:1,000 

diluted anti-His6 monoclonal antibody (Roche) or 1:100 diluted anti-GST monoclonal 

antibody (Shahhosseini et al., 2006)], washed, and incubated with a 1:50 000 diluted goat 

anti-mouse IgG horseradish peroxidase-conjugated secondary antibody (Bio-Rad). After 

washing, the membrane was incubated with Super Signal West Pico Chemiluminescent 

substrate (Pierce) for 5 min followed by exposure to BioMax XAR film (Kodak) and 

developing using an x-ray film developer (Kodak). 

For infrared detection, proteins were transferred to NitroBind (GE Water & 

Process Technologies) or Immobilon-FL (Millipore) membranes. Where indicated, the 

membranes were stained with copper phthalocyanine 3,4′,4′′,4′′′-tetrasulfonic acid 

tetrasodium salt (CPTS; Sigma) to detect proteins (Bickar and Reid, 1992). The 

membranes were treated using 5% (w/v) skim milk in PBS-T or Odyssey blocking buffer 

(Li-Cor), incubated with antibody for 2 h at 20°C [undiluted culture supernatant, a 

1:10,000 diluted monoclonal antibody recognizing vaccinia I3 protein (Lin et al., 2008), 

or 1:2,000 diluted rabbit polyclonal anti-vaccinia DNA polymerase serum], washed, and 

incubated for 1 h at 20°C with the appropriate IRDye-labeled secondary antibody (Li-

Cor) that had been diluted 1:20,000 in PBS-T containing 0.01% (w/v) SDS. The blots 
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were washed twice with PBS-T and twice with PBS and then visualized using an 

Odyssey imaging system (Li-Cor). 

 

A.2.9 Immunofluorescence microscopy.   Cells were seeded on flamed coverslips in 

24-well plates and infected with virus at a multiplicity of infection (moi) of ~5 plaque-

forming units (pfu) per cell. The cells were incubated at 37˚C [for 4 h (vaccinia), 6 h 

(cowpox, ectromelia, myxoma, Shope fibroma, and fowlpox viruses), or 10 h (tanapox 

virus)], fixed with 4% (w/v) paraformaldehyde (Sigma) in PBS, and then permeabilized 

and blocked with 0.1% (v/v) Tween 20 and 3% (w/v) BSA in PBS. The cells were 

incubated at 20°C with undiluted hybridoma culture supernatant for 4 h, with 1:2,000 

diluted purified 1F5 or 3C11 monoclonal antibodies for 2 h, or with 1:1,000 diluted rabbit 

polyclonal antibody for 2 h. The cells were washed with PBS-T, and then incubated with 

1:2,000 diluted Alexa Fluor® 488 goat anti-mouse (or anti-rabbit) IgG (Molecular 

Probes), followed by staining for DNA with 20 ng/ml 4′,6-diamidino-2-phenylindole 

(DAPI) (Sigma). The coverslips were washed, mounted in Mowiol media (Harlow and 

Lane, 1999), and imaged with a Zeiss Axioskop2 fluorescence microscope using 40 msec 

(DAPI) and 600 msec (Alexa Fluor® 488) exposure times. 

  

A.2.10 Immunoprecipitation analysis.  BSC40 cells were infected (or mock infected) 

with vaccinia virus at a moi of 10 pfu/cell in 150 mm dishes. After 4 h, the cells were 

washed and scraped into 5 ml/dish of cold PBS. The cells were centrifuged at 800 x g for 

5 minutes at 4°C and resuspended in 1 ml ice cold lysis buffer [125 mM sodium chloride; 

50 mM Tris, pH 7.5; 5 mM EDTA; 0.2% (v/v) Tween 20] containing protease inhibitors 

(Roche). The lysate was held on ice for 20 min, centrifuged at 20,000 x g for 20 min at 

4°C and 0.8 ml of supernatant transferred to a fresh tube. The purified 1F5 or 3C11 

monoclonal antibodies (5 µl), or polyclonal rabbit antiserum (10 µl), were added to each 

lysate and gently mixed overnight at 4°C. The immune complexes were retrieved by 

adding Protein G (monoclonal) or Protein A (polyclonal) Sepharose 4 Fast Flow beads 

(GE Heathcare) and mixed for 2 h at 4˚C. The beads were washed 5 times with cell lysis 

buffer and resuspended in SDS-PAGE loading buffer. The samples were boiled for 5 
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min, centrifuged at 18,000 x g for 10 seconds, and size fractionated using 10% SDS-

PAGE gels. The gels were stained using a Silver Stain Plus kit (Bio-Rad) or used in 

Western blots (Section A.2.8). 

