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ABSTRACT 

Immunochemical and immunohistochemical techniques were used 

to determine the role of post-translational modifications in the 

regulation of DNA polymerase a in Rat-1(tsLA24/RSV) cells. 

Immunoaffinity purification following sucrose gradient fractionation 

showed two immunospecific polypeptides of Mr ~ 185,000 and 220,000 

only in those fractions exhibiting DNA polymerase a activity. The 

Mr ~ 220,000 polypeptide was shown to be phosphorylated, primarily 

at serine residues. Incubation of cell lysates with immobilized 

alkaline phosphatase reduced enzyme activity and subsequent 

readdition of ATP, but not ATP-7-S, restored activity suggesting the 

involvement of an endogenous serine protein kinase. This kinase may 

be a cAMP dependent protein kinase because prior incubation of the 

catalytic subunit stimulated DNA polymerase a activity 3-4 fold. 

In the absence of serum growth factors or pp60src , DNA 

polymerase a activity and semi-conservative DNA replication ratesin 

growth arrested cells were severely depressed. However, both 

polymerase activity and DNA synthetic rates were subsequently 

restored by either activation of pp60src by temperature shift or by 

serum addition. DNA polymerase a protein was found primarily in the 

nucleus of all cells in log phase, growth arrested or subsequently 

stimulated cultures, independent of whether the cells were 

ix 
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replicating DNA. Stimulation by either pp60src or serum did not 

alter DNA polymerase a localization within the cell nor lead to a 

preferential synthesis of Mr ~ 220,000 peptide or proteolytic 

conversion of the Mr ~ 220,000 peptide to smaller peptides, but did 

result in phosphorylation of the Mr ~ 220,000 polypeptide. This 

phosphorylation was not apparent in serum deprived, growth arrested 

cells. It is suggested that pp60src acts to initiate DNA synthesis 

through the temporal activation of DNA polymerase a through a 

mechanism similar to that used by serum growth factors and that 

phosphorylation by a serine protein kinase serves an important 

function. 



CHAPTER 1 

INTRODUCTION 

Experiments conducted by Avery, Macleod and McCarthy (1944) 

followed by Hershey and Chase (1952) showed that deoxyribonucleic 

acid (DNA) is the primary genetic material (the only exception being 

RNA viruses). Soon thereafter, Watson and Crick (1953) discovered 

the double-stranded structure of DNA which was subsequently shown to 

be replicated semi-conservatively in the classical experiments by 

Meselson and Stahl (1958). The enzymes responsible for catalyzing 

DNA synthesis, the DNA polymerases, were first described in prokary

otic systems such as Escherichia coli (lehman, et al., 1958) and 

later in eukaryotic systems (Bollum, 1960). Since then, the cellu

lar biology and biochemistry of DNA replication has been an 

intensely studied area. 

The efficient management of eukaryotic DNA requires several 

unique DNA polymerases, termed a,p,1,o (Campbell, 1986). Each DNA 

polymerase is distinguished by a number of criteria and has been 

assigned a cellular role based on these criteria (Fry and Loeb, 

1986). 

Despite considerable variation in size, structure, oligomeric 

associations, and cellular localization and in vivo roles, DNA poly

merases have the same basic catalytic characteristics (Kornberg, 

1980): 

1 
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1. All DNA polymerases utilize deoxyribonucleoside 

triphosphates (dNTPs) for the polymerization of DNA by 

sequential incorporation of deoxyribonucleoside 

monophosphates (dNMPs) with cleavage of the a-p 
phosphodiester bond and release of inorganic phosphate. 

The order of polymerization of substrate into product is 

dictated by the base sequence of the template DNA. 

2. All DNA polymerases require a short "primer" segment of 

DNA or RNA complementary to the template DNA which have 

a hydroxyl group at the third carbon position of the 

deoxyribose/ribose moiety. 

3. All DNA polymerases catalyze DNA synthesis exclusively 

in the 51~31 direction. 

The available evidence indicates that DNA polymerase a is 

most likely the S phase specific enzyme responsible for semi

conservative DNA replication. The assignment of this function stems 

from several observations. DNA polymerase a enzyme activity 

fluctuates during the cell cycle with maximal activity in S phase, 

while the DNA polymerases p and 1 show minimal fluctuations in 

activity (Chang and Bollum, 1973). Aphidicolin, a metabolic 

inhibitor which blocks polymerase a and 5 activities in cell free 

systems, while having no effect on polymerase p and 1 activity, 

blocks semi-conservative DNA synthesis when added to cells in 

culture (Huberman, 1981). Likewise, neutralizing monoclonal 

antibodies to DNA polymerase a block DNA synthesis in permiabilized 
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nuclei (Miller. et al •• 1985). However. the DNA polymerase enzymes 

have several characteristics in common with each other. It is. 

therefore. necessary to carefully distinguish them from each other. 

The following section discusses distinguishing features of these 

eukaryotic DNA polymerases as they relate to this thesis. 

DNA Polymerase « 

DNA polymerase a was the first eukaryotic polymerase to be 

isolated and characterized (Bollum. 1960). Alpha-type DNA 

polymerases have been found to be ubiquitous in proliferating cells 

ranging in complexity from yeast (Campbell. 1983) and Drosophila 

melanogaster (Banks. Boezi and Lehman, 1979) to humans (Sedwick. 

Wang and Korn. 1972). Although criteria have been established for 

DNA polymerase a: molecular weight mass greater than 100 K daltons. 

acidic isoelectric paint. inhibition by either chemicals that react 

with sulfhydryl groups or by agents such as aphidicolin. a precise 

definition of the molecular structure of DNA polymerase a has proved 

elusive. The major obstacle has been the difficulty encountered in 

attempts to purify the enzyme in its native form. Using classical 

biochemical techniques. DNA polymerase a has been observed to 

display significant heterogeneity among different species. and more 

importantly. within a single cell type (Albert. et al •• 1982; 

Yamaguchi et al •• 1982; Lamothe. et al., 1981). Purification has 

been further hampered by its low abundance (approximately 20,000 

molecules per cell [Falaschi and Spadari. 1979]) and by its 

instability during cell fractionation and enzyme purification. 
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Purification of DNA polymerase a is conventionally monitored 

by following the ability to catalyze the incorporation of 

radioactively labeled deoxynucleoside triphosphate into a double 

stranded DNA product. The unexpected observation that cleaved DNA 

polymerase molecules were still catalytically active in cell-free 

assays has proved to be a major obstacle in defining the catalytic 

"core" subunit (Karawya, et a1.. 1984). It will. in all likelihood. 

require the cloning of this enzyme to conclusively define the size 

of the DNA polymerase a molecule. 

