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ABSTRACT 

Herpes Simplex Virus type 1 is an important organism not only because it 

is a member of a family of disease-causing organisms, but it also serves as a 

model organism for the study of eukaryotic DNA replication. Here I use HSV-1 

to investigate two aspects of DNA replication: initiation and proofreading. 

CeUular factors have been shown to be involved in DNA replication, and 

especially in initiation, in a variety of viral systems. Previous studies have 

identified the first cellular factor implicated in initiation of V-1 replication, 

OF-1. In this study, I have purified OF-1 and investigated its composition, 

binding properties and interactions with the viral origin binding protein UL9. I 

show that OF-1 is composed of two subunits, one of which contains DNA 

binding activity. I also found that OF-1 binds specifically to both single- and 

double-stranded origin DNA, that OF-1 binds most tightly to single-stranded 

DNA, and that OF-1 shows a preference for which strand is boimd. I have 

demonstrated that, in the presence of UL9, OF-1 exhibits a higher aMnity for its 

target DNA and that OF-1 inhibits the ATPase activity of UL9. I propose that 

UL9 binds to the origin of replication, loads OF-1 to the origin, and then is 

displaced by OF-1. Fiurther implications for this model are discussed. 

I go on to investigate several aspects of error control in the wild type and a 

3'-5' proofreading exonuclease mutant DNA polymerase from HSV-1. 

Proofreading is a primary factor influencing the fidelity of DNA replication. 

Previous studies in our lab have shown that exonuclease deficient polymerases 



11 

are incapable of supporting viral growth in xnoo. In these studies, I have 

expressed and purified both wild type and mutant polymerases and investigated 

their biochemical properties as well the mechanism of lethality of the mutant. I 

have found that the mutant polymerase exhibits substantially elevated rates of 

nucleotide misincorporation as compared to the wild type. In addition, the 

mutant potymerase is seen to stall at a misincorporation, exhibiting a reduced 

ability to replicate past a mismatch. Based on these findings, I suggest that the 

inability of the mutant polymerase to replicate past a misinsertion is the primary 

cause of the reduced viability of viruses carrying the mutant enzyme. 
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CHAPTER I 

INTRODUCTION 

A central problem in biology is understanding the mechanisms that 

organisms use to replicate their DNA. An understanding of this process is 

necessary not only for the expansion of basic science, but also for such far-

reaching and varied applied benefits as the development of antiviral drugs, the 

understanding and treatment of various genetic diseases, and the fight against 

cancer. 

Much of what we know about cellular DNA replication comes from 

studies using bacteria such as Escherichia coli. Research into eukaryotic DNA 

replication has revealed a number of similarities with DNA replication in 

prokaryotes, but also a number of critical differences. Because of the difficulties 

involved with the direct study of DNA replication in eukaryotes, studies aimed 

at understanding DNA replication in higher organisms have focused on the 

animal viruses. Viral models have a number of benefits, including ease of 

genetic and molecular biological manipulations, simpler replication mechanisms 

than in eukaryotes, and results that can be applied directly to human health and 

disease. 

As a general scheme, replication can be broken down into a number of 

areas of research interest: (i) initiation - the highly regulated process of the 
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beginmng of replication, including origins, origin binding proteins and their 

regulation and the recruitment of other replication lectors to the replication 

forks; (ii) the replisome - structures, functions, interactions and components of 

the replisome, including helicase, primase and DNA polymerase, among others; 

(iii) error control - the process of error avoidance and correction by polymerase 

insertion fidelity, proofreading and post-replication repair. 

This work will focus on two aspects of DNA replication; initiation and 

error control. We use the Herpes Simplex Virus type I (HSV-1) model for our 

studies. HSV-1, which is the cause of cold sores and certain eye infections, is a 

member of the family Herpesviridae. This family includes other human viruses 

such as HSV-2 which causes genital lesions and severe fetal infections, 

cjrtomegalovirus (CMV) which is the causative agent of mononucleosis and 

cytomegalic inclusion disease, Epstein-Barr virus (EBV) which causes infectious 

mononucleosis as well as Burkitt's lymphoma and nasopharyngeal carcinoma, 

and Varicella-Zoster virus (VZV) which causes chickenpox and shingles. Less 

well known members of the family include Human Herpes Viruses 6 and 7 

(HHV-6 and -7) which can cause salivary gland infections and rashes in infants, 

and Human Herpes Virus 8 (HHV-8 or KSHV) which has been associated with 

Kaposi's sarcoma. There are literally hundreds of herpesviruses that are known 

to infect a wide variety^ of animals (White and Fenner, 1994; Roizman, 1993). 

While the clinical diseases caused by the various herpesviruses are usually mild 

in healthy individuals, they are of increasing concern for immunocompromised 

patients such as organ recipients and those suffering from AIDS. An 
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imdexstandmg of the processes of replication in herpesviruses will not only add 

to our understanding of eukaryotic replication in general^ but may also 

potentially lead to new anti-viral strategies. 

Initiation of DNA replication. Initiation is the primary point of regulation in 

the DNA replication process. It is important for cellular machinery to initiate 

chromosomal replication once and only once per cell cycle. Therefore, much 

effort has focused on understanding the mechanisms involved in the initiation of 

replication in prokaryotes, eukaryotes and viruses. 

Initiation ofprokaryotic DNA replication. The genome of £. coli consists of a 

single circular DNA molecule approximately 4.7 million base pairs in length 

(Alberts et al, 1994). It contains one well-defined origin of replication in the 

chromosome, oriC. Replication begins with a series of discrete steps that lead to 

the formation of the initiation complex at this site. First the initiation protein 

dnaA binds to oriC in a sequence-spedfic manner. Multimers of dnaA bind and 

oligomerize at the origin, creating the Initial Complex that contains 20-40 dnaA 

molecules (Herrick et al, 1996; Bramhill and Komberg, 1988). Oligomerization of 

the dnaA monomers causes a bending of the origin DNA and, in an ATP-

dependent manner, a localized unwinding of A-T rich sequences, forming the 

Open Complex. At this point, the cellular helicase (dnaB) is recruited by dnaA 

from the dnaB-dnaC complex, to form the Pre-Priming Complex, after which the 

helicase is presimiably positioned for correct bi-directional fork movement. 

There is no known function for dnaC, although it has been shown to bind to 

single-stranded DNA (Learn et al, 1997) and thus possibfy acts to stabilize the 
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interaction of the helicase with DNA. Replication proceeds through the 

coordinated actions of primase, DNA polymerase m (pol m) holoenzyme, single-

stranded binding protein (SSB) and DNA gyrase. It has been shown that both 

primase and pol m make contacts with the dnaB helicase (Kim et al, 19%; Tougu 

et al, 1994). The regulation of initiation has been shown to be at least partially 

dependent on the methylation state of the DNA. Newly replicated DNA is only 

hemi-methylated, a state which inhibits initiation of replication at the origin. As 

the cell progresses to the beginning of the next cell cycle its DNA slowly becomes 

more methylated. By the time the cell is ready to divide, the DNA has become 

fully methylated. Fully methylated DNA has been shown to increase the 

efficiency of initiation (DePamphilis, 1999). 

Bacteriophage k uses a combination of viral and cellular proteins to 

accomplish initiation. X has a single origin of replication, oriX, which contains 

four direct repeats of 18-bp and an adjacent AT-rich region (Stevens et al, 1971; 

Furth et al, 1977; Furth and Wickner, 1983; Denniston-Thompson et al, 1977; 

Scherer, 1978). Viral initiation is accompUshed in a three-stage mechanism, much 

like the initiation of £. coli (Dodson et al, 1985; Alfano and McMacken, 1989; 

Komberg and Baker, 1992). First, the viral O protein binds as a dimer to the 

origin repeats and oligomerizes to form a complex called the O-some. Next, the 

virally encoded P protein displaces the host protein dnaC from its complex with 

the dnaB helicase, then binds to the O-some, positioning dnaB onto the adjacent 

AT-rich region, allowing dnaB to bind there. Finalfy, the host proteins dnaK (a 

member of the hsp70 family) and dnaj (a stimulator of dnaK activity) bind to 
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fonn the pre-priming complex and coordinate the origin-specific unwinding of 

the duplex DNA (Dodson et al, 1986). The complex formed at the origin then 

contains O, P, dnaB, dnaK, and dnaj, and in the presence of ATP and £. coli 

single-stranded binding protein (ssb), P is released from the complex (Dodson et 

al, 1989). This final third-stage complex is then competent for the addition of the 

dnaG primase as well as DNA pol m which initiates the elongation stage of 

replication. The £. coli initiator protein dnaA has also been shown to be involved 

in the replication of bacteriophage k in vivo (Wegrzyn et al, 1995), possibly by 

activating transcription in or around the viral origin (Wegrzyn and Taylor, 1992). 

Initiation of simple eukaryotic DNA replication. Significantly less is known 

about the order of events involved in the initiation of eukaryotic DNA 

replication. The identification of specific origins of replication have been most 

successful in yeast (Saccharorm/ces cerevisiae). Autonomously replicating 

sequences (ARS) were identified by their ability to cause the replication of a 

plasmid they had been cloned into when that plasmid construct was transfected 

into yeast (Stinchcomb et al, 1979). There exist many AKS lod within the yeast 

chromosome and this appears to be similar to mammalian systems. By deletion 

analysis, the ARS sequence has been refined to an 11-bp core ARS consensus 

sequence (ACS) which is essential for the yeast origin of replication to function 

(DePamphilis, 1993a; Marahrens and Stillman, 1992). An ARS also contains a B 

element that, while not conserved between ARSes, is essential for origin function 

and provides a binding site for transcription or DNA unwinding factors (Francon 

etal,1999). 
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There exists a complex of proteins that recognize and bind to the ARS and 

form the origin recognition complex (ORC) (Bell and Stillman, 1992). The ORC is 

made up of six different proteins that exhibit ATP-dependent DNA binding 

activity to the ARS. This ORC/ ARS complex is stable throughout the cell cycle. 

As reviewed by IDePamphilis (1998), in the early G1 phase of the cell cycle, Cdc6 

binds to the ORC and allows the subsequent binding of six mini-chromosome 

maintenance (Mcm2 - McmT) proteins to the DNA at or near the ARS. The Mem 

complex may be involved with the unwinding of DNA at the origin, as the 

mammalian Mcm4/6/ 7 complex exhibits DNA helicase activity. A pre-initiation 

complex is formed by the replacement of Cdc6 with Cdc45 through the action of 

Cdkl/Clb5,6, a complex with cyclin-dependent protein kinase activity. This 

pre-initiation complex is activated by the protein kinase Cdc7/Dbf4 to begin 

replication. Shortly after DNA replication begins, the Mem proteins are 

phosphorylated and released 6rom the DNA. As Cdc45 and some Mcms have 

been shown to migrate with the replication fork, it is possible that some Mcms 

act as a helicase complex at the migrating replication fork. 

Imtiation ofmetazoan DNA replication. There appear to be a number of 

differences between the initiation of replication in yeast and t^t in multicellular 

eukaryotes (DePamphilis, 1998). First, there have been no discrete origins of 

replication identified in animals to date, in that there are no well defined rules 

for what makes an origin, nor are there any small regions that can cause the 

autonomous replication of plasmid or other DNA. Instead, replication seems to 

begin at one or more site within a large 'initiation zone'. These zones are now 
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thought to consist of a small number (one or a couple) of high frequency 

initiation sites and a larger number of low frequency sites that together appear to 

form a non-specific initiation zone (DePamphilis, 1999). Also, imlike the yeast 

paradigm, researchers have as yet been unable to deduce a consensus sequence 

for metazoan origins - all metazoan origins examined so far appear to have 

divergent sequences. Finally, while there appear to be metazoan homologs for 

some of the yeast initiation proteins like those in the ORC, it is almost certain 

that not all of the proteins involved metazoan initiation have been identified and 

characterized. 

The first metazoan initiation zone was observed to lie in the 55 Kbp region 

between the dihydrofolate reductase (DHFR) and the 2BE2121 genes in Chinese 

hamster ovary cells (CHO) (Heintz and Hamlin, 1982). Within this region three 

smaller origins of replication have since been identified: p, and y (Biirhans et 

al, 1986; Pelizon et al, 19%; Dijkwel and Hamlin, 1992; Kobayashi et al, 1998). 

However, the deletion of the origin appears to have no effect on the efficiency 

or timing of initiation from this region (Kalejta et al, 1998) indicating that the 

mechanism of initiation from this region may be more complex than what is seen 

in simpler organisms where deletion of sequences eliminates origin function. It 

is possible that all origins are equally capable of starting initiation and that 

chromatin structure and transcriptional activity in the region influences which 

origin is fired within this locus (Francon et al, 1999). 

Another mammalian origin has been found to lie in a 747 bp region 

between the lamin B2 and the ppvl genes in HeLa cells (Giacca et al, 1994). This 
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origin has also been seen in several other human cell types (Kumar et al, 19%). 

While this origin is not well characterized, proteins do appear to associate with it 

in a cell cycle-dependent manner (Adburashidova et al, 1998). There are 

undoubted^ other origins in metazoan chromosomes, a number of which are in 

the process of being characterized (Francon et al, 1999). 

A number of factors appear to influence the selection and de-selection of 

different origins in cells at different developmental times and in different tissues 

(DePamphilis, 1998). The genome contains many sites along its length that could 

function as origins. These sites seem to correspond to easily unwound regions of 

DNA called DNA unwinding elements (DUEs). The use of certain DUEs as 

origins of bidirectional.replication is thought to be influenced by transcriptional 

activity around and through the various DUEs. Evidence from Xenoptts (Hyrien 

at al, 1995) and DrosopMa (Sasaki et al, 1999), as well as from mammals 

(Majimider and DePamphilis, 1995), indicates that specific origin sites do not 

appear until after zygotic gene transcription begins. Before that time, there 

appear to be many more sites of initiation throughout the genome, apparently 

independent of sequence (DePamphilis, 1998). A role for transcription in the 

selection of initiation sites is also shown by the finding that active genes are 

generally replicated earlier in S-phase than inactive genes (Michaelson et al, 

1997). However, of those mammalian origins mapped so far, there are about 

equal numbers seen to lie in or near a transcriptional promoter or enhancer as 

there are those that map to intergenic regions. A small number map within a 

gene coding region (DePamphilis, 1999). It seems clear that, at least for some 
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origins, transcriptional activity at or near the origin Ccin influence that site's 

selection or deselection; for example, transcription through an origin that lies 

near an rRNA gene in a Tetrahymem plasmid has been shown to be required for 

initiation (Pan et al, 1995), while transcription through one of the putative 

mammalian initiation zones appears to inhibit firing of that origin region (Haase 

etal,1994). 

High frequency initiation sites may represent sequences with a high 

affinity for ORC binding adjacent to DUEs, while low frequency initiation sites 

may represent ORC binding sites next to those DUEs that are less accessible 

based on chromatin structure and nuclear organization. In early development 

there exist high ratios of maternally provided initiation factors to DNA. As cell 

division and development proceeds, the ratio of initiation proteins to DNA is 

reduced, allowing only those sites with the greatest affinity for the ORC proteins 

and easiest access to DUEs to initiate replication (Walter and Newport, 1997). 

The presence of multiple initiation origins that are selected and deselected based 

on the above criteria provides the animal with the flexibility to change the rate of 

cell division by changing the number of active origins. It also allows the 

selection of origins that will not interfere with active gene tra^cription. 

As development continues and cells begin to differentiate, there are 

changes in chromatin structure and nuclear organization that are also believed to 

affect the selection of origins. Chromatin structure has been shown to be able to 

limit both promoter and initiation activity, presumably by limiting the 

accessibility of these sites to activation proteins (DePamphilis, 1998). Histone HI 
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has also been shown to reduce the frequency of initiation in Xenopus hy 

inhibiting the assembly of prereplication complexes (Lu et al, 1998). Finally, the 

changes in chromatin structure that accompany progress through the cell cycle 

have been shown to create new initiation sites while eliminating others (Lawlis et 

al, 1996), again presumably by changing the accessibility of these sites for 

initiation proteins. 

Nuclear structure and composition are also known to play a role in the 

selection of initiation sites within eukaryotic chromosomes. Within the nucleus, 

the concentration of replication factors that are necessaiy for initiation (e.g. 

Cdk2/ Cyclin A, E) and the exclusion of those factors that are inhibitory to 

replication (e.g. Cdkl/Cyclin B) have been demonstrated (Walter et al, 1998). 

There also exist several pieces of indirect evidence for the involvement of nuclear 

structure in initiation, including that newly replicated DNA appears to be 

preferentially associated with nuclear structure. These associations form 

replication fod throughout the nucleus that are dependent on the formation of a 

nuclear lamina (Ellis et al, 1997; Spann et al, 1997). Finally, nuclei isolated from 

frog or yeast cells in the late G1 stage of the cell cycle exhibit site-specific 

initiation (Pasero et al, 1997; Wu et al, 1997, Wu and Gilbert, 1997), while nuclei 

isolated from early G1 cells initiate randomly throughout the genome (Gilbert et 

al, 1995; Dimitrova and Gilbert, 1998) indicating that there is a temporal change 

in the composition of nuclei that affects selection of initiation origins. 

Finally, the methylation state of DNA can influence the selection of origin 

sequences. It has been seen that some mammalian replication origins are highly 
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methylated (Rein et al, 1997a; Rein et al, 1997b) and this may be playing a role 

similar to that played by methylation in the replication of £. coli DNA 

(DePamphilis, 1999). In eulcaryotic DNA, CpG dinudeotides have been shown to 

be the target of methylation enzymes. In fact, the DHFR ori-p lies adjacent to a 

large (-350 bp) region in which the frequency of methylated CpG dinudeotides 

is about 10-fold greater than average and experiments with methylation-defident 

cell lines indicate that loss of methylation at the DHFR locus results in loss of 

site-specific initiation (DePamphilis, 1999). Methylation is not likely to play a 

role in initiation at all origins, however, as several origins have been observed to 

lie within sparsely methylated areas or lack a significant number of CpG 

dinudeotides (Delgado et al, 1998). In addition, imlike prokaryotic systems, 

results indicate that newly replicated mammalian DNA is rapidly methylated, 

making it unlikely that hemimethylated DNA plays a role in the selection or 

firing of origins (Araujo et al, 1998). 

In summary, while some controversy and ambiguity still exist, metazoan 

replication origins appear to contain a number of similar features induding 

potential DUE sites, ORG binding sites, transcriptional activity in the area, 

chromatin structure that allows access to the DNA, an intad nudear structure 

and nearby methylation sites. Other factors such as Alu repeats, AT-rich regions, 

bent DNA, nudear matrix attachment sites and binding sites for a protein that 

recognizes purine-rich sequences in single-stranded DNA (PUR) may also be 

important in some cases (DePamphilis, 19%; Heintz, 19%). 
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Initiation of viral DNA replication. The study of initiation mechanisms used 

by animal viruses has offered great insight into the mechanisms of replication in 

general. While initiation of viral replication is similar in many respects to that of 

the simpler eukaryotic replication schemes, various viral tj^s have established a 

nimiber of interesting mechanisms of initiation. 

Much work on the initiation of viral DNA replication has focused on 

Simian Virus 40 (SV40), a member of the papovavirus family, and on adenovirus. 

Work has been more recently extended to other members of the papovavirus 

family, as well as to the human papillomavirus and the polyomavirus JCV. 

SV40 is a tumorogenic virus that was originally isolated from the kidney 

cells of Rhesus monkeys. SV40 is capable of transforming a niunber of different 

cell types (Topp et al, 1980) and it is this ability that has stimulated much of the 

interest in SV40. SV40 has been used as a model organism for the study of more 

general aspects of gene expression as well as DNA replication. 

SV40 encodes an early protein known as the large T (timior) antigen, or T-

Ag. T-Ag is a multifunctional protein that is the central player in SV40 

replication and whose structure has been partially solved (Luo et al, 1996). T-Ag 

also plays a role in viral multiplication and transformation (Kelly et al, 1988). 

The initiation of SV40 DNA replication begins in a 64-bp region between 

nucleotides 5211 and 31 of the circular genome (Fareed et al, 1972; Danna and 

Nathans, 1972; Hay and DePamphilis, 1982) and requires the specific binding of 

T-Ag at this site (Margolskee and Nathans, 1984; Wilson et al, 1982). Once 
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initiated, replication proceeds bi-directionally and requires cellular pol a-primase 

and other factors (Krokan et al, 1979). 

Unlike metazoan origins, the SV40 origin of replication is well 

characterized. The SV40 origin consists of three regions: the early palindrome 

(EP), the pentanucleotide palindrome (PEN)/ and an AT-rich region (Dean et al, 

1987). The PEN region consists of two pairs of repeats that are inverted relative 

to each other. These repeats are binding sites for T-Ag, and all four are required 

to be present and spaced correctiy for viral initiation to occur (Cohen et al, 1984; 

Deb et al, 1987). The EP region is thought to act as a DUE (Lin and Kowalski, 

1994), is melted after T-Ag binding to the PEN region (Borowiec et al, 1991; 

Borowiec and Hurwitz, 1988) and is required for high-level initiation (Dean et al, 

1987; Deb et al, 1986). Finally, the AT-rich region is thought to play a role in 

strand separation. This region has been shown to be distorted after T-Ag binding 

(Borowiec and Hurwitz, 1988) and is known to enhance the DNA unwinding 

ability of T-Ag (Li et al, 1995). The AT-rich region also acts as a binding site for 

the cellular transcription factor Oct-1 (Kilwinski et al, 1995) which may act as a 

repressor of viral replication. Finally, this region also serves as a TATA-box for 

SV40 immediate-early transcription (Fanning and Knippers, 1992). 