 

A.3 RESULTS 

A.3.1 Production of mouse monoclonal antibodies.  Five BALB/c mice were 

immunized with vaccinia polymerase as a first step in monoclonal antibody production. 

This enzyme is normally purified using a vaccinia-based expression system (McDonald 

and Traktman, 1994), but the method cannot economically generate the large amounts of 

antigen needed for immunization. As a result, the protein was expressed in E. coli. All 

attempts to express the full-length codon-optimized protein bearing either His6 or 

glutathione-S-transferase tags were unsuccessful because the protein was either not 

expressed or was degraded, respectively, as judged by Western blot analysis (Figure A.2). 

A faint band of a size between 110 and 130 kDa, consistent with the expected size of the 

His6-tagged E9 protein (~117 kDa), can be observed in the total cell lysate lane of the 

anti-His6 Western blot (Figure A.2, left panel). However, attempts to purify this protein 

by affinity chromatography (Figure A.2, left panel) as well as subsequent mass 

spectroscopy analysis did not indicate the presence of soluble His6-tagged E9 protein in 

these induced cultures (significant hits were to bacterial 2-oxoglutarate dehydrogenase E1 

components). Therefore, a portion of the protein encoding the first 450 amino acids (E91-

N450) (Figure A.1) and spanning the predicted proofreading exonuclease domain (Blanco 

et al., 1992) was expressed. This His6-tagged form of the protein expressed very well, 

although it was insoluble and formed inclusion bodies. The inclusion bodies were used to 

immunize mice three times, followed by two injections using full-length vaccinia DNA 

polymerase purified from virus-infected cells. This approach reduced the amount of 

polymerase needed for the immunizations, but was expected to favor selection for 

antibodies recognizing native epitopes. Indeed, higher serum antibody titers were 

detected in ELISAs using E91-N450 versus vaccinia DNA polymerase antigens, after the 

first three immunizations, whereas the antibody titers favored vaccinia DNA polymerase 

over the E91-N450 antigen after the last two booster injections (Figure A.3). Splenocytes
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Figure A.2  Western blot analysis of vaccinia DNA polymerase (E9) expressed in E. coli. Left panel. 

Protein samples taken during the process of purification of a culture induced to express His6-tagged E9 

were fractionated on a 10% SDS-PAGE gel and transferred to an Immobilon-P membrane. The 

membrane was used for Western blot analysis using an anti-His6 monoclonal antibody. The ~35 kDa 

His6-tagged vaccinia I3 single-stranded DNA binding protein was run as a positive control. Right 

panel. Protein samples taken from a culture induced to express GST-tagged E9 were fractionated and 

transferred to a membrane as in the left panel. This membrane was used for a Western blot using an 

anti-GST monoclonal antibody. The 27.7 kDa GST protein was run as a positive control. 
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Figure A.3  Serum antibody titers after immunization of mice with three injections of purified E91-N450 

inclusion bodies (first bleed) and two booster injections of purified vaccinia DNA polymerase (second 

bleed). Blood samples were collected from the tail vein of each mouse and the serum separated from 

each sample. Ten-fold serial dilutions of each serum sample in PBS were added to flat-well microtiter 

plates coated with either E91-N450 inclusion bodies (left) or vaccinia DNA polymerase (right) and 

blocked with BSA. Bound antibody was detected using goat anti-mouse IgG (Fc-specific) horseradish 

peroxidase conjugated secondary antibody and TMB Microwell Peroxidase Substrate System. The 

absorbance of each sample was read using a plate reader. Five mice were initially immunized [#1 (-■-), 

#2 (-□-), #3 (-●-), #4 (-○-), #5 (-x-)]; however, one (#3) became ill and was euthanized prior to 

receiving the last booster. 
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from the mouse with the highest serum antibody titers (#5) against vaccinia DNA 

polymerase were fused with SP2/0 myeloma cells to form hybridomas. The culture 

supernatants were screened using an indirect ELISA and positive hybridoma cells cloned 

by limiting dilution. Five stable lines were obtained: 1F5, 1G5, 3C11, 3E9 and 4E5 and 

isotyped using a commercial kit (Table A.2). Two of these hybridomas, 1F5 and 3C11, 

were subsequently purified from the culture supernatants using Protein G affinity 

chromatography. 

