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ABSTRACT 

This study was designed to characterize two DNA 

replication proteins from herpes simplex virus type 1 (HSV-

1): the major DNA binding protein (ICPS) and the DNA 

polymerase. The two proteins are among the seven proteins 

required for viral DNA synthesis. Four areas were 

investigated. First, the ICPS protein was purified from an 

overproducing cell and showed to behave the same as the 

viral protein in interacting with DNA. To define the DNA

binding domain of the protein, a proteolytic fragment with 

the same DNA-binding specificity as the intact protein was 

identified by a protein blotting assay. N-terminal protein 

sequencing located the fragment between residues 300 and 

about S49 in the intact protein. This fragment contains 

some features important for DNA binding. Second, the DNA 

polymerase was found to replicate non-processively in vitro. 

The ICPS protein slightly stimulated the polymerase activity 

at lower concentrations and inhibited its activity as the 

ICPS concentration increased. Third, to define the 

functional domain of the DNA polymerase, a fragment of the 

polymerase predicted to contain both the polymerase and 3'

S' exonuclease activities was overexpressed in Escherichia 

coli. The fragment was partially purified and its enzymatic 

activity was examined. Finally, to identify polymerase 

residues involved in substrate binding, three amino acid 



12 

changes in. polymerase mutants with altered drug 

sensitivities have been identified by DNA sequencing. Two 

mutations, affecting nucleotide binding, occur near two 

highly conserved regions which constitute part of a putative 

nucleotide binding site. This result indicates that two 

more residues are important for substrate binding. The 

third mutation, affecting pyrophosphate binding, occurs 

upstream of any previously known mutations. This result may 

indicate a new region involved in substrate binding. 
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CHAPTER I. GENERAL INTRODUCTION 

DNA replication is critical for chromosomal 

duplication. This process is well understood at the 

molecular level in several prokaryotic systems. In 

addition, studies have also clarified aspects of eukaryotic 

replication. This dissertation will describe my studies of 

two replication proteins from the human virus, herpes 

simplex virus type 1 (HSV-1). In order to fit these studies 

into the context of the DNA replication complex, I wish 

first to describe in detail the replication system from 

bacteriophage T4. This later system is extremely well 

characterized and it would be very useful for this 

introduction to compare it with the herpes simplex system. 

1. Prokaryotic DNA replication. 

Seven proteins are directly involved in T4 DNA 

replication (Figure 1), corresponding to seven genes (32, 

41, 43, 44, 45, 61, and 62) (Alberts, 1984). Two molecules 

of the DNA polymerase (the product of gene 43) are present 

at each replication fork, one on the leading strand and one 

on the lagging strand. While the leading strand is 

synthesized continuously, the lagging strand is synthesized 

as a series of short Okazaki fragments which are later 

processed i~to full length DNA strands. Three accessory 

proteins (the products of gene 44, 62, and 45) assist the 

polymerase by converting it into a more processive enzyme. 
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Figure 1. A schematic view of the seven proteins of the'T4 
DNA replication apparatus in a DNA replication fork. This 
figure is adopted from Alberts (1984). 
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Unwinding of the parental DNA strands is accomplished by a 

helicase (the gene 41 protein). RNA primers are initiated 

once every 4 seconds on the lagging-strand template. Each 

primer is a pentaribonucleotide that is synthesized'by the 

gene 61 primase and elongated by the polymerase unit. 

Finally, the gene 32 protein, a single-stranded DNA binding 

protein, stabilizes the single stranded regions near the 

replication fork. In addition, this protein stimulates the 

DNA polymerase, although the mechanism of this stimulation 

has not been clarified. 

Like the polymerase unit in the leading strand, the 

polymerase on the lagging strand remains with its 

replication fork for a prolonged period of time, recycling 

every 4 seconds or so to start a new Okazaki fragment on the 

lagging strand. Therefore, the lagging strand is folded so 

as to bring the 3'-hydroxyl end of a completed Okazaki 

fragment adjacent to the start site for the next Okazaki 

fragment. By doing so, the polymerase unit in the lagging 

strand is brought in close juxtaposition to the polymerase 

unit in the leading strand. The association of the two 

units allows the lagging strand polymerase unit to be 

retained for many successive cycles of Okazaki fragment 

synthesis. Therefore, the basic T4 replication apparatus 

consists of a moving complex of seven proteins in which the 

entire replication fork is embedded. 
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In a separate repair mechanism, the RNA primers between 

Okazaki fragments are removed by the 5'-3' exonuclease 

(RNase H) activity of the polymerase. The generated gaps 

are filled by the polymerase and linked together by DNA 

ligase to complete the replication process. 

Animal viruses have been used to study the events that 

occur during replication of eukaryotic chromosomes. These 

systems have been more tractable than cellular systems 

because viral gene functions can be more easily defined 

genetically. HSV-1 is a popular model system for studying 

eukaryotic DNA replication, partly because genetic analysis 

of this virus is considerably advanced, and partly because 

herpes viruses are widespread human pathogens making these 

studies clinically important. 

2. pathogenesis of he[pes simplex viruses. 

Herpes simplex viruses are widespread human pathogens 

(Whitley, 1990) which cause a broad spectrum of illness, 

ranging from asymptomatic infections to fulminant 

disseminated diseases resulting in death. In addition to 

acute illness associated with the initial infections, the 

viruses persist in a latent form and periodically produce 

recurrent diseases upon reactivation. Thus, the viruses are 

neither cleared completely from the infected individual nor 

do immune mechanisms completely prevent second episodes of 

diseases. Furthermore, these viruses have been associated 
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with certain chronic diseases including cancer. control of 

tbes6' infections depends on our understanding of molecular 

events in the virus life cycle. 

There are two serotypes of herpes simplex viruses: HSV-

1 and HSV-2. The two types vary in biological composition, 

have different biological properties, and can be readily 

distinguished from one another by a variety of immunologic 

techniques. In general, HSV-1 is responsible for orificial 

infections, visceral infections in immunocompromised hosts, 

and herpes simplex encephalitis. HSV-2 is more commonly 

associated with infections of the genital tract and causes 

the majority of neonatal diseases. Despite these 

generalizations, however, there exists considerable overlap 

in the spectrum of clinical diseases caused by these two 

closely related agents. Thus, HSV-1 is useful for 

understanding the mechanisms of infection used by this group 

of viruses. My focus will be on the study of HSV-1. 

3. structure of HSV-1 virion and DNA. 

A complete HSV-1 particle consists of four structural 

elements (Roizman, 1990): (1) The cylindrical core structure 

around which the viral DNA is wound, (2) an icosahedral 

capsid approximately 85 to 110 nm in diameter, (3) a 

granular zone or tegument which surrounds the capsid, and 

(4) an envelope which is derived from the host cell as the 

particles bud from the nuclear membrane. 
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The HSV-1 genome contains linear double-stranded DNA 

with a molecular weight of 100x106 daltons or 150 kilobase 

pairs (Kbp) and has a base composition of 67 G+C mole % 

(Beck et al 1968). The DNA consists of two covalently 

linked components, designated as L (long) and S (short), 

comprising approximately 82 and 18%, respectively of the 

viral DNA. The Land S components each can exist in one of 

two orientations, giving rise to four possible genome 

populations (isomers) which differ solely in the orientation 

of Land S components (Figure 2). 

Each component consists of largely unique sequences (UL 

and Us) flanked by inverted repeats (Sheldrick et al, 1973). 

The reiterated sequences flanking UL are designated as ab 

and bla l and each comprises 6% of the total DNA. The 

reiterated sequences flanking Us are designated as alc l and 

ca; each contains 4.3% of DNA and differ in average base 

composition from the ab and bla l sequences (Wadworth et al, 

1975). Thus the general sequence arrangement in HSV-1 DNA 

can be written as ab-UL-blalcl-Us-ca (Figure 2). 

4. Life cycle of the virus. 

a. Initial stages of infection. 

TQ initiate infection, the virus first attaches to 

specific receptors, possibly growth factor receptors (Kaner 

et al, 1990), on the cell surface (step 1, Figure 3). The 

attachment activates a process mediated by a viral surface 
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Figure 2. Schematic representation of four isomers of the 
HSV-1 genome. Land S are the long and short components of 
the genome. UL and Us are the unique sequences in the long 
and short components. a,b,c, and a',b',c' are inverted 
repeats flanking the unique sequences. 



Figure 3. Schematic representation of infection of herpes 
simplex virus type 1 in susceptible cells. Numbers stand 
for the sequential events during infection. VHS: virion 
host shut-off protein. aTIF: a-trans-inducing factor. 
Alpha: immediate early proteins. Beta: early ~roteins. 
Gamma: late proteins. This figure is adopted from Roizman 
and Sears (1990). 

20 
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protein which causes the fusion of the viral envelope and 

the cellular plasma membrane (Morgan et al, 1968). Fusion 

of the membranes releases two proteins from the virion (step 

2). Virion shut-off protein (VHS) shuts off protein 

synthesis (Roizman and Sear, 1990) and a-trans-inducing 

factor (aTIF) is transported to the nucleus to turn on 

immediate early viral gene expression (Batterson and 

Roizman, 1983; Campbell et al, 1984; Pellett et al, 1985). 

Upon entry, the capsid is transported to the nuclear pore 

and viral DNA is released into the nucleoplasm (steps 3 and 

4) (Batterson et al, 1983). 

b. Viral gene expression. 

The transcription of viral DNA takes place in the 

nucleus and viral proteins are synthesized in the cytoplasm 

(Figure 3). In this process, three groups of proteins are 

sequentially made: immediate early (alpha), early (beta), 

and late (gamma) (steps 5,6, and 9) (Batterson and Roizman, 

1983; Batterson et al, 1983; Roness and Roizman, 1974, 1975; 

Post et al, 1981). Functional alpha proteins are required 

for the synthesis of subsequent polypeptide groups. Beta 

proteins are all related for viral DNA synthesis. Most of 

the gamma proteins are constituents of virions. 

c. General pattern of viral DNA replication. 

It has been proposed that parental linear viral DNA is 

circularized after entry into the host cell, and that 
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replication takes place predominantly by a rolling circle 

mechanism, generating linear concatamers of the tandemly 

repeated viral genomes (Ben-porat and Tokazewski, 1977; 

Jacob and Roizman, 1977). An origin of HSV-1 DNA 

replication has been defined as those sequences which must 

be present in a fragment of viral DNA in order for it to be 

amplified in permissive cells transfected with the fragment 

and intact helper viral DNA (Mocarski and Roizman, 1982; 

Vlazny and Frenkel, 1981). By this definition, HSV-1 DNA 

contains 3 replication origins (Challberg and Kelly, 1989). 

Two of them are in the c reiterated sequence of the S 

component, termed Oris and the third one is located in the 

middle of the L component near the genes specifying the 

major DNA binding protein (ICP8) and DNA polymerase and is 

termed oriL • 

d. DNA processing and assembly of HSV-l virions. 

The assembly of HSV-1 virions can be described as 

follows (Roizman and Sears, 1990) (Figure 3). (1) Empty 

viral caps ids are assembled and accumulated in the nucleus 

(steps 9 and 10). (2) Newly synthesized viral DNA is 

processed and packaged into preformed empty capsids (steps 8 

and 11). Processing involves cleavage of circular or head

to-tail concatamers to produce unit length viral genomes. 

Inversion of Land S components occurs at this time. (3) 

Nuclear caps ids which contain DNA then attach to the patches 
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of "modified inner lamella of the nuclear membrane and become 

enveloped in the process (steps 12 and 13). The virus may 

remain cell associated for prolonged periods (step 14): 

enveloped virions may be shed gradually by ejection from 

cytoplasmic vacuoles, or may be released during the process 

of host cell lysis. The cycle of viral replication is 

completed 15 hours following infection. 

5. HSV-l DNA replication and replication proteins. 

HSV-1 specifies seven viral proteins which are required 

to replicate a DNA plasmid carrying a viral replication 

origin (Wu et aI, 1988). The requirements of only seven 

proteins for viral proteins are also indicated by genetic 

analysis in mutants defective in replication of viral DNA 

(Challberg and Kelly, 1989). The seven proteins (McGeoch et 

aI, 1988; Roizman and Sears, 1990) correspond to a DNA 

polymerase (gene UL30) with a molecular weight of 140 kDa; a 

major DNA binding protein designated as ICP8 (gene UL29) 

with a molecular weight of 128 kDa: an origin-binding 

protein (gene UL9) with a molecular weight of 94 kDa: a 

double-stranded DNA binding protein (gene UL42) with a 

molecular weight of 62 kDa: and three additional proteins 

(genes UL5, UL8, and UL52 with molecular weights of 99 kDa, 

80 kDa, and 114 kDa respectively). These three proteins 

form a complex which functions as a primase and a helicase 

and in which each protein is present in an equimolar ratio 
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(Crute et a1, 1989). 

The basic mechanism of HSV-1 DNA replication may be 

very similar to that for T4 (see Figure 1). The comparison 

of the protein requirements for DNA replication between HSV-

1 and T4 (Table 1) suggests that proteins with similar 

functions in HSV-1 participate in the replication fork. 

Therefore, T4 replication may provide a guide for studying 

HSV-1 DNA replication. . However, differences do exist 

between the two organisms. Thus, complete understanding of 

HSV-1 DNA replication relies on detailed studies of these 

proteins and interactions among them. 

Among the seven proteins involved in viral DNA 

replication, the major DNA binding protein (Iep8) and the 

DNA polymerase are two key proteins involved in the process. 

ICP8, due to its abundance in virus-infected cells, has been 

extensively studied biochemically. The DNA polymerase, in 

addition to its biochemical function as a replication 

polymerase, is the target of several antiviral drugs. This 

enzyme has been subjected to extensive genetic studies. 

This study was designed to further explore some properties 

of the two proteins. In particular, the DNA binding domain 

of the ICP8 protein and the deoxyribonucleotide and 

pyrophosphate binding sites of the polymerase were studied. 
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Table 1. Functional Comparison of DNA Replication Proteins 
between HSV-1 and Bacteriophage T4. 