T-Ag contains several enzymatic functions and interacts with a large 

number of cellular factors (Bullock, 1997). T-Ag binds specifically to the SV40 

origin sequence (Fanning and Knippers, 1992), as well as non-spedficalfy to 

double-stranded DNA (Lin et al, 1992; Simmons et al, 1990). T-Ag contains an 

intrinsic helicase activity (Wun-Kim and Simmons, 1990) and an associated 
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ATPase domain (Giacherio and Hager, 1979; Clark et al, 1983; Clertant et al, 

1984). Finally, T-Ag contains a nuclear localization sequence and a J-domain 

(Campbell et al, 1997), similar to those seen in the hsc70 and hsp40 families of 

chaperone proteins, that is thought to mediate the formation and rearrangement 

of multiprotein complexes (Srinivasan et al, 1997). T-Ag has been shown to be 

able to stimulate cells to enter the S-phase (Dickmanns et al, 1994), a state that is 

required for SV40 replication through an as yet undetermined mechanism. 

T-Ag is the only viral protein that is required for SV40 DNA replication, 

with all other proteins being supplied by the host cell. Thus, T-Ag has 

interactions with numerous cellular proteins which are either required for 

replication, play roles in controlling the cell cycle, modulate aspects of 

transcription, or that have unknown functions in SV40 replication. 

Most important and obvious among the interactions of T-Ag with various 

cellular proteins are those that involve cellular replication proteins. There are 

two regions on T-Ag which make contacts with the 180,68 and 48 KDa subunits 

of pol a-primase (Domreiter et al, 1990; Domreiter et al, 1993), with the 

interaction with the pl80 subunit being responsible for the spedes-spedfidty of 

SV40 (Stadlbauer et al, 1996). T-Ag also has two regions that interact with 

topoisomerase I (Simmons et al, 1996), which probably acts to relieve positive 

supercoils ahead of the replication forks (Avemann et al, 1988; Madden et al, 

1995). Finally, T-Ag interacts with the human single-stranded binding protein 

(HSS6, also known as Replication Protein A (RPA)), though the site of interaction 

has yet to be located (Fairman and Stillman, 1988; Domreiter et al, 1992), which 
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promotes DNA unwinding and stimulates that activity of pol a-primase (Kenny 

et al, 1989). The interactions of T-Ag with topoisomerase I and HSSB are 

required for the origin-specific unwinding of DNA (Bullock, 1997). 

T-Ag has been shown to bind to both p53 and retinoblastoma (Rb), as well 

as other Rb family members pl07 and plSO (Lane and Crawford, 1979; Linzer 

and Levine, 1979; DeCaprio et al, 1988; E)yson et al, 1989; Ewen et al, 1989), all of 

which are involved in cell qrcle control and progression. The binding to and 

sequestering of these proteins is thought to be a primary way by which SV40 

transforms cells. Thus, while binding of T-Ag to p53 is not required for 

replication, it has been shown to be required for transformation (Lin and 

Simmons, 1991). 

Numerous interactions between T-Ag and proteins involved in 

transcription have been demonstrated, including with CREB-binding protein 

(CBP) and its family members p300 and p4(X) (Eckner et al, 1996; Lill et al, 1997), 

and with the transcription factor AP2 (Mitchell et al, 1987). T-Ag also interacts 

with TATA-binding protein (TBP) from the TFIID complex (Damania and 

Alwine, 1996; Dickmanns et al, 1994; Gruda et al, 1993; Johnston et al, 1996) and 

with Transcription Enhancing Factor 1 (TEF-l) (Gruda et al, 1993; Berger et al, 

1996) which is thought to be involved in the regulation of cellular genes that are 

important in cellular growth controL Finally, T-Ag interacts with the general 

transcription factor TFIIB (Dickmanns et al, 1994), with the transcription 

activator Spl, and the 140-KDa subunit of RNA pol n (Johnston et al, 1996). 
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It appeals dear thatT-Ag interacts with numerous members of the 

cellular transcriptional machinery not only to regulate the metabolic state of the 

cell, but also for SV40 initiation of replication. Transcriptional enhancer 

sequences flanking the SV40 core origin have been shown to facilitate replication 

in vivo (Cheng and Kelly, 1989; Cheng et al, 1992; He et al, 1993) though the exact 

mechanism of this facilitation is unclear (DePamphilis, 1993b). Just upstream of 

the core origin there exists a series of G/ C repeats that have been shown to bind 

the ceUular transcription factor SIH. (Gidoni et al, 1984,1985), and adjacent to this 

lie two tandem copies of a transcriptional enhancer sequence (Fromm and Berg, 

1983). It has been hypothesized that active transcription through the origin is 

essential for high levels of initiation. 

In addition, T-Ag interacts with several human cellular proteins that have 

no clear involvement in viral replication, including the MDM2 protein (Brown et 

al, 1993) and hsc70 (Campbell et al, 1997) which is a member of the 70-KDa heat 

shock protein family. T-AG has been shown to interact with the X protein from 

Hepatitis B virus (Seto and Yen, 1991), and in mice, T-Ag has been shown to 

interact with a 185 KDa protein of unknown function (Kohrman and Imperiale, 

1992) and with nucleolin (Xue et al, 1993). 

In summary, upon infection SV40 produces T-Ag which, through its 

numerous functions and protein interactions, causes the cell to enter S-phase, 

binds to and unwinds the SV40 origin, causes the cell to produce replication 

proteins, assembles those replication proteins at the origin and begins 

replication. While it is probable that other initiation proteins from other viruses 
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will not be as multi-functional as T-Ag, and that these diverse functions wiU 

likely be spread to other gene products, the SV40 T-Ag system provides a well-

characterized model for viral replication from which we can base other studies. 

Another viral system that serves as a model for initiation is that of 

adenovirus. Adenoviruses replicate quite efficiently in human cells and cause a 

variety of diseases, primarily of the respiratory tract and the eye. There are three 

viral genes encoded by the E2 transcription imit that are required for replication. 

In addition, three cellular proteins which are required have also been identified. 

Adenovirus uses protein-priming to initiate DNA replication. Thus, 

instead of replication beginning with the formation of RNA primers, the 3' 

hydroxyl group necessary for DNA polymerase to begin strand elongation is 

provided by the pre-terminal protein (pTP). The other gene products required 

for replication and provided by the virus are the DNA polymerase and a multi

functional DNA binding protein (DBF) (de Jong and van der Vliet, 1999). While 

the pTP and polymerase both play roles in initiation, DBF is needed only for the 

elongation phase of replication. The three host proteins implicated in replication 

to date are known as Nuclear Factors (NF) I, U, and in (Nagata et al, 1983). NF-I 

(also known as CTF) and NF-HI (more commonly known as Oct-1) are cellular 

transcription factors (Nagata et al, 1982; Fruijn et al, 1986). NF-II is a 

topoisomerase and is probably involved in relieving supercoiling ahead of the 

replication fork, as it is required for elongation of the new strand beyond about 

10% of the genome length (de Jong and van der Vliet, 1999). 
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As can be seen in other systems and as was described above for SV40, the 

use of ceUular proteins, especially transcription factors, can be important for viral 

initiation of replication. In many cases this stimulation of initiation is thought to 

be due to changes in nucleosome distribution along the DNA and the subsequent 

change in overall chromatin structure. However, as adenovirus has a 

nucleosome-&ee template, another mechanism is thought to be in operation in 

this case. 

The adenovirus origin of replication consists of a pTP/pol complex 

binding site immediately adjacent to an AT-rich region. Together these areas are 

known as the core origin. Just downstream of the core origin lies the auxiliary 

origin consisting of binding sites for NF-I and Oct-1. 

NF-I has been shown to enhance initiation of replication by the direct 

interaction between NF-I and the viral DNA polymerase (Chen et al, 1990). This 

interaction stabilizes the pTP/ pol association with the core origin. Similarly, 

Oct-1 is seen to interact directly with pTP (van Leeuwen et al, 1997) and stabilize 

its interaction with origin DNA. The mechanisms for both Oct-1 and NF-I 

stimulation of adenovirus initiation is likely to be primarily from a tethering of 

the pTP/pol complex near the origin, although an alteration of the local DNA 

structure that enhances pTP/ pol binding to the origin is also possible (de Jong 

and van der Vliet, 1999). Finally, the release of both NF-I and Oct-1 are required 

for the elongation of the nascent strand (van Leeuwen, 1997). 

The initiation of viral DNA replication has been studied in several other 

model systems including both human and bovine papillomaviruses, the 
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polyomavirus JC virus (JCV) and Epstein-Bair virus (EBV) (Swindel and Engler, 

1998; Conger et al, 1999; Nesper et al, 1997; Kelly et al, 1988; Liebowitz and Kieff, 

1993). 

Initiation of Herpes viral DNA replication. As the projects described herein 

have involved the use of Herpes Simplex Virus type 1 (HSV-1) as a model 

organism, an overview of the mechanism of DNA replication initiation in this 

system is required. 

HSV-1 encodes seven proteins that are necessary and sufficient for viral 

origin-dependent DNA replication in vioo (Boehmer and Lehman, 1997): a 

heterotrimeric complex with both helicase and primase activity composed of the 

products of the UL5, UL8, and UL52 genes, a processive heterodimeric DNA 

polymerase (pol) composed of the UL30 and UL42 gene products, a single-

stranded DNA binding protein (ssb or lei's) encoded by the UL29 gene, and an 

origin binding protein encoded by the UL9 gene. These seven proteins, when 

provided in trans, are sufficient to cause replication of an origin-containing 

plasmid that has been cotransfected into permissive cells. To date, in vitro 

replication of origin-containing DNA using these seven purified proteins has 

failed to yield replication. It is also interesting to note that when these seven 

genes are produced in Sf9 insect cells infected by recombinant baculoviruses 

carrying these genes and the cells cotransfected with a plasmid containing the 

HSV-1 origin, plasmid replication can be detected (Stow, 1992). This indicates 

the existence of host factors required for replication in a wide range of cell types. 
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The HSV-1 genome contains three origins of replication, one in the center 

of the unique long (UJ region and designated oriL, and the other two lying in 

the repeated flanking regions of the unique short (Us) region and designated oriS 

(Roizman, 1993). The two copies of oriS are identical and share significant 

sequence similarity to oriL as well. 

OriL Oris OxiS 

di ny 
29 30 

TAMAeM6T64SMCGCGAA6CGnC6CACnCGVCCCMT*TAIA9ATmARiy6GGC6M6>reC6AeCAC I I' « • • 
BONIII BokI BOMII 

Figure 1.1: Diagram of the HSV-1 genome and oriS sequence. A diagram of the 
HSV-1 genome showing the terminal repeated regions (open boxes), positions of 
the genes for the seven viral replication proteins (heavier lines), the labeled 
unique-long (UJ and short (Us) regions and the copies of oriS oriL. Shown 
below is the sequence of the 'top' strand of oriS with the three UL9 binding sites 
(Box I, n and HQ indicated. 

Oris is characterized by two high-affinity UL9 binding sites (Box I and II) 

that surround an AT-rich region (see Figure 1, chapter IQ. UL9 is seen to bind 

cooperatively to Box I and H (Elias and Lehman, 1988; Hazuda et al, 1992). In 

addition, there is a low-affinity UL9 binding site (Box m) just upstream of Box L 

OriL is similar, but contains two copies of Box I surrounding the AT-rich region. 
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as well as two copies of Box m flanking the Box 1/ AT-rich/Box I sequence 

(Hardwicke and Schaffer, 1995). The UL9 binding sites consist of a repeated 

pentanucleotide dyad of sequence Cti 11 CGCAc 11, or a derivative thereof (Koff 

and Tegtmeyer, 1988; Elias et al, 1990). 

Interestingly, these origins appear to be at least partially redundant in 

function. Mutant viruses that lack either oriL or both copies of oriS replicate at 

levels identical to that of wild type (Polvino-Bodnar et al, 1987; Igarashi et al, 

1993). Thus, it appears that oris and oriL are functional^ equivalent. The 

significance of the existence of three origins of replication is also unclear in light 

of the fact that HSV-1 exhibits predominantly rolling-circle replication, though 

early initiation events may be more like theta (or Caim's-tjrpe) replication (i.e. bi

directional) (Koff et al, 1991; Hardwicke and Schafifer, 1997). Most studies on 

origin function in HSV-Ihave been conducted using oriS, primarily due to the 

difficulty in cloning and propagating plasmids containing oriL without deletions 

(Hardwicke and Schaffer, 1995). 

UL9 has a molecular weight of 82 KDa, is capable of forming dimers in 

solution and is thought to bind to each of its binding sites as a dimer (Fierer and 

Challberg, 1992). UL9 has also shown an ability to wrap supercoiled DNA as 

well as loop and distort the AT-rich region of the HSV-1 origin (Koff et al, 1991; 

Rabkin and Hanlon, 1991). UL9 has an ATP-dependent and Box I-stimulated 3'-

5' helicase activity localized to the N-terminus of the protein (Bruckner et al, 

1991; Boehmer et al, 1993; Murata and Dodson, in press). This activity is 

essential for origin-specific replication (Martinez et al, 1992) and is capable of 
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unwinding long regions of DNA in concert with ICP8 (Makhov et al, 1996; Lee 

and Lehman, 1997). The N-terminal region of UL9 also contains a dimerization 

domain (Hazuda et al, 1992; Elias et al, 1992) and a domain responsible for 

interaction with UL8 (McLean et al, 1994). The C-terminal region of UL9 has 

been shown to contain the oriS-spedfic binding domain (Deb and Deb, 1991; 

Martin et al, 1994) and a region responsible for interactions with ICP8 (Boehmer 

et al, 1994; Boehmer and Lehman, 1993). A mutant UL9 protein, which contains 

only the C-terminal domain, successfully binds to origin DNA but does not 

induce structural changes in that DNA (Stabell and Olivio, 1993) and is seen to 

act as an inhibitor of viral DNA replication (Perry et al, 1993; Stow et al, 1993). 

UL9 is known to interact with UL42 as well (Monahan et al, 1998), but the site of 

this interaction has not been discovered. 

Based on these observations, as well as known mechanisms of origin 

binding proteins from other organisms such a dnaA from £. coli, T-Ag from 

SV40, and the O protein from bacteriophage a general model for initiation at 

the HSV-1 origin of replication has been proposed (Koff et al, 1991; Murata and 

Dodson, in press; Fierer and Challberg, 1995). Binding of UL9 dimers each to 

Box I and n and subsequent oligomerization of those dimers bends the AT-rich 

region of the origin, distorting the helix and promoting unwinding of the origin, 

probably with the help of the helicase activity of UL9. The partially single-

stranded DNA, as well as interactions with UL9, encourages ICP8 to bind and 

stabilize the opening origin. Finally, UL9 acts as a docking protein, bringing in 

the helicase/ piimase complex via interactions with UL8 and the processive DNA 
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polymerase via interactions mthUL42. Replisome formation follows, generating 

bi- or unidirectional replication forks. 

While the model suggested above fits the available data, the inability of 

researchers to reconstitute in vitro replication using purified proteins strongly 

suggests that there are other viral or host factors involved in HSV-1 replication. 

In the case of cellular factors, this conclusion is supported by the observations of 

Heilbronn and coworkers (1990) that transfection of cells with plasmids which 

provide all of the HSV-1 replication proteins besides UL9 causes cellular DNA 

replication, but not HSV-1 replication. Thus it is possible that in the absence of 

direction to the HSV-1 origin by UL9, the remaining replication proteins can be 

localized to sites of cellular DNA replication by cellular proteins. 

A number of cellular factors have been implicated in HSV-1 initiation and 

replication of DNA. UL9 has been shown to interact with the 180 KDa subunit of 

the pol a-primase through coimmunopredpitation and the activation of 

polymerase activity by UL9 (Lee et al, 1995). The binding of purified UL9 to oriS 

is enhanced by the addition of uninfected cell extracts (Dabrowski and Schaffer, 

1991). Also, a cellular protein complex, OF-1, has been shown to bind in a 

sequence-specific manner to aU three boxes in oriS, to be required for efficient 

origin-directed replication of plasmid DNA and to interact with UL9 at the origin 

(Dabrowski et al, 1994; Chapter n of this work). Finally, cellular proteins such as 

p53, Rb, DNA pol b and DNA ligase have all been shown to co-localize, with the 

seven viral replication enzymes, to replication compartments within the infected 

cell nucleus (Zheng and Hayward, 1997; Wilcock and Lane, 1991). 
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There exists significant evidence that in HSV-1, as was discussed above for 

SV40, adenovirus, metazoans and yeast, transcription in and around origins can 

affect origin firing. For example, flanking oriS are binding sites for the potent 

viral transactivator VP16 (Bzik and Preston, 1986), the cellular transcription 

factors Spl and Oct-1 (apRhys et al, 1989) and an unidentified transcription 

factor CTriezenberg et al, 1988). The presence of these binding sites have a 

marked stimulatory effect on oriS function (Wong and Schaffer, 1991). In 

addition, flanking transcription factor binding sequences, including 

glucocorticoid response elements, have been shown to play a role in oriL 

function (Hardwicke and Schaffer, 1995) and may be involved in the reactivation 

of latent infections in terminally differentiated neuronal cells (Hardwicke and 

Schaffer, 1997). 

In summary, HSV-1 is an excellent model organism for the study of the 

initiation of DNA replication, as it appears to share a number of features of 

replication with eukaiyotes as well as other DNA viruses. It seems clear that 

transcription by both viral and cellular factors influence origin firing, and that 

host factors are involved in one or more aspects of viral DNA replication. The 

study and identification of these cellular factors will not only shed light on the 

biology of this and other important disease-causing viruses, but also help 

elucidate cellular mechanisms of DNA replication, with implications for diseases 

resulting from aberrant cell replication such as cancer. 
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Proofreading during DNA replication. Overall rates of mutations that arise 

from replication errors are removed by three mechanisms: (i) base discrimination 

by the polymerase activity that favors correct over incorrect base insertion, (ii) 

exonucleolytic proofreading leading to the removal of incorrectly incorporated 

bases during replication, and (iii) removal of incorrectly incorporated bases after 

replication by post-replicative repair enzymes (Goodmian et al, 1993). Using 

DNA polymerase m (£. coli) as a model system, it is estimated that base 

discrimination provides an average accuracy of ICT^ errors per base replicated, 

exonucleolytic proofreading contributes an approximate factor of 10*^ and post-

replicative repair reduces errors another 200-300 fold, for an overall error rate of 

about 10'" per base (Echok and Goodman, 1991; Schaaper, 1993; Schaaper and 

Dimn, 1991; Fijalkowska and Schaaper, 19%). Similar estimates have been 

obtained &om studies on bacteriophage T4 DNA polymerase (Echols and 

Goodman, 1991). For this work, we will concentrate on the contribution of 

exonucleolytic proofreading to replication fidelity. 

Many DNA polymerases contain an intrinsic 3'-5' exonuclease activity 

that acts to preferentially remove mispaired bases in the growing DNA chain, as 

was first demonstrated by Brutlag and Komberg (1972). hi some cases (e.g. £. 

coli pol I and HSV-1) this activity is carried on the same polypeptide as is the 

potymerase activity^. In others this proofireading activity is provided as a 

separate subunit in the polymerase complex (e.g. £. coli pol m). While some 

organisms do not proofread at all (e.g. RNA viruses), proofreading among 
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prokaiyotes and eukaryotes, as well as DNA viruses, is an important method of 

error control and overall fidelity in DNA replication. 

Removal of exonucleolytic proofreading by mutational analyses in various 

organisms has resulted in increased levels of spontaneous mutations (Mo and 

Schaaper, 1996; Cai et al, 1995; Frey et al, 1993; Reha-Krantz et al, 1991), and in 

some cases decreased viability (Hall et al, 1995; Baker and Hall, 1998; Fijalkowska 

and Schaaper, 1996; Foury and Vanderstraeten, 1992; Morrison and Sugino, 

1994), indicative of the importance of this activity to the accurate transmission of 

genetic data from one generation to the next. 

Prokaryotic proofreading. Proofreading by both pol I and m of £. coli has 

been extensively studied. Pol I is a very abundant enzyme in the cell and is 

involved in the repair of DNA damage as well as in the processing of Okazaki 

fragments (Komberg and Baker, 1992). As such, pol I is not a processive enzyme. 