 

A.3.2 Western blotting applications.  The monoclonal antibodies were first tested to 

see if they would be suitable for Western blotting applications. Western blots were 

performed using infected cell lysates as well as the purified vaccinia DNA polymerase as 

antigens. As a positive control an antibody recognizing vaccinia I3 single-strand DNA 

binding protein was used, and mock-infected cell lysates were used as negative controls. 

Although the anti-I3 monoclonal antibody readily detected the ~35 kDa I3 protein band 

in infected cell lysates, none of the five new antibodies could detect the ~116 kDa DNA 

polymerase band (Figure A.4). These results show that these reagents are not suitable for 

Western blot analysis. 

 Because of this difficulty, a rabbit polyclonal anti-vaccinia DNA polymerase 

antibody was also prepared. An affinity-purified preparation of His6-tagged E91-N450 was 

used as an antigen for this process, rather than the crude inclusion bodies, to favor 

production of a more specific antibody. Two of the four rabbits yielded sera recognizing 

both the E91-N450 immunogen and purified vaccinia DNA polymerase, and one was 

boosted with more E91-N450 due to the low non-specific background in Western blots. 

This preparation of polyclonal antibody worked very well in blots, readily detecting <20 

ng of full-length purified vaccinia DNA polymerase (Figure A.5). Little or no cross-

reacting proteins were detected in mock-infected cells. Using a dilution of 1:2,000 serum, 

the antibody exhibited sufficient sensitivity to detect native levels of polymerase present 

in 40 µg of infected cell extract. 
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Table A.2  Isotypes of monoclonal antibodies against vaccinia DNA polymerase 

 

Antibody Isotype 

1F5 IgG1, kappa light chain 

1G5 IgG1, lambda light chain 

3C11 IgG2b, kappa light chain 

3E9 IgG1, kappa light chain 

4E5 IgG1, kappa light chain 
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Figure A.4  Immunoblots using the five monoclonal antibodies. Purified vaccinia DNA polymerase and 

lysates prepared from BSC40 cells mock infected or infected with vaccinia WR at an multiplicity of 

infection (moi) of 10 pfu per cell for 4 hours were run on 10% SDS-PAGE gels and the proteins 

transferred to nitrocellulose. Culture supernatants from the five monoclonal hybridomas were used as 

the primary antibody, and a monoclonal antibody recognizing the vaccinia single-strand DNA binding 

protein (α-SSB) was used as a positive control. Bound primary antibodies were detected using goat 

anti-mouse IRDye® 800CW secondary antibodies (LI-COR). Membranes were then scanned using an 

Odyssey® infrared imaging system. A portion of the nitrocellulose membrane stained with the protein 

stain copper phthalocyanine 3,4′,4′′,4′′′-tetrasulfonic acid tetrasodium salt (CPTS) is shown on the right.  
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Figure A.5  Western blot detection of vaccinia virus DNA polymerase. SDS-PAGE was used to 

fractionate the indicated samples and then, after transfer to a PVDF membrane, the proteins were 

Western blotted using a rabbit polyclonal antibody raised against an affinity-purified E91-450 

immunogen (lane 1). The blot was hybridized to a goat anti-rabbit IRDye® 800CW secondary antibody 

and then scanned using an Odyssey® infrared imaging system. Full-length vaccinia DNA polymerase 