PROTEINS/FUNCTIONS HSV-1 GENES T4 GENES 

DNA POLYMERASE UL30 GENE 43 

SINGLE-STRANDED 
DNA-BINDING PROTEIN UL29 GENE 32 

PRlMASE/HELICASE UL5/UL8/UL52 

PRlMASE GENES 41/61 

HELl CASE GENE 41 

DNA POLYMERASE 
ACCESSORY PROTEIN(S) UL42 GENES 44/62/45 
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CHAPTER I~. STUDIES OF THE MAJOR DNA BINDING PROTEIN (ICPS) 

ABSTRACT 

I have studied the major DNA-binding protein (ICPS) 

from herpes simplex virus type 1 with the aim of identifying 

its DNA binding site. The protein was purified from a cell 

line carrying multiple chromosomally located copies of the 

ICPS gene. This protein was first analyzed to assess its 

similarity to the corresponding viral protein. This protein 

resembled the viral protein by molecular weight, response to 

antibody, preference for binding single-stranded DNA, and 

ability to lower the melting temperature of poly(dA:dT). 

This study also revealed a new finding that the protein 

exhibited preferential binding to some homopolymers. To 

define its DNA binding domain, ICPS was subjected to limited 

trypsin digestion. The tryptic fragments of ICPS were 

separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis, transferred to a nitrocellulose membrane, 

renatured in situ, and tested for their abilities to bind 

DNA. This assay identified four DNA-binding fragments which 

bound DNA and exhibited the expected binding preference for 

single-stranded DNA. The N-terminal amino acid sequence of 

the smallest of these fragments was determined and this 

peptide corresponds to residues 300 to about S49 in the 

intact protein. This peptide contains several regions which 

may be important for DNA binding, based on sequence 
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similarities to the single-stranded DNA-binding proteins 

from other herpes viruses and on a sequence conserved in 

more distinctly related procaryotic and eukaryotic proteins. 

Also in this study, the HSV-l DNA polymerase was shown to 

replicate non-processively in vitro at 16°C. ICPS slightly 

stimUlates the polymerase activity at lower concentration 

and inhibits the polymerase activity as the ICPS 

concentration increased. This result and the fact that ICPS 

stimUlates HSV-l DNA polymerase activity only when virus

infected cell extracts were added (O'Donnell et al, 1987a) 

suggest that the presence of other protein(s) are important 

for the function of ICP8 protein in viral DNA replication. 
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INTRODUCTION 

ICP8, the major DNA-binding protein from herpes simplex 

virus type 1, belongs to the class of single-stranded DNA 

binding proteins. These proteins are required for DNA 

replication, presumably because they stabilize single

stranded regions at the replication fork. Most of these 

proteins stimulate DNA polymerase activity by either 

increasing the processivity or rate of DNA replication 

(Chase and Williams, 1986). While it has been difficult to 

verify that single-stranded DNA-binding proteins from 

eukaryotic cells are actually utilized for chromosomal 

replication, the requirement for ICP8 in HSV-1 replication 

has been established. This requirement is indicated by the 

inability of temperature-sensitive ICP8 mutants to replicate 

at the non-permissive temperature (Conley et aI, 1981: 

Schaffer et al, 1976: Weller et al, 1983) and by the fact 

that ICP8 is one of seven viral proteins required to 

replicate a DNA plasmid carrying a viral replication origin 

in a transient complementation assay (Wu et aI, 1988). 

Other examples of such proteins include Escherichia coli 

single-stranded DNA-binding protein or SSB, gene 32 protein 

(T4 bacteriophage), and the adenovirus DNA-binding protein 

(Campbell 1986: Chase and Williams, 1986). 

The most characteristic property of these proteins is 

their strong preference for single-stranded (as opposed to 
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double-stranded) DNA (Chase and Williams, 1986). This 

preference facilitates their ability to promote melting of 

certain types of nucleic acids (Alberts and Frey, 1970; 

sigal et aI, 1972). ICP8, for example, enhances the melting 

of poly(dA-dT) at 40°C (Powell et al, 1981). In some cases, 

these proteins bind DNA cooperatively, utilizing protein

protein interactions between monomer subunits (Alberts and 

Frey, 1970; Delius et al, 1972). Cooperative binding by 

ICP8 is indicated by the formation of protein-coated DNA 

filaments in low ICP8 to DNA ratio in vitro (Ruyechan, 

1983). 

In this study, I attempted to identify the DNA-binding 

site within the ICP8 protein. since ICP8 is relatively 

large (128 kDa, 1196 amino acids) (Gao et al, 1988; Quinn 

and McGeoch, 1985), its DNA-binding domain may reside in 

only a portion of the molecule. Partial proteolysis has 

been useful for localizing the DNA-binding domains in other 

single-stranded DNA-binding proteins. For example, 

proteolytic fragments from the adenovirus DNA-binding 

protein (C terminus), SSB (N-terminus), and gene 32 protein 

(residue 22 to 253) (Chase and Williams, 1986) have all been 

found to bind DNA. Encouraged by these results, I attempted 

to localize the binding site in ICP8 by isolating specific 

trypsin-induced fragments which retain DNA-binding ability. 

I identified a 56-kDa peptide which binds DNA and 
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exhibits the expected specificity for single-stranded DNA. 

This fragment overlaps two sites within the central portion 

of the molecule which have recently been shown by others to 

bind DNA (Gao and Knipe, 1989; Leinbach and Heath, 1989). 

Within this peptide, certain regions were identified which 

may participate directly in DNA binding based on sequence 

comparisons with other DNA-binding proteins. 

Also in this study, the HSV-1 DNA polymerase was shown 

to replicate non-processively in vitro at 16°C. A low 

concentration of ICP8 slightly stimulates the polymerase 

activity, while a higher concentration dramatically inhibits 

the polymerase activity. The possibility that additional 

viral (or host) proteins may be needed to observe a positive 

stimulation of the HSV-1 DNA polymerase by ICP8 is 

discussed. 
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MATERIALS AND METHODS 

Cells and viruses. 

Methods for cell maintenance, virus preparation and 

plaque assays have been described (Hall et al, 1984). Vero 

cells, an established cell line from African green monkey 

kidney, were used to prepare virus stocks. The U-35 cell 

line was obtained from Dr. P. Schaffer (Harvard Medical 

School) (Orberg and Schaffer, 1987). It was derived from 

Vero cells and contains multiple integrated copies of a 

cloned ICP8 gene. U-35 cells were used within 15 passages 

of those sent by Dr. Schaffer. Herpes simplex virus type 1 

is strain KOS. 

Purification of ICP8. 

To obtain an infected cell extract, 100 confluent 100 

rom plates of U-35 cells (cultured in Dulbecco's modified 

Eagle's medium containing 10% calf serum) were infected at 

one plaque forming unit per cell as described (Hall et al, 

1984). After 24 hours, the cells were harvested in the 

overlying media, pelleted, and resuspended in 30 ml of 

buffer containing 0.25 M potassium phosphate pH 7.5, 20% 

glycerol, 0.5% triton X-100, and 2 roM p-mercaptoethanol. 

The cell suspension was then sonicated 3 times for 20 

seconds each, and 5 M NaCl was added to a final 

concentration of 1.7 M (O'Donnell et al, 1987a). After 30 

minutes on ice, the cellular debris was removed by 
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centrifugation at 61,000 g (26,000 rpm in a 50 Ti rotor) at 

4°C for 2 hours. 

ICP8 protein was then purified from the supernatant. 

First, the supernatant was dialyzed against buffer A (50 mM 

Tris-HCI pH 7.5, 20% glycerol, 2 mM p-mercaptoethanol) 

containing 0.15 M NaCI. Next, it was loaded onto a 25 ml 

single-stranded DNA cellulose column (Alberts et aI, 1968) 

equilibrated with buffer A plus 0.15 M NaCI. The column was 

washed extensively with the same buffer and then with 2 

volumes of buffer A containing 0.3 M NaCI. The protein was 

eluted with buffer A containing 1 M NaCI and collected in 4-

ml fractions. Samples from the column fractions were run on 

a 7.5% sodium dodecyl sulfate (SDS) polyacrylamide gel 

(14x14xO.15 cm) (Laemmli, 1970), and the presence qf ICP8 

protein was detected by coomassie blue staining as a band 

with a molecular weight of approximately 128 kDa. Fractions 

containing ICP8 were pooled, dialyzed against buffer B (20 

mM potassium phosphate pH 7.5, 20% glycerol, 2 mM p

mercaptoethanol), and loaded onto a DEAE-cellulose column 

(20 ml). The column was washed extensively with the same 

buffer, and the ICP8 protein was eluted with buffer B 

containing 400 mM (rather than 20 mM) potassium phosphate. 

ICP8-containing fractions were pooled, dialyzed against 

buffer C (5q mM Tris-HCI pH 7.5, 60% glycerol, 2 mM p

mercaptoethanol), and stored at -20°C. Protein 
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concentration was measured with a Bio-RAD protein assay kit 

using ovalbumin as a standard. 

lmmunoprecipitation of the lCPS protein. 

Infected cell extract (320 ~l) which had been dialyzed 

against buffer A was mixed with 80 ~l of 5x buffer D (lX 

buffer D: 50 mM Tris-HCI, pH 8.0, 150 mM NaCI, 2% triton x-
100, 0.1 mM EDTA). Monoclonal antibody (dissolved in H20) 

(15 ~l) was then added, and the mixture was incubated 

overnight at 4°C. The antibody had been made against the 

HSV-2 equivalent of ICP8 and was provided by Dr. K. Powell 

(Wellcome Research Laboratories, united Kingdom). IgGsorb 

(The Enzyme Center) (10 ~l of a 10% suspension) were added, 

and this mixture was incubated on ice for 30 minutes. The 

pellet was collected by spinning in a microfuge for 2 

minutes and washing twice with 1x buffer D and twice with 10 

mM Tris-HCI pH 8.0. The protein pellet was then suspended 

in 25 ~l of 2x SDS sample buffer (Ausubel et aI, 1987), 

boiled, and electrophoresed on a SDS 7.5% polyacrylamide 

gel. 

DNase I protection assay. 

DNA binding was measured by the nuclease protection 

assay described previously (O'Donnell et aI, 1987a). pBR322 

DNA was labeled with tritium by nick-translation (Maniatis 

et aI, 1982). The DNA (25 ng, 2000 cpm/ng) was heat

denatured, mixed with 1.5 ~g of ICP8 plus indicated amounts 



of competing DNA in 40 ~l of buffer E (25 mM Tris-HCl pH 

7.6, 10 mM MgC12, 5% glycerol) and incubated at 37·C for 3 

minutes. The competing DNAs were poly(dC), poly(dA), 
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poly (dT) (Pharmacia), or M13mp8 single-stranded DNA 

(prepared according to Messing, 1983) or double-stranded 

HSV-1 DNA (prepared according to Orberg and Schaffer, 1987). 

A 2-~1 portion containing 0.69 mg/ml DNaseI (Sigma) and 0.69 , 
mg/ml venom phosphodiesterase (46 units/mg, Worthington) in 

buffer E were added, and incubation was continued at 37°C 

for 5 minutes. Bovine serum albumin (25 ~l of 10 mg/ml) and 

900 ~l of 10% trichloroacetic acid containing 0.1 M sodium 

pyrophosphate were then added, and the mixture was allowed 

to precipitate on ice for 30 minutes. The solutions were 

transferred onto Whatman GF/C filter papers and washed 3 

times with 1 M HCl containing 0.1 N sodium pyrophosphate, 

and twice with ethanol. The filters were then dried and 

counted. 

Hyperchromicity of po1yCdA:dT) in the presence of ICP8. 

The ability of ICP8 protein to melt poly(dA:dT) at 40°C 

was measured according to Powell et al (1981). Briefly, 

poly (dA:dT) (3.8 ~g) (Pharmacia) and/or ICP8 (90 ~g) were 

warmed to 40°C in 700 ~l of 10 mM Tris-HCl pH 7.6 containing 

0.1 roM EDTA. The optical density at 260 nm was read at 5-

minute intervals in a spectrophotometer maintained at 40°C. 

Trypsin digestion. 
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Trypsin digestion of ICPS protein was as follows. ICPS 

(32 ~g in buffer C) was mixed with 14 ~l of trypsin (Sigma) 

(0.2 ~g/~l in buffer C) and incubated at 20°C for 1 hour. 

Trypsin inhibitor (sigma) (14 ~lof 0.8 ~g/~l in buffer C) 

was added to stop proteolysis. Duplicate 50 ~l aliquots 

were then run on a SDS-12.5% polyacrylamide gel (14x14XO.15 

cm) to separate the proteolytic fragments. 

Protein blotting. 

The gel containing the trypsin-digested fragments 

described above was cut in half to separate the duplicate 

samples. One half was stained with coomassie blue and the 

other half was blotted onto a 0.2 ~ nitrocellulose membrane 

(BAS3, Schleicher & Schuell) according to a modification of 

the procedure of Towbin et al (1979). Briefly, the gel was 

soaked in 500 ml of buffer F (25 roM Tris-HCI pH 8.3 and '192 

roM glycine) for 1 hour. The membrane was treated according 

to the manufacturer and soaked in buffer F. Transfer was 

performed at 4°C in buffer F at 150 mA for about 5 hours. 

The membrane was then soaked in 200 ml of buffer G (25 roM 

NaCI, 10 roM Tris-HCI pH 7.5, 1 roM EDTA, 0.02% bovine serum 

albumin, 0.02% ficoll 400, 0.02% polyvinylpyrollidone, and 2 

roM dithiothreitol) for 20 minutes at 4°C (Bowen et aI, 1980) 

and placed in a Seal-a-meal bag containing 15 ml of heat

denatured or undenatured 32P-Iabeled plasmid DNA (106cpm/ml) 

in buffer G. The plasmid DNA was a pBR322 vector containing 



the BamHI Q fragment from HSV-1 DNA (Hall et aI, 1989) and 

was labeled by nick-translation. There was no particular 

reason to use the plasmid DNA other than that it was 

available in the laboratory. The bag was shaken at room 

temperature for 1 hour. The membrane was then washed 5 

times with 200 ml of buffer G each, dried, and 

autoradiogaphed for 2-3 days. 

Protein sequence determination. 

ICP8 protein (400 ~g) was digested with trypsin and 

loaded onto a SDS-12.5% polyacrylamide gel (14x14xO.3 cm). 
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A slice of the gel from the middle was stained with 

coomassie blue to locate the 56 kDa band. A strip of the 

gel containing the 56 kDa fragment was then cut out from the 

unstained part of the gel, and the fragment was eluted from 

the gel using a S&S Elutrap (Schleicher & Schuell) for 16 

hours with SDS polyacrylamide gel running buffer. The 

fragment was concentrated, using a centracon™-30 (Amicon), 

to a final volume of 100 ~l in 10 mM NH4C03 , 0.1% SDS, and 

0.2 mM p-mercaptoethanol. The N-terminal sequence of the 

fragment was determined (Aebersold et aI, 1986) using an 

Applied Biosystems, Inc. Protein Sequencer in California 

Institute of Technology. 