Prior to the recent introduction of immunochemical isolation 

techniques. the structure of DNA polymerase a was deduced from 

"near-homogeneously" purified enzyme preparations that were obtained 

by conventional methods of protein purification. The introduction 

of immunochemical purification using monoclonal antibodies (Hu. Wang 

and Korn. 1984; Wahl. et al •• 1984) has allowed rapid isolation of 

enzyme and has lessened the proteolytic fragmentation seen in other 

protocols. Nevertheless. the final sizes of the catalytic subunit 

and both the number and size of other DNA polymerase a accessory 

subunits is still uncertain. Recent analysis of immunoaffinity 

purified DNA polymerase a indicates that the catalytic polypeptide 

is ~ Mr ~ 180.000-200.000 (Wahl et al, 1984; Holmes. et al •• 1986; 

Saur and Lehman. 1982; Karawya, et al •• 1984). Masaki et ale (1984) 

isolated several high molecular weight forms of DNA polymerase a 

from crude extracts of calf thymus. Immunoprecipitation analysis 
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revealed three polypeptides of Mr ~ 150,000 180,000 and 240,000. 

Tryptic digest analysis indicated that all three showed structural 

homology. High molecular weight peptides were also obtained from 

human KB cells using immunoaffinity purification protocols (Wong, et 

al,1986). Although the Mr ~ 180,000 polypeptide was the most 

abundant, a Mr ~ 200,000 polypeptide was immunopurified using five 

different monoclonal antibodies to human KB cell DNA polymerase a. 

Again tryptic digest analysis revealed homology with the Mr~ 

180,000, 165,000, and 140,000 immunoprecipitated peptides. 

Similarly, immunoblot analysis of a crude protein extract from 

exponentially growing HeLa cells showed specific immunoreactivity 

for polypeptides of Mr ~ 230,000 and 183,000 (SenGupta, et 

al.,1987). The most reasonable explanation is that in these cases 

the smaller polypeptides are proteolytically processed fragments of 

the larger peptide. Whether this proteolytic cleavage actually 

occurs in the intact cell, however, is unclear at the present time. 

Subunit Associations 

DNA polymerase a exists in a multi-protein form ~ Mr ~ 

640,000 (Lamonthe, et al.,1981). This multimeric oligomer was 

purified to near homogeneity and a number of proteins have been 

identified (Vishwanatha, et al.,1986). This Mr ~ 640,000 oligomer 

consists of DNA polymerase a (180,000), primase (70,000), AP4A 

binding protein (47,00 homodimer) DNase (69,000)" C1,C2 accessory 
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proteins (24,000 and 52,000). Ottiger and Hubscher (1984) have 

resolved four multi-protein DNA polymerase a forms by DEAE-cellulose 

chromatography. Six distinct enzyme activities, primase, DNA

dependent ATPase, topoisomerase II, 3 1 -5 1 exonuclease, RNase H, and 

DNA methylase co-purified with one or more of the resolved forms. 

Of those proteins associated with DNA polymerase a, primase was the 

most tightly associated. Dissociation of active primase from 

polymerase required either 2.8 M Urea and glycerol (Kaguni, et 

al.,1983), 50% ethylene glycol (Suzuki, Enomoto, Hanaoka and Yamada, 

1985) or 3.5 M MgC12 (Plevani, et al.,1985). The primase-polymerase 

a complex serves to catalyze oligoribonucleotide-primed DNA 

synthesis on both leading and lagging strands of DNA. In sub

cellular systems, primase functions in a quasi-processive manner to 

synthesize discrete length oligoribonucleotides (of 8-12 base 

length) (Singh and Dumas, 1984). DNA synthesis is thus directly 

coupled to primase function. Suboptimal concentrations of 

deoxynucleoside triphosphates result in a distributive reiteration 

of oligoribonucleotide incorporation which results in multiples of 

the basic oligomer unit length (Singh, et al., 1986). Sufficiently 

high levels of dNTPs favor the attenuation of priming to 1 unit 

length with coupled DNA elongation. The factors which mediate the 

transition from RNA to DNA synthesis are not as yet understood. It 

is possible that the limitation of 8-12 ribonucleosides incorporated 

is an intrinsic quality of the primase-polymerase a complex. 

Alternatively, post-translational modification of an accessory 



protein or DNA polymerase aeprimase might facilitate in switching 

this coupled reaction from RNA priming to DNA extension. 

Intracellular Localization of DNA Polymerase a 

7 

A necessary requirement for genomic DNA replication is the 

movement of the replicative DNA polymerase to the nuclear 

compartment. Cytosolic synthesis with subsequent transport into the 

nucleus at some point prior to DNA synthesis would be necessary. 

Until recently, this localization of DNA polymerase a to the nucleus 

and as such the identification of DNA polymerase a as the S phase 

dependent semi-conservative nuclear DNA synthetic enzyme, has been 

extremely difficult and controversial. The use of a series of 

monoclonal antibodies to DNA polymerase a from a number of species 

(Tanaka, et al., 1982; Masaki, et al., 1982), has demonstrated 

exclusive nuclear compartmentalization for this enzyme. Although 

biochemical fractionation schemes have shown nuclear association, 

the majority have shown the enzyme to be soluble and therefore 

cytosolic in nature. The use of hypotonic, aqueous buffer systems 

apparently results in "leaching" of the enzyme from nucleus to 

cytosol compartment. This has led to much difficulty in 

characterizing this enzyme. Korn and associates isolated a series 

of hybridoma cell lines that produced monoclonal antibodies to 

highly purified human KB cell DNA polymerase a (Bensch, et al., 

1982). Four of these antibodies were used to probe the 

intracellular location of DNA polymerase a in asynchronously growing 

WI38, BeWo and KB cells. About 95% of the immunolabeled DNA 
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polymerase a was localized to the nucleus of all examined cell 

types. Nuclear compartmentalization was observed throughout the 

cell cycle except for mitosis, during which the nuclear membrane 

dissolved and DNA polymerase a was visualized in the cytoplasm. 