(116 kDa) is indicated with an arrow. 
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A.3.3 Characterization of antibodies by immunofluorescence microscopy.  These 

antibodies were also tested to determine whether they would be useful in indirect 

immunofluorescence applications. Cells were seeded on coverslips and infected (or mock 

infected) with vaccinia virus. The cells were fixed and stained 4 h post-infection with 

culture supernatants from each of the five monoclonal hybridomas, or with the polyclonal 

antibody. The cells were also counterstained with DAPI to visualize nuclei and viral 

factories. The results are shown in Figure A.6. The 1F5, 3C11 and 3E9 monoclonal 

antibodies worked well in this application as evidenced by specific staining of the virus 

factories. Interestingly the 3C11 antibody also exhibited some additional diffuse 

cytoplasmic staining seen only in infected cells. The 1G5 antibody also stained the virus 

factories; however, this staining was faint compared to that seen using the 1F5, 3C11 and 

3E9 antibodies. The 4E5 antibody did not stain the virus factories. This antibody instead 

stained the cytoplasm surrounding these viral structures. No immunofluorescence was 

detected using any of the monoclonal antibodies in mock-infected cells, nor was any 

immunofluorescence detected in the media controls. The polyclonal antibody exhibited 

only a very weak and non-specific staining pattern with the fluorescence dispersed 

throughout all cells in both mock- and vaccinia-infected specimens. Based on these 

results, the 1F5 and 3C11 monoclonal antibodies were chosen for further analysis and 

purified. 

  The specificity of the 1F5 and 3C11 antibodies were also tested using a selection 

of additional chordopoxviruses. For these experiments, BSC40 cells were infected with 

vaccinia and tanapox viruses; BGMK cells were infected with cowpox, ectromelia, 

myxoma, or Shope fibroma viruses; and QM5 cells were infected with fowlpox virus. For 

vaccinia infections, the cells were fixed 4 h post-infection and for the cowpox, 

ectromeila, myxoma and Shope fibroma infections the cells were fixed 6 h post-infection. 

However, the tanapox-infected cells were fixed 10 h post-infection because this virus 

exhibits a longer replication cycle (Knight et al., 1989, Mediratta and Essani, 1999). The  

1F5 monoclonal antibody appears to be highly specific for vaccinia virus, as it did not 

stain the factories formed by any other poxvirus (Figure A.7). In contrast, the 3C11 

antibody seems to recognize an epitope common to vaccinia, cowpox and ectromelia
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Figure A.6  Immunofluorescence microscopy of vaccinia infected cells. BSC40 cells seeded on 

coverslips were mock infected or infected with vaccinia WR at an moi of 5 pfu per cell for 4 hours. 

After fixing, the cells were stained using monoclonal hybridoma culture supernatants, hybridoma 

culture media or the rabbit anti-vaccinia DNA polymerase polyclonal antibody, followed by staining 

with appropriate Alexa Fluor488-conjugated secondary antibodies. The cells were counterstained using 

DAPI to visualize nuclei and viral factories. The samples were imaged using a Zeiss Axioskop 2 

microscope and 40 millisecond (DAPI) and 600 millisecond (Alexa Fluor488) exposures.  
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Figure A.7  Immunofluorescence microscopy of poxvirus infected cells using the purified 1F5 

monoclonal antibody. Coverslips were prepared bearing the indicated combinations of cell and viruses 

and then fixed, stained with the purified 1F5 antibody, counterstained with DAPI, and imaged as 

described in Figure A.6. 1F5 appears to recognize only vaccinia antigens, and not antigens of the other 

poxviruses. These other poxviruses did establish successful infections, however, as judged by the 

presence of DAPI-stained virus factories. 
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viruses (Figure A.8), but not produced in cells infected with myxoma, Shope fibroma, 

tanapox, or fowlpox viruses (Figure A.8). The pattern was similar to that seen in vaccinia 

infections with bright staining of factories and more diffuse staining across the 

cytoplasm. 

 

A.3.4 Characterization of antibodies by immunoprecipitation analysis.  Finally, 

these antibodies were tested to determine whether they can be used to immunoprecipitate 

vaccinia DNA polymerase from infected cell extracts. BSC40 cells were infected (or 

mock infected) with vaccinia virus at a multiplicity of infection of 10 pfu/cell for 4 h. The 

cells were then harvested, lysed, and incubated with purified 1F5 or 3C11 monoclonal 

antibodies or with the polyclonal antibody. Protein A or G beads were then used to 

collect the immune complexes and the bound proteins size fractionated using duplicate 