HSV-l DNA polymerase purification. 

HSV-1 DNA polymerase was purified according to Hall et 

al (1985). Briefly, virus-infected Hela cell extracts were 
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passed through a DE-52 DEAE-cellulose column. Pooled 

polymerase fractions were further purified by phospho

cellulose column chromatography. Peak polymerase fractions 

were pooled, dialyzed in 50 mM Tris-HCI, pH 7.5, 1 mM 

dithiothreitol, 0.1 mM EDTA, 50% glycerol, and used in 

polymerase activity assay. 

Dilution experiment in the study of the HSV-1 DNA polymerase 

processi vi ti.es. 

The HSV-1 DNA polymerase processivity was measured in a 

polymerase dilution experiment using poly(dA) and single

stranded circular M13 DNA templates. For the poly(dA) 

template, oligo(dTho was labeled with 32p at its 5 1 -end by 

T4 polynucleotide kinase and hybridized with poly(dA) (2 ~g) 

in a molar ratio of one to one. Likewise M13mpS single

stranded circular DNA (1 ~g) was primed with 32p 5 1 -labeled 

15-mer, the universal primer (Biolabs). The polymerase 

assay was performed in 50 ~l containing 50 mM Tris-HCI pH 

7.S, 12 mM MgCI2 , 1.2 mM dithiothreitol, 100 mM KCI, 0.5 

~g/~l bovine serum albumin, 100 ~M dNTPs, the above DNA 

templates/primers, and decreasing concentrations of HSV-1 

DNA polymerase. The reactions were incubated at 16°C for 10 

minutes and stopped by adding 3 ~l 0.5 M EDTA pH s.o 

followed by phenol extraction and ethanol precipitation. 

The dried DNA pellet was suspended in DNA sequencing stop 

solution (95% formamide, 0.05% bromophenol blue, 0.05% 
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xylene cyanol, 20mM EDTA) , loaded onto a 8% polyacrylamide 

gel containing 8 M urea, and run in TBE buffer at 35 mAo 

Gels were then dried and autoradiographed overnight with an 

intensifying screen. 
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RESULTS 

1. purifioation of ICP8. 

To obtain large quantities of ICP8 for analysis, HSV-1 

infected U-35 cells were used as a source of protein. U-35 

cells contain multiple copies of a cloned ICP8 gene 

integrated into their genomes (Orberg and Schaffer, 1987). 

Upon superinfection with HSV-1, ICP8 protein is 

overproduced. In order to determine when the production of 

ICP8 protein was maximal, a time course (up to 48 hours) 

after infection was conducted. Infected cell extracts at 

different times were precipitated with anti-ICP8 antibody 

(see below) followed by SDS-gel electrophoresis of the 

precipitated protein. The time course (da~a not shown) 

indicated that a maximal level of ICP8 production was 

reached by 24 hours. consequently, a 24-hour infection was 

used for subsequent large scale preparations. 

The procedure for large scale purification of ICPS 

protein by single-stranded DNA cellulose and DEAE-cellulose 

column chromatography is described in the Materials and 

Methods. ICPS protein in the fractions from these columns 

was identified by its mobility on SDs-polyacrylamide gels 

(data not shown). Fractions containing ICP8 were pooled and 

the protein purity evaluated by additional SDS gel 

electrophoresis. As shown in Figure 4 (lane 2), after 

single-stranded DNA-cellulose chromatography, ICPS was the 
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Figure 4. Identification of ICPS protein by SDS
polyacrylamide gel electrophoresis. Samples of cellular 
extracts from virus-infected U-35 cells at various stages of 
purification were electrophoresed as described in the 
Materials and Methods, and protein bands detected by 
Coomassie blue staining. Numbers indicate molecular weight 
(MW) markers (X103

). Lanes: 1, pooled ICPS-containing 
fractions after DEAE-cellulose chromatography; 2, pooled 
ICPS-containing fractions after single-stranded DNA
cellulose chromatography; 3, immunoprecipitation of a crude 
extract harvested 24 hours post-infection by antiserum made 
against HSV-2 ICPS protein. The arrow indicates the 
expected position of ICPS protein based on its amino acid 
sequence. 
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major protein species present. The DEAE cellulose column 

removed some of the minor species of contaminating proteins 

(Figure 4, lane 1) and, presumably, any DNA which eluted 

from the DNA cellulose column. These preparations typically 

yielded 10 milligrams of Iep8 protein. 

2. Identification of the protein as Ieps (molecular weight 

and antibody recognition). 

The presence of Iep8 in extracts from these cells was 

detected by precipitation with antibody (made against the 

Iep8 equivalent protein from the closely related virus HSV-

2) followed by electrophoresis of the precipitated protein 

in a SDS-polyacrylamide gel. A typical gel is shown in 

Figure 4 (lane 3) for an extract harvested at 24 hours post

infection. The calculated molecular weight of the presumed 

Iep8 band (indicated by the arrow in the figure) is 121 kDa 

and is within 6% of the value expected from the amino acid 

sequence (128 kDa). Whereas no band corresponding to the 

position was seen with extracts from mock-infected cells 

(data not shown). 

3. DNA binding studies. 

Since the protein used in this study was purified from 

an over-producing cell line containing many uncharacterized 

copies of the Iep8 gene (Orberg and Schaffer, 1987), I 

wished to confirm that this protein exhibited the same 

biochemical properties as those shown by the viral protein. 
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Figure 4 shews that the protein from U-35 cells was 

recognized by antibody made against Iep8 and that its 

molecular weight was consistent with that of the viral Iep8. 

Below the interaction between the Iep8 protein and DNA was 

characterized. The results indicated that the Iep8 protein 

purified from U-35 cells has DNA binding properties similar 

to those reported for viral protein. 

a. Preferential binding to single-stranded DNA by nuclease 

protection assay. 

In order to confirm that Iep8 purified from U-35 cells 

exhibits preferential binding to single-stranded DNA (Lee 

and Knipe, 1985; Ruyechan and Weir, 1984), a DNase I 

protection assay was employed (O'Donnell et aI, 1987a). In 

this assay, binding of Iep8 to ~-labeled, heat-denatured 

pBR322 DNA protects the DNA from DNaseI digestion. Addition 

of unlabelled competing DNA allowed me to evaluate the 

relative affinities of the purified protein for the labelled 

and unlabelled DNA species. As shown in Figure 5 A, 

protection of the ~-DNA from digestion was dramatically 

reduced upon addition of small amounts of unlabeled single

stranded M13mp8 DNA. Protection was approximately 50% when 

equivalent amounts of labelled and unlabelled DNA were 

present. In contrast, much larger amounts of double

stranded DNA had to be added to observe any reduction in 

protection. Even in the presence of a 30-fold excess of 
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Figure 5. DNA binding by Ieps. As described in the 
Materials and Methods, heat-denatured la-labeled DNA (25 ng) 
was mixed with Ieps in the presence of unlabeled competing 
DNA as indicated. After 3 minutes, DNase I was added to 
digest any DNA not bound by Ieps protein, and the amount of 
3H- DNA protected by the protein was determined. These 
values were normalized to the value obtained in the absence 
of competing DNA. In the absence of any competing DNAs, 
about 50% of the total labeled DNA was protected by Ieps in 
the assay. ds, double stranded; ss, single stranded. 



unlabelled DNA, protection was still greater than 50%. 

These results indicate that the protein binds strongly to 

single-stranded DNA and weakly to double-stranded DNA as 

expected from studies with viral encoded ICP8. 

b. Affinity for homopolymers. 
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The unusual base composition of HSV-l DNA (68.3% GC) 

(McGeoch et aI, 1988) suggests that ICP8 might have a 

preference for GC-rich DNA. To test this possibility, the 

homopolymers poly(dA), poly(dT), and poly(dC) were compared 

to M13mp8 single-stranded DNA as competing DNAs in the 

nuclease protection assay described above. As shown in 

Figure 5 B, poly(dA) was a better competitor than M13mp8 DNA 

at all the nucleotide concentration tested. Poly (dT) gave 

the same results as poly(dA) (data not shown). In contrast, 

competition by poly(dC) was no different from that by M13 

DNA at concentrations less than 30 ng. Hence, ICP8 may 

actually have a preference for AT-rich DNA. This 

possibility is consistent with a previous observaticn that 

poly (dT) is a better competitor than single-stranded DNA in 

an immunoassay (Lee and Knipe, 1985). 

4. Enhanced melting of po1yCdA:dT) at 40·C. 

It has been previously shown that viral ICP8 promotes 

melting of poly(dA:dT) at 40 a C (Powell, 1981). The ability 

of the ICP8 protein from U-35 cells to melt poly(dA:dT) was 

determined at 40 a C. As shown in Figure 6, the absorbance of 
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Figure 6. Hyperchromicity of poly(dA:dT). The optical 
density at 260 nm (OD~) for the homopolymer poly(dA:dT) was 
determined at 40°C in the presence or absence of ICP8 
protein as described in the Materials and Methods. In the 
presence of ICP8, the optical density contributed by the 
protein alone was subtracted for an equivalent amount of 
protein in the same buffer without poly(dA:dT). 
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the homopolymer alone was unchanged by incubation. However, 

addition of Ieps produced a 24% increase in optical density, 

characteristic of melting. Hence, the protein appears able 

to promote melting of the homopolymer. Ieps was unable to 

melt linearized pBR322 double-stranded DNA under the same 

conditions (data not shown). 

s. Localization of the DNA binding domain of the protein. 

a. Trypsin digestion of lCPS and separation of the 

proteolytic products. 

The large size of IepS suggests that only a portion of 

the protein is involved in DNA binding. In order to 

localize the DNA-binding domain of this protein, I wished to 

identify a proteolytic fragment of ICPS which retains the 

ability to bind DNA. Consequently, ICPS was partially 

digested with trypsin as described in the Materials and 

Methods. The digestion products are shown in the SDS 

polyacrylamide gel in Figure 7 (lane 1) and include 

fragments of lengths 30, 32, 36, 56, 57, 64, and S2 kDa. A 

small amount of intact protein was also observed at 121 kDa. 

Initially, I attempted to separate these fragments by 

single-stranded DNA cellulose c~lumn chromatography. 

Analysis of the column fractions indicated that all of the 

fragments were eluted from the column at 0.3 M NaCl (data 

not shown). This result suggested either that all the 

fragments bound to the DNA column with similar affinity or 
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Figure 7. Gel electrophoresis of trypsin digestion products 
of ICPS protein and measurement of the DNA-binding capacity 
of these products by a protein blotting assay. ICPS was 
digested with trypsin, and the resultant peptides were 
separated on a SDS-polyacrylamide gel as described in the 
Materials and Methods. Half of the gel was stained with 
Coomassie blue (lane 1) to locate the bands, and the other 
half was blotted to a nitrocellulose membrane (lane 2). In 
a separate experiment, intact (undigested protein was also 

. blotted to a membrane (lane 3). These membranes ~ere probed 
with heat-denatured ~P-labelled DNA to detect DNA binding. 
Numbers indicate molecular weight (MW) markers (X103

). The 
upper arrow indicates the position of intact protein (121 
kDa), and the low arrows indicate the 56~kDa fragment 
described in the text. 



that those fragments which bound could retain the other 

fragments through protein-protein interactions. 
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b. Detection of DNA-binding fragments by a protein blotting 

assay. 

To distinguish between these two possibilities, the 

trypsin fragments were separated by SDS polyacrylamide gel 

electrophoresis and allowed to renature in situ. I then 

determined which fragments possessed the ability to bind 

DNA. As described in the Materials and Methods, 

polypeptides were transferred from the gel shown in Figure 7 

(lane 1) to a nitrocellulose membrane and renatured. The 

membrane was then probed with heat-denatured, 32p-labelled 

DNA to determine which fragments could bind label. As shown 

in Figure 7 (lane 2), four fragments (56, 57, 64, and 82 

kDa) were able to bind the probe and hence, possess DNA 

binding ability. In addition, the small amount of ICP8 

remaining after trypsin-digestion (lane 2) and undigested 

protein (lane 3) bind the probe as well. None of the 

peptides bound an undenatured DNA probe (data not shown). 

These results indicate that fragments as small as 56 kDa 

exhibit DNA-binding activity and that this activity retains 

the specificity shown by intact protein for single-stranded 

DNA. However, this assay does not distinguish between 

cooperative and non-cooperative binding of the ICP8 protein 

to DNA. 
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c. Identification of the smallest DNA binding fragment by N

terminal protein sequencing. 

The 56 kOa DNA-binding fragment was recovered from the 

SOS gel shown in Figure 7, as described in the Materials and 

Methods, and the sequence of the N-terminal 28 amino acids 

was determined (Figure 8). Examination of the entire ICP8 

sequence (Gao et aI, 1988) indicated that the N-terminus of 

the fragment corresponds to residue 300. This assignment is 

consistent with trypsin cleavage at arginine residue 299. 

The sequence of the 28 amino acids was identical to that of 

the KOS strain of HSV-1, the strain used for construction of 

the U-35 cell line and differs from the sequence of another 

HSV-1 strain (strain 17) at position 306 (McGeoch et aI, 

1988) (P in my sequence and A in strain 17). 

The C-terminus of the 56 kOa fragment was estimated to 

occur between residues 793 and 849. The choice of these 

residues was based on the locations of lysine and arginine 

amino acids (sites of trypsin cleavage) and on the expected 

length of a 56 kOa fragment extending from residue 300. A 

range was given assuming a 6% error in the molecular weight 

determination of the 56 kOa fragment. I do not anticipate 

an error larger that 6%, because the mobility of intact ICP8 

protein in the SOS gel (Figure 4) is within 6% of the 

molecular weight calculated from its sequence. 

6. Effect of ICP8 protein on DNA polymerase activity. 
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Figure S. The N-terminal sequence of the 56 kDa fragment 
from ICPS. The 56 kDa fragment was purified from a SDS 
polyacrylamide gel and its N-terminus subjected to protein 
sequence analysis as described in the Materials and Methods. 
The numbers refer to the amino acid residues in the intact 
ICPS protein sequence. The underlined residue differs in 
two HSV-l strains as discussed in the text. 
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Some single-stranded DNA binding proteins stimulate 

homologous DNA polymerase activity in vitro by increasing 

the replication processivity of the homologous DNA 

polymerase (Chase and Williams, 1986). To study whether 

ICP8 stimulates the HSV-1 DNA polymerase activity, and if it 

does, whether the stimulation is due to an increased 

processivity of the polymerase, the polymerase was assayed 

for its processivity, using defined DNA templates: 

poly(dA):oligo(dT) and single-stranded circular M13 DNA 

primed with a short DNA oligom.er. 

a. Replication by the polymerase is non-processive at 16 D C. 