In the crystal structure of pol I (OUis et al, 1985; Joyce and Steitz, 1987; Beese and 

Steitz, 1991) the 3'-5' exonuclease activity forms a distinct domain that is 

separated from the polymerization domain by approximately 30 A and accepts 

single-stranded DNA into its active site. There the 3' terminal base is held in 

place by contacts with two divalent metal ions (almost certainly Mg^" in vivo 

though both Mn'"" and Zn^*", but not Ca^"" will function in vitro (Derbyshire et al, 

1991)) which in turn are coordinated by three aspartic add residues (D355, D424, 

and D501). Metal ion A is coordinated by D501 and D355, while metal ion B is 

held in place by D355 and D424. Single-stranded DNA is moved into the 

exonuclease active site after the melting of approximately 4-5-bp of duplex DNA 



38 

(Cowart et al, 1989), following a misinsertion event which stalls the polymerase 

(Echols and Goodman, 1991). Once in the active site and positioned by the metal 

ions, a hydroxyl ion, which is coordinated by the divalent cations as well as by a 

glutamic add residue at position 357 and a t3nrosine residue at position 497, is 

used in a nucleophilic attack on the phosphodiester bond between the last two 

nucleotides in the chain (Beese and Steitz, 1991). 

Site-directed changes to one or more of these aspartic add residues results 

in exonudease deficient mutant enzymes which fail to bind one or both metal 

ions (Derbyshire et al, 1988,1991). These mutant polymerases are thus unable to 

either bind to or correctly position both the single-stranded DNA or the attacidng 

hydroxide ion. 

Sequence alignments between pol I and other prokaryotic, eukaryotic and 

viral polymerases have identified several conserved regions which have been 

termed Exo I, II and m (Bemad et al, 1989; Blanco et al, 1992) (see figure 1, 

chapter US). These three conserved regions contain invariant aspartic add 

residues that correspond to the ones shown to be essential for pol I exonudease 

activity. Similar site-direded changes, genetic studies and crystallographic data 

have verified these exonudease active site predictions (reviewed in Hall et al, 

1995; Derbyshire et al, 1991). 

DNA pol3nnerase m (£. coli) is the main replicative potymerase in the cell, 

is highly processive and replicates both the leading and lagging strand of the 

replication fork (Komberg and Baker, 1992). Proofreading activity in the £. co/t 

pol m holoenzyme is provided as a separate subunit (the e subunit encoded by 
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the dnaQ gene) from the polymerase catalytic subunit (the a subunit encoded by 

the dnaE gene) (Scheueraiann et al, 1983; Welch and McHeniy, 1982). Together, 

the E and a subwiits along with the 6 subunit, which has no known function 

(Studwell-Vaughan and CDonnell, 1993), form the core pol III enzyme. The core 

pol m has accurate polymerization activity but lacks processivity and origin 

dependence in the absence of additional factors. In the complete holoenzyme 

there are 10 different subunits which form the processive replicative enzyme 

(CDonnell, 1992; Burgers and Komberg, 1982) which is capable of replicating 

both the leading and lagging strands simultaneously (Kelman and cyDonnell, 

1995; Komberg and Baker, 1992). 

Mutations in the highly conserved glutamic acid or invariant aspartic add 

residues in the Exo I region of the E subimit of pol m that severely incapadtate 

the exonudease activity have been shown to be lethal unless compensated for by 

antimutator mutations in the a subunit (Fijalkowska and Schaaper, 1996). This 

lethality^ is believed to be due to an unacceptably high number of mutations in 

each round of replication, or 'error catastrophe'. The lethal phenotype can be 

avoided by either the previous^ mentioned antimutator mutations or by 

overexpressing post-replicative repair enzymes (Fqalkowska and Schaaper, 

1996). A mutation that alters a threonine residue that lies adjacent to the 

glutamic add mentioned above (the mutDS mutation) results in an enzyme that 

is strongty impaired in but not devoid of exonudease activity, and has a high 

mutator activity as well (Echols et al, 1983). 
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While most studies on the polymerases of £. coli have been concerned 

with pols I and in, £. coli contains another main polymerase, pol n, which has 

been characterized, as well as two newly discovered polymerases, pol IV and pol 

V (Wagner et al, 1999; Tang et al, 1999). Much like the newly discovered pols IV 

and V, pol n is implicated to act in the repair of DNA damage as it is regulated 

by the LexA repressor and is encoded by the dinA gene, part of the SOS replicon 

(Bonner et al, 1990; Iwasaki et al, 1990). Mutations that change the conserved 

aspartic and glutamic add residues within the Exo I region to alanine severely 

impair pol n exonuclease activity and increase both in vitro and in vivo mutation 

rates (Cai et al, 1995). In vitro mutagenesis studies indicate that the pol II 

exonuclease activity effectively removes anywhere between 90 and >99% of all 

base substitution, deletion and frameshift mutations. 

Another prokaryotic polymerase, that of bacteriophage T4, has also been 

extensively studied. Like pol n, the T4 polymerase is a member of the human a-

like polymerase family (or Family B) based on sequence and biochemical 

activities. This family is the largest and contains the DNA polymerase from 

HSV-1, adenovirus, <^29, human and murine cytomegalovirus, vacdnia virus, 

Epstein-Barr virus, Varicella-Zoster virus, baculovirus, and pols 5 and e from 

various organisms (deVega et al, 1996). Interestingly, pols I and m and the yeast 

mitochondrial polymerase Mipl, among others, are members of the divergent 

Family A polymerases. 

T4 has served as a model for both prokaryotic and eukaryotic 

polymerases. T4 pol functions as a replicative polymerase containing processive 
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polymerase activity as well as a highly active 3'-5' exonuclease activity on the 

same polypeptide (Young et al, 1992). T4 serves as an excellent model for the 

study of proofreading due to its high sequence similarity to viral and eukaryotic 

polymerases as well as its active exonuclease activity. T4 pol has served a crucial 

role in the verification of the predicted presence of the Exo I, U and m motifs. 

Based on sequence alignments with other polymerases and the crystal structure 

of E. coli pol I (Morrison et al, 1991; Blanco et al, 1992), conserved regions also 

foimd in T4 polymerase were proposed to be important for exonuclease activity 

and corresponded to the Exo domains discussed above. While mutants in both 

T4 (Frey et al, 1993; Reha-Krantz et al, 1991) and other organisms indicated that 

the amino adds assigned to these regions were probably accurate, it was the 

crystallization of the N-termiiial portion of the T4 polymerase that confirmed 

them (Wang et al, 19%). 

It should be noted that early experiments with mutator and antimutator 

strains of T4 were crudal for establishing the importance of exonudeolytic 

proofreading in vivo (Echols and Goodman, 1991). These studies defined the 

ratio of polymerase to exonudease activity (P/N) as the primary determinant of 

overall replication fidelity. For example, a higher P/N ratio correlated to a 

mutator phenotype while a lower P/ N ratio resulted in an antimutator 

phenotype (Reha-Krantz and Bessman, 1977). In addition, T4 polymerases 

lacking 3'-5' editing activity allowed the first examinations of insertion 

spedfidty, or the selection of correct versus incorrect nudeotides for insertion, as 

a mechanism for fidelity (Gillin and Nossal, 1976). Finally, the T4 system was the 
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first to allow an examination of the functional independence of the polymerase 

and exonuclease activities of the enzyme (Nossal and Hershfield, 1971), an idea 

that may not hold as true now as was once thought (Lin et al, 1994; Wang et al, 

1992). 

Bacteriophage <ji29 polymerase has also been extensively characterized 

through genetic and biochemical means. The <^29 pol shares significant sequence 

similarity in the Exo 1,11 and m regions, as well as in the polymerase active site, 

with the rest of the B family of polymerases, including T4 (Morrison et al, 1991; 

Blanco et al, 1992; de Vega et al, 19%). Like the studies in T4, mutations have 

been made in the <^29 pol that inactivates the 3'-5' exonuclease activity by 

replacing the conserved aspartic add residues in one or more of the Exo domains 

(Soengas et al, 1992; Garmendia et al, 1992; Satumo et al, 1995; de Vega et al, 

19%). Despite the fact that <^29 is a very different system than either T4 or the £. 

coli polymerases, due to the fact that <^29 replication is protein-primed and 

involves a greater number of cellular factors than T4, the mechanisms of function 

appear to be remarkably similar (Echols and Goodman, 1991). 

Studies with both T4 and ^29 have provided significant insight into the 

mechanisms of eukaryotic polymerases as well. The fact that these enzymes 

share sequence homology and are in the same family as most eukaryotic 

polymerases, yet function in a prokaryotic environment, allows researchers to 

bridge the two systems and attempt to apply a general mechanism for 

polymerization and editing to a large number of systems. 
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Eukaryotic jfroofreading. To date, six distinct polymerases in eukaryotes 

have been definitively identified, designated pols a, p, y, 8, e, and ^ (Wang, 1991; 

Burgers, 1998). Of these only pols y, 6, and E have been conclusively shown to 

possess 3'-5' exonuclease activities that act to proofread new DNA. There is 

evidence, however, to indicate the potential presence of 3'-5' exonuclease 

activities in both pol o (Cotterill et al, 1987) and t, (Bialek and Grosse, 1993). 

More recently, Oshige and coworkers (1999) have isolated a polymerase from 

DrosophUa that may represent an entirely new enzyme. It is likely that new 

groups of polymerases will continue to be found in the future. 

Human pol a exists as a complex of four subunits: a 180 KDa post-

translationally modified catalytic subunit which is also sometimes seen as a 165 

KDa degradation product, a 70 KDa subunit of unknown function, and subunits 

of 58 and 49 KDa which together form a primase activity (Copeland and Wang, 

1993). Pol a from other eukaryotes share this same structure and activity, though 

the sizes of the subunits can vary. Pol a is located in the nucleus, is essential for 

the replication of nuclear DNA and is possibly responsible for synthesis of the 

lagging strand of the replication fork (Stillman, 1989), though alternatively its 

involvement in replication may simply be to act as a primase. These conclusions 

are based on pol a's attached primase activity, moderate processivi^, and 

observations made in the SV40 in vitro replication system (Wang, 1991). While 

pol a has no intrinsic 3'-5' exonuclease proofreading activity (Copeland and 

Wang, 1991) it displays unusually high fidelity^ in replication (Kunkel, 1985; 

Reyland and Loeb, 1987). It has been reported that highly purified preparations 
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of pol a exhibit a lower fidelity of replication than similar studies in cell extracts 

(Roberts and Kunkel, 1988), suggesting that additional factors may influence the 

fidelity of chromosomal replication in vivo. In support of this conclusion, pol a 

has been shown to only very poorly extend a mispaired primer/template 

terminus (Perrino and Loeb, 1989), further implicating an additional 

proofreading mechanism which allows a polymerase stalled at a misinsertion site 

to continue repUcation. Finally, the catalytic subunit of pol a purified from 

DrosophUa melanogaster has been reported to contain a cryptic exonuclease 

activity that enhances replication fidelity 100-fold (Cotterill et al, 1987). Clearly 

there is more yet to leam about this important enzyme. 

Eukaiyotic DNA potymerase p exists as a single small (40 KDa) 

polypeptide, is located in the nucleus, contains no 3'-5' exonuclease activity and 

exhibits only low processivity (Wang, 1991). Pol p is the only eukaryotic 

polymerase for whom a crystal structure is available (Sawaya et al, 1994). This 

structure agrees very well with that of pol I (£. co/i), as well as the crystal 

structures of HIV-1 reverse transcriptase and 17 RNA polymerase, further 

adding support to the idea of a common mechanism and similar structure in all 

polymerases. Pol p has only low fidelity when replicating longer stretches of 

DNA (Bebenek and Kunkel, 1995), but exhibits significantly higher fidelity^ on 

small, gapped templates missing from 1-5 bases (Osheroff et al, 1999). Pol p 

shows some strand-displacement activity at nicked DNA (Wang and Kom, 1980), 

and a high affinity of binding to nicked duplex DNA, but no affinity for intact 
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duplex DNA (Wang, 1991). These observations have led researchers to assign 

pol p to a role in DNA repair reactions. 

Polymerase y is produced by a nuclear gene but localizes to the 

mitochondria of eukaryotes and is involved in the replication of the genomes of 

those organelles (Wang, 1991). Poly isolated (rom a variety of organisms appears 

to be made up of more than one subunit, though some disparity exists as to 

exactly what the subunit composition is (Yamaguchi et al, 1980; Matsukage et al, 

1981; Wemette and Kaguni, 1986; Insdorf and Bogenhagen, 1989a). Pol y exhibits 

a strong 3'-5' exonuclease activity that functions to increase the fidelity of the 

enzyme (Kunkel and Soni, 1988; Insdorf and Bogenhagen, 1989b; Foury and 

Vanderstraeten, 1992). Even though pol y exhibits a high processivity unUke 

most repair polymerases, it has been implicated in the repair of mitochondrial 

DNA damage (Pettepher et al, 1991). However, a second possible polymerase 

activity has been reported in mitochondria (Lucas et al, 1997) that may act in 

either replication or repair. Mutants in the yeast pol y gene (Mipl) that are 

deficient in 3'-5' exonuclease activity yet contain wild type polymerase activity 

exhibit decreased viability (Foury and Vanderstraeten, 1992), indicating the 

importance of proofreading in maintaining genome integrity and cell viability. 

DNA polymerase 6 exists as a nuclear heterodimer of 125 and 48 KDa. 

The 125 KDa subunit contains both 5'-3' poljmierase as well as 3'-5' exonuclease 

activity (Simon et al, 1991). Pol 5 has been implicated as the leading strand 

polymerase in chromosomal replication based on several criteria including its 

high fidelity, high processivity in the presence of proliferating cell nuclear 
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antigen (PCNA) and observations in the SV40 in vitro replication system (Wang, 

1991). Though the details still remain to be worked out, it is believed that pol 5 

acts to replicate the leading strand in conjunction with either pol a, pol e, or 

another molecule of pol 5 (Burgers, 1998). Pol 5 has also been implicated in the 

repair of DNA damage, specifically in mismatch repair (Kolodner and 

Marsischky, 1999). PCNA appears to serve as a sliding clamp that acts to hold 

pol 6 onto the DNA and which is loaded onto the DNA by Replication Factor C 

(RF-C) (Tsurimoto and Stillman, 1990; Podust et al, 1998), an identical function as 

is served by the p-clamp of pol m (£. colt) which is loaded by the y complex 

(Turner et al, 1999). 

DNA polymerase s activity, like that of pol 6 is stimulated by both PCNA 

and RF-C, is located in the nucleus and plays a role in chromosomal replication 

(Wang, 1991). Pol e displays both high processivity and high fidelity due to its 

intrinsic 3'-5' exonuclease activity (Bebenek and Kunkel, 1995). Pol s is the 

largest of all eukaryotic polymerases identified so far at 255 KDa and is required 

for cell viability, DNA replication and DNA repair (Kolodner and Marsischky, 

1999). However, the requirement of pol e for viability, replication and repair 

seems to be independent of pol e's polymerization activity and to be dependent 

only on its exonuclease activity (Kesti et al, 1999). Conserved amino adds in pol 

E that correspond to the Exo I, n and m regions of pol I (£. coli) have been 

identified, and the conserved aspartic and glutamic adds changed to alanine 

(Morrison et al, 1991). These exonudease defident poljrmerases resulted in 

elevated in mtro and in vivo mutation rates. In addition, the 3'-5' exonudease 
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activity of pol e, as well as that of pol d, is essential for post-replication error 

avoidance, further implicating both enzymes in DNA repair (Tran et al, 1999). 

Also supporting pol e's role in proofreading, it has been shown that the 3'-5' 

exonucleases of pols e and 6 act to repair replication errors on opposite strands 

from one another (Morrison and Sugino, 1994; Shcherbakova and Pavlov, 19%). 

These findings further lend indirect support to a replisome containing pol 6 as 

the leading strand polymerase and pol e as the lagging strand polymerase. 

Finally, the most recentfy characterized eukaryotic polymerase, pol ^ 

(zeta), encoded by the yeast Rev3 gene, is approximately 34 KDa in size and has 

been shown to be involved in replication past template damage such as abasic 

sites (Johnson et al, 1998), pyrimidine dimers and mismatched termini (Nelson et 

al, 1996; Lawrence and Hinkle, 1996) and in double-strand break repair (Holbeck 

and Strathem, 1997). Pol ^ has been reported to contain a proofreading 3'-5' 

exonudease activity (Bialek and Grosse, 1993) which remains to be characterized. 

Pol ^ homologs have been identified in yeast, mice and himians. 

In summary, eukaryotes have numerous replication enzymes, many of 

which carry 3'-5' exonudease activity. While some of these (e.g. pol p) appear to 

serve only one role (i.e. repair), others probably serve dual roles in replication as 

well as repair. As the details continue to be uncovered, we see that replication in 

eukaryotes is both more complicated and more flexible in its response to the 

changing needs and conditions of the cell than what is seen in prokaiyotes. 

Proofreading in HSV-l. The most thoroughly studied of all animal viruses 

in terms of pofymerase activity and editing is IBV-1. The HSV-1 DNA 
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polymerase exists as a heterodimer of the catalytic domain (136 KDa), which is 

the product of the UL30 gene, and an associated processivity factor (66 iCDa), 

which is the product of the UL42 gene (Roizman and Sears, 1993). The catalytic 

domain of the polymerase contains a highly active yS' exonuclease activity that 

functions as a proofreading activity (Weissbach et al, 1973; Knopf, 1979; 

CDonnell et al, 1987). Until recently, HSV-1 pol was believed to have an 

associated 5'-3' exonuclease activity as well (Crute and Lehman, 1989; Hall et al, 

19%). The same three regions, Exo I, n and m, identified in pol I (£. coli) and 

other organisms have also been identified in HSV-1 pol (Blanco et al, 1992). 

Mutations in each of these three regions in HSV-1 pol result in varying degrees of 

inhibition of 3'-5' exonuclease activity, but changes to the conserved aspartic add 

residues (D368, D471, and D581) appear to result in the most severe inhibition 

(Gibbs et al, 1991; Hall et al, 1995; Kuhn and Knopf, 19%; Hwang et al, 1997; 

Baker and Hall, 1998). 

HSV-1 appears to rely heavily on its associated 3'-5' exonuclease activity 

for viral viability. The most severely inhibiting mutations, those that affect the 

D368 residue in the Exo I domain, appear to be lethal to the virus, even when the 

comparatively mild change to glutamic add is made (Hall et al, 1995). Mutations 

to the D581 residue of the Exo m region result in polymerases with severely 

inhibited 3'-5' exonudease activity and have reduced viability (Hall et al, 1995; 

Hwang et al, 1997). As exonudease-defident mutants in other organisms have 

not resulted in lethal phenotypes, these results suggest an extreme dependence 
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of HSV-1 on proofreading to control mutation rates and/ or resolve stalled 

polymerases at misinsertions. 

An alanine substitution to D368 results in elevated mutations rates in vitro 

and severe stcilling of the polymerase at sites of misincorporation (Baker and 

Hall, 1998). Similarly, an alanine substitution to D581 (when combined with 

another change in the same region, Y577H) results in increased in vivo mutation 

rates (Hwang et al, 1997). These changes and a variety of others have also been 

shown to affect mismatched primer extension and exonuclease activity (Kuhn 

and Knopf, 1996). 

It is interesting to note that, unlike pol I (£. coli) but similar to T4 pol, there 

appears to be a functional interrelationship between the 3'-5' exonuclease and 

polymerase domains of the enzyme. These conclusions are supported by data 

showing that point changes to amino adds in conserved exonuclease domains 

can also alter polymerase activity (Gibbs et al, 1991; Kuhn and ICnopf, 1996). 

Similarly, while limited proteolysis on HSV-1 pol resulted in the production of 

three resistant fragments, one of which contained 3'-5' exonuclease activity while 

another contained polymerase activity, these activities were substantially lower 

than in the intact enzyme and the two fragments continued to remain associated 

in coimmunopredpitation experiments (Weisshart et al, 1994). Intragenic 

suppressors of drug-resistance mutations in the polymerase domain have been 

mapped to regions in and around the 3'-5' exonudease domain (Wang et al, 

1992). These findings, as well as those discussed above indicating that an at least 

partially intact exonudease activity is required for viral viability support the idea 
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that the exonudease and polymerase domains of the HSV-1 pol are functionally 

as well as structurally interdependent. 

In summary, the use of a 3'-5' exonudease activity to proofread replicating 

DNA as well as function in post-replicative repair is an important mechanism by 

which organisms control the fidelity by which genetic information is inherited. 

An understanding of this process has implications for our further understanding 

of evolution, several genetic diseases, cancer progression and avoidance, and the 

variability of numerous infectious diseases, as well as in other areas of biology. 
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CHAPTERn 

CELLULAR FACTORS INVOLVED IN THE INIHATION OF HSV-1 DNA 

REPLICATION 

Introduction 

Herpes virus DNA replication is a useful model for replication in 

eukaryotes. A primary point of regulation of the replication process is that of 

initiation. HSV-1 contains three origins of replication, two of which are identical 

and designated oriS, as they lie at either end of the unique short (Ug) region of 

the genome, while the other lies in the center of the luiique long (U J region and 

is designated oriL (Roizman, 1993). These origins appear to be somewhat 

redimdant, in that the virus is competent for replication even if the single copy of 

oriL or both copies of oriS are deleted (Wong and Schaffer, 1991). Plasmids 

containing the minimal origin sequences (either oriS or oriL) can be replicated in 

HSV-1 infected ceUs in culture. 

HSV-1 encodes seven proteins that are required for viral DNA replication: 

UL9 (origin binding protein), UL30 (DNA polymerase), UL42 (polymerase 

processivity factor), UL5/ 8/52 (heterotrimeric helicase/primase complex) and 

ICP8 (UL29) (single-stranded binding protein) (Roizman and Sears, 1993). 