SDS-PAGE gels. The gels were either silver stained or Western blotted using the 

polyclonal rabbit antibody. All three antibodies retrieved a ~120 kDa protein, present 

only in infected cells, and that co-migrated with authentic vaccinia DNA polymerase 

(116 kDa, Figure A.9A, closed arrow). The Western blot confirmed that this large protein 

is vaccinia virus DNA polymerase (Figure A.9B, closed arrow). Close inspection of the 

silver-stained proteins did detect at least one additional protein band that co-

immunoprecipitated with E9 when the 3C11 antibody was used; this protein exhibited a 

mass of ~35 kDa (Figure A.9A, open arrow). This does not match the mass of proteins 

previously shown to bind E9 [A20 (49 kDa) and D4 (25 kDa)] although these would have 

been obscured on our gels by the heavy and light chain bands. 

 

A.4 DISCUSSION 

Many of the proteins required for poxvirus DNA replication have been identified 

using a combination of biochemical, genetic, and molecular genetic methods (reviewed in 

Moss, 2001 and Traktman, 1996). Some of the interactions between these proteins have 

also been mapped using yeast two-hybrid and co-immunoprecipitation methods (Ishii and 

Moss, 2002; McCraith et al., 2000; Stanitsa et al., 2006), and other studies have provided 

insights into how these processes relate to the process of factory formation (Cairns, 1960; 
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Figure A.8  Immunofluorescence microscopy of poxvirus infected cells using the purified 3C11 

monoclonal antibody. Coverslips were prepared bearing the indicated combinations of cell and viruses 

and then fixed, stained with the purified 3C11 antibody, counterstained with DAPI, and imaged as 

described in Figure A.6. 3C11 stains vaccinia virus infected cells, and also stains cells infected with the 

orthopoxviruses ectromelia and cowpox. This antibody does not recognize the antigens of other non-

orthopoxviruses. 
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Figure A.9  Immunoprecipitation analysis. BSC-40 cells were infected (or mock infected) with 

vaccinia virus and then cell-free extracts were prepared 4 h post-infection. These extracts were 

incubated overnight at 4°C with the indicated antibodies, and the immune complexes collected using 

protein A and protein G sepharose beads.  The beads were recovered, washed, mixed with SDS-PAGE 

loading buffer, and the proteins separated using 10% SDS-PAGE gels. Purified vaccinia DNA 

polymerase was also included as a reference standard.  Panel A. A silver stained gel. The vaccinia 

virus DNA polymerase and the ~35 kDa band that co-immunoprecipitates with this protein when using 

the 3C11 antibody are indicated by the closed and open arrows, respectively. Panel B. Western blot. 

The proteins were transferred to nitrocellulose and the DNA polymerase detected using a rabbit 

polyclonal antibody and goat anti-rabbit IRDye® 680 as primary and secondary antibodies, 

respectively. The membrane was scanned using an Odyssey® infrared imaging system. The vaccinia 

virus DNA polymerase is indicated by the arrow. 
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Domi and Beaud, 2000; Mallardo et al., 2002; Schramm et al., 2006; Tolonen et al., 

2001. Nevertheless the mechanism of poxvirus replication is still surprisingly poorly 

understood. The origin(s) of replication have never been identified and it is not yet clear 

whether poxvirus replication involves leading and lagging strand DNA synthesis. Further 

progress requires new tools that can be used to purify poxvirus replication complexes, 

and to map the arrangement of different proteins with respect to other viral proteins and 

within infected cells. In this communication the properties of two new monoclonal 

antibodies and one polyclonal antibody that may help serve this purpose are described.  

 Vaccinia DNA polymerase has proven very difficult to produce in a recombinant 

form using heterologous expression systems. Codon-optimization of this gene for 

expression in E. coli was employed; however, expression of full-length vaccinia virus 

DNA polymerase could not be achieved. As a result, a subdomain of the protein encoding 

the amino-terminal 3′-to-5′ proofreading exonuclease domain was produced. Although 

the His6-tagged E91-N450 protein expressed well in E. coli, it formed inclusion bodies. 