Polymerase dilution experiment. The elongation of 

primer/template was studied under conditions in which less 

than one molecule of polymerase was available for each 

primer. Under these conditions, if a polymerase has low 

processivity, i.e. it has a tendency to dissociate from a 

primer, shorter products are expected since once polymerase 

molecules falloff the template, fewer or no molecules are 

available to bind to the already elongated primers to give 

longer products and vice versa. In the experiment, two 

templates: end-labeled oligo(dT)-primed poly(dA) and M13mp8 

single-stranded DNA primed with an end-labeled 15-base 

oligomer were used. The sizes of the newly-synthesized 

products were determined on a polyacrylamide gel containing 

8 M urea. As seen from Figure 9 (A and B), DNA synthesis 
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Figure 9. Autoradiograph of DNA synthesis by the DNA 
polymerase. (A and B). polymerase dilution experiment. 
The polymerase dilution experiment is described in the 
Materials and Methods. (A) poly(dA):oligo(dT) template: 
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From lanes 1 to 5 were 1.0, 0.5, 0.2, 0.1, and 0 ~l of DNA 
polymerase (B). M13mp8 single-stranded DNA:oligo primer: 
From lane 1 to 4 were 7.5, 1.5, 0.5, and 0 ~l of DNA· 
polymerase. (B). Competition experiment. The polymerase 
reaction was performed as above using ~P-labeled 
oligo(dT)~-primed poly(dA) template. DNA polymerase (2 ~l) 
was used 1n each reaction. The reaction was performed at 
16°C for 10 minutes. Different amounts of heat-denatured 
salmon sperm DNA were then added to each reaction and the 
reaction was continued for another 20 minutes. Lanes 1 to 
6: 0, .1, 2, 4, 5, and 0 ~g of competing DNA; lane 7 no 
polymerase added. The DNA synthesis products were resolved 
in a 10% sequencing gel containing 8 M urea and 
autoradiographed. 



products were shorter as less polymerase was used. This 

result is consistent with low processivity of the 

polymerase. 
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competition experiment. Next, DNA synthesis was 

studied under conditions which prevented those DNA 

polymerase molecules which had dissociated from a given 

primer (labeled) from re-associating with the primers. Re

association was prevented by the addition of excess 

denatured DNA (unlabeled) which serves as competing primers. 

Shorter DNA products from the labeled primers would be 

expected as excess of competing DNA was added if the 

polymerase is acting non-processively. The experiment is 

shown in Figure 9 C. Oligo(dT)-primed poly(dA) was used as 

a template. 10 minutes after the addition of the 

polymerase, heat-denatured salmon sperm DNA was added and 

incubation was continued for 20 minutes. As seen from 

Figure 9 C, shorter DNA was synthesized as more denatured 

DNA was added. The simplest explanation for this finding is 

that DNA polymerase molecules which dissociate from labeled 

templates tended to bind to the excess unlabeled denatured 

DNA and were not available to re-associate with labeled 

primer~. This finding further confirms that the 

processivity of the HSV-1 DNA polymerase is low. However, 

this result is inconsistent with previous report (O'Donnell 

et al, 1987b) that the enzyme is highly processive. The 



discrepancy may be due to the assay conditions used. 

b. Effect of lOPS on DNA polymerase activity. 
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Since ICP8 pr~te.in is required for DNA replication in 

vivo (Challberg and Kelly, 1989), I studied the effect of 

ICP8 on the DNA polymerase in vitro, using an activated 

salmon sperm DNA template. The results are shown in Figure 

10. At very low concentrations, ICP8 could slightly 

stimulate the polymerase activity (less than two-fold) 

(Figure 10 A). The slight stimulation of the polymerase 

activity by low concentration of ICP8 has been constantly 

observed. While as the concentration increased, ICP8 

started to inhibit the polymerase activity (Figure 10 B). 

The inhibition of ICP8 on polymerase activity has also been 

observed using singly-primed template (O'Donnell et aI, 

1987a). 
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Figure 10. The effect of ICP8 protein on DNA polymerase 
activity. The polymerase assay was performed in 100 ~l in 
50 mM Tris-HCl, pH 7.8, 12 mM MgCl2 , 1.2 mM dithiothreitol, 
0.1 M KCl, 0.5 ~g/~l bovine serum albumin, 100 ~M dNTPs with 
labeled 3H-dTTP, 12 ~g of activated salmon sperm DNA, and 
indicated amounts of ICP8 protein (0.07 ~g/~l). The 
reaction mixtures were incubated with (A) 2 ~l of polymerase 
at room temperature or (B) 5 ~l of polymerase at 37°C for 20 
minutes. The dTMP incorporation (in p.mole) was measured by 
the filter method described in the DNase I protection assay 
in the Materials and Methods. 
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DISCUSSION 

single-stranded DNA-binding proteins are essential for 

DNA replication (Campbell, 1986; Chase and Williams, 1986). 

To understand the molecular mechanism of DNA binding by the 

major DNA-binding protein (ICP8) from HSV-1, the DNA-binding 

domain of the protein was studied. From this study, a major 

DNA-binding site within the ICP8 protein was identified 

between amino acid residues 300 and about 849 (see results). 

This proposal is based on the finding that a 56-kDa fragment 

of trypsin-treated ICP8 protein exhibits DNA-binding 

activity. This fragment retains the binding specificity 

exhibited by the intact protein (i.e., a preference for 

single-stranded DNA) and, hence, appears to carry the major 

determinants of DNA binding. 

The proposed binding domain is consistent with two' 

recent reports which also localize potential DNA-binding 

sites in ICP8 (Gao and Knipe, 1989; Leinbach and Heath, 

1989). The conclusions from these other studies were based 

on the observed binding capabilities of in vitro translation 

products from cloned fragments of the ICP8 gene or of ICP8 

peptides produced by deletion mutants. These studies were 

complicated by the finding that the N terminus of the 

protein interferes with DNA binding. However, when 

fragments lacking the N-terminus were examined, major DNA

binding sites were found in the regions encompassing 
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residues 332 to 564 (site I) and 571 to 1160 (site II). The 

56 kDa fragment (residues 300 to 849) overlaps both these 

sites. 

Clues as to which residues within the 56-kDa fragment 

might participate in DNA binding are suggested by sequence 

comparison with single-stranded DNA-binding proteins from 

two other herpesviruses, varicella-zoster virus and Epstein

Barr virus. Although the overall homology among these 

proteins is low, the existence of several conserved sites 

suggests that these proteins utilize a similar molecular 

mechanism. Furthermore the conserved regions are most 

likely critical for protein function. The most highly 

conserved regions cluster in the central third of these 

proteins (from residue 451 to 1010 in 'the HSV-l sequence) 

(Figure 11). Particular striking is the high conservation 

of aromatic and basic amino acids within these sites. These 

types of residues are directly involved in DNA binding in 

several single-stranded DNA-binding proteins (see below). 

As shown in Figure 11, several conserved regions occur 

within the DNA-binding domain designated site I above 

(residues 332 to 564) (Gao and Knipe, 1989; Leinbach and 

Heath, 1989). As previously noted (Gao et aI, 1988), one of 

these regions contains a zinc finger motif in the HSV-l 

(residues 499 to 512) and varicella-zoster virus sequences. 

Although zinc fingers participate in DNA binding in several 



HSV 
VZV 
EBV 

451 499 
* * ** * * * * 

••••• L-----F---LLAK--FYL--c ••••• ~-LC----RH- ~HT---RLR-R-P ••••• 
••••• L-----F---LLAR--FYL--C ••••• -LC- KH---- ·HT---RLR-R-P ••••• 
••••• L-----F---LLAR--yyL--C ••••• C-LC-- R ----C--T---RLR-R-P ••••• 

POTENTIAL ZINC-BINDING FINGER 

543 
* * * * * * 

HSV Y-D-D-LGNY--F--- K--D-----R----E--R ••••• 
VZV Y-D-D-LGNY--Y----K--D-----K----D--R ••••• 
EBV Y-E-D-LGNF--F -- K--D-- R--- E--R ••••• 

650 762 
* * * * * *** * 

HSV A-H-M-----PY----CP----L--R--L---QD--L--C ••••• RV-----K--R-K-RV-F-G ••••• 
VZV A-H-M-----PY----CP----L--R--L---QD--L--C ••••• RV-----R--R-K-RV-F-G ••••• 
EBV A-H-M-----PF----CP----L--R--L---QD--L--C ••••• RV-----R--K-K-RV-F-G ••••• 
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797 849 .... END OF 
* * * * ** * * * * 56 kDa 

HSV L---Y K---R-D--- G--- FL---FH---FP--K ---S------W------R FRAGMENT 
VZV L---Y ~---R-D--- G--- FL---FH---FP R-----S------W------R 
EBV L---F ~---R-E-----G----FL-- YH---FP--K -S---- W------R 

976 
* ** 

DNA BINDING SEQUENCE MOTIF 

* * HSV RP-V-L---I-KY-G--GN---FQAGN------GK ••••• 
VZV RP-V-L---I-KY-G--GN---FQAGN------GK ••••• 
EBV RP-V-L---I-KY-G--GN---FQAGN----- GR ••••• 

Figure 11. Sequence homology among ICP8-like proteins from 
three herpesviruses. Sequences from varicella-zoster (VZV) 
(Davison and Scott, 1986) and Epstein Barr (EBV) (Baer et 
aI, 1984) were aligned pair-wise with the HSV-l (McGeoch et 
aI, 1988) sequence by using FASTP (Wilber and Lipman, 1983), 
and a multiple alignment was constructed by eye. Only the 
most highly conserved regions in this alignment are shown. 
Conserved aromatic and basic amino acids are indicated by 
asterisks. Also shown (boxed) are the DNA-binding sequence 
motif and the zinc finger motif discussed in the text. 
Conserved and certain chemically related (aromatic, basic, 
acidic) amino acids are identified with single-letter 
abbreviations. -, one non-conserved residue; ••• , an 
unspecified number of residues not shown. Numbers refer to 
residues in the HSV-1 sequence. 
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proteins (struhl, 1989), including gene 32 protein from 

bacteriophage T4 (Gauss et al, 1987; Giedroc, 1986), the 

absence of the motif in the Epstein-Barr virus sequence (Gao 

et al, 1988) questions whether a zinc finger is involved in 

the activity of these herpesvirus proteins. However, some 

feature of this site does appear to be involved in DNA 

binding, since mutations within this region reduce binding 

(Gao and Knipe, 1989). 

The second pote~tial DNA-binding domain proposed above 

(site II, residues 571 to 1160) also contains several 

conserved regions, most of which are included in the 56 kDa 

DNA-binding fragment. One of the conserved regions contains 

a DNA-binding sequence motif (boxed in Figure 11), which may 

be involved in DNA binding. The conservation of this motif 

in all three viral proteins lends support to the idea that 

this site participates in binding. Although I have not 

proved definitely that this motif is included within the 56 

kDa fragment, it seems highly likely, based on molecular 

weight estimates, that the motif is present. 

The so-called DNA-binding sequence motif is shown in 

Figure 12 and was identified from alignment with the gene 5 

single-stranded DNA-binding proteins from fd bacteriophage 

(Brayer and McPherson, 1984). It occurs in binding proteins 

from both prokaryotic and eUkaryotic organisms and consists 

of a conserved set of basic and aromatic amino acids 



GP5 (16-80) 
GP32 (67-123) 
SSB (43-86) 
PIKE (16-81) 
HSV-1 (803-849) 
VZV (801-847) 
EBV (741-771) 
AD-5 (410-499) 
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Figure 12. single-stranded DNA-binding sequence motif. 
Partial protein sequences from various single-stranded DNA
binding proteins were aligned by eye with that portion of 
the gene 5 protein (fd bacteriophage) involved in DNA 
binding. This analysis yielded a region in all the 
sequences which consists of conserved aromatic and basic 
amino acids indicated by single-letter abbreviations 
separated by variable numbers of unrelated residues. These 
spacer regions are designated by X with a subscript 
indicating the number of residues in each case. Underlined 
residues are discussed in the text. The DNA-binding protein 
shown are gene 5 protein of bacteriophage fd (GP5) (Cuypers 
et aI, 1974; Nakashima et aI, 1974), gene 32 protein of 
bacteriophage T4 (GP32) (Williams et aI, 1981), SSB of ~ 
coli (Sancar et aI, 1981), and DNA-binding proteins from 
bacteriophage ike (PIKE) (Peeters et aI, 1983), HSV-1 
(McGeoch et aI, 1988), varicella-zoster virus (VZV) (Davison 
and Scott, 1986), Epstein-Barr virus (EBV) (Baer et aI, 
1984), and adenovirus type 5 (AD-5) (Kruijer et aI, 1981). 
Numbers indicate the residues for each sequence shown in the 
alignment. 
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separated by non-conserved residues. A similar (but not 

identical) motif has been previously proposed for 

prokaryotic DNA-binding proteins (Prasad and Chiu, 1987). 

The motif I describe appears important for DNA binding based 

on information from other single-stranded DNA binding 

proteins (see discussion). 

The motif appears important for DNA binding based on 

information about the gene 5 protein from bacteriophage fd. 

The three-dimensional structure of this protein complexed to 

DNA has been solved (Brayer and McPherson, 1984). This 

structure reveals four aromatic (tyrosine 26, 34, and 41 and 

phenylalanine 73) and four basic (arginine 16, 21, and 80 

and lysine 46) amino acids which form stacking and 

electrostatic interactions with DNA. Although no other 

structures of single-stranded DNA-binding proteins have been 

determined, the presence of the motif in other binding 

proteins suggests that their binding mechanism is similar to 

that found for the gene 5 protein. 