However, supptying these seven proteins along with origin containing DNA in 

vitro does not lead to plasmid replication. These results strongfy imply that there 

are cellular factors involved in HSV-1 DNA replication. 
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There are a number of examples in which DNA replication in other 

viruses has been shown to require host factors. Probably the best characterized 

of these is in Simian Virus 40 (SV40). SV40 encodes a protein called T-antigen (T-

Ag) that has numerous functions and interactions with cellular proteins. For 

example, T-Ag has been shown to interact directly with pol a-primase, 

topoisomerase I, human single-stranded binding protein (HSS6), p53, Rb and its 

family members pl07 and pl30, CREB-binding protein (CBP) and its family 

members p300 and p400, the transcription factors AP2 and the TATA-binding 

protein (TBP), Transcription Enhancing Factor 1 (TEF-1), the general 

transcription factor TFIffi, the transcriptional activator Spl, the 140-Kda subunit 

of RNA polymerase n and others (reviewed in Bullock, 1997). These interactions 

and the activities of these cellular proteins are necessary for SV40 replication. 

The papillomaviruses have also been shown to interact with and require a 

nimiber of cellular enz3mies for replication. These include viral El (initiation) 

protein interaction with histone HI and human pol a-primase, as well as a 

requirement for pol 6 and the chaperone proteins Hsp40 and Hsp70 (Swindel 

and Engler, 1998; Park et al, 1994; Hassel and Brinton, 1996; Conger et al, 1999; 

Liu et al, 1995). 

Adenovirus replication has been shown to be dependent on cellular 

proteins such as the transcription factors nuclear factor I (NF-I) and Oct-1, and 

the site-specific DNA binding protein ORP-A, which has been shown to bind to 

the viral origin (Kelly et al, 1988). 
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Finally, bacteriophage K uses a combination of viral and cellular proteins 

to accomplish initiation. X. has a single origin of replication, oriX, which contains 

four direct repeats of 18-bp and an adjacent AT-rich region (Stevens et al, 1971; 

Furth et al, 1977; Furth and Wickner, 1983; Denniston-Thompson et al, 1977; 

Scherer, 1978). Viral initiation is accomplished in a three-stage mechanism, much 

like the initiation of £. coli (Dodson et al, 1985; Alfano and McMacken, 1989; 

Komberg and Baker, 1992). First, the viral O protein binds as a dimer to the 

origin repeats and oligomerizes to form a complex called the O-some. Next, the 

virally encoded P protein displaces the host protein dnaC &om its complex with 

the dnaB helicase, then binds to the O-some, positioning dnaB onto the adjacent 

AT-rich region, allowing dnaB to bind there. Finally, the host proteins dnaK (a 

member of the hsp70 family) and dnaj (a stimulator of dnaK activity) bind to 

form the pre-priming complex and coordinate the origin-specific unwinding of 

the duplex DNA (Dodson et al, 1986). The complex formed at the origin then 

contains O, P, dnaB, dnaK, and dnaJ, and in the presence of ATP and £. coli 

single-stranded binding protein (ssb), P is released from the complex (Dodson et 

al, 1989). This final third-stage complex is then competent for the addition of the 

dnaG primase as well as DNA pol III which initiates the elongation stage of 

replication. The £. coli initiator protein dnaA has also been shown to be involved 

in the replication of bacteriophage X. in vivo (Wegrzyn et al, 1995), possibly by 

activating transcription in or around the viral origin (Wegrzyn and Taylor, 1992). 

This k intiation system my provide a model for the understanding of the 

initiation process of HSV-1. 
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A single cellular factor has been implicated in the initiation of DNA 

replication in HSV-1 (Dabrowski and Schaffer, 1991; Dabrowski et al, 1994). This 

protein complex, OF-1, has been shown to bind specifically to the HSV-1 oriS 

sequence. It has also been shown to play a functional role in HSV-1 replication in 

that plasmids bearing mutant oriS sequences that are bound by OF-1 poorly, but 

are still able to be bound normally by UL9, are replicated ineffidentiy in HSV-1 

infected cells (Dabrowski et al, 1994). 

In an attempt to further examine the of OF-1 in viral replication, we have 

purified OF-1 from uninfected HeLa cells. Here we describe the purification and 

composition of OF-1, and identify a novel interaction with the HSV-1 UL9 

protein at the origin. 
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Experimental Procedures 

Oligonucleotides. Oligonucleotides were purchased from the Laboratory of 

Molecular Systematics and Evolution (University of Arizona) and had the 

sequences shown (Figure 1). Oligonucleotides were resuspended inXE butfer 

(10 mM Tris-HCl, pH 7.5,1 mM EDTA), and annealed where appropriate by 

mixing in equimolar ratios with their complemen, heating to 95°C for 5 minutes, 

and slow cooling to room temperature. 

Pwijkation of UL9. UL9 protein was expressed in Sf9 cells and purified from 

nuclear extracts as described (Dodson and Lehman, 1993). The purity was 95% 

as determined by densitometry of a Coomassie-stained SE)S-polyaciylamide gel 

loaded with approximately 6 f^g of protein. 

Purification of OF-1. Throughout the purification, measurements of OF-1 activity 

were determined using a gel shift assay with duplex Box I DNA (see below), and 

protein concentrations were determined by the method of Bradford (1976). 

Relative purity of OF-1 bands was calculated by scanning silver stained gels and 

determination of the relative intensities of OF-l-spedfic bands relative to the sum 

of the intensities of all bands within the lane. Ammonium sulfate precipitation. 

HeLa S3 cells (National Cell Culture Center) were grown in suspension and were 

provided as cell pellets that had been washed twice in PBS (2.8 mM NaHjPOt, 

13.6 mM Na^HFOv 145 mM NaQ). Pellets containing 2.3x10  ̂cells were 
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resuspended in 10 ml NET (50 mM Tris-HCl, pH 7.8,100 mM NaCl, 1 mM 

EDTA) supplemented with 0.5 mM dithiothieitol (DTT) and protease inhibitors: 

phenylmethylsulfonyl flouride (0.5 mM), pepstatin A (2 fig/ml), leupeptin (2 

Mg/ml) and antipain (2 /tg/ml). Cell suspensions were put through a freeze (-

80°C)-thaw (22''C) cycle three times. Cell lysates were clarified by centrifugation 

at 10,000 X g in a Sorvall SS-34 rotor for 10 minutes at 4°C. The debris pellet was 

extracted three times by resuspension in 2 ml NET plus protease inhibitors 

followed by centrifugation as above. Supematents were pooled, mixed with 

solid (NH4)2S04 to a final concentration of 20% (w/ v), held on ice for 15 minutes, 

and centrifuged as above. The supematent was removed and the pellet extracted 

three times by addition of 1 ml Buffer C (20 mM HEPES, pH 7.6,0.5 mM DTT, 50 

mM NaCl, 1 mM EDTA, 20% (y/v) glycerol) plus 20% (w/v) (NH4)2S04. Phenyi-

sepharose chromatography. The supematents were combined, diluted with an 

equal volume of Buffer C to bring the final concentration of (NH4)2S04 to 10% 

and loaded onto a 150ml phenyl sepharose column equilibrated in Buffer C plus 

10% CMH4)2S04. The column was washed with 600 ml of equilibration buffer and 

the boimd proteins were eluted with a linear gradient of Buffer C containing 

decreasing concentrations of (NH4)2S04 (10%-0%). OF-1 eluted between 7% and 

3% (NH4)^504. Fractions containing peak OF-1 activity, as determined by the 

extent of binding to the duplex Box IDNA in gel shift assays, were pooled and 

dialyzed against Buffer C. Phosphocellulose chromatography. Thedialyzed 

protein was loaded onto a 50 ml phosphocellulose column. The column was 

washed with ~150 ml Buffer C and the bound proteins eluted with a linear salt 
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gradient (50-700 mM NaQ) in Butfer C OF-1 eluted between 150 mM and 500 

mM NaCl. Fractions containing peak OF-1 activity were pooled and stored at 

-80°C. Hepaiin-sepharose chromatography. Pooled fractions were thawed, 

diluted in Buffer C to bring the salt concentration to -300 mM NaCl and loaded 

onto a 3 ml heparin-sepharose column equilibrated in Butfer C The column was 

washed with 15 ml Buffer C containing 325 mM NaCl and eluted with a linear 

gradient (325-1000 mM NaCl) in Buffer C. OF-1 was found to elute between 375 

mM and 600 mM NaCl. Fractions containing peak OF-1 activity were pooled, 

concentrated and de-salted in Centricon-100 spin cartridges, and stored at -SO'C. 

Gel shift assays, measuring OF-l binding to DNA. Duplex or single-stranded 

oligonucleotides were labeled at their 5' ends with ̂ ^-phosphate by 

polynucleotide kinase (Sambrook et al, 1989). Unincorporated radioactivity was 

removed using either NENSorb-20 cartridges (New England Nuclear) or 

Sephadex G-25 spin columns (Sambrook et al, 1989). Assays (10 ̂ 1) contained 

OF-1 protein and labeled oligomers at the indicated concentrations in DNA-

binding buffer (10% glycerol, 50 mM HEPES pH 7.5,0.1 mM EDTA, 0.5 mM 

DTT, lOOmM NaCl). Reactions were incubated on ice for 30 minutes. Where 

indicated, competitor DNAs were added after 20 minutes, and incubation was 

continued for the additional 10 minutes. Bromophenol blue gel loading buffer 

type I (Sambrook et al, 1989) was then added and samples were subjected to non-

denaturing electrophoresis at 80V ("12 mA) for 2 hours at 4°C in gels contianing 

6% polyacrylamide (Hoeffer/ Pharmacia Biotech) in 0.5x TBE (50 mM Tris, pH 
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8.3,45 mM boric add, 50 mM EDTA). Gek were scanned on a Molecular 

Dynamics Phosphorlmager and the bands quantified (where appropriate) using 

the program ImageQuant (Molecular Dynamics). 

Gel shift assays fblUnmng protein/DNA crosslirtking. Reactions (10 jil) contained 

labeled oligomer and final buffer concentrations as described above, OF-1 (0 or 

0.3 pmol), and either 0,0.3,1.2, or 2.4 pmol of UL9 in a constant volume of UL9 

storage buffer (20 mM HEPES, pH 8.3,20% (v/ v) glycerol, 1 mM EDTA, 0.5 mM 

DTT). Reactions were incubated 30 minutes on ice and then crosslinked by 

exposure to ultraviolet light (254 nm) for 15 minutes at an intensity of 48 

mW/cm .̂ Sodium dodecyl sulfate (SDS)-loading buffer (Sambrook et al, 1989) 

was added, the samples were boiled for 3 minutes, and the reactions were 

subjected to electrophoresis on 6% polyacrylamide gels containing SDS 

(Sambrook et al, 1989) at 60V for 2-3 hours at room temperture. Pre-stained 

protein molecular weight markers were run on each gel for determination of 

molecular weights. Bands were visualized by scanning on a Molecular 

E)ynamics Phosphorlmager. Where indicated, the lowest band (75 KDa) was 

quatitated using the program ImageQuant, after adjusting the contrast to allow 

resolution of individual bands. 

Calculation of kinetic vabus. Intensities of bound and unbound oligomer from 

protein/DNA crosslinking gel assays (as above) were used to generate Scatchaid 

plots of the ratio of bound to fi%e probe versus the concentration of bound probe. 
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Lines of best fit were applied to the data points and dissociation constants (K^) 

calculated 6x>m the negative reciprocal of the slope of the lines. For plots of OF-1 

versus probe bound and for ATPase assays, data points were graphed and fit to 

rectangular hyperbola of the Michaelis-Menten equation (Segel, 1975) using the 

program KaleidaGraph (Synergy Software) and the kinetic parameters 

and/or were determined firom resulting plots. 

Tioo-dimensioml electrophoresis protocol. Gel shift assays were performed as 

described above and the radioactive band containing OF-1 visualized by 

scanning on the Phosphorlmager. A gel slice containing the OF-1 complex was 

then excised from the gel and soaked briefly in SDS-gel nmning buffer 

(Sambrook et al, 1989). The gel slice was then placed into the well of a 

denaturing 6% polyacrylamide gel containing SDS, and the gel was run for 2-3 

hours at 60V at room temperature. Protein bands were visualized by staining 

with silver salts (Sambrook et al, 1989). 

Gel filtration chromatography. Protein molecular weight markers (Sigma) were 

applied to an 18 ml Sephacryl CL-4B gel filtration column (Phannada) 

equilibrated in Buffer C and with bed height of 22 cm and diameter of 1 cm that 

had been equilibrated in Buffer C. Proteins were detected by ultraviolet 

absorbance with an in-line meter (Isco) and elution times were used to generate a 

standard curve of molecular weight to elution time. 
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Phenyl-sepharose-pure OF-1 (20 /tg) was mixed with ̂ -labeled duplex Box I 

(625 pmol) in Ix Buffer C and crosslinked with UV light (254 ran) for 30 minutes 

on ice. The crosslinked OF-1 was applied to the gel filtration column and eluted 

with Buffer C. The elution position of OF-1 was detected by scintillation 

counting of the resulting fractions. Molecular weight markers of sizes 650 KDa 

(th3rroglubulin), 443 KDa (appofeiratin), 200 KDa (p-amylase), 150 KDa (alcohol 

dehydrogenase), and 66 KDa (bovine serum albumin) were run, detected by 

ODaso, and elution times were used to calculate a standard curve for the 

determination of the molecular weight of the OF-1 complex. 

ATPase assays. These experiments were conducted in collaboration with Dr. 

Lauren Murata in the laboratory of Dr. Mark Dodson. Reactions contained 40 

mM HEPES buffer (pH 8.3), 2 mM ATP, ImM DTT, 5 mM MgClj, 10% (w/v) 

glycerol, 100 fig/ ml bovine serum albumin, and varying amounts of IJL9 and/ or 

OF-1. Reactions were initiated by the addition of duplex Box IDNA. After 1 

hour at 37°C, reactions were stopped by addition of 0.75 ml of acidic 

molybdenum/ malachite green solution (Lanzetta et al, 1979), and color was 

allowed to develop for 5-6 minutes at room temperature. Color development 

was then stopped by the addition of 100 m1 34% (w/ v) sodium citrate. The 

formation of inorganic phosphate was determined by measurement of A  ̂using 

as a blank a reaction without DNA. To compensate for variations in enzyme 

concentration from run to run, an internal standard reaction was included in 

each run and all measured activites were normalized relative to this standard. 
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For all reactions this standard contained 572 nM double-stranded Box 1. For each 

DNA substrate and enzyme mixture, the normalized data hrom 2-3 replicate 

series were combined and then fit to the Michaelis-Menten equation. 
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Resiilts 

Previous studies have shown that OF-1 binds to the Box I, n and m 

regions of the replication origins in HSV-1 (Dabrowski et al, 1994). These same 

studies have shown that OF-1 binding to the origin is required for replication of 

plasmids carrying the oriS sequences in HSV-l-infected cells, suggesting that OF-

1 is essential for viral replication. We have purified OF-1 from HeLa cell extracts 

and have investigated this protein with respect to its composition, its DNA-

binding specificity and its interaction with the HSV-1 origin binding protein, 

UL9. 

Oligonucleotides for use as probes in gel shift assays were constructed 

with the sequences shown in Figure 1. Top and bottom strands are designated 

based on their relative orientation to briS as shown. The randomized Box I probe 

was designed to have the same base composition as the Box I region, but with no 

sequence similarity as determined by computer comparison. 
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OriS: 
GGGTAAAAGAAGTGAACGCGAACCGTIlCGCACncenCCCAATATATATATAITATrAGGGCGAAGTtSCGAGC 

Boxin Boxl Boxn 

Oligonucleotides: 

Box I TOP 5'-GCGTTCGCACTTCGTCCCAAT-3' 

Box I BOTTOM 5'-ATTGGGACGAAGTGCGAACGC-3' 

Box III TOP 5'-GGGTAAAAGAAGTGAGAACGC-3' 

Box III BOTTOM 5'-GCGTTCTCACTTCTTTTACCC-3' 

Random Box I TOP 5'-CCATCGCTCTGCTGCAGCTAGC-3' 

Random Box I BOTTOM 5'-GCTAGCTGCAGCAGAGCGATGG-3' 

Figure 2.1: Origin sequence (oriS) in HSV-1 and sequences of Box I and Box III 
oligonucleotides used in gel shift assays. Top and bottom strands are 
designated based on their relative orientation to oriS, as shown. The randomized 
Box I probe was designed to have the same base composition as the Box I region 
but with no sequence similarity, as determined by computer comparison. 

Purification qfOF-1. OF-1 protein was purified from HeLa cell extracts as 

shown in Table I, using as an assay its ability to produce a mobility shift during 

electrophoresis of a duplex Box I oligonucleotide. OF>l activity remained in the 

supernatent after ammonium sulfate precipitation of crude extracts. This activity 

was further purified by hydrophobic interaction chromatography on phenyl 

sepharose, anion exchange chromatography on phosphocellulose, and afGnity 

chromatography on heparin sepharose, as shown below in Figure 2. 
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Figure 2.2: OF-1 gel shifts after each column purification. Column purifications 
were performed as described in Experimental Frocsedures. Aliquots of every 
third fraction taken from each column were analj^zed for gel shift activity as 
described. Gels in the region of the peak of activity are shown above ea  ̂graph 
of band intensities. Vertical dotted lines indicate ̂  range of fractions which 
were pooled after each purification step. 

The protein species present after each purification step are shown in the 

gel in Figure 3. This analysis reveals four major peptide species after heparin 

sepharose purification (Figure 3, lane 5). Based on densitometry scans of 

proteins bands, we estimate OF-1 to comprise 28% of the total protein in the 

heparin-purified sample, and that the lowest two most abundant bands exist in 

approximately equal abimdance. 

Table 2.1: Purification OF-1* 

Purification Step Specific Activity Fold 
(nmolDNAbound/mg) Purification 

Crude Extract 0.040 1 
Ammonium sulfate precipitation 0.482 12.1 
Phenyl Sepharose 1.504 37.6 
Phosphocellulose 37.12 928 
Heparin Agarose 136.4 3410 

*0F-1 was sequentially purified as described in Experimental Procedures, by 
precipitation with ammonium sulfate and by low pressure liquid 
chromatography on the indicated matrices. After each purification step, peak 
OF-1 fractions were pooled and assayed for protein concentration. To determine 
specific activity (nmol DNA bound/mg), protein was diluted and assayed for gel 
shift activity using the duplex Box I pr  ̂under conditions in which increases in 
protein concentration gave linear inaeases in the fraction of probe bound. The 
concentration of DNA in the reactions was based on the quatity of oligomer in 
the labeling reactions, assimung 100% labeling and recovery. 
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Figure 2.3: Protein spedes in OF-1 purification steps. Three aliquots from 
pu^cation steps shown in Table I were run on gels and stainied as described in 
Experimental Procedures. Samples were: crude cell extract (lane 1), supematent 
from ammonium sulfate precipitation (lane 2), and peak chromatography 
fractions from phenyl sepharose (lane 3), phcsphoc^ulose (lane 4), and heparin 
sepharose (lane 5). Molecular weights in KDa from standards are shown at the 
left. Arrows at right indicate OF-1 subunits, determined as described in text. 

OF-1 consists of two subunits. We next determined the identitiy and 

stoichiomentry of the peptides which comprise the OF-1 gel shifting activity. 

Since our OF-1 preparation contained four major peptides, we wished to 

determine which peptides participate in DNA-binding to Box I within the HSV-1 

origin. For this analysis, we employed a modified two-dimensional 

electrophoresis protocol. OF-1 protein was first run on a non-denaturing gel in 

the presence of labeled Box I oligomer tmder gel-shift conditions. Proteins 

associated with the gel shifted band were then run on a denaturing gel to 

separate individual peptides. As shown in Figure 4, this analysis recovered two 
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peptides of molecular weights 73.1 and 89.9 KDa. These peptides correspond to 

two of the peptides seen as major species in the purified OF-1 preparation as can 

be seen by the band intensities £rom scans plotted below the gel in Figure 4. 

Consequently, we conclude that OF-1 contains two subunits and may exists as a 

heterodimer. 
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Figure 2.4: Composition of OF-1. A three ̂ g aliquot of heparin-purified OF-1 
protein was subjected to a modified two-dimensional gel dectrophoresis 
protocol as described in Experimental Procedures. Briefly, this protocol involved 
running the protein in a standard gel shift assay, recovering the protein bound to 
the DNA within a gel slice, and separating the recovered peptides on a 
denaturing polyacrylamide gel. Resulting peptides were visualized by stairung 
with silver salts (top). Arrows indicate the positions of the two lowest major 
peptides present in the heparin-purified OF-1 preparation. Stained material 
(right of arrows) is an artifect which appears across the gel even in the absence of 
proteiiu Plots bdow stained gel are scans of band intensities for the modified 
two-dimensional gel shown (panel A) and for the same region of the gel in which 
the heparin-purified OF-1 was nm and stained (figure 3). 