Matsukage et ale (1982) generated monoclonal antibodies to chick 

cell DNA polymerase a. Using immunofluorescent techniques, they 

observed DNA polymerase a exclusively in the nucleus during G" S 

and G2 phases of the cell cycle. Again, only during mitosis was DNA 

polymerase a observed in the cytoplasm. From this immunological 

data, it can be inferred that DNA polymerase a is synthesized and 

rapidly transported to the nucleus where it resides during all 

phases of cell cycle in which an intact nucleus exists. This rules 

out changes in DNA polymerase a protein content or temporal nuclear 

translocation as controlling elements in DNA polymerase a regulation 

and control of DNA synthesis, at least in cells where polymerase 

synthesis is not restricted to the S phase. 

DNA Polymerase a in Exponentially Growing Cells 

One of the earliest arguments for the specific role of DNA 

polymerase a in the replication of nuclear DNA was that cellular 

activity of DNA polymerase a positively correlated with DNA 

replication activity of the cell. Non-dividing, or Go, cells such 

as mature liver cells (Lynch, Surrey and Lieberman, 1975), post

mitotic neurons (Hubscher, et al., 1978) or spleen lymphocytes 

(Mayer, Smith and Gallo, 1975) contain p-type and 1-type but are 
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devoid of a-type DNA polymerase activities. Stimulation of rat 

liver regeneration by partial hepatectomy to proliferate (Chang and 

Bollum. 1972). or spleen lymphocytes by phytohemaglutinin addition 

(Nakamura. et al. 1984) resulted in 5-10 fold elevations in DNA 

polymerase a activity. with no increase in either DNA polymerase p 

or 7 activities. DNA polymerase 0 activity was not examined. In 

the lymphocyte studies immunofluorescent examination showed that DNA 

polymerase a protein content paralleled changes in enzyme activity. 

It would appear then. that stimulated post-mitotic cells synthesize 

DNA polymerase a de novo upon entry into an actively proliferating 

state. and then degrade the enzyme upon entry into a non

proliferating. Go state. 

Studies using synchronized cultured cells show that DNA 

polymerase a activity fluctuates during the cell cycle. Chang and 

Bollum (1973). Spadari and Weissbach (1974) and Chiu and Baril 

(1975) all noted that DNA polymerase a activities increased during 

Gl phase. peaked in S phase and then declined in late Sand .G 2 

phase. These activity changes were generally in the 5-10 fold 

range. These changes in enzyme activities. coupled with the 

observation that DNA polymerase a polypeptide remains localized in 

the nucleus during Gl. Sand G2 phases suggest that another form of 

regulation. in addition to de novo synthesis. exists for modulating 

DNA polymerase a activity. 
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Other DNA Polymerases 

DNA Polymerase 0 

DNA polymerase 0, initially described in 1976 (Byrnes, et 

al., 1976) shows a number of similarities to DNA polymerase a. It 

is sensitive to inhibition by both N-ethylmaleimide and aphidicolin 

(Byrnes, 1984), sediments as an oligomer through 5-20% sucrose 

gradients at 10.1 S, contains an active DNA dependent RNA polymerase 

(primase), and shows molecular weight characteristics by SDS-PAGE of 

Mr ~ 245,000 and 164,000, similar to that shown for DNA polymerase a 

(Crute, Wahl and Bambara, 1986). Nevertheless, it shows a number of 

properties quite different from DNA polymerase a. Most striking is 

the presence of an active 3'-5' exonuclease intrinsic to the 

polymerase (Byrnes et al., 1976). A 3'-5' exonuclease is an 

1ntegral feature of Escherichia coli DNA polymerase I and is 

associated with virtually all prokaryotic DNA polymerases (Gefter, 

1975). This exonuclease functions as a proof-reader, removing 

mismatched nucleotides incorporated at the 3' terminus during DNA 

polymerization (Brutlag and Kornberg, 1972). The actual role of 

this enzyme in DNA replication and its relationship to DNA 

polymerase a remain as yet unclear. Purified DNA polymerase form 01 

and oIl show enhanced sensitivity to such inhibitors as BuAdATP and 

ddTTP, while DNA polymerase a is unaffected (Wahl, et al., 1986). 

Most important is the observation that two neutralizing monoclonal 

antibodies which potently inhibit DNA polymerase a (SJK-287-38 and 

SJK-132-20) are only slightly inhibitory to DNA polymerase 7 I 
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and are ineffective in inhibiting DNA polymerase 7 II (Wahl et al., 

1986). As these same monoclonal antibodies are quite efficient in 

inhibiting DNA synthesis in lysolecithin-permeabilized human 

fibroblasts (Miller, et al., 1985), it is probable that the key 

enzyme involved in DNA replication is DNA polymerase a and not DNA 

polymerase 61 or 611. Whether DNA polymerase 61 and 611 represent 

special nuclear proofreading polymerases or may simply represent DNA 

polymerase a associated with a 3'-5' exonuclease in a structural 

association which renders it non-reactive to monoclonal antibodies 

remains an important question to be answered. 

DNA Polymerase p 

DNA polymerase p is located exclusively in the nucleus 

(Matsukage, et al., 1983). It is distinguished from DNA polymerase 

a by virtue of its smaller size, Mr ~ 40,000 (Tanaka, et al., 1982), 

its resistance to such inhibitors as N-ethylmaleimide and 

aphidicolin (Scovassi, Plevani and Bertazonil, 1980), and its 

failure to react with anti-DNA polymerase a monoclonal antibodies 

(Tanaka, et al., 1982). In addition, its activity remains constant 

throughout the cell cycle of continuously dividing cells (Spadari 

and Weissbach, 1974), and in normally non-dividing tissues, whether 

or not they are stimulated to proliferate (Chang and Bolum, 1972). 

Evidence for DNA polymerase p functioning exclusively in a repair 

capacity comes from studies involving post mitotic cells. Adult 

animal neurons are thought not to divide and as such represent the 



12 

paradigm for a post-mitotic cell. DNA polymerase p was shown to be 

the predominant, if not the only, DNA polymerase activity detected 

in these cells (Hubscher, Kuenzle and Spadari, 1979). When rat 

neurons were subjected to UV irradiation, a 7-10 fold rate increase 

in thymidine incorporation into DNA was observed. Since DNA 

polymerase p comprises 99.2% of the total nuclear polymerase 

activity in these quiescent cells, Hubscher, et al. (1979) concluded 

that DNA polymerase p was involved in this repair event during 

unscheduled DNA synthesis. While these types of studies support the 

contention that DNA polymerase p plays an important role in DNA 

damage repair, the issue of whether other polymerases are also 

involved in repair becomes more complex when asynchronous cell 

populations are investigated. Miller and Chinault (1982) have 

shown, through the use of DNA polymerase a and p inhibitors, that 

both a and p function in the repair of specific classes of lesions, 

but that DNA polymerase 1 is unlikely to function in any repair 

capacity. Because of the similarities between polymerases a and 0, 

it is possible that the repair activity ascribed to DNA polymerase a 

may actually be performed by DNA polymerase o. 