Spectroscopic studies and site-directed mutagenesis 

experiments with these other proteins have confirmed that 

certain amino acids in the sequence motif are critical for 

DNA binding. These residues are underlined in Figure 12 and 

include four tyrosine residues in gene 32 protein (T4 

bacteriophage) (Prigodich et aI, 1986; Shamoo et aI, 1989), 

tryptophan 54 and phenylalanine 60 from SSB (E. coil) 
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(Casas-Finet et aI, 1987; Khamis et aI, 1987a; Khamis et aI, 

1987b), and phenylalanine 469 and lysine 470 from the 

adenovirus type 5 DNA-binding proteins (Neale and 

Kitchingman, 1989; Quinn and Kitchingman, 1986). In the 

adenovirus, the sequences surrounding the motif are highly 

conserved in different viral serotypes (Ves et aI, 1988), 

giving further support to their functional significance. 

Based on estimates of the numbers of nucleotides 

contacted by monomers of these different DNA-binding 

proteins, the actual size of the binding site appears to 

vary in each case. For example, a monomer of the gene 5 

protein binds 5 nucleotides, while a monomer of the 

herpesvirus ICP8 contacts at least 12 (O'Donnell et aI, 

1987a; Ruyechan, 1983). I suggest, therefore, that the DNA

binding sequence motif constitutes the core of a DNA-binding 

site, and that, where appropriate, additional basic and 

aromatic residues flanking this site enlarge the site to 

accommodate a greater number of nucleotides. In ICP8, this 

expanded binding site might include the upstream DNA-binding 

site (site I, between residues 332 to 564) discussed above. 

Single-stranded DNA can be utilized as a template by 

most DNA polymerases. However, polymerases tend to pause as 

they move along the template because of either formation of 

secondary structures or simply the primary structure of 

single-stranded DNA (Weaver and DePamphilis, 1984). By 
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stabilizing single-stranded DNA, single-stranded DNA binding 

proteins (see Figure 1) help the polymerases overcome the 

pause sites of the template and therefore stimulating the 

polymerase activities. 

However, the HSV-1 ICP8 protein only slightly 

stimulates the HSV-l DNA polymerase at lower concentration 

and inhibits polymerase activity as more ICP8 protein was 

added. This inhibition has also been observed on singly 

primed template (O'Donnell et aI, 1987a). This inhibition 

may be explained as follows. At higher concentration, ICP8 

proteins cooperatively, as most single-stranded DNA binding 

proteins do, binds to single-stranded region in the 

replication fork. The binding is so tight so that DNA 

polymerase by itself can not remove the ICP8 protein to move 

the fork forward (O'Donnell et al, 1987a): and therefore, 

causing the inhibition of the polymerase activity. Whereas 

at low concentration, when there is no or lower if any 

cooperative binding of ICP8 to DNA, the protein will not 

inhibit the polymerase activity. However, the interaction 

between the ICP8 and the polymerase might somehow slightly 

stimulates the polymerase activity. The interactions 

between the two proteins has been observed in vivo that 

temperature-sensitive ICP8 mutant affects the drug 

sensitivity of the HSV-1 polymerase (Chiou et aI, 1985). 

Whether they are the same interactions is not clear. 
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stimulation of the polymerase activity has been shown 

in vitro when virus-infected cell extracts were added 

(O'Donnell et aI, 19S7a). These results suggest that the 

presence of other protein(s) are important for the function 

of ICPS protein in viral DNA replication. For example, some 

of these proteins may act as polymerase accessory proteins. 

By forming a polymerase holoenzyme (see Figure 1), these 

proteins help the polymerase remove ICPS protein and move 

the replication forward. 



CHAPTER III. OVEREXPRESSION OF THE DNA POLYMERASE 

GENE IN ESCHERICHIA COLI 

ABSTRACT 
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HSV-1 DNA polymerase exhibits polymerase, 3 1 -5 1 

exonuclease, and RNase Hactivities (Knopf, 1979; Crute and 

Lehman, 1989). The experiments described in this chapter 

are designed to test the prediction that the c-terminal 

portion of this enzyme contains the polymerase activity and 

3 1 -5 1 exonuclease activities and these activities can be 

expressed independently of the RNase H domain. 

Consequently, a C-terminal fragment of the polymerase gene, 

which was predicted to contain both the polymerase and 3 1 -5 1 

exonuclease activities, was cloned and expressed in E. coli 

using a T7 RNA polymerase expression system (Studier et aI, 

1990). The fragment contained all but the N-terminal 393 

amino acids. The fragment was overexpressed at 30°C and was 

found to be soluble under the experimental conditions. The 

fragment was partially purified and assayed for its 

enzymatic activity. No polymerase activity, however, was 

detected, suggesting that either the N-terminus is required 

for polymerase activity or the protein expressed in E. coli 

was not active. 
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INTRODUCTION 

HSV-1 DNA polymerase is related to a large group of 

polymerases from eukaryotic organisms (yeast, human and 

other animal viruses) and bacteriophages (Hall et al, 1989; 

Wang et al, 1989). These polymerases contain several highly 

conserved regions, which probably specify enzyme active 

sites. The HSV-1 polymerase is associated with three 

"enzymatic activities: RNase H (Crute and Lehman, 1989), 3'-

5' exonuclease, and polymerase activities (Knopf, 1979). 

Sequence comparison with other polymerases suggests that 

these three activities may be organized into three 

functional domains with RNase H located at the N-terminus, 

3'-5' exonuclease in the center and polymerase at the C

terminus (Figure 13). The location of the polymerase domain 

is suggested by the locations of mutations conferring 

altered sensitivities to antiviral deoxyribonucleoside 

triphosphate analogues (Gibbs et al, 1985; 1988; Hall et al, 

1989). Since these analogues are incorporated into viral 

DNA during DNA replication, these mutations appear to 

specify residues which normally serve to bind dNTP's in 

preparation for polymerization. The location of the 3'-5' 

exonuclease domain is suggested by a possible sequence 

similarity between the herpes-like polymerases (as far as 

sequence similarities concerned) and the 3'-5' exonuclease 

domain from DNA polymerase I (Escherichia coil) (Bernad et 
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[A] HSV-l DNA Polymerase 

3'-5' 
Exonuclease r- RNaseR 1 .. ~I" Polymerase ~I 

1 420 597 1235 

[B] 
DP67 

I I 
67 1235 

[C] DP394 
I 

394 1235 

Figure 13. Proposed domain structure for the HSV-1 DNA 
polymerase. [A]. Organization of the polymerase. Numbers 
indicate amino acid residues which mark the approximate 
boundaries of each domain. [B] and [C]. Two polymerase 
fragments cloned and expressed in this study. 
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aI, 1989; Hall, 1988). site-directed changes in this region 

in the herpes-like polymerase from bacteriophage phi29 

strongly support this model (Salas et aI, 1988), since these 

mutations selectively affect the nuclease, but not the 

polymerase activity. The assignment of the 5 1 -3 1 

exonuclease (RNase H) domain is the most tentative and is 

based on complementation analysis of the herpes-like enzyme 

from T4 bacteriophage (Reha-Krantz, 1990). In T4, 

intragenic complementation was observed between specific N

terminal, temperature-sensitive mutator mutants and more C

terminal mutants lacking DNA polymerase polymerizing 

functions, suggesting that T4 polymerase has a discrete N

terminal domain. The similarity between the sequences 

surrounding the N-terminal mutation sites in T4 and that in 

E. coli 5 1 -3 1 exonuclease domain suggest that the N-terminus 

may contain a RNase H activity. 

The functional organization of the E. coli DNA 

polymerase I is well studied and therefore the enzyme may be 

useful as a model for understanding the organization of the 

herpes polymerase. DNA polymerase I also has polymerase, 

31-5 1 exonuclease, and 5 1-3 1 exonuclease activities. 

Limited proteolysis of E. coli polymerase I cleaves the 

molecule into two fragments (Klenow and Henningsen, 1970; 

Brutlag et aI, 1969). The smaller N-terminal fragment has 

only the 5 1 -3 1 exonuclease activity. The large c-terminal 
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fragment (Klenow fragment) has both the DNA polymerase and 

3 1 -5' exonuclease activities. The DNA coding for the Klenow 

fragment has been cloned into an expression vector that 

produces large quantities of the functional protein (Joyce 

and Grindley, 1983). The crystal structure of the Klenow 

fragment has shown that the molecule is folded into two 

distinct domains: aN-terminal 3 1 -5 1 exonuclease domain, and 

a c-terminal polymerase domain. The polymerase domain forms 

a deep cleft capable of binding a B-DNA double helix; while 

the 3 1 -5' exonuclease domain forms a complex with 

deoxyribonucleoside. monophosphate and a bound metal ion. 

Residues important for 3 1 -5 1 exonuclease activity have been 

verified by site-directed changes (Joyce and steitz, 1987; 

Derbyshire et aI, 1988). Furthermore, the polymerase domain 

itself has also been expressed and is functionally active 

(Freemont et aI, 1986). 

Inspired by the success of the approach in defining the 

functional domains of E. coli polymerase I, I attempted to 

define the functional domains of the HSV-1 DNA polymerase. 

I predicted that a fragment (DP394) (Figure 13) of the 

polymerase gene, containing all but the N-terminal 393 amino 

acids, should contain both the polymerase and 3 1 -5 1 

exonuclease activity. To test this prediction, the DP394 

fragment was cloned into an expression vector under the 

control of a bacteriophage T7 promoter in a RNA polymerase 
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expression system. Using this system, I have overproduced, 

partially purified the DP394 c-terminal fragment, and 

examined its enzymatic activities in vitro. 



MATERIALS AND METHODS 

Chemicals and supplies. 

Deoxyribonucleotide triphosphates (dNTPs) and T4 

polynucleotide kinase were purchased from Pharmacia. The 

Klenow fragment of E. coli polymerase I was purchased from 

IBI. Restriction enzymes were purchased from New England 

Biolabs, BRL, US Biochemicals, and Fisher Promega. T4 DNA 

ligase was purchased from Amersham. Other chemicals were 

from sigma. 

Plasmid DNA purification. 
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pBR322 derived plasmid DNAs were prepared according to 

the second procedure by Kahn et al (1979) with the following 

modifications. The lysate was extracted once with equal 

volumes of a 1:1 mixture of phenol: chloroform/isoamyl 

alcohol (24/1), once with equal volume of chloroform/isoamyl 

alcohol (24/1). The two layers were separated by spinning 

at 650 g (2,000 rpm with a GSA rotor) at 4°C. Two volumes 

of ethanol (-20°C) were added to the aqueous phase and the 

mixture was kept at -70°C for 30 minutes. After 

centrifuging at 27,000 g (15,000 rpm in a SS34 rotor) for 15 

minutes, the pellet was rinsed with 5 ml of 70% ethanol. 

The pellet was dried by inverting the tube on paper towel 

for about 15 minutes. The dried pellet was dissolved in 5-6 

ml 10 mM Tris-HCl pH 7.5 and 1 mM EDTA (TE buffer). DNA was 

banded through a CsCl gradient for 40 hours at 150,000 g 
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(40,000 rpm in a Ti50 rotor) at 20·C. The DNA was dialyzed 

against TE buffer. For DNA sequencing, the DNA was 

concentrated to 0.5 to 1 ~g/~l either by ethanol 

precipitation or using a Centracon-30 (Centracon) according 

to manufacturer's instructions. For DNA cloning, the DNA 

can be used directly. 

preparation of Blunt ended DNA. 

Plasmid DNA (1 ~g) was digested with a restriction 

enzyme in 20 ~l. Then, 1 ~l of 0.5 roM dNTPs and 2 ~l of 1 

unit/~l Klenow fragment (diluted in cold TE buffer) were 

added. The reactions were incubated at room temperature 

water for 15 minutes. 1 ~l of 0.5 M EDTA pH 8.0 was added 

to terminate the reaction. After phenol extraction and 

ethanol precipitation, the DNA pellets were dried, 

resuspended in TE buffer, and stored at 4·C. 

Isolation of DNA fragments. 

Restriction endonuclease digestions were performed 

according the suppliers and restriction fragments were 

separated on 0.6 to 1.0% ultrapure DNA-grade agarose gels 

(llx14 cm, Bio-Rad) using TAE buffer (Maniatis et aI, 1982). 

After separation, the DNA bands were located by staining the 

gel in the dark for 10-20 minutes in 500 ml of the gel 

buffer containing 100 ~l of 10 ~g/~l of ethidium bromide. 

The desired DNA bands were sliced out of the gel, placed in 

Millipore filter units (Millipore), and frozen at -20·C for 
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one hour or longer (overnight gives best DNA recovery). The 

agarose was then rapidly thawed by placing the filters in a 

37°C water bath for 5 minutes, and the filters were 

centrifuged at 10,000 rpm for 10 minutes. TE buffer (75 ~l) 

was then added to each gel pellet. The pellets were then 

incubated at room temperature for 10 minutes and centrifuged 

for 10 minutes as above. The filtrates were extracted with 

phenol and precipitated with ethanol. The dried DNA pellets 

were then resuspended in the desired amount of TE buffer and 

stored at 4°C until needed. The concentration of a gel

purified fragment was estimated by running 1 ~l of the 

fragment in parallel with a known concentration of a DNA 

marker fragments. 

DNA ligation and transformation. 

DNA ligation was performed according to Ausubel et al 

(1987) as follows. The basic ligation reaction was 40 ~l 

and contained 40 mM Tris-HCl pH 7.5, 10 mM MgC12, 10 mM 

dithiothreitol, 50 ~g/ml bovine serum albumin, and about 50 

ng of each DNA fragment. For ligation of two fragments with 

cohesive ends, 5 mM ATP and 2.5 units of T4 ligase were 

used. For ligation of fragments with blunt ends or ligation 

of three fragments, 10 mM ATP and 5 to 7.5 units of DNA 

ligase were used. The reactions were incubated at 12-15°C 

overnight. 1.6 ~l of 0.5 M EDTA pH 8.0 was added to stop 

the reaction. The ligation mixture was frozen at -20°C 



until cells were ready for transformation. Transformation 

of E. coli cells was performed according to Maniatis et al 

(1982). 

Plasmid oonstruotions and baoteria1 strains. 
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To express HSV-1 DNA polymerase fragments in E. coli, a 

T7 RNA polymerase expression system (Studier et aI, 1990) 

was used. Here I will briefly outline the basic features of 

the system (Figure 14). Expression vector pET3A is derived 

from plasmid pBR322 and confers ampicillin (AMP) resistance 

gene. The vector contains a bacteriophage T7 promoter 

followed by cloning sites into which a foreign "gene can be 

cloned. E. coli strain BL21(DE3)plysS was used for 

expression. This strain contains a derivative (DE3) of 

lambda lysogen carrying a T7 RNA polymerase gene under the 

control of a lactose operon (LacO/P) and a plasmid plysS 

carrying a lysozyme gene and a chloramphenicol (CHL) 

resistance gene (Figure 14). The expression vector and 

strain were obtained from Dr. Studier (Studier et aI, 1990). 