Further evidence for a heterodimeric structure was obtained by using gel 

filtration chromatogrpahy. OF-1 was cross-linked using UV light (254 nm) to ̂ -

labeled duplex Box I DNA and run over a Sepharose CL-4B colimm as shown in 
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Figure 5. Two protein/DNA complexes were detected of apparent molecular 

weights 397 KDa (fraction 27) and 165 KDa (fraction 30) were detected. The 

smaller peak is consistent with a complex consisting of a protein hterodimer 

conatining both the 73.1 and 89.9 KDa subtmits plus DNA (13 KDa). The larger 

peak may represent a tetramer cocnstiting of two heterodimers plus one or more 

copies of Box I DNA. 
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Figure 2.5: Elution profile of OF-1 on a gel-filtration column. Heparin-purified 
OF-1 protein that had been bound to radioactive duplex Box I proro was applied 
to a Sepharose CL-4B column as described in Experimental Froceedures. (A) 
Column fractions were tested for total radioactivity. (B) In a separate run, 
protein molecular weight marters were run on the same column and detected by 
UV absorbance. Markers were plotted versus title log of their molecular weight 
Radioactive Box IDNA alone eluted beginning at fraction 31 (not shown). 

OF'l binds specifically to both duplex and single-stranded Box I sequences. 

Dabrowski et al (1994) previously showed that OF-1 ftom crude cell extracts 
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binds spedfLcally to duplex oligonucleotides containing sequences spanning the 

Box 1 and Box m regions of the ISV-1 replication origin, oriS. We have extended 

these studies to confirm that our purified preparation of OF-1 retains this 

binding specificity and to refine the substrate requirements for binding. In 

particular, we show that purified OF-1 binds preferentially to single-stranded 

Box IDNA in a sequence-specific manner. 

To demonstrate binding specificity with purified OF-1, we have 

conducted a series of binding experiments in the presence and absence of 

competing DNA. For these experiments, OF-1 was incubated with labeled oligos 

consisting of either single- or double-stranded Box I sequences. These same 

reactions were also conducted in the presence of excess imlabeled competing 

DNA. This DNA was either single- or double-stranded and consisted of either 

the box I sequence, a randomized oligo with the same overall base composition 

as Box I, or poly-dC/oligo-dG. The reaction products were analyzed by 

polyacrylamide gel electrophoresis under native conditions and then by 

autoradiography. 

Consistent with the previous results of Dabrowski et al (1994), we find 

that OF-1 binds specifically to duplex Box I DNA. As shownin figure 6, in the 

absence of competing DNA, OF-1 binds to the labeled probe yielding a single 

shifted band (lane 1). Spedfidty of binding is revealed in competition 

experiments showing no shift when the competing DNA is the same duplex box I 

sequence (lane 2) but a complete shift when the randomized duplex oligo (lane 3) 

or poly-dC/oligo-dG homopolymer Qane 4) is used. 
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Figure 2.6: OF-1 binds specifically to Box IDNA. Heparin purified OF-1 
protein was incubated with 0.125 pmol ̂ P-labeled Box I DNA, the reaction 
products were run on a non-denaturing 6% polyacrylamide gel, and the gel 
analyzed by autoradiography as described in experimental procedures. Labeled 
DNA was either duplex (lanes 1-4) containing b  ̂strands of Box I, or single-
stranded Ganes 5-7) containing the bottom strand of Box I (see Figure 1 for strand 
designations). Reactions were run either in the absence of competitor DNA 
(lanes 1,5) or in the presence of a 10-fold molar excess of unlabeled competitor 
DNA consisting of duplex Box I (lane 2), a randomized duplex oligo (lane 3), a 
poly-dC/oligo^G homopolymer (lane 4), single-stranded Box I bottom strand 
(lane 6), or single-strand  ̂randomized oligo (lane 7). Molar excesses of 
competitor were calculated for the total number of strands in the case of Box I or 
randomized oligos, or for the total number of nucleotides in the case of the 
homopolymer. 

We next examined the ability of OF-1 to bind to single-stranded DNA 

sequences. In this experiment the labeled probe consisted of the bottom strand 

(see Figure 1) of the Box I duplex, and the competing DNA was also single-

stranded. As shown in Figure 6, in the absence of competition, OF-1 binds to the 

single-stranded probe producing a gel shift (lane 5). This binding is sequence-

specific since the binding is eliminated by an excess of unlabeled Box I bottom 
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strand (lane 6) but not by an excess of the randomized oligo which had been 

denatured prior to addition to the reaction (lane 7). 

OF-1 binds to single-stranded sequences and shows the strongest affinity for the 

Box I bottom strand. To assess the relative binding preferences of OF-1 for single-

and double-stranded sequences the HSV-1 oriS region, we conducted the 

kinetic experiments shown in Figure 7. Gel shift assays similar to those 

described above were performed, and dissociation constants were calculated 

from Scatchard plots of the data. 
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Figure 2.7: Determination of the kinetic parameters of OF-1 binding to DNA. 
Equal concentrations of OF-1 (50 nM) were incubated with varying 
concentrations of the indicated prob .̂ Reactions were run on non-denaturing 
polyacrylamide gels and the fraction of bound and unbound-probe was 
determined by phosphorimaging (Molecular Dynamics). Concentration of the 
bound probe was calculated witii respect to the reaction volume. Scatchard plots 
were constructed by plotting the ratio of boimd to free probe (y-axis) versus the 
concentration of bound probe. Dissociation constants ̂ ) were calculated as the 
negative reciprocal of the slope of the line of best fit through the data points. 

A comparison of the results for duplex and single-stranded Box I 

sequences reveals that OF-1 binds with the strongest affinity to the bottom straiul 
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of Box L As seen in Figure 6, the Kd value for binding to the Box I bottom strand 

is 19.9 nM (panel C). This value is 2.1-fold lower than seen for duplex Box I (K  ̂= 

41.8 nM, panel A) and 3.8-fold lower than seen for the top strand of Box I (K  ̂= 

74.7 nM, panel B). Hence, we suspect that the OF-1 binding site in Box I may 

actually be single-stranded in vivo. 

Dabrowski et al (1994) showed that OF-1 from crude extracts binds to Box 

I duplexes preferentially over Box m duplexes. Our results, shown in Figure 7, 

confirm this finding for purified OF-1 and further indicate that OF-1 binds with a 

2.9-fold affinity for duplex Box I (panel A) than for duplex Box m (panel D) (IQ = 

41.8 nM and 121.6 nM, respectively). 

We also observe that OF-1 binds to single-stranded Box m sequences but 

greatly prefers the top strand. As shown in Figure 7, we obtained K '̂s of 107.3 

nM for the Box III top strand (panel E) and 776.1 nM for the bottom strand (panel 

F). Since Box I and Box m are inverted with respect to each other in oriS (as 

shown in Figure 1), the Box in top strand is the sequence equivlaent of the Box I 

bottom strand. Hence, OF-1 shows a preference for the equivalent single strand 

in each case. However, imlike the situation with Box I, OF-1 binds to the Box IH 

top strand and the Box m duplex with similar affinities (K  ̂= 107.3 nM and 121.6 

nM, respectively). This difference may reflect the weaker binding of OF-1 to the 

Box m region. 

The 73 KDa subunit cf OF-1 is the DNA-hinding subunit. To identify 

peptides of OF-1 which bind DNA, we reacted OF-1 with Box I or Box ni 
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oligomers and crosslinked the bound proteins to the DNA by ultraviolet 

irradiation. Reaction products were then boiled in SDS to denature both the 

protein and DNA, separated on denaturing polyacrylamide gels, and analyzed 

by autoradiography. 

OF-1 forms three bands following reaction with either Box I or Box m 

DNA (Figure 8A and 8B, lanes 2, respectively). The major band (lowest arrow) 

has an apparent molecular weight of 75 KDa, suggesting that it represents a 

complex between the smaller OF-1 subunit (72.5 KDa) and a single DNA strand 

(6.6 KDa). It seems most likely that the DNA strand present is the bottom strand 

in the case of Box I and the top strand in the case of Box m, since OF-1 

preferentially interacts with these specific strands (see above). A second band 

migrates with an apparent molecular weight of 82 KDa, consistent with a 

complex between the smaller OF-1 subunit and two DNA strands. The third 

band is broad with a maximum molecular weight of 168 KDa. We suggest that 

this band consists of a complex between DNA (1 or 2 strands) and both the 

smaller and larger OF-1 subunits. Taken together, these results suggest that the 

smaller subunit (72.5 KDa) is the peptide species which binds DNA, while the 

larger subunit only becomes crosslinked to DNA through interaction with this 

smaller siibimit. 

UL9 facilitates the loading of OF-1 onto oriS Box I DNA. Since the OF-1 

binding site in Box I overlaps that of the viral UL9 protein (Dabrowski et al, 1994; 

Elias et al, 1990), we suspected that these proteins might interact at this site m 



vivo. In contrast, since UL9 binds poorly to Box m DNA (Elias et al, 1990), we 

did not expect an OF-1/UL9 interaction at Box HI. To test these possibilities, we 

have measured the binding of OF-1 to Box I and Box III DNAs in the presence of 

UL9, using the same cross-linking analysis used above. 
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Figure 2.8: Binding of OF-1 to Box I and Box III DNA and the effects of UL9. 
0.125 pmol ̂ P-labe  ̂Box I (A) or Box in (B) duplexes were incubated with 
either IJL9 protein alone (1.2 pmol) (lanes lA, IB), with OF-1 alone (0.3 pmol) 
(lanes 2A, 2B) or with a constant amount of OF-1 (0.3 pmol) and increasing 
quantities of UL9 (0.3-2.4 pmol). These latter reactions contained UL9/OF-1 
molar ratios of 1/1 (lanes 3A, 3B), 4/1 (lanes 4A, 4B) or 8/1 (lanes 5A, 56), based 
on our determinations of protein purity in each preparation and the assimiption 
that OF-1 exists as a heterodimer. Reactions were subjected to aosslinking by 
ultraviolet light, SDS-polyacrylamide gel electrophoresis, and autoradiography, 
as described in Experimental Procedures. Mole<^ar weights of each band were 
determined using standard protein markers run on the samegel (not shown), 
and arrows to the right of each panel mark the positions of mole^ar weights of 
75 KDa lowest), 82 KDa (middle), and 168 KDa (upper). Arrows to the left of 
panel A indicate molecular wei^ts of 95 and 208 KDa. 

This analysis reveals thatUL9 enhances the loading of OF-1 onto Box I 

DNA. As seen in Figure 8A, the same three OF-l-assodated bands observed 

above are also found when UL9 is present in the reactions. However, the 
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intensity of these bands increases as the concentration of UL9 increases (lanes 3-

5). We have quantitated these increases by determining the relative intensities of 

the major (lowest) OF-1 band in the presence and absence of UL9. This 

comparison reveals increases up to 12.5 fold at the highest UL9 concentration 

used. Hence, UL9 may interact either directly with OF-1 or indirectly with the 

Box I DNA to fadliate OF-1 binding. 

Li contrast, when Box in DNA is used, UL9 has no significant effect on the 

binding by OF-1, even at the highest UL9 concentrations. Since UL9 binds 

poorly to Box m, its ability to fadliate loading of OF-1 onto DNA appears to 

depend on its own ability to bind DNA 

OF-1 competes with UL9 for binding to Box L Since OF-1 and UL9 both bind 

to similar sites in Box I DNA, we suspected that they might compete for DNA 

binding. The analysis shown in Figure 8 supports this possibility. 

For this aiudysis, we first investigated the binding of UL9 to Box I and Box 

m DNAs by the same crosslinking analysis but in the absence of OF-1. Our 

results confirm previous findings that UL9 binds strongly to Box I and poorly to 

Box ni sequences (Elias et al, 1990). As shown in Figure 8A Qane 1), we detect 

two UL9/DNA complexes of molecular weights 95 and 208 KDa, when Box I 

DNA is used (calculated molecular weight of UL9 monomer = 94 KDa). 

addition, a substantial part of the DNA is apparently trapped in higher order 

UL9-complexes and does not enter the gel, as seen in previous studies 

(Dabrowski and Schaffer, 1991). bi contrast, we see no UL9-crosslinked products 
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when the Box m probe is used (Figure 86, lane 1), suggesting that binding does 

not occur. 

In contrast to the gel pattern with UL9 alone, when OF-1 is also present, 

we do not detect any of the UL9-associated bands in the gels or in the wells, nor 

do we see any super-shifted OF-l-assodated bands indicative of UL9 binding. 

This result suggests a model in which OF-1 strongly competes with UL9 for Box I 

binding. 

UL9 increases the affinity cf OF-1 far duplex Box IDNA. To assess the effect 

of UL9 on OF-1 affinity for DNA, we have used two approaches to determine 

dissociation constants for OF-1 binding to a duplex Box I oligomer. We observe 

large deaeases in these values in the presence of UL9, indicative of ei\hanced 

affinity between OF-1 and the DNA. In both methods, we utilized a 

protein/DNA crosslinking assay in which OF-1 was allowed to interact with the 

oligomer in the presence or absence of UL9, and the product was identified by 

electrophoresis and autoradiography. The data were then analyzed to generate 

Kd values (Figure 9). 
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Figure 2.9; UL9 increases the affinity of OF-1 for duplex Box IDNA. Panel A: 
Equal concentrations of OF-1 (50 nM) were incubated with varying 
concentrations of duplex Box I probe and in the presence or absense of a 4-fold 
excess of UL9 to OF-1. Reactions were run on denaturing 6% polyacrylamide 
gels and the bound and unbound probe was determined by phosphorimaging. 
Scatchard plot was constructed and analyzed as described in figure 6. Panel B: 
Equal quantities of duplex Box I probe (12.5 nM) were incubated with varying 
concentrations of OF-1 in the presence (squares) or absence (circles) of a 4-fold 
excess of UL9. Data is plotted as the percentage of probe bound versus the 
concentration of OF-1 and has been fit to rectangular hyperbola by the Michaelis-
Menten equation for the determination of K .̂ 

In the first method  ̂we measured the apparent affinity of OF-1 for DNA. 

Reactions were conducted in which OF-1 and UL9 concentrations were held 

constant and the DNA concentration was varied, allowing construction of the 

Scatchard plot shown in Figure 9A and calculation of a of 6.7 nM in the 

prsence of UL9, and 54.2 nM in the absence of UL9. Hence, the apparent affinity 

of OF-1 for the DNA appears to inaease 8.1-fold in the presence of UL9. 

In the second approach, we measured the affinity of DNA for OF-1. 

Reactions were conducted under similar conditions, except that the concentration 
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of DNA remained constant and the concentration of OF-1 was varied. IJL9 was 

either absent of present in a constant molar excess over OF-1. The fraction of 

DNA bound was then plotted versus the OF-1 concentration, as shown in Figure 

9B, and values were calculated. These values show a 9.9-fold ditference 

between reactions in the absence or presence of UL9 (K  ̂= 58.7 nM and 5.9 nM, 

respectively). These values are similar to those determined using the Scatchard 

plot approach (above) and further support the idea that UL9 enhances the 

affinity of OF-1 for Box I DNA. 

OF-1 interferes with UL9-assodated ATPase by campeteingfarDNA binding. 

Results shown above (Figure 8) suggest that OF-1 out competes UL9 for binding 

to Box I DNA. Hence, we suspected that OF-1 might also interfere with UL9 

activities which require DNA binding. To test this possibility, we assayed the 

ATPase activity associated with UL9 in the presence and absence of OF-1. This 

activity is stimulated by duplex DNA canning Box I sequences (Murata and 

Dodson, in press). 

As shown in Figure 10, the presence of OF-1 reduced the level of DNA 

dependent ATPase assocuated with UL9. Determination of ̂  and values 

for these experiments revealed a stibstantial inaease in K„ in the presence of OF-

1 (3.9-fold over the value in the absence of OF-1). In contrast, VB.. values in the 

presence and absence of OF-1 were similar (0.62 and 0.58, respectively). Our 

results suggest that OF-1 a£tects the affinity of UL9 for Box I DNA, while not 
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a^cting the catalytic activity. Since DNA is required for ATPase activity, this 

folding is consistent with the idea that OF-1 displaces UL9 from Box I DNA. 
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Figure 2.10: OF-1 decreases the Box I-stimulated ATPase activity of UL9. The 
Box I-stimulated ATPase activity of UL9 was measured as described in 
Experimental Ftocedures in the presence (O) and absence O ̂  ̂  5-fold excess 
of OF-1. Kg, and (below graph) were calculated by fitting the data to 
rectangular hyperbola using ̂  Michaelis-Menten equation. .Data collected by 
E)r. Lauren Murata. 
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Discussion 

This study examines the composition, activity and interactions of the first 

cellular protein to be implicated in the initiation of HSV-1DNA replication, OF-

1. Previous studies (Dabrowski et al, 1994) have shown that OF-1 is a protein 

found in uninfected cell extracts that binds specifically to the three conserved 

regions (Box I, n and III) of the HSV-1 origin of replication, oriS. Their results 

further indicated that the binding of OF-1 was necessary for origin function in 

HSV-1 origin-dependent plasmid replication assays. In the present experiments, 

we have purified OF-1 from HeLa cell extracts to a high purity and show that 

this protein consists of a heterodimer or two peptides and may form higher order 

structures in solution. We also show that OF-1 binds to both single- and double-

stranded origin DNA in a sequence-specific manner, that OF-1 binds most tightly 

to one of the two strands of the Box I sequence, and that it is the smaller subunit 

of OF-1 that binds to DNA. Finally, we show that OF-1 binding to origin DNA is 

enhanced by the presence of UL9, that OF-1 and UL9 appear to compete for 

binding to the same DNA, and that OF-1 decreases the Box I-dependent ATPase 

activity of UL9. 

Composition of OF-1. We have used a modified two-dimensional gel 

electrophoresis procedure as well as gel filtration chromatography to examine 

the composition of highly purified OF-1. Our two-dimensional gel results 

indicate that the OF-1 protein contains two peptides in an approximately equal 

ratio to each other. Our gel filtration experiments show that OF-1 may exist both 
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as a heteiodimer as well as a higher order structure in solution and in the 

presence of DMA. Further, DNA crosslinking studies support this conclusion 

and indicate that it is the smaller subunit of OF-1 that is responsible for binding 

to HSV-1 origin DNA. It is our hope that future refinements to the purification 

of OF-1 will allow us to identify the gene sequences that encode the OF-1 

subunits. 

DNA binding activity of OF-1. OF-1 has been shown to bind to all three 

conserved regions in the oriS sequence of HSV-1 with qualitatively different 

affinities (Dabrowski et al, 1994). We have shown that purified OF-1 not only 

binds more tightly to Box I than to Box HI, but that OF-1 binds in a sequence-

specific manner to both single-and double-stranded sequences from these 

regions. We have quantitated this binding of OF-1 to duplex Box I and III as well 

as either single strand of these sequences. We see that OF-1 shows a marked 

preference for one of the two strands that comprise Box I (the bottom strand). 

Further, the strand of Box m that shares the most sequence similarity to the 

bottom strand of Box I is bound 7.2-fold more tightly than the other. We 

conclude from these results that, in vivo, OF-1 may bind to the origin after it has 

been unwound by UL9, the viral helicase/primase, or by another enzyme. 

Further, OF-1 may act to stabilize the origin in a single-sfranded conformation to 

facilitate the loading of other cellular or viral enzymes. 

The fact that OF-1 binds in a sequence-specific manner to both single-

stranded and double-stranded DNA is interesting, though not unique. There 

exist in the literature a number of examples of DNA binding proteins that behave 
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in a similar manner (Franda et al, 1999; Yano et al, 1999; Phillips et al, 1999; and 

others), many of which are known transcription factors. The ability of OF-1 to 

bind to both forms of the DNA may indicate an ability of OF-1 to insert intself 

into the DNA double helix in order to make contacts with the bases. This model 

for OF-1 binding might also explain the apparent diHerences in affinities of OF-1 

for single- and double-stranded DNA, as OF-1 would not be forced to open the 

DNA helix in order at bind to single-stranded DNA, thus removing a slow step 

in the OF-1 activity. 

Interactions between OF-1 and UL9. As OF-1 binds to a sequence that 

overlaps that which is bound by the HSV-1 origin binding protein UL9, we 

believed it likely that OF-1 and UL9 interact with each other in some way. As 

was previously discussed, there are a number of examples in which viral origin 

proteins interact with cellular factors, including in SV40, papillomavirus, and the 

bacteriophages T4 and <p29. 

In this report, we show that OF-1 binding to Box I DNA is greatly 

enhanced by the presence of UL9. Further, we quantitate the effect of UL9 on the 

dissociation constant of OF-1 and show that UL9 increases the affinity of OF-1 for 

DNA between 6.2- and 9.9-fold depending on the assay used. We conclude that 

UL9 acts to load OF-1 onto the origin. We further conclude that OF-1 displaces 

UL9 once it has been loaded onto the origin, based on our inability to observe gel 

shift bands of hybrid or super-shift molecular weights when both proteins are 

present. 
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IJL9 exhibits a Box I-dependent ATPase activity that is thought to be 

associated with the non-processive helicase activity of the enzyme (Murata and 

Dodson, in press). Here we show that the presence of OF-1 causes a decrease in 

the ATPase activity of UL9. This effect appears to be due to a decrease in the 

affinity of UL9 for ATP. We conclude that OF-1 out competes UL9 for binding to 

the DNA, thus decreasing the observed Box I-dependent ATPase activity of UL9, 

Based on these data, we propose a model for OF-1 activity at the origin 

and its involvement in tCV-1 DNA replication. OF-1 is loaded at the origin by 

UL9, binds to either the single- or double-stranded DNA as either a dimer or 

possibly as a higher order structure, and then displaces UL9. It is possible that 

the observed loading of OF-1 by UL9 is due to a direct protein-protein interaction 

or through a less direct effect of UL9 on the DNA which alters the conformation 

of the DNA in such a way that OF-1 has a greater affinity for binding. As OF-1 

binding to the origin is essential for origin-directed replication, we believe that 

OF-1 may act to recruit other viral and/ or cellular proteins to the origin after it is 

loaded by UL9. It is possible that OF-1 is regulated by the cell cycle or is 

expressed in different forms in different cell types, thus acting as a mechanism 

by which the virus can replicate its DNA when the conditions are most 

appropriate. 