Nevertheless, these inclusion bodies served as a useful primary antigen in mice and, by 

using two final boosts with full-length protein, serum antibody titers were generated that 

better recognized native vaccinia DNA polymerase rather than the E91-N450 antigen in 

ELISAs. The fusion and cloning of hybridomas generated five monoclonal cell lines that 

all produced DNA polymerase specific antibodies as judged by ELISA. All of these 

hybridoma cell lines were tested for functionality, but only lines 1F5 and 3C11 eventually 

proved useful. 

 The monoclonal antibodies were first tested in Western blot applications and 

unfortunately found wanting. This finding may not be too surprising considering that the 

immunization schedule was designed to shift the immune response towards one favoring 

native protein epitopes. Since none of the monoclonal antibodies seemed well suited to 

this application, rabbits were also immunized with affinity purified E91-N450 protein. This 

antibody worked very well in Western blotting applications. Based on these analyses, it is 

estimated that when harvested 4 h post-infection, vaccinia DNA polymerase comprises 

~0.02% of the total cell protein (i.e. 40 µg of infected cell extract contains 5-10 ng of 

polymerase). 
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 The opposite situation was seen when these antibodies were used for immuno-

fluorescence microscopy. The polyclonal antibody did not show sufficient specificity 

whereas the 1F5 and 3C11 monoclonal antibodies specifically stained viral factories in 

vaccinia-infected cells. The two monoclonal antibodies stained cells differently. The 1F5 

antibody stained only the factories, whereas the 3C11 antibody produced bright staining 

in the factories and more diffuse cytoplasmic staining. These differences in staining 

pattern likely reflect differences in binding affinity. Vaccinia DNA polymerase is 

expected to concentrate in factories because the virosomes represent sites of viral DNA 

synthesis.  However, smaller amounts of protein would also still likely reside in the 

cytoplasm, if perhaps only transiently. If the 1F5 antibody has a lower affinity for 

vaccinia DNA polymerase relative to the 3C11 antibody, it might detect only the more 

highly concentrated virosomal pool of enzyme. Alternatively, these antibodies may detect 

different isoforms of polymerase in cytoplasm and factory, forms that perhaps vary 

depending upon how E9 associates with other macromolecules. Further work (such as 

surface plasmon resonance analysis) is needed to determine the cause of these different 

staining patterns. 

 The specificity of the two monoclonal antibodies was also tested using cells 

infected with other selected poxviruses. The 3C11 antibody recognized all of the 

orthopoxviruses in the panel of viruses, as judged by immunofluorescence microscopy, 

whereas 1F5 seemed to be highly specific for vaccinia virus DNA polymerase.  Amongst 

these different DNA polymerases, the vaccinia enzyme shares 99% and 98% amino acid 

sequence identity with cowpox and ectromelia virus DNA polymerases, respectively, 

whereas the other poxvirus proteins tested share less than 70% identity with E9. 

Ectromelia virus DNA polymerase is one of the more divergent Orthopoxvirus enzymes 

and the fact it is still recognized by 3C11 suggests that this antibody might be a pan-

orthopoxvirus specific reagent. The specificity of the 1F5 antibody towards vaccinia virus 

E9 is also rather remarkable and could help determine the epitope recognized by this 

antibody.  There are only 11 amino acid substitutions that differentiate the vaccinia virus 

and cowpox virus DNA polymerases over the 450 amino acid span of the antigen. 
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 Finally, all three antibodies can be used to immunoprecipitate vaccinia DNA 

polymerase from infected cell extracts. Although an exhaustive analysis of the proteins 

that can be co-immunoprecipitated with the DNA polymerase has not been performed, at 

least one additional protein found only in infected cell lysates is observed associating 

with the polymerase (Figure A.9). It does not match the size of the A20 and D4 proteins 

that have been shown previously to bind vaccinia DNA polymerase (Ishii and Moss, 

2002; McCraith et al., 2000; Stanitsa et al., 2006) and it suggests that additional 

interactions between various replication proteins remain to be discovered. 

In conclusion, two monoclonal antibodies and one polyclonal antibody against 

vaccinia DNA polymerase have been developed. Although no one antibody is suitable for 

all applications, collectively this set of reagents can be used for Western blots, 

immunofluorescence microscopy, and immunoprecipitation analyses. These antibodies 

will be useful tools for studying the role played by DNA polymerases in poxvirus DNA 

replication as well as the mechanics of replication. 
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