The lysozyme gene is constitutively expressed at lower 

level, which titrates the low level of T7 RNA polymerase 

expressed. Thus the polymerase is not available when not 

induced. Addition of IPTG, then, induces T7 RNA polymerase 

expression and turns on the expression of the cloned gene. 

The presence of plysS can also facilitate the preparation of 

cell extracts. Simply freezing and thawing of the expressed 
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cells will allow the residual lysozyme to lyse the cell very 

efficiently. 

Cloning of two DNA polymerase fragments corresponding 

to DP394 and DP67 into pET3A vector was carried out in ~ 

coli strain HMS174. To induce the expression of the HSV-1 

polymerase fragments, plasmids containing the two polymerase 

fragments, pET3A-DP394 and pET3A-DP67, were then transformed 

into BL21(DE3)plysS cells and selected for AMP- and CHL

resistant colonies. 

Induction of the expression of the DNA polymerase fragments. 

To induce expression of the pET3A vector carrying HSV-1 

polymerase fragments, colonies from appropriate strains were 

inoculated into 10 m1 of Luria broth (LB) (Maniatis et a1, 

1982) containing 100 ~g/ml AMP and 30 ~g/ml CHL. Cultures 

were grown overnight at 30 D C in a water bath shaker. The 

overnight cultures were diluted 1/100 into a final volume of 

80 ml LB containing the antibiotics and grown at 30 D C until 

OD~ 0.3-0.4 was reached (about 4 hours). IPTG (100 mM) was 

then added to a final concentration of 0.4 mM and growth was 

continued at 30 D C. 90 minutes after the addition of IPTG, 

1.5 ml aliquots of cells were transferred to eppendorf tubes 

and pelleted for 15 seconds in a microfuge. Cell pellets 

were resuspended in 150 ~1 of lysis buffer (50 mM Tris-HC1, 

pH 8.0, 2 mM EDTA, 2 mM p-mercaptoethanol) and frozen at -

70 D C. 
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To measure the expression of the fragments, the samples 

were thawed at room temperature and an equal volume of 2x 

SOS-gel sample buffer (Ausubel et aI, 1987) was added. The 

mixtures were boiled for 5-10 minutes and loaded anto a SOS 

7% polyacrylamide gel. After electrophoresis, gels were 

stained with Coomassie blue. 

Purification of the DP394 DNA polymerase fragment. 

Cells were induced as described above. Induced cell 

cultures (240 ml) were pelleted by spinning at 2,600 g 

(4,000 rpm in a GSA rotor) for 5 minutes at 4°C. The cell 

pellets were resuspended in 16.8 ml of lysis buffer, and the 

suspension was frozen at -70°C. 

To isolate "the DP394 fragment, cells were thawed at 

room temperature and lysed by stirring at room temperature 

for 20 minutes. The lysate was then adjusted to 250 mM " 

potassium phosphate pH 7.5, 2 mM ~-mercaptoethanol, and 2 mM 

EOTA, and stirring was continued for another 10 minutes at 

room temperature and on ice for 10 minutes. NaCl (5 M) was 

then added to a final concentration of 0.5 M and the mixture 

kept on ice for 30 minutes. The mixtures were then 

centrifuged at 27,000 g (15,000 rpm in a SS34 rotor) for 20 

minutes at 4°C to remove cell debris. The supernatant was 

then adjusted with solid ammonium sulfate (0.14 grams/ml) 

(20% saturation). After incubation on ice for 10 minutes, 

the solution was centrifuged at 10,000 g (9,000 rpm in a 
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SS34 rotor) for 10 minutes at 4°C. The protein pellet was 

then resuspended in buffer H (250 mM potassium phosphate pH 

7.5 containing 0.5 M NaCl, 0.1 mM EDTA, and 2 mM p- . 

mercaptoethanol) and precipitated again with ammonium 

sulfate as above. The pellet was again resuspended in 

buffer H. The protein solution was further cleared by 

spinning as above. The clear supernatant was then dialyzed 

against 50 roM Tris-HCl, pH 7.5, 20% glycerol, 0.2% NP-40, 

0.1 roM EDTA, and 2 roM p-mercaptoethanol. The dialysate was 

centrifuged as above to remove any insoluble materials and 

the supernatant was stored at 4°C. 
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RESULTS 

1. Cloning of fragments of the DNA polymerase gene. 

To define the functional domains of the HSV-1 DNA 

polymerase, two polymerase fragments (DP67 and DP394) (see 

Figure 13) were cloned into expression vector pET3A in a T7 

RNA polymerase expression system. The two fragments were 

chosen because they contain the predicted polymerase and 3'-

5' exonuclease domain. In addition, DP67 from an in vitro 

translation experiment has been shown to have polymerase 

activity (Dorsky and Crumpacker, 1988). 

Figure 15 shows the cloning of the two fragments from 

plasmid pEV3-CH into the pET3A vector. The plasmid pEV3-CH 

[D] containing the entire HSV-1 DNA polymerase gene was 

constructed in Dr. Hall's laboratory. This plasmid is 

derived from pEV-vrf-3 (see Crowl et aI, 1986 for full 

description of the plasmid) into which a ClaI-HindIII 

fragment [A] containing the HSV-l polymerase gene was 

cloned. 

Two polymerase DNA fragments, EcoRV-HindIII and SnaBI

HindIII corresponding to DP394 [B] and DP67 [C], were 

isolated from pEV3-CH and each ligated into pET3A vector at 

the NheI site. The resulting two plasmids, pET3A-DP394 [E] 

and pET3A-DP67 [F], when expressed, should produce the 

polypeptides DP394 and DP67. Since these two fragments were 

cloned into the NheI site in the pET3A vector, each fragment 
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Figure 15. Schematic representation of the construction of 
plasmids expressing HSV-1 DNA polymerase fragments. 
Restriction sites and sites relevant to the cloning are 
shown. Abbreviations used in the figure are: ATG, 
initiation codon: C, ClaI: E, EcoRV: H, HindIII: K, KpnI: N, 
NheI: N*, blunt ended NdeI site: ND, NdeI: N*/E*, junction 
of blunt ended NheI and EcoRV sites: N*/S*, junction of 
blunt ended NheI and SnaBI sites: S, SnaBI: TGA, termination 
codon. [A]. The expanded DNA polymerase sequence in pEV3-
CH plasmid [D]. From 1 (ClaI) to 3825 (KpnI) is the 
sequence from the polymerase gene. From KpnI to HindIII is 
about 30 base pairs from pUC19 cloning site. [B] and [C] 
are the two polymerase fragments expressed in this study. 
Cloning of polymerase fragments (From [D] to [E] and to [F]) 
is described in the text. [G] and [H] show that the two 
fragments, DP394 and DP67, when expressed, carry three amino 
acids at the N-terminus from the pET3A vector. 
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will carry three amino acids from the vector [G] and [H]. 

2. Induction and overexpression of the polymerase fragments. 

Experiments by others have shown that induction of the 

HSV-1 DNA polymerase fragment DP67 under the control of a 

lambda phage ~ promoter in E. coli produced insoluble 

products at 37°C (Dorsky and Crumpacker, 1988). This result 

suggested that this peptide might form insoluble inclusion 

body at this temperature (see discussion). Therefore I 

attempted to induce the two fragments at 30°C to minimize 

thermal instability. 

Induction of the two fragments was conducted for 90 

minutes as described in the Materials and Methods. Figure 

16 is a Coomassie blue stained SDS polyacrylamide gel from 

this experiment. Lane 1 to 4 were supernatants of crude 

cell extracts after removal of cell debris. A comparison of 

lane 2 and 4 (from cells harboring a plasmid with no 
\ 

polymerase insert) with lanes 1 and 3 (from cells harboring 

plasmid with DP394 and DP67 insert,. respectively) reveal a 

new band in each of the later cases. These bands correspond 

to the molecular weights expected for the polymerase 

peptides. consequently, it is most likely that these new 

bands represent high level expression of these two 

fragments. In addition, this result shows that induction at 

a lower temperature produced soluble proteins. 

3. Purification and analysis of potential enzymatic activity 
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Figure 16. SDS-polyacrylamide gel electrophoresis of 
extracts from Escherichia coli carrying plasmids which 
express fragments of the HSV-1 DNA polymerase gene. 
Fragments were expressed using the T7 RNA polymerase 
expression system as described in the Materials and Methods. 
Cell lysates were centrifuged to remove cell debris and 
supernatant (crude extracts) were collected. The crude 
extract containing the DP394 fragment was partially purified 
by two ammonium sulfate precipitations. After resuspended 
in a buffer, the DP394 fragment was dialyzed and spun to 
remove any insoluble materials (partially purified 
extracts). Lane 1, crude extract from cells carrying the 
plasmid with coding sequence for amino acid residues 394-
1235 (DP394); lane 3, the plasmid with coding sequence for 
amino acid residue 67-1235 (DP67); Lane 2 and 4, the vector 
only. Lane 5. Partially purified extract from cells . 
carrying the vector with the DP394 fragment, and Lane 6, the 
vector only. 
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associated with the DP394 fragment. 

The DP394, predicted to contain both the polymerase and 

3'-5' exonuclease activities, was chosen to be further 

purified and assayed for enzymatic activities. The 

procedure for large preparation of the fragment is described 

in the Materials and Methods. Briefly, purification 

consists of two ammonium sulfate precipitations, dialysis 

and a low speed spin to remove any insoluble material. As 

shown in Figure 16 (lane 5). Most of the cellular proteins 

were removed by this procedure and the DP394 was 

substantially purified. 

The partially purified DP394 fragment was then assayed 

for its ability to carry out DNA synthesis using heat

denatured salmon sperm DNA template (The assay is described 

in Figure 10). However, no activity was detected (data not 

shown). The activity was further analyzed with a DNA 

polymerase trap assay (Insdorf and Bogenhagen, 1989). In 

this assay, polymerases copy the template shown in Figure 17 

in the presence of bromo-uracil and labelled-adenine dNTPs 

to give the product shown. The polymerases then stall 

because dGTP (the next required nucleotide) is absent. 

These complexes are then cross-linked with 300 nm light, 

which photoactivates BrdU, electrophoresed, and detected by 

autoradiography. This assay also failed to reveal any 

activity associated with the DP394 fragment (data not 
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shown). Thus, either the deleted N-terminus is required for 

the polymerase activity or the fragment expressed in E. coli 

has lost its function. 
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DISCUSSION 

In this project, I have attempted to overproduce two 

polymerase fragments containing all but the N-terminal 66 

(DP67 fragment) or 393 (DP394 fragment) amino acids. The 

DP67 fragment had been previously shown to be active in an 

in vitro translation study (Dorsky and Crumpacker, 1988) but 

was insoluble when expressed in E. coli at 37°C. The 

insolubility might have resulted from the formation of 

inclusion bodies (Mitraki and King, 1989). Production of 

soluble recombinant proteins in E. coli has been achieved by 

inducing protein expression at a lower temperature for 

shorter periods of time (Schein, 1989). Therefore, in this 

study, the herpes polymerase fragments were induced at 30°C 

for only 90 minutes. Under these conditions, large 

quantities of proteins were expressed, and they remained 

soluble in 250 mM potassium phosphate pH 7.5 containing 500 

mM NaCI. 

However, no polymerase activity was detected for the 

partially purified DP394 fragment, even though it was 

predicted to contain both the polymerase and 3'-5' 

exonuclease activities. One explanation for this result is 

that the fragment was inactive due to incorrect folding or 

modification in the E. coli host. If this is the case, an 

eukaryotic expression system such as yeast or baculovirus or 

other systems should be used. Alternatively, my prediction 
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of the domain boundaries of this enzyme may have been 

incorrect and the deleted N-terminus may be required for 

polymerase activity. This possibility, if it is true, may 

contrast the situation with that seen for E. coli polymerase 

I since Klenow fragment lacking the N-terminus possesses 

both the polymerase and 3'-5' exonuclease activities. 

Attempts made to express the entire polymerase gene 

using the T7 RNA polymerase system in E. coli failed. There 

might be two possibilities. First, the N-terminus of the 

corresponding messenger RNA forms very strong secondary 

structures (data not shown). This structure may block the 

ribosome movement. Second, full length protein may be made, 

but rapidly degraded. In either case, no protein would be 

detected by Coomassie blue stained SDS gels of induced cell 

extracts. The fact that full length protein has been 

expressed (Marcy et al, 1990) in a Baculovirus system 

suggests that the second possibility may be true. However, 

the low expression level in the insect system may still 

implicate that the first possibility may contribute to the 

difficulty of overexpressing the full protein. 
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Drug-resistance mutations (to the drugs, aphidicolin 

and phosphonoacetic acid) in the HSV-1 DNA polymerase gene 

were studied in order to identify functional residues 

involved in substrate binding. Aphidicolin, an inhibitor 

for many DNA polymerases, interacts with the polymerase at 

the dNTP binding site. Therefore, aphidicolin resistant 

mutants may carry mutations which affect dNTP binding. 

Kinetic analyses suggest that phosphonoacetic acid (PAA) is 

a pyrophosphate analogue (Leinbach et al, 1976). Thus, 

mutants with altered sensitivities to PAA may be useful in 

defining the pyrophosphate binding site. Aphidicolin

resistance mutations in two derivatives (Aphr10 and Aphr12) 

were mapped to the polymerase gene and identified by DNA 

sequencing. These mutations occur near two regions which 

are highly conserved among many DNA polymerases from both 

prokaryotic and eukaryotic organisms. These regions have 

been suggested by other studies to encompass the dNTP 

binding site in the HSV-1 polymerase. The two new mutations 

from this study further confirm the involvement of these 

regions in dNTP binding. Mutants with second site-mutations 

which suppress a hypersensitivity of the Aphr10 mutant to 

PAA (but not its aphidicolin resistance) were isolated. 



single mutants carrying only the second site suppressor 

mutations from these double mutants are PAA-resistant. 
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These suppressor mutations (SU-l and SU-2) map upstream of 

any previous mutations known to alter PAA sensitivity and of 

the putative dNTP binding site. The SU-l mutation , 

identified by DNA sequencing, occurs within a presumed 3'-5' 

exonuclease domain. Thus, the SU-l mutation may indicate a 

new region involved in pyrophosphate binding. Suppressor 

mutants (SU-l and SU-2) also exhibit moderate resistance to 

certain nucleotide analogues, suggesting that the suppressor 

mutations interact with the dNTP binding sites. Mutants 

carrying SU-l and SU-2 mutations (AphrlO-SU-l, SU-l, and SU-

2) exhibit lower mutation frequencies than the wild type 

virus, indicating that they are also antimutators. That the 

AphrlO mutant is normal (neither mutator nor antimutator) 

(Hall and Woodward, 1989) suggests that the antimutator 

phenotype is solely contributed by suppressor mutations. 