This model is similar to the well-characterized bacteriophage k model 

presented in Chapter I, wherein a multimeric complex of the viral O protein 

binds to the origin of replication, followed by the binding of the viral P protein, 

and the £. coli host proteins dnaB, dnaj and dnaK. Subsequent removal of the 
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viral P protein allows for the unwinding of the origin by dnaB (Dodson, et al, 

1989, Alfano and McMacken, 1989). 

Summary. We have purified and characterized the cellular protein OF-1. 

We have shown that it binds specifically to both the single- and double-stranded 

forms of the HSV-1 origin. OF-1 appears to exist as a heterodimer and may 

associate into a higher order complex in solution in the presence of DNA. We 

have shown that the presence of UL9 increases the affinity of OF-1 for DMA, and 

that the presence of OF-1 decreases the Box I-dependent ATPase activity of UL9. 

Finally, we propose a model for OF-1 activity in which OF-1 is loaded onto the 

origin by UL9 which is then displaced by OF-1. 
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CHAPTERm 

PROOFREADING BY POLYMERASE EST HS V-1 DNA REPUCATION 

Introduction 

A major mechanism for controlling the accuracy of chromosomal 

replication involves 3-5' exonucleases associated with DNA polymerases. 

Although DNA polymerases actively control fidelity by selecting correctly base-

paired dNTPs during the insertion step of polymerization (Echols and Goodman, 

1991; Kunkel, 1992), misincorporation does occur. In polymerases with editing 

functions, the polymerase responds to a mismatched primer by pausing, thus 

facilitating removal of the misincorporated nucleotide (Echols and Goodman, 

1991). However, conditions, such as high concentrations of dNTPs, may favor 

extension of the mismatched primer rather than editing (Echols and Goodman, 

1991). Misincorporations which escape editing can later be repaired by 

mismatch repair mechanisms, which act on DNA containing mispaired bases 

(Modrich and Lahue, 1996). 

This study examines the 3-5' exonuclease activity associated with the 

HSV-1 DNA pol3mierase (Knopf, 1979). The exonuclease domain within this 

enzyme is indicated by the presence of three highly conserved Exo motifs (Exo I, 

n, m) (Fig. 1) and by the retention of nuclease activity by an N-terminal 

proteotytic fragment (Bemad et al, 1989; Weisshart et al, 1994). Mutations within 
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the motifs inactivate the exonuclease activity (Hall et al, 1995; Kuhn and Knopf, 

1996; Hwang et al, 1997). Based on the structural model provided by DNA 

Polymerase I {Escherichia coli), these motifs encompass sites which bind two 

divalent ions and coordinate the binding of reaction components. 

Aspartate residues within these motifs are critical for ion binding and catalytic 

activity (Joyce and Steitz, 1987; Beese and Steitz, 1991). The HSV-1D368A 

mutation described here inactivates the aspartate residue in the Exo I motif. 

HSV-1 DNA PolYnerase Coding Sequence 

Exo ll Exo m-

354-FDTET. . .418 -GQNL KYD. . .497 -YAAED (DNAPolI) 
367-FDIEC. . .464 -GYNIINFD. . .577 -YCIQD (HSVPol) 

Figure 3.1 The HSV-1 DNA coding sequence shown in relation to conserved 
Exo motifs. I^V-1 motif sequences Pol) are indicated within the box, 
along with an alignment to a^ogous sequences from DNA Polymerase I from 
Esclurichia coli (DNA Pol I). Numbers indicate the N-tenninal residue in each 
Exo sequence. The aspartic add residues in bold from DNA Polymerase I bind 
two divalent metal ions which are required for exonuclease function (Derbyshire 
et al, 1991). A mutation at residue D  ̂in the HSV-1 polymerase was used for 
experiments described in the text. 

Mutations which inactivate DNA polymerase-assodated 3-5' 

exonucleases frequently result in high mutation rates (Echols and Goodman, 

1991; Hwang et al, 1997; Foster et al, 1995; Fijalkowska and Schaaper, 1996; 

Muzyczka et al, 1972; Simon et al, 1991; Morrison et al, 1991; Foury and 

Vanderstraeten, 1992). These effects presumably result from fixation of 

replicati<m errors by extension of mismatched primers after the editing function 
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fails to act. In some systems, exonuclease deficiencies impair viability. This 

effect has often been attributed to production of a high level of deleterious 

mutations. For example, certain mutations in the exonuclease subimit of DNA 

Polymerase m (£. coli) are lethal, unless suppressed by a second mutation which 

lowers the high mutation rate by increasing insertion accuracy or overproducing 

mismatch repair enzymes (Fijalkowska and Schaaper, 1996). Reduced viability 

occurs in yeast (Sacckaromyces cerevisiae) carrying exonuclease deficiencies in the 

mitochondrial polymerase or in both the 5 and e nuclear DNA polymerases 

(Foury and Vanderstraeten, 1992; Morrison and Sugino, 1994). The nuclear 

mutations become lethal when post-replication mismatch repair is also 

inactivated (Morrison et al, 1993). 

However, another factor which may contribute to low viability in editing-

deficient mutants is the pausing of the polymerase after misincorporation. 

Failure to edit might prevent extension of a mismatched primer, thus impairing 

replication. In support of this possibility, exonuclease defidendes in both T4 and 

HSV-1 DNA polymerases show reduced abilities to extend mismatched primers 

(Kuhn and Knopf, 1996; Reha-Krantz and Nonay, 1993). In addition, several 

exonudease-defident DNA polymerases exhibit lower processivity which might 

be attributable to a mismatch extension defidency. For example, mutants from 

baderiophages 029 and prdl fail to replicate duplex templates which require 

strand-displacement for fork movement (Roberts et al, 1989; Zhu and Ito, 1994). 

Mutants from yeast mitochondria (S. ceremsiae), prdl, and £. coli (DNA 
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Polymerase IQ) produce short replication products during DNA synthesis on 

primed single-strand templates (Fouiy and Vanderstraeten, 1992; Zhu and Ito, 

1994; Studwell and CXDonnell, 1990). Finally, mutants from T4 bacteriophage 

exhibit low polymerization activity when misincorporation can occur, as 

compared to activity on homopolymer templates (Reha-Krantz and Nonay, 

1993). 

Certain mutations within the Exo I motif in 3'-5' exonudease domains 

produce more severe phenotypes than other alleles. For example, the lethal 

exonudease alleles associated with DNA Polymerase III (£. colt) are within Exo 1. 

In HSV-1, mutants with altered Exo I motifs fail to complement polymerase-null 

viruses (Hwang et al, 1997). In addition, viruses carrying these mutations cannot 

be isolated and appear to be inviable (Hall et al, 1995). In contrast, HSV-1 

mutants with changes in the Exo m motif are viable (Hwang et al, 1997). Since 

the Exo I motif affects binding of both the metal ions required for catalysis (Joyce 

and Steitz, 1987; Beese and Steitz, 1991), mutations within this motif may be 

espedally inhibitory to catalysis. 

The present study examines several biochemical properties of an HSV-1 

DNA polymerase carrying a mutation in the Exo I motif (D368A). Since this 

mutation appears to be lethal (Hall et al, 1995), we were interested in uncovering 

mechanisms to explain the severity of this defect. We find that the D368A 

mutation dramatically elevates the mutation frequency during replication but 



only under conditions which force the extension of mismatched primers, 

addition, this mutation causes an exceptional deficiency in extension of 

mismatched primers. These abnormalities may drasticalty impair viral 

replication, thus resulting in the lethality of this mutant. 
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Experimental Procedures 

Polymerase purification: Sf9 cells were infected with recombinant baculovirus 

carrying the appropriate (KV-1 polym»ase gene and the cell lysates processed 

as described (Hall et al, 1995). (NH4)2S04 was added to the clarified cell lysates 

to a final concentration of 20%. Lysates were subjected to low pressure liquid 

chromatography using phenyl sepharose columns (Pharmacia Biotech) 

equilibrated in Butfer C (Hall et al, 1995) supplemented with 20% glycerol, 50 

mM NaCl, and 30% (NH4)2S04. Fractions were eluted with a decreasing 

(NH4)2S04 gradient from 20% to 0% and then with a step gradient of Buffer C 

supplemented with 20% glycerol, 50 mM NaQ and either 0.1%, 0.5%, 1% or 2% 

Triton X-100. Both wild type and D368A mutant polymerase peaks eluted 

between 1% and 2% Triton X-100. Fractions containing peak activity were 

pooled, dialyzed against Buffer C containing 20% glycerol and 50 mM NaCl, and 

further purified by ion exchange chromatography (phosphocellulose), using a 

linear NaCl gradient (50 mM to 600 mM), in Buffer C containing 20% glycerol. 

Both wild type and D368A mutant polymerase peaks eluted at about 300 mM 

NaG. Peak polymerase fractions were identified, dialyzed, and further purified 

by affinity chromatography on either single-stranded DNA agarose (wild type) 

or heparin sepharose (D368A mutant) (Pharmacia Biotech). Columns were 

eluted with a linear gradient (50 mM to 400 mM NaG) in Buffer C containing 

20% glycerol The wild type polymerase peak eluted from the ssDNA column at 
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about 300 mM NaO, and the D368A mutant potymerase peak eluted 6x)m the 

heparin sepharose column at about 350 mM NaQ. Peak polymerase fractions 

were pooled, diatyzed against Buffer C containing 50 mM NaCl and 60% 

glycerol, and stored at -ZO'C Throughout purification, pol3m:ierase activity was 

identified by assays with salmon sperm DNA templates (Hall et al, 1995) and 

protein concentration was determined by the method of Bradford (1976). The 

presence of the HSV-1 polymerase was assessed by electrophoresis on sodium 

dodecyl sulfate polyaciylamide gels, and by western blotting using anti-HSV 

DNA polymerase antibodies (not shown). 

Exonttclease and polymerase assays: 3'-labeled exonuclease substrates were made 

by annealing a 17-nucleotide oligomer (MIS tmiversal (-40) primer, New 

England Biolabs) to single-stranded M13 bacteriophage DNA, end labeling in the 

presence of the BQenow fragment of DNA Polymerase I (£. colt), 32p-dGTP, and 

dTTP, and then purifying the labeled substrate on Sephadex G-25. This reaction 

extended the oligo by 5 bases, 4 of which were labeled (i.e. 5'-GTGGG-3'). 

Exonuclease reactions (25 (il) contained 50 mM Tris-HCl (pH 8.5), 2 mM MgCl2, 

0.5 mg/ ml bovine serum albumin, 50 mM (NH4)2S04,2 mM ̂ thiothreitol, 

5.5x10-3 units of enzyme (1 unit = enzyme required to incorporate 10 nmol 

nucleotide in 30 min at 37''C), and 0.2 tig (0.074 pmol 3'-ends, 5000 

counts/ minute) heat-denatured substrate. The fraction of radioactivity that 

became add soluble during incubation at 37°C was measured as described (Hall 

et al, 1995). Polymerase assays were conducted on salmon sperm DNA as 
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described (Hall et al, 1995) and contained a final concentration of 0,10,30, or 100 

ftg/ml phosphonoacetic add as indicated. 

Reversion assays: Assays measured the reversion of an opal codon in a LacZa 

gene (£. colt) cloned within a circular gapped DNA duplex prepared from 

M13mp2A89 bacteriophage (a generous gift of Dr. T. A. Kunkel) (Bebenek and 

Kunkel, 1995). Reactions for the HSV-1 polymerases were performed using the 

buffer conditions described for standard polymerase assays (Hall et al, 1995) and 

contained 20 mM (NH4)2S04,0.5 (/g gapped DNA (0.1 pmol), and dNTPs at the 

indicated concentrations. Reverse transcriptases were obtained from GibcoBRL 

and assayed under conditions recommended by the manufacturer. Reactions 

containing either 3 units (HSV-1 DNA polymerases) or 5 units (reverse 

transcriptases) of enzyme were incubated at 37°C for 1 hour and stopped by 

addition of EDTA to 30 mM. Aliquots were subjected to electrophoresis on 0.8% 

agarose gels to verify that complete replication of the gapped DNA had 

occurred. Reactions were then diluted in water 10-fold, and 5 ̂ 1 was used to 

transform 200 nl chemically-competent |M103 bacteria (Inoue et al, 1990). Cells 

were added to YT soft agar and plated on YT plates containing 0.001% isopropyl-

p-D-thiogalactopyranoside (IPTG) and 0.004% 5-bromo-4-chloro-3-indoyl-p-D-

galactopyranoside (X-gal). Transformations gave approximatety 1 x ICH plaques 

per plate. Both light and dark blue revertant plaques were identified and the 

mutant pheno^rpes verified as described (Bebenek and Kunkel, 1995), following 



97 

resuspension in 0.9% NaCl and re-plating in the presence of wild type 

M13mp2A89 to provide a standard for assessing the blue color. 

Primer Extension Assays: Oligonucleotides were manufactiired by the Laboratory 

of Molecular Systematics and Evolution (University of Arizona), except for the C-

G oligo, which is the universal (-40) M13 sequencing primer (New England 

Biolabs). Oligos were 5'-labeled with 32p by polynucleotide kinase reactions 

(Sambrook et al, 1989). Primed MlSmplS DNA was prepared by annealing 10 

pmol 5'-32p-labeIed oligomer to 20 pmol single-stranded phage DNA. The oligos 

contained a terminal 3'-base that was either matched (C-G) or mismatched (T-G 

or A-G), as shown: 

C-G oligo: 

Ml3mpl8: 

T-G oligo! 

M13mpl8: 

A-G oligo: 

Ml3inpl8: 

5 ' -  G T T T T C C C A G T C A C G A C  

. .TCCCAAAAGGGTCAGTGCT̂ AACATTTT. 

5 ' -  T A T C T T A C C G A A G C C T  

. .TCGATAGAATGGCTTCGGGAAAAATTC... 

5 ' -  C A A T A G G A A C G C C A T A  

, .TTGGTTATCCTTGCGGTAGTTTTTATTAAG. 

Reactions (10 /xl) were conducted as described for the mutagenesis assays (above) 

for 15 min at 37'C, using 0.05 units of wild type or 0.06 units of D368A mutant 

potymerase, 0.1 pmol primer-template, and one or more dNTPs. Reactions were 

stopped by rapid cooling on ice and addition of EDTA (pH 8.0) to 30 mM 

followed by ethanol precipitation. Pellets were resuspended in 20 /il H^O and 10 
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Ml loading buffer (95% formamide, 0.25% bromophenol blue and 0.25% xylene 

cyanol FF). Samples were run on denatiuing 20% polyaaylamide gels 

containing 8M urea. Gels were scanned on a Molecular Dynamics 

Phosphorlmager, bands cpiantified using the program ImageQuant (Molecular 

Dynamics), and Km and Ymax values calculated by fitting the data to rectangular 

hyperbola by non-linear regression. Values for corresponded to the 

extrapolated velocity at infinite substrate concentration and for Km corresponded 

to the substrate concentration at 1/2 Vmax-

For determination of kinetics of addition of individual nucleotides during 

primer extension, the percent of substrate extended was calculated using the 

following formulas: 

P -• P+1 reaction: (P+1)/ [P+(P+1)] x 100% 

P+1 -• P+5 reaction: (P+5)/ [(P+1) + (P+5)J x 100% 

P -• P+5 reaction: (P+5)/ [P + (P+1) + (P+5)] x 100% 

where P indicates the amount of une3ctended primer, and P+1 and P+5 indicate 

the amount of reaction product extended by one and five bases, respectively. 

dTMP tumaoer assays: Reactions were performed as described above for primer 

extension assays, except that the reactions contained 0.06 nmol of unlabeled 

substrate with the T-G mismatched oligo, wild type HSV-1 polymerase, and [a-

^^]dTTP (800 Ci/mmol, 10 nCi/ fil) at the concentrations indicated. Reactions 

were incubated 30 minutes at 37'C, stopped by the addition of EDTA (pH 8.0) to 
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30 mM, and subjected to thin layer chromatography analysis on 

polyethyleneimine cellulose plates of 100 fim thickness (Aldrich) using 12 M 

LiCL Plates were dried and subjected to autoradiography on a Phosphorlmager. 

Individual spots were quantified using the program ImageQuant (Molecular 

Dynamics). 
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Results 

To gain insight into the mechanism of the 3'-5' exonuclease associated 

with the HSV-1DNA polymerase, we have compared the biochemical 

characteristics of the wild type polymerase and a mutant carrying the D368A 

mutation. As shown in Figure 1, this mutation lies within the Exo I motif which 

is highly conserved between the HSV-1 polymerase and DNA Polymerase I (£. 

coll). Structural studies with DNA Polymerase I, indicate that the corresponding 

residue, D355, is essential for exonuclease hmction because it binds two Mg^"  ̂

ions required for catalysis Qoyce and Steitz, 1987; Derbyshire et al, 1991; 

Derbyshire et al, 1988). We previously reported that the D368A mutation in 

HSV-1 DNA polymerase reduces exonuclease activity to undetectable levels 

(Hall et al, 1995; Hall et al, 1996), demonstrating that this residue is also required 

for enzyme function. 

Purification of the HSV-1 DNA polymerase. To obtain enzymes for these 

experiments, wild type and D368A mutant polymerases were over-expressed 

using baculovirus vectors (Hall et al, 1995) and purified as described in 

Experimental Procedures and Table 1. Although we had previously purified the 

wild type HSV-1 DNA polymerase to near homogeneity (Hall et al, 1996), the 

D368A mutant pofymerase failed to survive the glycerol gradient step in this 

original procedure (not shown). Hence, we devised a new purification scheme 
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vising a three step procedure (Table 1) consisting of hydrophobic interaction 

chromatography on phenyl sepharose, anion exchange chromatography on 

phosphocellulose, and affinity chromatography, bi the affinity chromatography 

step, the wild type pol)rmerase was purified using single-stranded DMA agarose. 

The D368A mutant enzyme failed to bind to this matrix (not shown) and was 

consequently purified on heparin sepharose. 

Table 3.1: Purificatim of wild type and D368A mutant HSV-

Purification Step 

Specific 
Activity 

(imits/mg) 

Wild Type 
Crude Extract 10 
Phenyl Sepharose 251 
Phosphocellulose 1750 
ssDNA Agarose 2150 

D368A 
Crude Extract 
Phenyl Sepharose 
Phosphocellulose 
Heparin Sepharose 

44 
396 
949 

11200 

DNA polymerases.* 

^Polymerases were purified from recombinant baculovirus infected-Sf9 cells as 
described in Experimental Procedures. Sequential purifications were performed 
as indicated. AAer each purification step, iiie peak firactions were pooled and 
analyzed for protein concentration and enzyme activity. Activity measurements 
were determined using enzyme dilutions that exhibited linear incorporation with 
incubation time. One imit is defined as the amount of enzyme necessary to 
convert 10 nmol of nucleotides to add insoluble material in 30 min at 37*C. 

The identity of the purified enzymes was confirmed by two biochemical 

tests. First/ the enzymes were assayed for polymerase activity in the presence of 

phosphonoacetic add, a specific inhibitor of the HSV-1 polymerase. As shown in 
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Figure 2A, both the wild type and D368A mutant enzymes were severely 

inhibited by phosphonoacetic add at concentrations at or above 10 ̂ g/ml. In 

contrast, DNA Polymerase I (Klenow fragment) from E. coli remained relatively 

active at concentrations up to 100 |xg/ml. Second, both enzymes were subjected 

to exonuclease measurements using a single-stranded DNA substrate. As shown 

in Figure 2B, the wild t3rpe enzjone contains exonuclease activity while the 

D368A mutant is completely deficient This observation confirms our earlier 

finding that the D368A mutant lacks detectable exonuclease activity (Hall et al, 

1995) and indicates a lack of contaminating exonudeases in the mutant 

preparation. 

A B 
100 

o > 
S 0' 

100 0 p 30 60 50 0 
PAA (jig/ml) Time (min) 

Figure 3.2; Enzymatic activities of wild type and D368A mutant HSV-1 DNA 
pol3rmerases. A) Polymerase activity in ̂  presence of phosphonoacetic add of 
wild type (•) or D368A mutant (•) HSV-1 DNA polyinerases and of tiie 
Klenow fragment of DNA Polymerase I from E. colt (O). B) Exonudease activity 
of the wild type (•) and D368A mutant (•) polymerases on a single-strartded, 
labeled oligonudeotide DNA substrate. Em^es were purified as shown in 
Table 1 and assayed as described in E)^)erimental Procedures. 
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Reversion frequencies: Studies from several systems, including HSV-1, have 

revealed that DNA polymerases with inactive editing nucleases show increased 

mutation frequencies compared to wild type (Echols and Goodman, 1991). The 

D368A mutation in HSV-1 inactivates the polymerase-assodated exonuclease but 

also appears to be lethal to the virus (Hall et al, 1995). Hence, we suspected that 

an editing deficiency might inaease the viral mutation frequency, producing 

intolerable levels of deleterious mutations. 