DNA Polymerase 1 

DNA polymerase 1 functions in the replication of 

mitochondrial DNA (Bolden, Pedrali-Noy and Weissbach, 1977). 

Although it can be found in nuclear preparations, this is probably a 

biochemical artifact. It is the least abundant polymerase 

comprising approximately 1% of total cellular DNA polymerase 
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activity and is distinguished from DNA polymerase a by virtue of its 

inhibition by both NEM and ddTTP (Wernett and Kaguni, 1986). When 

purified to near homogeneity from Drosophila, the 1 polymerase 

comprised a heterodimer Mr ~ 125,000 and 35,000 as judged by SDS

PAGE (Wernett and Kaguni, 1986). Chick embryo DNA polymerase 1, 

although displaying a sedimentation coefficient (7.5 S) similar to 

the Drosophila enzyme (7.6 S), appeared to consist solely of a Mr ~ 

46,000 homotetramer (Yamaguchi, Matsukaje and Takahashi, 1980). 

Studies using a variety of DNA substrates (Wernette and Kaguni, 

1986) indicates that this enzyme is highly processive and does not 

possess primase activity. As it is generally regarded that primase 

activity is necessary for both procaryotic as well as eukaryotic DNA 

replication, it is possible that the primase is loosely associated 

with this polymerase, only to be lost during purification. 

This Investigation 

The goal of this study was to determine the role of post

translational modifications involved in the regulation of DNA 

polymerase a in mammalian cells. The specific questions addressed 

were to determine whether DNA polymerase a itself was modified post

translationally by phosphorylation and whether this modification 

functioned to modulate its activity. Immunochemical techniques were 

used to purify and characterize radiolabeled polypeptides 

corresponding to DNA polymerase a. Immunohistochemical techniques 

were used to assess both DNA polymerase a localization and content 

and to correlate these parameters with enzyme activity. The cell 
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system used in this study was the rat embryonic fibroblast which 

were transformed by a temperature sensitive mutant of Rous sarcoma 

virus (tsLA24). When grown at the transformation restrictive 

temperature, these cells can be arrested in G, phase by serum 

deprivation, and then subsequently induced to synthesize DNA by 

either addition of serum growth factors or activation of the 

temperature sensitive transforming function, pp60src , (Magun, 

Thompson and Gerner, 1979). By using this system, one could 

therefore ask whether serum deprivation affects DNA polymerase a 

enzyme activity, localization or synthesis and whether the RSV 

oncogene product, pp60src , functions to modulate DNA polymerase a in 

much the same way as serum growth factors. 

This dissertation consists of chapters addressing specific 

aspects of DNA polymerase a regulation. Chapter 2 describes 

immunochemical characterization of DNA polymerase a, post

translational modification by phosphorylation, identification of the 

phosphorylated amino acid and the effect of phosphorylation/ 

dephosphorylation on enzyme activity. Chapter 3 describes the 

effect of serum deprivation and subsequent restimulation by serum 

growth factors or pp60 src on various aspects of DNA polymerase a 

polymerizing activity, enzyme molecule synthesis, cellular 

localization, and phosphorylation state. An additional feature of 

this chapter is the identification that the previously 

uncharacterized thermosensitive lesion in the transforming function 

is in pp60src and results in decreased phosphotyrosine levels in 
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protein in cells grown at the non-permissive temperature. Finally, 

in Chapter 4 is summarized the major new findings of the research, 

as well as a model for DNA polymerase a activation, and a discussion 

of potential directions for future research. 



CHAPTER 2 

PHOSPHORYLATION OF A HIGH MOLECULAR WEIGHT DNA POLYMERASE a 

Introduction 

Eukaryotic semi-conservative DNA replication occurs during a 

discrete time interval during the cell cycle termed S phase. 

Control of S phase DNA synthesis is likely to involve several 

mechanisms as DNA replication appears to be catalyzed by enzymes 

associated in a multi-enzyme comp'lex (Reddy and Pardee, 1980). DNA 

polymerase a is the one enzyme in this complex whose function is to 

incorporate deoxyribonucleoside monophosphate into both leading and 

lagging strands of the replication fork. In synchronized cell 

populations, DNA polymerase a activity increases dramatically, just 

before DNA replication (Chiu and Baril, 1975). Although detailed 

analyses of cell cycle dependent fluctuations of DNA polymerase a 

activity remain to be completed, immunolocalization studies of 

transformed human KB and BeWo cells indicate that the presence of 

nuclear DNA polymerase a is not restricted to S phase alone (Bensch, 

et al., 1982). These data suggest that fluctuation in DNA 

polymerase a activity is not due to changes in DNA polymerase a 

protein content, or nuclear translocation, but, that another mode of 

enzyme regulation, such as post-translational modification, might be 

involved. 

16 
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Detailed investigations of post-translational alterations of 

DNA polymerase a have not been carried out for several reasons. DNA 

polymerase a shows heterogeniety with respect to both size (Masaki 

et al., 1984: Chen et al., 1979) and oligo-enzyme association 

(Ottiger and Hubscher, 1984). Furthermore, DNA polymerase a exists 

in low abundance, with estimates of 20,000-60,000 molecules/cell 

(Falaschi and Spadari, 1978). Recent development of immunological 

probes to DNA polymerase a provides a means to investigate whether 

post-translational phosphorylation/ dephosphorylation modifications 

of this enzyme occur in vivo. In this study, I asked whether DNA 

polymerase a is phosphorylated in exponentially growing rat 

embryonic cells expressing pp60src , the tyrosine specific protein 

kinase and transforming function of Rous sarcoma virus, and if so 

whether the enzyme activity is altered by phosphorylation/ 

dephosphorylation reactions. 

Materials and Methods 

Cell Culture 

Rat-l(tsLA24/RSV) cells were grown in monolayer culture at 

the permissive temperature (35°C) as described (Magun, et al., 

1979). Hybridoma cells producing monoclonal antibody to DNA 

polymerase a (SJK-287-38) were obtained from the American Type 

Culture Collection (Rockville, MD), and grown as directed. 