This phenotype is probably due to altered 3'-5' exonuclease 

activity since, as mentioned above, the SU-l mutation occurs 

in the presumed 3'-5' exonuclease domain. 
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INTRODUCTION 

DNA replication in any system is highly accurate, thus 

allowing for continuity of genetic information from 

generation to generation. This high fidelity is controlled, 

in part, by the ability of the DNA polymerase to select the 

correctly base-paired dNTP prior to each polymerization 

event. To understand the role of the polymerase in 

substrate selection, it is necessary to identify the 

molecular interactions which occur in the substrate-enzyme 

complex. 

The HSV-1 DNA polymerase is uniquely suited for these 

studies because it is the target of many antiviral drugs 

including deoxyribonucleotide analogues. These analogues 

carry abnormal ribose rings and include the triphosphate 

derivatives of acycloguanosine (9-[2-hydroxyethoxy)-methyl] 

guanine), arabinosyladenine (9-p-D-arabinofuranosyladenine) 

(araA), arabinosylthymine (9-p-D-arabinofuranosylthymine 

(araT), and DHPG (9-[1, 3-dihydroxy-2-propoxymethyl] guanine) 

(Figure 18). The analogues become phosphorylated in 

infected cells and incorporated into DNA by the viral 

polymerase. They inhibit further replication by creating an 

abnormal 3 1 nucleotide (Brigden et al, 1981; Derse and 

Cheng, 1981; North and Cohen, 1979). Since these compounds 

mimic normal dNTP substrates, polymerase mutations which 

cause altered drug sensitivities appear to specify res~dues 
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involved in substrate recognition. 

The HSV-1 DNA polymerase is related to a large group of 

polymerases, including human a DNA polymerase and a-like 

activities from other eukaryotic cells. These polymerases 

share a common sensitivity to the inhibitor aphidicolin 

(Bernad et aI, 1987; Blanco and Salas, 1986; Habara et aI, 

1980; Huberman, 1981; Longiaru et aI, 1979). Where the 

genetic sequences of these enzymes are known, several sites 

of strong similarity at the protein and nucleic acid levels 

are found (Hall, 1988; Miller et aI, 1988; Wong et aI, 

1988). Consequently, the catalytic sites in these proteins 

appear to have been conserved during evolution. 

Many HSV-1 mutants which encode polymerase with altered 

sensitivity to antiviral drugs have been isolated (for 

review see Challberg and Kelly, 1989; Hall et aI, 1989). 

All such mutations that have been mapped cluster near two of 

the most highly conserved regions (Regions II and III in 

Figure 19) (Gibbs et aI, 1988; Hall, 1988; Hall et aI, 1989; 

Larder et aI, 1987) in the carboxyl-terminal half of the DNA 

polymerase. It has been proposed that these amino acids 

participate within the nucleotide-binding domain of the 

polymerase (Gibbs et aI, 1985; Gibbs et aI, 1988; Hall et 

aI, 1989; Larder et aI, 1987). 

Two other inhibitors,.aphidicolin and phosphonoacetic 

acid (PAA) have also been used to study HSV-1 polymerase-
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Figure 19. A region within the HSV-1 DNA polymerase in dNTP 
and drug binding. The HSV-1 DNA polymerase consists of 1235 
amino acids. Four boxes indicate the four most highly 
conserved regions among polymerases related to HSV-1 (Hall, 
1988). The positions of these regions in HSV-1 sequence are 
Region I (463-475), Region II (713-735), Region III (811-
823), and Region IV (881-891). Three mutations identified 
in this study are shown as vertical lines: positions 531 
(SU-1), 696 (Aphr10), and 818 (Aphr12). showing above the 
sequence are putative functional domains: 3 1 -5' exonuclease 
domain (420-597) and polymerase domain (597-1235). The 
assignment of polymerase domain is based on the mutations 
affecting substrate binding and the assignment of 
exonuclease domain is based on sequence alignment with that 
portion of E. coli polymerase I (Hall, 1988) and mutagenesis 
studies in the herpes-like polymerase from phi29 phage 
(Bernad et aI, 1989). Showing below the polymerase sequence 
are putative binding sites for substrates and drugs. This 
assignment is again based on mutations affecting substrate 
binding. 
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substrate interactions. Although aphidicolin has no obvious 

chemical similarities with dNTP substrates, it may mimic 

some cellular substrate which modulates DNA polymerase 

activity or may possess obscure structural features shared 

by the dNTP substrate. Kinetic studies indicated that 

aphidicolin inhibition of DNA polymerases is competitive 

with respect to one or more dNTP species (Dicioccio et aI, 

1980; Frank et aI, 1984; Huberman, 1981). Aphidicolin 

resistant mutants in other systems are known to affect dNTP 

binding (Liu et aI, 1983; Nishiyama et aI, 1984), and a 

similar phenotype might be expected for HSV-1 mutants. PAA 

may be a pyrophosphate analogue when interacting with the 

HSV-1 polymerase since it competitively inhibits 

pyrophosphate exchange by the turkey herpes simplex 

polymerase (Leinbach et aI, 1976) and since a related 

compound, phosphonoformic acid, competitively inhibits 

pyrophosphate exchange by the HSV-1 enzyme (Derse et aI, 

1982). Surprisingly, PAA-resistant polymerase mutants from 

HSV-1 also tend to show altered sensitivities to nucleotide 

analogues described above (Gibbs et aI, 1988). These 

observations suggest that the dNTP and pyrophosphate binding 

sites overlap and at least a subset of residues may be 

involved in both binding sites. 

In this study, several mutations in viral derivatives 

resistant to aphidicolin or PAA were mapped to the 
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polymerase gene, and three of them were identified by DNA 

sequencing. The first two mutations, in aphidicolin 

resistant mutants (AphrlO and Aphr12), occur in the putative 

dNTP binding site and identify two new residues important 

for substrate binding. The third mutation, in a PAA

resistant mutant, occurs within the presumed 3 1 -5 1 

exonuclease domain, far upstream of any previous mutations 

known to alter PAA sensitivities. 
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MATERIALS AND METHODS 

Cells and viruses. 

Methods for cell maintenance, virus preparation and 

plaque assays have been d~scribed (Hall et al, 1984). Vero 

cells were used to prepare virus stocks and for marker 

rescue. TC7 cells were used to measure viral drug 

sensitivities and mutation frequencies. Both cell lines 

were originally established from African green monkey kidney 

cells. Herpes simplex virus type 1 strain KOS was used. 

Antiviral drugs. 

Stock solutions of aphidicolin (National Institute and 

sigma) were prepared at 100 ~g/ml in Dulbecco's modified 

Eagle's medium (DMEM) supplemented with 2% calf serum and 

10% dimethyl sulfoxide. Stocks of other drugs were prepared 

at 5 mg/ml in H20 (Phosphonoacetic acid, Abbott 

Laboratories; 5'-Iododeoxycytidine [ICdR], Calbiochem

Behring Corp.), 0.04 N NaOH (arabinosylthymine, sigma; 

acycloguanosine, Burroughs Wellcome), and 0.06 N NaOH (DHPG, 

Burroughs Wellcome and Syntex Research). Drug stocks were 

filtered, aliquoted, and stored at -20°C. 

DNA sequencing. 

Plasmid DNA sequencing was carried out using a T7 DNA 

sequenase kit (US biochemicals) using derivatives of pBRQ 

plasmid templates. pBRQ consists of a pBR322 vector 

containing the BamHI Q fragment of HSV-1 genome (Figure 20 
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and Hall et al, 1989). This fragment encompasses most of 

the DNA polymerase gene. 17-base primers were synthesized 

(synthetic Genetics) so as to anneal every 300-350 

nucleotides along the polymerase DNA insert contained in 

pBRQ plasmid. Sequencing reactions were performed as 

described (Toneguzzo et al, 1988), except that the DNA was 

denatured and dried prior to mixing with the primers. Each 

reaction contained 4 ~g DNA and 20 ng primer. Reaction 

products were resolved on 5% polyacrylamide gels 

(31.0X38.5xO.4 cm) containing 7 M urea using a BRL 

sequencing gel electrophoresis apparatus model S2. Gels 

were pre-run at 1300 volts until the current decreased to 35 

mAo Samples (2-2.5 ~l) were then loaded and the gels were 

run at 35 mA until the xylene cyanol dye was within one half 

inch of the bottom (about 3 hours). A second set of 

identical samples was loaded and electrophoresis was 

continued until the bromophenol blue dye in the second 

loading just ran off the gels. Gels were fixed in 10% 

acetic acid and 10% methanol for 25 minutes. A piece of 3 

MM whatman paper and then a piece of Saran wrap were placed 

on the top of each gel. Gels were then dried onto the paper 

at 80 D e (about 1.5 hours). After removing the Saran wrap, 

the gel was autoradiographed for 20 to 40 hours. The 

procedure allowed reading up to 450 nucleotides, from about 

50th base downstream from the primer. Because HSV-l DNA is 
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very GC-rich (68%), 7-deaza-dGTP and dITP were used in some 

reactions to resolve GC compression of sequencing bands. 

Mapping of mutations. 

su mutations were mapped by. marker rescue. Vero cells 

were transfected with restriction fragments carrying cloned 

HSV-1 DNA polymerase sequences and intact wild type viral 

DNA. Progeny viruses were examined for the formation of 

PAA-resistant recombinants as follows (Hall et al, 1989). 

First, 1.5-3.0 ~g of wild type viral DNA was precipitated 

with 0.5-1 ~g of mutant DNA (the BamHI Q fragments) and 4 ~g 

salmon sperm DNA in 600 ~l HEPES buffered saline pH 7.05 

supplemented with 125 ~M CaC12• Next, an aliquot of 106 

cells was added to each DNA mixture and the suspensions were 

agitated for 45 minutes at 37°C. 106 additional cells were 

added, and each transfection mixture was plated onto 

duplicate 35 mm plates in DMEM containing 10% calf serum. 

Plates were incubated at 37°C and re-fed at 5 and 16 hour 

with medium containing 2% calf serum. Incubation was 

continued until the cells became uniformly infected 

(approximately 3 days). In parallel experiments in which 

plaque formation was measured instead of progeny virus 

production, these DNA mixtures yielded 150-300 plaques. 

Finally, progeny viruses were harvested and titered in the 

presence and absence of PAA (100 ~g/ml) to determine the 

fractions of PAA resistant recombinants. 
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Isolation of 8U-1 and 8U-2 mutants. 

Several PAA resistant plaques from each mapping 

experiment were then picked and the viruses were plaque 

purified in the absence of PAA as follows. Plaques were 

picked using a glass pasteur pipet and plated on Vero cells 

in DMEM containing 2% calf serum. When cells were fully 

infected (3-4 days), the infected cells were harvested and 

stored at -sO°C. Each virus stock was plaque purified one 

more time as above. The titers for such mini stocks were 

about 10' plaque-forming units/mI. 

Drug sensitivities of mutant viruses. 

Viruses (200-500 plaque forming units) were plated in a 

plaque assay onto 60 mm plates of TC7 monolayers in medium 

containing antiviral drugs. In every experiment, duplicate 

plates without drugs were also included to determine the 

absolute plaque number. The fractions of surviving plaques 

were determined at each drug concentration. 

Mutation frequency measurement. 

single plaques of a given virus derivative were grown 

up into small ministocks. Each of these stocks were then 

plated in a plaque assay in the presence and absence of 100 

~g/ml iododeoxycytidine. The fractions of ICdR-resistant 

mutants were then calculated. 
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RESULTS 

Several aphidicolin-resistant HSV-1 mutants had been 

previously isolated by Dr. J. Hall in our laboratory (Hall 

and Woodward, 1989). These mutants were of interest because 

aphidicolin is thought to bind within the dNTP binding site 

of eukaryotic DNA polymerases. Hence, resistant mutants may 

carry changes at residues which are involved in dNTP 

substrate analogues. 

1. Mutational analysis of aphidico1in resistant mutants. 

a. sequencing of mutations in aphidico1in resistant mutants 

(Aphr10 and Aphr12) • 

Two aphidicolin-resistant HSV-1 mutants (Aphr10, 

Aphr12) (Hall and Woodward, 1989) were studied in detail. 

These mutants show altered sensitivities to dNTP analogues 

and are also either hypersensitive (Aphr10) or resistant 

(Aphr12) to PAA. The mutations were mapped to the 

polymerase gene (Hall et al, 1989) and identified by DNA 

sequencing. A different, single mutation was found in each 

mutant (see Table 2). The Aphr10 mutation is identical to a 

mutation in an aphidicolin-resistant derivative of the 

closely related HSV-2 (Nishiyama et al, 1985; Tsurumi et al, 

1987). However, the Aphr10 mutant fails to exhibit a 

mutator phenotype associated with the HSV-2 mutant (Hall and 

Woodward, 1989). The mutation in Aphr12 has not been 

previously reported. 



TABLE 2. Sequence Changes in the DNA Polymerase Genes 
from Drug-resistant Mutants 

Mutant Aphr10 Aphr12 SU-1 

H C N 
Amino Acid G Y Q V Y G T D K 
Sequence 696 818 531 

DNA C G A 
Sequence GGG TAC CAA GTG TAC GGG ACC GAC AAG 

2086 2453 1591 
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Mutant sequences are shown above the wild type sequence, and 
residue numbers appear below the sequence. Residue numbers 
refer to the intact HSV-1 DNA polymerase sequence. 
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b. Happing and sequencing of mutations in derivatives of the 

aphidico1in resistant mutant (AphflO). 

Derivatives of Aphr10 mutant were also isolated (Hall 

et aI, 1989) which retained their resistance to aphidicolin 

but had lost the parental hypersensitivity to PAA. It was 

hoped that these derivatives might contain second-site 

mutations in the polymerase gene which suppress the PAA

sensitivity. such second-site mutations might be indicative 

of residues which interact with the Aphr10 residue. 