To test this idea, we compared the reversion frequencies of purified wild 

type and D368A mutant HSV-1 polymerases in vitro. A partially duplex, gapped 

M13 bacteriophage DNA molecule was used as a primer/template for these 

polymerase reactions. The gap contained a mutant LacZa gene (from £. colt) 

carrying a single-base change which produces a nonsense codon. The 

polymerase reaction allowed filling of the gap by DNA synthesis and production 

of LacZ revertants by replication errors at the nonsense codon site. These 

revertants were detected by transacting the reaction products into £. coli and 

scoring for blue M13 plaques in agar containing X-gal. 

Results from this assay (Table 2) showed that the D368A mutation caused 

significantly elevated reversion firequendes compared to wild type but that the 

reversion rate was dependent on dNTP concentrations. We conducted 

additional analyses to understand tiie substantial variation observed between 
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reactions carried out under different conditions and to identify conditions most 

appropriate for comparing the activities of the wild type aiui D368A mutant 

poI)anerases. Based on these analyses, we conclude that the wild type enzyme 

edits many of its replication errors at low dNTP concentrations, but favors 

mismatch extension at higher concentrations, thus producing higher reversion 

rates, contrast, the D368A mutant polymerase fails to replicate the template 

effidentiy at low dNTP concentrations, possibly due to stalling at mismatches, 

but is able to extend mismatches at higher concentrations. Under conditions 

were the wild type exonuclease is fully functional and both enzymes completely 

replicate the gapped template (i.e. 10  ̂ dNTPs), the mutant showed an 18-fold 

higher reversion rate than wild type. 
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Table 3.2: Reversion of a LacZamutation by HSV-1 DNA polymerases and reverse 
transcrip tases in the presence of varying dNTP concentrations.* 

Reversion 
Plaques Scored: Frequency 

Polymerase HMdNTP Total Blue (xlO^) 

None 103 3.8x106 13 3.4 

HSV-1 10 3.4x106 33 9.7 
WildT5rpe 103 2.9x106 36 12 

104 1.0x105 8 80 
10->10* 6.5x105 8 12 

HSV-1 10 7.6x105 20 26 (2.7) 
D368A 103 1.9x105 39 211 (18) 
Mutant 104 1.0x105 19 190 (2.4) 

10-+103 1.0x105 14 140 (ND) 
10->104 1.0x105 13 130 (11) 

MLV-RT 10 2.9x105 10 34 
103 4.9x105 12 24 

AMV-RT 103 1.0x105 6 60 
^Assays were conducted with purified polymerases using a gapped M13mp2A89 
primer/template, as described in Expe^ental Procedures. Reversion of the 
LacZa mutation within the template was scored by the appearance of blue 
plaques. Each reaction contained equimolar quantities of dNTPs at the indicated 
concentrations. Arrows indicate two-step reactions in which a given reaction 
mix, containing 10 dNTP, was first incubated for 60 minutes, and then 
additional dNTPs were added, to a final concentration of 10  ̂or 10  ̂|iM (as 
indicated) and incubation continued for 60 minutes. Reverse transcriptases were 
from Moloney murine leukemia virus (MLV-RT) and avian myoblastosis virus 
(AMV-RT). Standard errors of the mean are calculated and displayed in Figure 
3. Values in parentheses are the ratio of the mutant reversion frequency 
compared to that of wild type. ND == not determined. 

We first examined the effect of dNTP concentrations on the wild type 

polymerase. In this case, the reversion frequency remained low at 10 to 10  ̂

but increased 6.7-fold at 10  ̂̂ M. Experiments with DNA Polymerase II from E. 

co/i (Cai et al, 1995), human and calf DNA polymerase S (Roberts and Kunkel, 
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1988; KuxUcel et al, 1987), and DNA Polymerase I (Klenow fragment) from E. coli 

(Kimkel et al, 1987) have shown similar inaeases in reversion rates, but at dNTP 

concentrations of 10  ̂pM or less. It was concluded from these previous studies 

that high levels of dNTPs shift the balance between editing and extension of the 

mismatch in favor of extension. Mismatch mutations become fixed and the 

reversion frequency rises. It seems likely that the elevated reversion frequency 

seen here for the HSV-1 DNA polymerase at high dNTP levels is also caused by 

enhanced mismatch extensioiL Our observation that this effect occurs only at 

very high dNTP concentrations (10  ̂pM) suggests that the exonuclease of this 

enzyme is exceptionally active. Hence, to establish a reversion level for the wild 

t)  ̂polymerase which results from a fully active editing exonuclease, dNTP 

concentrations of 10  ̂pM or lower are required. 

For the D368A exonuclease-defident polymerase, we observed an 8-fold 

inaease in the apparent reversion frequency when the dNTP concentration was 

raised from 10 to 10  ̂MM. In contrast, the MLV reverse transcriptase, which also 

lacks an exonuclease activity, showed nearly the same frequency at both these 

dNTP concentrations. Hence, we suspected that the change in reversion 

frequency seen for the D368A mutant might be explained by some effect of 

dNTPs on the polymerase reaction. For example, the polymerase might stall at 

misinserted bases in the presence of low dNTPs but be able to extend past the 

misiiisertions at higher concentrations. Partially replicated molecules produced 

by stallii  ̂might be repaired after transfection into £. coli leading to a lower 
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observed reversion frequency. Although the majority of our polymerase 

reactions appeared by electrophoretic analysis to have completely filled the gap 

(not shown), a small fraction of partially replicated molecules would not be 

detectable by this test and might still be present. 

To test the possibility that a stalling mechanism produced the low 

apparent reversion rate of the D368A mutant enzyme at 10 ̂ M dNTPs, we used a 

two-step protocol. We first allowed the polymerase to replicate in the presence 

of 10 ̂ M dNTPs and then increased the dNTP concentration to either 10  ̂or 10  ̂

^M. If stalling had occurred at 10 |xM, then the higher dNTP concentration 

should force the polymerase past the mismatch, allowing complete replication. 

As shown in Table 2, when the D368A mutant polymerase was subjected to the 

two-step protocol, the reversion rate was comparable to that seen when high 

dNTPs were present throughout the reaction and was substantially higher than 

when the reaction was conducted entirely at 10 (iM dNTPs. bi contrast, when the 

wild type ISV-1 polymerase was subjected to the two-step protocol (i.e. a shift 

from 10 to 10  ̂MM), the reversion frequency was about the same as when 10 

|iM dNTPs were present throughout the reactioiL These results suggest that 

while the wild type polymerase completely replicates the gap at 10 ̂  dNTPs 

without stalling, the D368A mutant stalls at low dNTP levels, leading to a lower 

observed reversion rate, but completes gap filling at higher dNTP levels (>10 

^M). Hence, the true reversion frequency of the D368A mutant polymerase is 

represented by the values observed at high dNTP concentrations. 
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The data in Table 2 also show reversion assays using reverse 

transcriptases 6:0m Moloney murine leukemia and avian myoblastosis viruses 

(MLV-RT, AMV-RT). These enzymes lack any editing function and are known to 

exhibit high mutation rates ̂ berts et al, 1989). These assays reveal that, in the 

presence of high dNTP levels ̂ 10  ̂jiM), the D368A HSV-1 mutant reversion 

frequencies are significcmtly higher than those of the reverse transcriptases (7.2-

fold for MLV-RT and 3.5-fold for AMV-RT). This comparison suggests that the 

D368A mutant V-1 polymerase exhibits an exceptionally high mutation rate, 

which is substantially greater than those of the strongly mutagenic reverse 

transcriptases. 

From these reversion data, we can calculate a corresponding base 

substitution rate for the D368A mutant polymerase, using the method of Bebenek 

and Kunkel (Bebenek and Kimkel, 1995). This calculation conects for 

spontaneous background revertants, for the extent of revertant expression 

during scoring, and for the £act that revertants can arise by any of several 

changes within the target nonsense codon. Using this metiiod/ we find that a 

reversion rate of 2.11 x 10  ̂(D368A at 10  ̂̂ M dNTPs, Table 2) corresponds to 1.2 

X10*  ̂errors per replicated base. 

Reversion firequendes from Table 2 were used to generate bar graphs in 

Figure 3 to evaluate the statistical significance of these data. Non-overlapping 
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vertical error bars indicate statistically significant differences between values. 

All values for polymerase reactions are significantly greater than that of the 

control without enzyme (p^O.005). bi reactions with the wild type HSV-1 

[)olymerase, the value at 10  ̂|iM is significantly higher than those obtained under 

other conditions (p<0.001), while these other values do not differ significantly 

from each other. This analysis supports our hypothesis that the wild type favors 

mismatch primer extension, rather than editing, at 10  ̂|JM dNTPs. In reactions 

with the D368A mutant polymerase, the value at 10 dNTP concentration is 

significantly different from the other four values (p .̂OOl), and these other 

values do not differ significandy. This result supports our contention that the 

reactions at 10 dNTPs do not represent true reversion fi^quendes but rather 

result from incomplete gap filling after misinsertions. Finally, the D368A mutant 

values at dNlP levels which allow complete gap filling were significantly higher 

than either the wild type values obtained at dNTP levels which allow editing 

(p^O.OOl) or values for the MLV (p^O.OOl) and AMV (p^O.Ol) reverse 

transcriptases. These comparisons confirm our conclusion that the D368A 

mutant DNA polymerase exhibits exceptionally high mutation rates m vitro, 

significantly higher than those of the wild type HSV-1 polymerase and the MLV 

and AMV reverse transcriptases. 
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Enzyme and dNTP 

Figure 3.3: Reversion of LacZa nonsense mutations. Reversion frequencies for 
wild type (WT) and mutant (D368A) HSV-1 polymerases and for reverse 
transcriptases (MLV-RT and AMV-RT) are from Table 2 and are shown here in a 
bar graph format with error bars indicating the standard error of the mean 
(SEM). For each reaction, revertant plaques were given the value of 1, while non-
revertants were given the value of 0. were ̂ culated by dividing the 
standard deviation from the mean revertant frequency by the square root of the 
total niunber of plaques scored. Arrows indicate a two step protocol in which the 
dNTP concentration is inaeased after an initial incubation at-10 |iM. The 
student's T test for statistical significance was used for comparing wild type and 
mutant frequencies (p>0.99). 

Mismatch extension: The reversion experiments described above suggests that the 

D368A mutant polymerase stalls during replication at low dNTP leveb, probably 

at sites of misinsertioa Since the D368A mutation also appears to be lethal Oxtail 

et al, 1995), we suspected that inefficient extension of mismatched primers might 
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also severely impair viral replication in vivo. To obtain evidence for a stalling 

mechanism, we conducted experiments in vitro to compare the efficiency of 

primer extension by the wild type and the D368A mutant polymerases. 

This analysis was conducted using primer/templates consisting of 5'-

labeled oligonucleotides annealed to single-stranded M13 DNA. Primers 

contained a 3' terminal nucleotide that was either matched or mismatched to the 

template. The HSV-1 polymerases were allowed to extend the primers by five 

nucleotides in the presence of one or two dNTPs. Because the D368A mutant 

polymerase cannot exdse mismatches, full length products with a mismatched 

primer should only be produced by this polymerase by extension of the primer. 

However the wild type polymerase should be able to excise a mismatch, and 

depending on the dNTPs present/shotild be able to insert the correct nucleotide 

or should be forced to re-insert the mismatch prior to extensioiL Products from 

reactions at varying concentrations of dNTPs were analyzed by gel 

electrophoresis and the percentages of fully extended primers were measured 

(Figure 4). These data were used to calculate the kinetic values Km and VQUX to 

determine extension efficiencies (Vouuc/KnO (Table 3). 
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Figure 3.4: Tjrpical data used for Idnetic analjrsis of primer extension by HSV-1 
wild type (A) and D368A mutant (B) DNA polsnnerases. Reactions with M13 
templates were peifbnned as described in Expoimental Procedures, using 5'-
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labeled oligomeric priixiers containing matched or mismatched 3'-nucleotides. 
The 3'-base of the primer, template sequence, arul dNTF(s) in each reaction are 
indicated above tte data. Products were run on denaturing polyacrylamide gels 
and analyzed by autoradiography, as shown. dNTP concentration (pM) for each 
reaction is indicated above the corresponding gel lane. Upper arrows ideate 
the position of fully extended primers, and lower arrows indicate the position of 
unextended primers. In each ̂ aph directly below the corresponding 
autoradiogram, the velocity of primer extension (% per minute) is plotted as a 
function of dNTP concentration. Additional e)q)eriments were performed for the 
T/G and A/G mismatched primers using two dNTPs (not shown). The results 
of these experiments are summarized in Table 3. 

Table 3.3: Kinetics values for primer extensions vMh vrild type and D368A mutant 

Base Extension Standard 
Pair at dNTPs Km Vnux Efficiency Extension 
Primer Present (jiM) (%/min) (Vmax/Km Efficiency 
3'-End 

(jiM) (%/min) 
) 

Wild Type 
C-G dGTP+dTTP 0.016 ±0.003 6.0 ±0.07 375 1 (1) 
T-G dTTP 205 ±46 1.8 ±0.1 0.0088 2.4x10-5 (0.27) 
T-G dTTP+dCTP 3.5 ±0.7 5.5 ±0.4 1.6 4.2x10-3 (380) 
A-G dATP 2250 ±520 4.0 ±0.8 0.0018 4.8x10  ̂ (022) 
A-G dATP+dCTP 0.21±0.04 1.8 ±0.5 8.6 2.3x10-2 (590) 

D368A Mutant 
C-G dGTP+dTTP 0.011 ±0.0006 5.6 ±0.01 509 1 
T-G dTIP 150 ±2.6 6.9 ±0.12 0.046 9.0x10-5 
T-G dTIP+dCrP 2180 ±170 123 ±18 0.0056 1.1x10-5 
A-G dATP 345 ±90 3.9 ±0.7 0.011 2.2x10-5 
A-G dATP+dCTP 78.1 ±6.5 1.6 ±0.1 0.020 3.9x10-5 

*DNA pol3niierase reactions were conducted and analyzed as shown in Hgure 4. 
Base pairs shown are primer-template. Kinetic values are the mean of two to 
four experiments and standard errors are indicated. Standard Extension 
Efficiency is defined as the ratio of the extension efficiency of a mismatched 
primer divided by the extension efficiency of the matched primer. Values in 
parentheses are the ratios of the standard efficiencies of the wild type compared 
to the D368A mutant 

From these analyses, we observed tfiat both the wild type and D368A 

polymerases extend a C-G matched terminus witti approximately equal 
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effidenqr. As calculated in Table 3, the extension efficiency (Vnux/Km) was 375 

for the wild type polymerase and 509 for the D368A mutant. Ifence, the D368A 

mutation does not have a substantial effect on the efficiency of polymerization. 

In reactions with a mismatched primer, both the wild type and D368A 

mutant polymerases exhibit impaired extension efficiencies compared to the 

matched primer, bi general, this response results from large inaeases in the Km 

with relatively small changes in Vnux- These results suggest that a correctly 

matched primer is necessary for stable binding of the next nucleotide. 

The efficiency of the extension of the mismatched primer depended 

dramatically on the potential for editing of the mismatch. In reactions with a T-G 

mismatched primer, the wild type polymerase showed an efficiency of 0.0088 

when only dlTP was present, a condition which disallows productive editing. 

When the correct nucleotide (dCTP) was also added, the extension efficiency 

inaeased (180-fold) to 1.6. Thus, when productive editing is prevented, the wild 

type polymerase stalls for a substantially longer time than when editing is 

allowed. Similar but more dramatic results were obtained mth an A-G 

mismatch, and a 4800-fold increase in extension efficiency was observed when 

productive editing was allowed. We believe that the larger increase in extension 

efficiency of the A-G mismatch as compared to the T-G mismatch results from 

the decreased stability of the A-G base pair, causing increased editing efficiency 

and/or deaeased extension efficiency. Iti contrast to the wild type, the D368A 
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mutant poljrmerase failed to show substantial increases in extension efficiencies 

of either the T-G or A-G mismatch when two dNTFs were present. This result is 

consistent with the editing deficiency of the D368A mutant polymerase. 

To compare extei\sion efficiencies of the wild type and D368A mutant 

polymerases  ̂we calculated standard extension efficiencies for each enzyme by 

dividing the mismatched extension efficiencies by the matched efficiency, as 

shown in Table 3. This comparison revealed a defect in the D368A mutant in 

mismatch extension. For the T-G mismatch, when two dNTPs are present, 

allowing productive editing by the wild type poljrmerase, the wild t)  ̂enzyme 

extended much more efficiently (380-fold) than the D368A mutant. In contrast, 

when only one dNTP was present, the wild type polymerase extended slightly 

less efficiently (0.27-fold) then the D368A mutant Similar results were obtained 

with the A-G mismatch, bi the presence of both dNTPs, the wild type extended 

590-fold more efficiently than the mutant, while with only one dNTP it extended 

less efficiently (0.22-fold). These results suggest that the D368A mutant 

polymerase stalls substantially at mismatches compared to a productively 

editing wild type polymerase. 

Evidence for polymerase cycling: bi the primer extension experiments above, the 

wild type poljrmerase is less efficient at extending mismatched primers when 

editing is prevented. We suspect that under these conditions, the wild type 

enzyme becomes trapped in a cycle of removal and leinsertian of the mismatch. 
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To test this possibility, we conducted dNTP turnover assays. The pol3anerase 

was incubated with an unlabeled primer-template carrying a T-G mismatch at 

the primer 3'-end in the presence of [a-^]dTTP. Reaction products were 

analyzed by thin layer chromatography and autoradiography. As shown in 

Table A, radioactive dTMP was generated in the course of these experiments, 

indicating incorporation and then hydrolysis of the dTTP by the polymerase. 

Based on the amoimt of primer-template present, we calculated that 

approximately 50 dTMF bases were generated for every primer-template during 

the 30 minute reaction time. This ratio of dTMF to primer-template was constant 

regardless of the amount of polymerase or dTTP added (data not shown). This 

result is consistent with the possibility that the low extension efficiency of the 

wild type polymerase in the absence of productive editing results from cycling of 

the wild type polymerase at the mismatch. 

Table 3.4: dTMP production by wM type HSV-l polymerase at a T-G mismatched 
primer.* 

Units of dTTP dTMP Produced 
Polymerase (nmol) (nmol) 

0 100 0 
0.2 30 3.0 
0.2 100 3.3 
0.2 300 3.4 -

"^Reactions were performed as described in Experimental Procedures using a T-G 
mismatched primer/template. 

Effects of internal mismatches on extension efficiency: Because our primer-templates 

aUowed incorporation of multiple nucleotides after a mismatch, we were able to 

evaluate the effects of the mismatch on addition of both the next nucleotide and 
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other downstream nucleotides. This analjrsis revealed that intenuil mismatches 

also promote stalling by tiie D368A mutant HSV-1 pol)rmerase. 

In the mismatch extension reactions shown in Hgure 4B (T-G)/ a band 

corresponding to the primer extended by one nucleotide (P+1) was typically 

observed, indicating a kinetically slow step for the addition of a second 

nucleotide onto the mismatched primer. Though not as prominent, a similar 

band was seen in reactions involving the extension of A-G mismatches. Kuhn 

and Knopf (1996) have observed a similar phenomenon. Subsequent addition, 

up to the five allowed in these reactions, occurred very rapidly, and no further 

intermediate bands were observed. Hence, these later additions contribute 

negligibly to the extension rates. 

The effect of internal mismatches is quantified in Table 5 for the T-G 

mismatched primer. Km and Vmax values were calculated using graphs of % 

substrate extended vs. dNTP concentration. Primer extension efficiencies for the 

addition of both the first (indicated as P -» P+1) and second (indicated as P+1 

P+5) nucleotides reveal that the second addition is at least a&slow as the first. 

This effect may act as an additional pause in the elongation of a primer, 

amplifying the effectiveness of proofreading by increasing the chance that a 

mismatch will be detected. A similar e^ect has been noted for the T4 

bacteriophage DNA polymerase (Reha-I^antz and Nonay, 1993). 
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Tabk 3.5: Kinetics of addition of individual nucleotides after a T-G mismatch by D368A 

Nucleotide extension 
past mismatched 
primer of length P Km Vmax Extension Efficiency 

(WM) (%/min) (Vmax/Km) 
P-»P+1 40 6.4 0.16 
P+1 P+5 62 6.9 0.11 
P-»P+5 150 6.9 0.046 

conditions which allowed extension of the primer, of length P, by up to five 
nucleotides. The kinetically slow steps of addition of the first base past the 
mismatch (P P+1) and addition of the second and subsequent bases (P+1 -
P-t-5) were measured independently from the same autoractiograms. 
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Discussion 

This study examines the effect of an impaired editing nuclease during 

DNA replication by the HSV-1DNA polymerase. We showed previously that 

the D368A mutation inactivates the exonudease and severely interferes with 

virus viability (Hall et aJ, 1995; Hall et al, 1996). In the present experiments, we 

find that this defect increases the production of replication errors but only in the 

presence of high levels of dNTPs to favor the extension of mismatched primers. 