For labeling exponentially growing cultures with [32p] 

orthophosphate, cells were seeded at 6 x 106 cells per 150 mm dish 
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(Falcon, Oxnard, CA). Forty hours after plating, the cells were 

labeled for 6 hours at 3S0C with S.O mls of phosphate-free MCCoy's 

SA medium plus 10% FBS containing 1.0 mCi/ml [32P]orthophosphate (1 

Ci = 37GBq; HCL free, lCN Biochemicals, Cleveland, OH) per plate. 

Cellular proteins were radiolabeled by incubating cultures for 6 

hours in S ml of methionine free McCoy's SA medium containing 10% 

FBS and 100 pCi/ml [35S]-methionine (sp. act. > 1000 Ci/mmol, New 

England Nuclear, Boston, MA). 

DNA Polymerase a Activity Assay 

The incorporation of [methyl-3H] dTTP (77.0 Ci/mmol, New 

England Nuclear) into bovine pancreatic DNase I activated salmon 

sperm DNA (Worthington Biochemicals, Malvern, PA) was measured as 

described (Sedwick, Wang and Korn, 1978). One unit of enzyme 

activity is defined as 1 nmol of [3H]dTMP incorporated into product 

per hour at 37°C. 

Neutralization and lmmunoprecipitation of Rat-1 (tsLA24/RSV) DNA 

Polymerase a by Anti-human Polymerase a 19G SJK-287-38 

Highly purified monoclonal antibody to human DNA polymerase a 

was prepared as described (McKern, 1980;Tanaka et al., 1982). 

Cells were first swelled in SO mM Tris pH 7.S, 1 mM EDTA, S 

mM MgC1 2 , 1 mM p-mercaptoethanol, and 1 mM PMSF and 10% glycerol 

(TEMG buffer), or without glycerol (TEM buffer) for 30 minutes on 

ice, disrupted by sonication and then centrifuged at 31,000 x g for 

30 minutes at 4°C. After centrifugation in sucrose gradients, 
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fractions were adjusted to 0.16% gelatin. 0.8% NP40. 15 mM NaCl. 0.5 

mM EDTA. 0.5 mM dithiothreatol. 2 mM Mg(OAc)2 0.125 M sucrose. in 15 

rnM Tris-HCl pH 7.8 (Karawya et al •• 1984).12). To 750 pl of this 

solution. 12.5 pl (375 pg) of SJK-287-38 monoclonal antibody was 

added. incubated at 4°C for 4 hours. and 200 pl (800 pg) of rabbit 

anti-mouse IgG antibody in 20 mM PBS then added and allowed to react 

with the primary immune complex for 12-16 hours at 4°C with constant 

agitation. The immunocomplex was washed 4 times with 0.1% SDS. 0.5% 

NP40 in PBS. with collection by centrifugation at 20.000 x g for 20 

minutes between washes. and then heated for 3 minutes at 100°C in 50 

mM Tris. pH 7.0. 2% (w/v) sodium dodecylsulfate. 5% (v/v) p
mercaptoethanol. 3% w/v sucrose to disrupt the antibody-antigen 

complex. 

SDS-PAGE 

Samples were electrophoresed in a discontinuous 7% SDS-PAGE 

system (6.5 cm x 1.5 mm). using N.N'Diallyltartardiamide (Biorad. 

Richmond. CA) as the crosslinking agent (Tas. DeVries and Berndsen. 

1979).13). Material labeled with [35S]methionine was visualized by 

fluorography using EN3HANCE (New England Nuclear) as scintillant. 

Material labeled with [32p] orthophosphate was visualized by 

autoradiography using X-Omat AR film (Eastman Kodak Co •• Rochester. 

NY) and Dupont Cronex Lighting Plus (Dupont. Boston. MA) 

intensifying screens at -80°C. 
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Partial Purification of DNA Polymerase a 

Sucrose gradients. Clarified lysates were concentrated by 

centrifugation through Amicon (CFK-25,000 MW exclusion) filtration 

cones (Amicon, Inc., Danvers, MA) at 2000-2500 x g x 30 min. 

Concentrated lysate (200 pl) was layered onto a 5 ml preformed 5-20% 

(w/v) linear sucrose gradient containing 50 mM Tris-HCl pH 7.5, 5 mM 

MgC1 2 (TM buffer). Samples were sedimented at 40,000 rpm at 4°C for 

8 hours in a SW50.1 rotor in a Beckman L5-50 ultracentrifuge. 

Following centrifugation, 12 drop fractions were collected from the 

tube bottom. Protein concentrations were determined by the method 

of Bradford (1976) using BSA as standard. 

DEAE and phosphocellulose chromatography. Twenty roller 

bottles (1625 cm2 each) of logarithmically growing Rat-1 

(tsLA24/RSV) cells at 35°C were swelled in KE buffer (10 mM KP0 4, pH 

7.5, 2 mM p-mercaptoethanol, 2 mM MgC1 2 , 1 mM EDTA) for 30 minutes 

at 4°C and then disrupted by dounce homogenization using 20 strokes 

in a 40 ml Kontes homogenizer with a tight fitting pestle. Intact 

nuclei, membranes and organellar debris were removed by 

centrifugation at 20,000 xg at 4°C for 1 minutes. The soluble DNA 

polymerase a was loaded directly onto a 75 ml DE-52-DEAE cellulose 

(Whatman) 25 cm x 2.0 cm column which had been previously 

equilibrated in KE buffer. After loading, the column was washed 

with 3 column volumes of KE buffer or until no detectable DNA 

polymerase a activity could be detected in the wash. DNA polymerase 
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a was eluted by a 10-400 mM KP0 4 in KE buffer linear gradient of 400 

ml. The major peak of activity eluted at 115 mM KP04. Fractions 

comprising this activity peak were pooled, dialysed against KE 

buffer + 20% glycerol (KEG buffer) and loaded onto a previously 

equilibrated 10 cm x 2.5 cm Whatman P-11 phosphocellulose column. 

After loading, the column was washed 3 times and then DNA polymerase 

a was eluted with 10-400 mM KP04 linear gradient in KEG buffer (200 

ml total volume). Fractions comprising the single activity peak 

(175 mM KP0 4) were pooled and dialysed against KEG buffer. 