Two such derivatives (Aphr10-SU-1 and Aphr10-SU-2) were 

studied. The mutations present in Aphr10-SU-1 were mapped 

to the large EcoRI-BamHI fragment of the DNA polymerase gene 

(Figure 20 and Hall et aI, 1989). Briefly, restriction 

fragments from this region of the mutant were found to 

transfer aphidicolin resistance to wild type virus during 

marker rescue experiments, and these resistant recombinants 

exhibited either PAA-hypersensitive or PAA-normal 

(suppressor) phenotype. These results suggested that this 

derivative contained both the original Aphr10 mutation and a 

second mutation (suppressed) which could be separated during 

marker rescue. Subsequent DNA sequencing of the EcoRI-BamHI 

region (Figure 19) confirmed this expectation. Two 

mutations were found, the original Aphr10 mutation and a new 

mutation, called SU-1 (Table 2). 

I reasoned that, since second site mutations (SU-1 and 
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DNA Poly.merase Gene 

-157 1 13~ ,(326 3211 3706 

. · .. ·1--11 1---1-Hrl----+-1 --II····· [A] 
BamBI ATG EcoRI BamBI TGA 

I BSV-1 DNA BamHI,Diqestion 

BamBI Q Fragment 

1-1 11--11-1-1 -------II [B] 
BamBI ATG EcoRI BamBI 

BamBI 

pBR322 
BamBI 

Digestion 
Ligation 

pBRQ 

BamBI 
[C] 

Figure 20. Locations of restriction fragments encompassing 
the HSV-1 DNA polymerase gene and the scheme for cloning the 
BamHI Q fragment from mutant viral DNA into pBR322. The 
region encompassing the polymerase gene from HSV-1 genome is 
shown on the top [A]. Initiation ATG (1) and termination 
TGA (3705) and relevant restriction sites are indicated. 
The BamHI Q fragment [B] from mutant DNA was cloned into 
pBR322 to produce pBRQ [C]. Cloning details are described 
in the Materials and Methods in Chapter III. 
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SU-2) caused the Aphf 10 phenotype to change from PAA

hypersensitive to PAA-norma1, the suppressor mutations alone 

might give a PAA-resistant phenotype. To test this 

hypothesis, two plasmid DNAs were first constructed from 

pBR-Aphf 10-SU-1, pBR-Aphr10-SU-2 and PBRQ (These p1asmids 

were derived from pBR322 into which BamHI Q fragments of the 

DNA polymerase gene from either mutant or wild type viruses 

were cloned [see Figure 20]) as follows (Figure 21). The 

SacI-NotI fragment of PBR-Aphr10-SU-1 (A) and pBR-Aphr10-SU-2 

(e) containing the original Aphr10 mutations were replaced 

with the same fragment from PBRQ (B) which carried the wild 

type sequence to produce pBR-SU-1 (D) and pBR-SU-2 (E). The 

BamHI Q fragments from each plasmid (0 and E) were 

transfected into Vero cells. Progeny viruses were examined 

for the formation of PAA-resistant recombinants. Table 3 

shows the fractions of PAA-resistant recombinants with the 

BamHI Q transfection. Transfections with BamHI Q fragments 

carrying SU-1 and SU-2 mutations gave about 5.5- and 20-fo1d 

more PAA-resistant progenies respectively than without BamHI 

fragments. The higher percentages, of PAA-resistant 

progenies from transfections without any fragments reflect 

the high spontaneous mutation frequency of HSV-1 viru~, 

Therefore, it is possible some of the PAA-resistant 

progenies from transfections with SU DNA fragments have 

arisen from spontaneous mutations. However, the finding 
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Figure 21. Schematic representation of the construction of 
plasmids carrying the SU-1 and SU-2 mutations. Sequence 
from BamHI-SacI-NotI-BamHI is the BamHI Q fragment of HSV-1 
DNA as shown in Figure 20. pDRQ [B] is pBR322 plasmid 
carrying the wild type BamHI Q fragment and pBR-Aphr10-SU-1 
[A] and pBR-Aphr10-SU-l [C] are pBR322 plasmid carrying the 
mutant BamHI Q fragments. Cloning details are described in 
the Materials and Methods in Chapter III. 
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TABLE 3: Marker Rescue of Phosphonoacetic Acid Resistance 

Mutant 

SU-l 

SU-2 

Percent of PAA resistant progenies from 
experiments with HSV-l DNA polymerase cloned 
fragments 

No fragment BamHI Q fragment 

0.077 0.426 

0.080 1.620 

The marker rescue protocol is described in the Materials and 
Methods. Briefly, Vero cells were co-transfected with wild 
type viral DNA and cloned DNA fragments containin9 DNA 
polymerase sequences from mutant viruses. Progeny virus 
were analyzed for drug-resistance by plating in the presence 
of 100 ~g/ml phosphonoacetic acid. The location of BamHI Q 
fragment is indicated in Figure 20. The results are the 
average of two experiments. 
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that three recombinants for SU-1 and two for SU-2 gave 

similar results in drug sensitivity assays argues that the 

progenies described are true recombinants. This 

possibilities could be confirmed by sequencing the 

appropriate polymerase region in the recombinants. Thus, 

these results confirm the expectation that SU-1 and SU-2 

mutants are PAA-resistant and also indicate that the SU-2 

mutation maps within the BamHI-SacI fragment of the 

polymerase gene. 

2. Genetic analysis of mutants carrying suppressor 

mutations. 

a. Isolation of mutants carrying only the suppressor (SU-l 

and SU-2) mutations. 

To genetically analyze mutants carrying only the 

suppressor mutations (SU-1 and SU-2) , PAA-resistant 

recombinants from 2 or 3 different marker rescue experiments 

(above) for each suppressor were isolated. Their 

sensitivities to various polymerase inhibitors were 

determined. Within each suppressor group, the phenotypes of 

the independent-derived recombinants were very similar. 

Hence, it is most likely that these recombinants carry the 

same mutation and that this mutation is, in each case, the 

expected suppressor mutation (SU-1 or SU-2). Consequently, 

below I will present only the data from one representative 

recombinant in each case. 



b. sensitivity assays of SU-l and SU-2 mutants to DNA 

polymerase inhibitors. 
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SU-l and SU-2 suppressor mutants were assayed for their 

sensitivities to various DNA polymerase inhibitors: 

aphidicolin, DHPG, AraT, ACG and PAA. Figure 22 shows the 

results of plaque assays conducted in the presence of these 

drugs. These plaque survival studies indicate that SU-l and 

SU-2 mutants are resistant to PAA, ACG, and araT, show near 

normal sensitivity to DHPG and slight hypersensitivity to 

aphidicolin. 

c. Measurement of mutation frequencies by mutants carrying 

suppressor mutations. 

PAA-resistant DNA polymerase mutants from HSV-l are 

often associated with antimutator phenotypes (Hall et aI, 

1984). Consequently, mutants carrying SU-l and SU-2 

mutations (AphrlO-SU-l, SU-l, and SU-2) were also measured 

for their mutation frequencies. The rational for measuring 

mutation frequency of HSV-l is as follows. HSV-l encodes a 

thymidine kinase (TKase) gene which is different from the 

cellular counterpart. Iododeoxycytidine (ICdR) is a 

antiherpic agent and is effectively activated by the viral 

TKase (Miller et al, 1977: Summers and Summers, 1977). 

Since the lack of the viral TKase itself does not affect the 

growth of the virus, TKase-deficient mutants grow well even 

in the presence of high concentration of ICdR. Therefore, 
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Figure 22. Survival of plaque formation by mutant and wild 
type (wt) viruses in the presence of polymerase inhibitors. 
The procedures are described in the Materials and Methods. 
The results were the average of two experiments. In the 
case of SU-2, two viral stocks from two independent 
recombinants were assayed in a single experiment, and they 
gave similar results. Only one is shown. Phosphonoacetic 
acid (PAA), arabinosyl thymine (araT). 
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the production of TKase-deficient mutants has been used as a 

measure of viral mutagenesis (Hall et al, 1984). 

Single plaques of wild type or mutant viruses were 

picked and grown into ministocks. Several ministocks were 

then plated in the presence and absence of iododeo~~'cytidine 

(ICdR) and the average fractions of ICdR-resistant plaques 

were calculated. The results in several parallel 

experiments are shown in Figure 23. The average fractions 

relative to wild type for the three mutants were 0.19 (SU-

1), 0.15 (SU-2), and 0.093 (Aphr10-SU-1). These results 

suggest that all three mutants are antimutators. 



Aphr 10 
-SU-1 

9U-1 

111 

SU-2 

Figure 23. Measurement of mutation frequencies of mutants 
carrying suppressor mutations. The mutation frequencies 
were measured as described in the Materials and Methods. In 
one experiment, SU-1 and Aphr10-SU-1 were measured in 
parallel with wild type (WT). In the second experiment, SU-
2 was measured in parallel with wild type. "*" indicates 
that there were no ICdR-resistant plaques observed. The 
frequencies shown were calculated by assuming one plaque 
present in each experiment. Consequently, the actual 
frequencies in these assays are less than the values 
indicated. The average fractions of ICdR-resistant 
progenies for each virus are 1.34X10-4 (WT), <1. 25X10·S 

(Aphr10-SU-1), and <2. 5X10·s (SU-1) in experiment one and 
1.55X10-4 (WT) and <2.27X10·S (SU-2) in experiment two. A T
test indicated that the mutation frequencies for the three 
mutants are significantly lower than the wild type (Aphr10-
SU-1, t = 2.97, P < O.Oli SU-1, t = 3.05, P < 0.01, and SU-
2, t = 3.61, P < 0.005). 



DISCUSSION 

The herpes simplex virus type 1 DNA polymerase is 

essential for viral DNA replication. The enzyme is the 

target of several antiviral drugs which are substrate 

analogues. Understanding the polymerase functions, 

especially enzyme-substrate interactions can be greatly 

facilitated by mutants with altered drug sensitivities. 
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In this study, two mutations in aphidicolin resistant 

mutants (Aphr10 and Aphr12) were first identified to reside 

in the polymerase. The two mutations are located in or near 

two highly conserved regions among many DNA polymerases 

(Figure 19). The two regions are included in the putative 

dNTP, aphidicolin and pyrophosphate binding sites. 

Therefore this study further confirms the involvement of the 

conserved regions in enzyme-substrate interaction. 

This study also identified a third mutation in a PAA

resistant mutant SU-1. The SU-1 mutation occurs far 

upstream of any previous mutation known to alter PAA 

sensitivity. Thus, the SU-1 site may extend the PAA binding 

site upstream of the previously defined site. Because PAA 

has been shown to compete with pyrophosphate for binding to 

herpes polymerase, this mutation may also indicate a residue 

involved in both PAA and pyrophosphate binding. 

The SU-1 and SU-2 mutations also affect dNTP binding. 

Derivatives carrying these mutations exhibited altered 
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sensitivities to certain nucleotide analogues, which are 

incorporated as replication substrates following 

phosphorylation in infected cells. The dNTP binding site 

was previously thought to be confined to the c-terminal end 

of the polymerase (see Figure 19), based on mutants with 

altered nucleotide analogue sensitivities. However, the SU-

1 (and possibly SU-2) mutation occurs in the N-terminal 

region, suggesting that the dNTP binding site may also 

extend upstream into this region. 

The region exhibits a potential sequence similarity 

between the HSV-1 polymerase sequence and that of DNA 

polymerase I from E. coli. This alignment includes residue 

501 (aspartic acid) and 497 (tyrosine) from the DNA 

polymerase I sequence which are required for 3 1 -5 1 editing 

nuclease activity (Derbyshire et aI, 1988; Freemont et al, 

1988). site-directed changes in this region in the herpes

like polymerase from bacteriophage phi29 strongly support 

this model (Salas et al, 1988), since these mutations 

selectively affect the nuclease, but not the polymerase 

activity. The occurrence of this alignment near the 5U-1 

site, raises the possibility that this site might be part of 

the exonuclease domain in the HSV-1 protein. However, the 

fact that SU-1 affects dNTP substrate interactions is not 

consistent with this view. 

I propose two alternative models to explain these 
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findings. First, the HSV-1 polymerase may be organized as 

shown in Figure 19, with a c-terminal polymerase domain 

(which includes the dNTP binding site) and a more N-terminal 

3'-5' exonuclease domain. In this model, the HSV-1 

polymerase is organized in a similar fashion to that of DNA 

polymerase I of E. coli. This model has been proposed based 

on mutations which affect polymerase or exonuclease 

activities and on sequence alignment with DNA polymerase I 

(see Figure 19). The polymerase and exonuclease regions are 

proposed to fold into separate domains within the protein, 

but these domains may pack together so that a change in one 

could induce a conformational change in the other. 

Consequently, a change in the exonuclease domain might 

indirectly result in a change in the dNTP binding site. 

Alternatively, the HSV-1 polymerase may not be 

organized as described. Rather, the SU-1 site and the 

proposed dNTP binding site may be folded into one large 

domain. The 3'-5' exonuclease site might contribute an 

intimate part of this domain (if the alignment with DNA 

polymerase I is real) or might map elsewhere in the 

molecule. 

Viral derivatives carrying SU mutations (SU-1, SU-2, 

and Aphr10-SU-1) exhibited antimutator phenotypes. Similar 

phenotypes have been reported previously for other PAA

resistant mutants of HSV-1 (Hall et al, 1984). In at least 
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one case, the antimutator phenotype of a mutant results from 

more accurate dNTP substrate selection (Hall et aI, 1985). 

DNA sequencing of the mutant indicated that the mutation is 

located the putative dNTP binding site (Gibbs et aI, 1988). 

Mutator and antimutator phenotypes have also been 

characterized in T4 bacteriophage (Reha-Krantz et aI, 1986). 

The DNA polymerase encoded by this phage shows several 

sequence similarities to the HSV-1 polymerase (Hall, 1989), 

suggesting that the genes are related. The T4 mutator and 

antimutator phenotypes were often associated with altered 

activities of 3 1 -5 1 exonuclease associated with the T4 

polymerase. Consequently, it would be of interest to 

determine whether the DNA polymerase from the SU-1 mutant 

carries an altered 3 1 -5 1 exonuclease or exhibits more 

accurate dNTP selection during the polymerization step. If 

an altered 3 1 -5 1 exonuclease were found, it would also 

confirm the present tentative assignment of this exonuclease 

to the region surrounding the SU-1 site. 
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