In addition, this mutation reduces the efficiency of extension of 3'-mismatched 

primers. These abnormalities appear to be exceptionally severe when compared 

to other replicases. Hence, loss of editing activity in the H5V-1 DNA polymerase 

may interfere with viral growth both by enhancing the production of deleterious 

mutations and by prematurely terminating replication forks at sites of 

misinsertions. 

High mutation rates in the D368A mutant: Inactivation of editing 

exonucleases increases mutation rates in many systems (Echols and Goodman, 

1991). Elevated mutation frequencies have been reported for HSV-1 derivatives 

carrying mutations in the highly conserved Exo m motif within the 3'-5' 

exonudease domain of the DNA pofymerase (Hwang et al, 1997). However, 

viruses with mutations in the conserved Exo I motif appear to be inviable (Hall et 

al, 1995). Therefore, we have anatyzed the mutation frequen  ̂ of the Exo I 

D368A mutant polymerase in vitro by measuring reversion of a nonsoise codon. 
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This analysis reveals up to an 18-fold increase in the reversion frequency of the 

D368A mutant polymerase compared to wild type. Although the reversion 

levels vary with the reaction conditions, we argue that this maximum increase 

best reflects the intrinsic difference between these enzymes. This difference was 

obtained using a dNTP concentration of 10  ̂fiM, a condition which to allows 

maximum activity of the wild type editing exonuclease and efficient replication 

of the template/ primer by both the wild type and mutant enzymes. 

A comparison of our findings with other studies reveals that reversion 

frequencies for the wild type HSV-1DNA polymerase resemble those of other 

mammalian polymerases with editing functions. In contrast, the mutant HSV-1 

polymerase exhibits an exceptionally hi  ̂reversion frequency, even higher than 

enzymes which naturally lack an editing function. Frequencies for the wild type 

HSV-1 polymerase at dNTP concentrations that allow editing (slO  ̂/xM) are 

within 2-fold of those reported for bovine DNA polymerases 6 (Kunkel et al, 

1987) and e (Bebenek and Kunkel, 1995). Frequencies for the D368A mutant 

HSV-1 polymerase at dNTP concentrations which allow efficient primer 

extension (KIO^ /<M) are approximately 4-fold greater than tho^e for bovine DNA 

polymerase a (Kunkel et al, 1987) and 2- to 7-fold greater than those for reverse 

transcriptases from human immunodeficiency virus (Bebenek and Kunkel, 1995), 

or MLV and AMV (Table 2). 
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The large increases in mutation frequencies exhibited by our HSV-1 

D368A mutant and by another HSV-1 exonuclease mutant described by Hwang 

et al (1997) suggest that the wild type HSV-1 potymerase readily incorporates 

mispaired nucleotides during replication and relies substantially on its editing 

function to correct these errors. Poor insertion fidelity is also suggested by 

reports that the HSV-1 DNA polymerase readily misincorporates nucleotide 

analogs (Derse et al, 1981; Allaudeen et al, 1982; St Gair et al, 1984) and by 

analyses of HSV-1 antimutators which show decreased viral mutation rates due 

to enhanced polymerase insertion specificity (Hall et al, 1984; Hall et al, 1985). 

The 3'-5' exonuclease of the HSV-1 DNA polymerase appears to be exceptionally 

active. We find that, although high levels of dNTPs shift the balance between 

editing and mismatch extension to favor extension, these levels are much higher 

than levels which suppress exonucleases in other systems (Kunkel and Soni, 

1988; Kunkel et al, 1987; Kunkel et al, 1981). Hence, loss of the HSV-1 

exonuclease may have catastrophic consequences, leading to high levels of 

deleterious mutations. 

Stalling of the D368A mutant at mismatches: Primers with mispaired 3'-

tennini slow primer extension by DNA polymerases (Echols and Goodman, 

1991; Mendelman et al, 1990), providing an opportunity for editing. Processivity 

defects have been reported for exonudease-defident mutants in several 

organisms (Soengas et al, 1992; Foury and Vanderstraeten, 1992; Zhu and Ito, 

1994; Studwell and ODonnell, 1990), suggesting that misinsertion events might 
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block replication when the editing exonuclease is inactivated. Evidence 

supporting this possibility occurs in T4 bacteriophage, where exonudease-

defident polymerases exhibit poor replication of templates which allow 

misincorporation and are defective in extension of mismatched primers (Reha-

Krantz and Nonay, 1993). Using a more quantitative approach, our studies 

indicate that the loss of exonudease in the HSV-1 DNA polymerase results in an 

exceptionally severe defed in mismatch extension. This defect may contribute to 

the inviability of the D368A mutant. 

To study mismatch extension by the HSV-1 DNA polymerase, we 

measured extension effidendes of primers annealed to M13 baderiophage DNA. 

By controlling the types of dNTPs, we could determine whether the polymerase 

had the potential to corred the mismatch. The wild type polymerase rapidly 

extended the primer when editing was allowed. When editing was prevented, 

extension was reduced, and the polymerase entered into repeated cydes of 

removing and re-inserting the mismatch, thus interfering with extension. In 

contrast, primer extension by the D368A mutant DNA polymerase was several 

hundred-fold less effident than the wild type under conditions where the wild 

type could edit. 

Comparison of our primer extension data with those of other studies 

reveals that the D368A mutant polymerase stalls at mismatches considerable 

longer than at least two other polymerases which naturally lack an editing 
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nuclease. This comparison is possible since in each case the extension efficiency 

for mismatched primers is standardized to the efficiency for matched primers, 

thus eliminating intrinsic differences in efficiency of matched primer extension 

for different enzymes. This comparison reveals that the D368A mutant 

polymerase extends a T/ G mismatch 40-fold less efficiently than DrosophUa 

melanogaster DNA polymerase a and 110-fold less efficiently than AMV reverse 

transcriptase (Mendelman et al, 1990). For an A/G mismatch, although both 

polymerase a and reverse transcriptase extend this mismatch much less 

efficiently than a T/ G mismatch, the HSV-1D368A mutant is again more 

inefficient (30- and 2-fold less, respectively). Hence, the D368A mutant enzyme 

appears to be severely inhibited in its ability to extend mismatched primers. 

Editing defects and bss ofrmbUity: Editing defects have been linked to 

lower viability in several systems (Foury and Vanderstraeten, 1992; Morrison 

and Sugino, 1993; Morrison et al, 1993; Hwang et al, 1997; Hall et al, 1995). A 

model frequently proposed to explain this phenomenon is error catastrophe due 

to an overproduction of deleterious mutations. In support of this model, certain 

lethal mutations in DNA Polymerase m (£. colt) become viable if coupled with a 

genetic change which lowers the high mutation rate by enhancing the 

polymerase's insertion spedficity or by raising the mismatch repair level 

(Fijalkowska and Schaaper, 19%). In T4, those exonuclease-defident phages with 

the highest mutation rates show the strongest effects on viability (Reha-Krantz 

and Nonay, 1993). Our studies of the D368A mutant HSV-1 DNA polymerase 
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suggest that high mutation rates might contribute to the low viability of this 

mutant. From our reversion data, we calculate that this mutant polymerase 

makes errors in vitro at 1.2 x 1(H per replicated base. Although in vioo mutation 

rates should be influenced by additional replication enzymes, it seems likely that 

a D368A virus would make multiple misinsertions during replication of its 1.5 x 

10  ̂base pair genome. 

However, our data on primer extension suggest that stalling at 

mismatches may also contribute to the impaired viability of exonuclease 

mutants. Our experiments show that, depending on the type of mismatch, the 

D368A mutant ESV-1DNA polymerase stalls 300 to 600-fold longer than the 

wild type. At this level, assuming multiple misinsertions within the HSV-1 

genome, we predict that replication of such mutant viruses might be reduced by 

several thousand fold. This effect, coupled with the accumulation of deleterious 

mutations, might explain the severity of the D368A phenotype. 

Since other exonuclease mutants in (6V-1 are viable (Hwang et al, 1997), 

the defect in our D368A mutant appears to be exceptionally severe. This mutant 

carries an altered aspartic add residue within the Exo 1 motif of the exonuclease 

site. The Exo motifs are highly conserved in 3-5' exonucleases (Bemad et al, 

1989) and bind two divalent metal ions, based on the structural model of £. coli 

DNA Polymerase I Qoyce and Steitz, 1987; OUis et al, 1985). Since mutations in 

the Exo I motif lead to loss of both ions, while Exo n or Exo m mutations lead to 
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loss of only one (Beese and Steitz, 1991), the Exo I defects may be especia% 

debilitating. The poor mismatch primer extension efficiency of the HSV-1 D368A 

mutant suggests that this mutant may trap mismatched primers in non

productive complexes within the altered exonuclease site, thus blocking further 

replication. 

Summary: We have characterized the D368A mutation, which inactivates 

the editing nuclease of the HSV-1 DNA polymerase. We show that the D368A 

mutation causes the polymerase to exhibit an exceptionally high mutation 

frequency and an exceptionally low ability to extend mismatched primers. These 

phenotypes appear more severe than those reported for other polymerases which 

naturally lack editing functions. The high mutation rate and low mismatch 

extension ability of the D368A mutant may substantially reduce the extent of 

viral replication and may explain the apparent lethality of this mutation. 
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CHAPTER IV 

CONCLUSIONS AND FUTURE DIRECTIONS 

The studies described herein aimed to elucidate the mechanisms of two 

important aspects of DNA replication, namely initiation and error control. 

Herpes Simplex Virus type 1 has served as a model organism for these studies 

and is ideally suited for them due to a number of factors that have been 

discussed in the introductory chapter. 

Host factors involved in the initiation ofHSV-1 DNA replication. Initiation is a 

key step in the regulation of replication. Further, in viral systems, initiation can 

involve an interaction between one or more cellular proteins with the viral 

genome and/ or virally provided replication proteins. These interactions can 

play a role in the viral host-range, the specific cell types the virus can infect, viral 

latency observed in certain cell types and/ or at which stage of the cell cycle a 

virus is competent to replicate in. 

As all viruses clearly require host cell factors for one or more parts of their 

life-cycle, we were interested in further characterizing the first host-cell factor 

implicated in IKV-1 replication, OF-1. Based on previous studies, OF-1 is a host 

cell protein that is involved in some aspect of the initiation of viral DNA 

replication. 

In chapter n, we describe studies that were a first step in the 

characterization and identification of OF-1. We purified OF-1 to a high level and 
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investigated its binding spedfidty, composition, afiinity for origin sequences, 

and its interactions with the (£V-1 origin binding protein UL9. 

Based on binding studies, we have concluded that OF-1 acts to bind HSV-

1 origin DNA specifically. OF-1 is capable of binding the duplex Box I conserved 

regions of the origin, and fails to be competed by either a poly-dC/ oligo-dG 

substrate or a short duplex oligonucleotide with the same base composition as 

Box I but in random sequence. Further, OF-1 binds in a sequence-specific 

manner to the single-stranded Box I sequences and is not competed by single-

stranded oligos with the same base composition as Box I but with a randomized 

sequence. We conclude that OF-1 acts to bind to the HSV-1 origin at Box I, and 

binds to both the single- and double-stranded forms sequence specifically. 

We have further investigated OF-ls binding affinity for both single- and 

double-stranded forms of the Box I and 111 sequences for the origin. These 

studies show that OF-1 binds with a greater affinity to duplex Box 1 than it does 

to duplex Box HI. Further, OF-1 binds most tightly to one of the two strands of 

either Box I or m. From these studies, we have been able to calculate dissociation 

constants as a measure of the affinity of OF-1 for each of these substrates. 

From our highly purified preparations of OF-1, we have been able to 

identify two peptides as belonging to OF-1, one of 72.5 KDa and the other of 89 

KDa. In a modified two-dimensional gel electrophoresis protocol, these two 

peptides appear to be in approximate  ̂equal abundance. Fiulher, in studies in 

which OF-1 was arosslinked to Box I DNA by UV light, a complex with the 

molecular weight of 168 KDa was seen. Finally, in gel filtration chromatography 
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studies, a peak of OF-1 bound Box I DNA was seen to elute with a molecular 

weight of 165 KDa, and another at 397 KDa. We conclude from these studies that 

OF-1 may act as a heterodimer to bind to DNA, and may also exist as a higher-

order structure in solution. 

We have shown that OF-1 interacts with UL9, and that this interaction can 

be detected in the activities of both proteins. Based on both protein/ DNA 

crosslinking studies, the presence of UL9 dramatically increases the ability of OF-

1 to be crosslinked to Box I DNA. This enhancement is not seen with OF-1 

binding to Box m.. Also, DNA binding affinity studies reveal that the presence 

of IJL9 significantly increases the affinity of OF-1 for Box I DNA. We conclude 

from these results that UL9 acts to load OF-1 onto the origin, either through 

direct protein-protein interaction, or by an ability of UL9 to modify the origin 

DNA in such a way as to allow OF-1 to bind more tightly. 

Finally, in studies in collaboration with the Dodson lab, we have shown 

that the presence of OF-1 significantly decreases the Box I-dependent ATPase 

activity of UL9. We conclude that OF-1 competes with UL9 for binding to Box I 

DNA, thus reducing the ATPase activity of UL9. 

The results firom this study, as well as previous findings that indicate OF-1 

is essential for viral replication (Dabrowski et al, 1994), allow us to create a 

model for the activity of OF-1 in HSV-1 replication. We believe that, in vivo, UL9 

binds to the HSV-1 origin of replication, possibly acts to unwind the origin 

sequences and recruits OF-1 to bind there with high affinity. Consequently, OF-1 

binding to the origin displaces UL9. At this point, OF-1 may act to hold the 
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origin DNA in a single-stranded conformation in cooperation with the viral 

single-stranded binding protein ICP8, or may act to recruit other cellular or viral 

replication protein to the replication forks. This model possibly explains why an 

in vitro replication system has not been successfully established with purified 

HSV-1 replication proteins. 

The successful purification of OF-l.leads to the possibility of identifying 

the genes encoding the two subunits of the protein. The information in this 

study, in combination with the gene sequence, could lead us to a greater 

understanding of HSV-1 replication. In addition, should we find that OF-1 has 

been previously identified through other studies, we will have enhanced our 

imderstanding of celliilar replication as well 

The understanding of the role of OF-1 in both cellular and viral replication 

opens the exciting possibility of designing a new class of anti-HSV drugs as well. 

(Dur ability to inhibit viral replication by blocking the ability of OF-1 to interact 

with UL9 or other viral enzymes / DNA would lead to powerful anti-viral drugs. 

As OF-1 is a cellular protein, however, these therapies have the potential to 

interfere with cellular replication. This interference could take the form of either 

unwanted side-etfects to anti-viral treatments, or perhaps to potential therapies 

for cell replication disorders such as cancer. 

The findings described in Chapter U raise a nimiber of additional 

questions that can be addressed. Most important of these, and the experiments 

that should be performed next, would be in the identification of the genes that 

encode the subunits of OF-1. This identification can be accomplished by 
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expressing and purifying a larger quantify of OF-1 and using protein sequencing 

techniques to determine the N-terminal, and perhaps some internal amino acid 

sequences. This information could then be used to search databases of known 

proteins, and in the event that no matches are discovered, to construct 

degenerate PCR primers to clone all or a portion of the genes from a cDNA 

library. These cloned genes can then be used in further studies (e.g. mutagenesis 

and deletion studies to probe regions of interaction with origin DNA or viral 

replication protein by the yeast two-hybrid system, using OF-1 antibodies to 

examine nuclear localization and possibly co-localization to replication 

compartments upon HSV-1 infection, examine cell-cycle dependence of OF-1, 

searching of a human cDNA library using the yeast two-hybrid system for other 

cellular proteins that bind to OF-1, etc) and to search databases for homologous 

genes or for sequence motifs in OF-1 that might point to its funtion within the 

cell. 

Proofreading during HSV-1 DNA replication. The accurate transmission of 

genetic information from one generation to the next is of paramoimt importance 

to all organisms. The removal of mismatched bases by a 3'-5' exonuclease during 

DNA replication is a major factor contributing to the fidelify of DNA replication. 

While this proofreading activify has been successfully removed from some 

polymerases in vivo, a decrease in the viabilify of the mutant organism and an 

increase in spontaneous mutation rates is often seen. 

Our lab has previously shown that mutations that inactivate the (6V-1 3'-

5' exonuclease are lethal to the virus, an result never before seen with any other 
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organism. In chapter m, we describe studies in which we sought to learn more 

about the mutant polymerase, specifically what was different between the 

activities of the mutant and wild type enzymes and why the mutant was lethal. 

In order to conduct these experiments, we purified both the wild type and 

an exonuclease deficient HSV-1 polymerase from insect cells infected with 

recombinant baculoviruses expressing either enzyme. Using these highly 

purified enzymes, we observed that the 3'-5' exonuclease mutant HSV-1 

polymerase produces nearly 20 times the number of spontaneous mutations as 

does the wild type, using an in vitro mutagenesis assay and under conditions 

where all target molecules are fully replicated by both enzymes. In fact, the 

exonuclease deficient polymerase made several fold more mutations than did 

polymerases naturally lacking proofreading activity. In these assays, we also 

saw evidence that the mutant polymerase failed to efficiently replicate past 

misinsertions. These conclusions are based on the observation that the mutant 

enzyme made only a small number of mutations at low dNTP levels but a much 

greater number of mutations at higher dNTP levels. In contrast, the wild type 

polymerase made approximately the same number of mutations at both levels. 

Based on these observations, we sought to examine the possibility that an 

exonuclease deficient HSV-1 polymerase might stall at mismatches and thus lead 

to decreased viral viability. We performed assays in which the wild type or 

mutant polymerase was provided with a matched or mismatched primer-

template in vitro, and with one or more nucleotides. Substrates were then 

examined in order to determine the efficiency of extension of various 
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combinations of enzyme, substrate and dNTPs. We have observed that the 

exonuclease deficient polymerase stalls as much as 590-fold longer than the wild 

type en2yme at a mismatch. We conclude from these observations that the 

mutant polymerase not only makes a large number of spontaneous mutations, 

but also fails to efficiently replicate past these misinsertions, probabfy leading to 

aborted replication. 

The finding that the 3'-5' exonuclease of HSV-1 is required for viral 

viability, and an understanding of the mechanism by which it acts, provides once 

again the possibility of creating new antiviral drugs that specifically target the 3'-

5' exonuclease domain. Most currently available anti-Herpes drugs target the 

viral polymerase and act as nucleotide analogs that terminate chain elongation. 

These drugs must be phosphorylated, usually by the viral thymidine kinase gene 

product. Drug resistant viruses can arise in several different ways including 

mutations in the polymerase gene that reduce the affinity for the drug or that 

increase the removal of the drug from the growing DNA chain. A potential 

benefit of drugs that inactivate the exonuclease activity of the virus is that they 

would not require thymidine kinase (TK) activity, which selectively 

phosphorylates the inactive pro-drug to an active form that can be used in 

polymerization. Mutations that inactivate TK are common in drug-resistant 

mutant strains of the virus. Thus, resistant viral strains would be harder to 

generate. In addition, multi-drug cocktails could be used that include both 

inhibitors of poljrmerase activity as well as inhibitois of exonuclease activi ,̂ 

further decreasing the likelihood of developing drug resistance. A multi-drug 
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strategy has been employed with good, though not complete success, in the fight 

against HIV. 

The next logical steps in the progression of experiments investigating the 

3'-5' exonuclease would be to find companies interested in designing drugs 

targeted against this domain. This would be a large-scale project and would 

require the collaboration of a biotechnology company. These drugs could be 

designed by either of two methods. First, the polymerase could be cystalized 

and drugs that fit into the active site produced through rational drug design as 

was used for HIV protease inhibitors. Second, drug companies maintain 

chemical libraries that could be used in an in vitro screen to detect inhibitors of 

the purified polymerase's 3'-5' exonuclease. Subsequent analyses could be used 

to eliminate those drugs that also show activity inhibitory to cellular enzymes. 

One additional possiblity for the observed lethality of the exonuclease 

deficient polymerase mutants that cannot be ruled out by current experiments is 

that the mutants fail to correctly associate with one or more of the replication 

proteins. Our results have shown that the mutant polymerase appears to interact 

normally with UL42, based on processivity  ̂experiments. However, it is possible 

that pol interacts with one or more additional (£V-1 replication proteins, and 

that these interactions are disturbed in the exonuclease deficient mutants. It 

would be interesting to examine potential changes in protein-protein interactions 

between the D368A mutant pofymerase and the other HSV-1 replication 

proteins. Finally, as it is known that UL42 interacts with UL9, it is possible that a 

slightly perterbed interaction between polymerase and UL42 could be 
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propagated and result in a faulty interaction between UL9 and UL42 leading to a 

lethal phenotype. These possibilities could be investigated by the yeast two-

hybrid system in which interactions between an exonudease defident mutant 

polymerase, UL42 and/ or other HSV-1 replication proteins can be examined. 
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