Phosphoaminoacid Analysis 

32P-labeled phosphoproteins were identified by 

autoradiography. Gel regions were cut and swelled in 2% periodate 

for 2 hours at room temperature. An equal volume of cold TCA was 

added with 100 pg bovine serum albumin and, after 16 hours, the 

mixtures were pelleted by centrifugation for 60 minutes at 20,000 x 

g at 4°C. Pellets were washed 2 times with cold 25% TCA, once with 

100 mM HCl in acetone at -20°C, and once in acetone at -20°C. Dried 

pellets were resolubilized in hot 5.7 N HC1, hydrolyzed for 60 

minutes at 110°C, and electrophoresed first at 1000 V at pH 1.9 for 

120 minutes and then pH 3.5 for 60 minutes as described (Cooper, 

Sefton and Hunter, 1983). 

Results 

A titration experiment that illustrates the binding of the 

SJK 287-38 monoclonal antibody to Rat-1 (tsLA24/RSV) cell DNA 
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polymerase a is shown in Figure 1 (panel A). Neutralization of DNA 

polymerase a activity was directly proportional to the amount of IgG 

added. Maximal inhibition of 70% was achieved with 8.6 pg IgG per 

unit of enzyme activity. Neutralization of 50% of DNA polymerase 

activity required 793 ng IgG per unit of enzyme. When the DNA 

polymerase a monoclonal antibody complex was incubated with rabbit 

anti-mouse IgG coated S.aureus, the antibody titration curve was 

shifted (Fig. 1, panel B) such that 124 ng monoclonal antibody 

removed 50% of the DNA polymerase activity. Korn and coworkers 

(Tanaka et al., 1982) reported similar data for highly purified 

human KB cell DNA polymerase a. In their studies, 60 ng IgG was 

required for 50% neutralization and 5 ng IgG was required for 50% 

binding. The diminished antibody affinity for Rat-1 (tsLA24/RSV) 

DNA polymerase a is likely due to cross species differences in DNA 

polymerase a. These data show that the SJK-287-38 anti-human DNA 

polymerase a monoclonal antibody neutralized DNA polymerase a from 

Rat-1 (tsLA24/RSV) cells. 

DNA polymerase a was partially purified on sucrose gradients 

in order to identify antibody immunoprecipitable proteins which 

corresponded to enzyme activity. The centrifugation of a clarified 

cell lysate in a 5-20% linear sucrose gradient showed a homogenous 

peak of DNA polymerase activity with greater than 70% of the 

recovered activity in fractions 9-12 corresponding to 7.6% of the 

total protein on the gradient (Fig. 2). Addition of 100 pg/ml of 
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Panel A-50 pg of clarified crude cell extract was incubated with 
affinity purified monoclonal antibody for 4 hours at 4°C. DNA 
polymerase a activity was measured as described in Experimental 
Procedures. Panel B - 50 pg of clarified crude cell extract was 
incubated with affinity purified monoclonal antibody for 4 hours at 
4°C. DNA polymerase a was immunoprecipitated with rabbit anti-mouse 
IgG coated formalinized S. aureus, for 2 hours at 4°C and DNA 
polymerase a activity measured as described in Methods. 
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Figure 2. Sucrose Gradient Fractionation of DNA Polymerase a. 

Clarified Rat-1 (tsLA24/RSV) cell lysates (4 mg protein) were 
sedimented through a 5-20% sucrose linear gradient at 40,000 rpm for 
8 hours. Following fractionation, protein concentrations (~-~) were 
determined by the method of Bradford (1976). DNA polymerase 
activity was determined in the presence (I) or absence (0) of 100 
pg/ml Aphidicolin as described in Methods. 



aphidicolin. a specific inhibitor of DNA polymerase a (Ikegami. 

Taguchi and Ohashi. 1978). to the various gradient fractions 

decreased enzyme activity in these fractions by 80-85% (Fig. 2). 
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The aphidicolin carrier. 1% DMSO. alone caused no inhibition of 

enzyme activity. These data showed that the major peak of DNA 

polymerase activity in this crude lysate sedimented approximately as 

a 13S complex as calculated by its relative position in the sucrose 

gradient (Fig. 2). and that the activity was identified as DNA 

polymerase a. 

Immunoprecipitation of 35S-l abeled DNA Polymerase a 

I identified the DNA polymerase a species. corresponding to 

the enzyme activity shown in Figure 2. by immunoprecipitation. Rat-

1 (tsLA24/RSV) cells were labeled with [35S]methionine for 6 hours. 

Clarified cell lysates were then sedimented through a 5-20% linear 

sucrose gradient. and fractions were analyzed by immuno

precipitation. using the anti-DNA polymerase antibody SJK-287-38. as 

described in Methods. When immunoprecipitable proteins from these 

fractions were run on SDS-PAGE. as shown in Figure 3A. two high 

molecular weight proteins. Mr ~ 185.000 (pI85) and 220.000 (p220) 

were apparent only from fractions containing DNA polymerase a 

activity (lanes b and c). In order to further determine whether the 

p185 and p220 peptides corresponded to polymerase a peptides. 

comparative immunoprecipitation reactions were carried out using 

SJK-287-38 antibody and non-immune serum from mice injected with the 
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parent NS-I cell line. As shown in Figure 3 (panel B), pl85 and 

p220 are only precipitated by the DNA polymerase a antibody, and not 

by the control serum, while many of the lower molecular weight 

proteins are recognized in both reactions. Overexposure of the 

autoradiograph did not result in detectable pl85 or p220 proteins in 

the control lane. Since pl85 and p220 are recognized selectively by 

the DNA polymerase a antibody and since activity of DNA polymerase a 

correlates with the appearance of pl85 and p220 in sucrose gradient 

fractions, I concluded that pl85 and p220 are DNA polymerase a 

peptides. 

Immunoprecipitation of 3SP-labeled DNA Polymerase a 

The major point of these studies was to determine whether DNA 

polymerase a is a phosphoprotein. Since many protein kinases show 

relaxed substrate specificity when assayed in vitro, it was 

important to determine whether DNA polymerase a was phosphorylated 

in vivo. Rat-l (tsLA24/RSV) cells, cultured identically to those 

described above for Figure 3, were labeled with [32p]_ 

orthophosphate, harvested, lysed, and clarified lysates were 

sedimented through 5-20% linear sucrose gradients as in Figure 3. 

DNA polymerase a was immunoprecipitated from selected fractions and 

analyzed by SDS-PAGE. As shown in Figure 4, p220 phosphoprotein was 

immunoprecipitable only in lanes Band C. These lanes comprise 

fractions with greater than 60% of the recovered DNA polymerase 

activity, based on enzyme activity measurements obtained from an 
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Figure 3. Immunoprecipitation of 35S labeled DNA polymerase a. 

Rat-l (tsLA24/ RSV) cells were labeled for 6 (panel A) or 12 (panel 
B) hours with 200 pCi/ml 35S-methionine. Clarified cell lysates 
(1.75 mg) were sedimented for 8 hours through a 5-20% sucrose linear 
gradient as in Figure 2, except that 15 fractions were collected in 
these gradients, compared to 18 fractions for the gradient shown in 
Fig. 2, due to slight differences in the drop volume between the 
various collections. After fractionation immunocomplexes were 
prepared as described in Methods and analyzed by SDS-PAGE. Panel A: 
lanes a-e represent the immunocomplexes obtained from pooled 
fractions: a-4,5; b-6,7; c-8,9; d-l0,11; and e-12,13 in a 15 
fraction gradient. A comparison of the relative distance (rf) 
migrated from the top of the gradient indicates that the fractions 
containing DNA polymerase a activity in Fig. 2 (rf=.56, .5, .45, .39 
and .33 for fractions 8-12, respectively) correlate well with the 
fractions displaying p220 and p185 in this figure (rf=.6, .53, .46 
and .4 for fractions 6-9, respectively). Panel B: lane a, SJK-287-
38 anti-DNA polymerase antibody used to precipitate proteins from 
fractions 4-9 of a separate sucrose gradient from which 15 fractions 
were collected. Panel b: the same as panel a except the control 
serum was used in the immunoprecipitation reaction in place of SJK-
287-38. 
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identical gradient run at the same time. p220 was not immuno

precipitated from other fractions not containing enzyme activity, 

although several of these other fractions contain 4-fold more 

protein than enzyme containing fractions. p185 was either not 

phosphorylated, or was phosphorylated to a much lesser degree than 

p220. 

In order to determine the phosphorylated amino acid in the 

high molecular weight DNA polymerase a species, I analyzed high 

molecular weight immunoprecipitable phosphoprotein from clarified 

whole cell lysates, similar to that depicted in Figure 4. High 

molecular weight phosphoprotein was excised from the previously 

autoradiographed gel, the gel was dissolved with 2% periodic acid 

and protein was recovered by TCA precipitation. After partial 

hydrolysis with 5.7 N HCl at 110°C for 60 minutes, amino acids were 

subjected to high voltage electrophoresis. As shown in Figure 5, 

panel A, the only phosphoamino acid observed was phosphoserine. 

Figure 5, panel B, illustrates the absence of phosphoserine when NS-

1 control ascites antibody was substituted for SJK-287-38. 

Overexposure failed to reveal other phosphoamino acids. From these 

data, I infered that a serine protein kinase was involved in the 

phosphorylation of high molecular weight DNA polymerase a. 

In order to determine whether phosphorylation/ 

dephosphorylation reactions affected DNA polymerase a activity, 

clarified cell lysates were incubated with agarose-immobilized 

alkaline phosphatase. As several enzymes which react with DNA are 
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Figure 4. Immunoprecipitation of 32p labeled DNA polymerase a. 

Rat-1 (tsLA24/ RSV) cells were labeled for 6 hours with 1.0 mCi/ml 
[32P]-orthophosphate. Clarified cell lysates (1.75 mg) were 
sedimented for 9 hours through a 5-20% sucrose gradient as in Figure 
2. After fractionation immunocomplexes were prepared as described 
in Methods and analyzed by SOS-PAGE. Lanes A-E represent the 
immunocomplexes obtained from pooled fractions: A-4,5,6: 8-7,8,9: C-
10,11,12: 0-13,14,15 and E-16,17,18 in a 26 fraction gradient. 
Fractions 8 and C comprise greater than 60% of the recovered DNA 
polymerase activity, based on estimation of relative distance 
migrated in a parallel gradient as discussed in the legend to Fig. 
3. 
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inhibited by excess ZnC12 (Ackerman, Glover and Osheroff, 1985), I 

removed the stabilizing buffer (2M (NH4)2S04, 100 mM ZnC12, 1 mM 

M1C12) by extensive washing with TEMG buffer immediately prior to 

DNA polymerase activity analysis. Protein levels in cell lysates 

were determined both before and after alkaline phosphatase 

treatment, prior to DNA polymerase a assay. Recovery of protein was 

dependent on the lot of agarose-immobilized alkaline phosphatase 

used, and protein concentrations were adjusted accordingly. As seen 

in Figure 6, treatment of enzyme preparations with alkaline 

phosphatase reduced DNA polymerase activity. Subsequent incubation 

of this material with 5 pM or 50 pM ATP restored DNA polymerase 

activity to nearly 70% of the enzyme levels in preparations not 

treated with alkaline phosphatase. This restoration effect on 

enzyme activity was ATP concentration dependent, as 0.5 pM ATP had 

only a minimal effect on polymerase activity in alkaline phosphatase 

treated preparations (data not shown). The inability of a non

hydrolyzable analogue of ATP, ATP-1-S, to restore enzyme activity 

indicated that this ATP effect was not due to allosteric 

interactions with DNA polymerase a, but instead was due to 

phosphorylation by an as yet unidentified endogenous protein kinase. 

In order to further characterize the time dependency for 

restoration of DNA polymerase a activity, dephosphorylated lysates 

were incubated with 50 pM ATP for varying times. As shown in Figure 

7, the kinetics of restoration was linear with maximal activity 
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Figure 5. Phosphoamino acid analysis of 32p labeled DNA polymerase 
a. 

Rat-1 (tsLA24/RSV) cells were labeled for 16 hours with 1.0 mCi/ml 
[32PJ-orthophosphate. Clarified cell lysates were directly 
immunoprecipitated using either SJK-287-38 monoclonal antibody or 
the control (NS-1). Following phenol extraction, TCA precipitation 
and chloroform/methanol extraction immuno-complexes were analyzed by 
SDS-PAGE. Phosphoprotein greater than Mr ~ 100,000 was extracted 
from the polyacrylamide gel, hydrolyzed in 5.7 N HCl at 110°C for 60 
minutes and subjected to high voltage electrophoresis (pH 1.9:1000 V 
for 120 min., pH 3.5:1000 V for 60 min.) as described in Methods. 
Phosphoamino acid standards (5 pg each) were included in each sample 
and visualized following electrophoresis by ninhydrin staining (S: 
phosphoserine, T: phosphothreonine and Y: phosphotyrosine). 32p_ 
phosphoamino acids were detected by autoradiography using Dupont 
Cronex intensifying screens. Panel A: SJK-287-38 DNA polymerase a; 
Panel B: NS-1 control immunoprecipitated high molecular weight 
phosphoprotein. 



2.5 
>- m - E > -~ 2.0 
0 .r:. « ........ 

D-
C1) ~ 

(/) 0 1.5 t\'J 0 
~ c 
C1) 

EQ. 
>-~ 1.0 -I-
~-c 
« 0 
z E 0.5 c c 

o 

Figure 6. 

c AP AP 
+ 

5 11M 
ATP 

AP 
+ 

5011 M 
ATP 

32 

AP 
+ 

5011 M 
ATP-Y -8 

Inhibition of DNA polymerase activity with alkaline 
phosphatase (AP) and restoration with hydrolyzable ATP. 

Clarified cell lysate (400 pg) was incubated with 1.6 units of 
agarose-immobilized calf intestinal alkaline phosphatase (Sigma 
Chemical Co, St. Louis, MO) for 120 minutes at 37°C with constant 
agitation. Following incubation, alkaline phosphatase was removed 
by centrifugation. 50 pg of the recovered protein was incubated for 
60 minutes at 30°C in the presence of 0, 5 or 50 pM ATP or 50 pM 
ATP-7-S (Boehringer Mannheim Biochemicals, Indianapolis, IN). DNA 
polymerase a activity was then measured at 37°C in a 10 minute 
assay. The data shown is from a single experiment representative of 
6 independent experiments. Fluctuations in alkaline phosphatase 
inhibition of DNA polymerase activity was lot dependent with the 
degree of recovery proportional to the degree of inhibition. The 
normalized percent recovery of enzyme activity by addition of 50 pM 
ATP to alkaline phosphatase treated preparations for all 6 
experiments was 67.3 ~ 13.5. 



33 

100 
>. -> -() 

« 
Q) 0 
en ... -ro c: ... 

0 Q) 

E u 
~~ 50 
0 
c.. 
« 
z 
c 

Ol---.L.-"----L_J.-.....I_....L---I 

o 10 20 30 40 50 60 70 

Min Incubation (+ 50 flM AlP) 

Figure 7. Restoration of DNA Polymerase Activity by ATP Addition 
Following Alkaline Phosphatase Treatment 

Clarified cell lysate (400 pg) was incubated with 1.6 units of 
agarose-immobilized calf intestinal alkaline-phosphatase (Sigma 
Chemcial Co •• St. Louis. MO) for 120 minutes at 37°C with constant 
agitation. Following incubation. alkaline phosphatase was removed 
by centrifugation. 50 pg of the recovered protein was incubated at 
30°C in the presence of 50 pM ATP for 10. 20. 30. 45. 60. minutes. 
DNA polymerase a activity was then measured in a 10 minute assay. 
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achieved within 30 minutes. Longer incubations did not result in a 

greater activity, nor in any loss indicating that the modification 

is stable in this subcellular assay for DNA polymerase activity for 

at least 60 minutes. 

In order to further determine whether phosphorylation 

reactions affected DNA polymerase a activity, I incubated enzyme 

preparations in vitro with the catalytic subunit of a highly 

purified cyclic AMP dependent protein kinase [cAMPdPK, specific 

activity = 68.3 pmol • hr- 1 • mg protein- 1 purified using the method 

of Beavo, Bechtel and Krebs (1974)]. DNA polymerase a, partially 

purified using DEAE and phosphocellulose ion-exchange 

chromatographies (see Methods for details), was incubated with the 

protein kinase for 30 min at 30°C immediately prior to the assay for 

DNA polymerase a activity. The partially purified DNA polymerase a 

was used in order to minimize non-specific effects of general cell 

proteins and to avoid enzyme degradation associated with subsequent 

purification steps. Monoclonal antibody purified enzyme was not 

used, since SKJ-287-38 is a neutralizing antibody. The ion-exchange 

purified DNA polymerase preparation was an effective substrate for 

this protein kinase, being similar to that of histone H2B, the 

preferred in vitro histone substrate for the kinase (Costa, Gerner 

and Russell, 1976). As shown in Figure 8, DNA polymerase a activity 

was markedly stimulated by prior incubation with the protein kinase 

under conditions which led to protein phosphorylation. Both the 

initial rate and the maximum activity appeared to be increased by a 
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Figure 8. Effect of the Catalytic Subunit of cAMPdPK on Partially 
Purified DNA Polymerase a In Vitro 

All reaction mixtures included 1.5 pg of the DNA polymerase a to 
which 3.1 pg of the catalytic subunit of cAMPdPK (0), or an equal 
amount of bovine serum albumin (0), was added. The reaction 
mixtures contained 50 pM AlP and were 125 pl total volume. Mixtures 
were incubated for 30 minutes at 30°C prior to the determination of 
DNA polymerase a activity at the times shown. Immediately following 
this incubation, DNA polymerase a activity was measured by 
incorporation of [methyl-3H]dTTP into DNase I activated DNA template 
in a total volume of 250 pl at 37°C as described in Methods. Values 
shown represent the means (~ S.E.M.) of triplicate determinations. 
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factor of 3-4, under these conditions. The protein kinase 

preparation had no apparent DNA polymerase activity and, in the 

absence of the kinase, ATP had no measurable effect on polymerase 

activity. 

Discussion 

The post-translational modification of proteins by 

phosphorylation/dephosphorylation reactions is a widely occurring 

mechanism for modulating enzyme activities (Krebs and Beavo, 1979). 

Protein phosphorylation has been implicated in cell growth control 

(Helden and Westermark, 1984), and recently two DNA metabolizing 

enzymes, DNA topoisomerases I (Durban et al., 1983; Durban et al., 

1985) and II (Ackerman et al., 1985), have been shown to be 

phosphorylated in vitro, with activity increasing when the proteins 

are modified. Here, I have presented direct evidence that DNA 

polymerase a, the polymerase thought to be solely responsible for 

semi-conservative nuclear DNA replication in eukaryotes (DePamphilis 

and Wassarman, 1980), is phosphorylated in the intact cell and that 

the site of phosphorylation is at serine residues in the protein. 

I have used a monoclonal antibody, SJK-287-38, generated 

against polymerase a from human cells (Tanaka et al., 1982), to 

study phosphorylation of DNA polymerase a in non-human cells. 

Although this antibody is immunoreactive against polymerase a from 

other species (Khan and Brown, 1985), it is not immunoreactive with 

either DNA polymerase a from Drosphila melanogaster or human DNA 
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polymerase p or 7 (Tanaka et al., 1982). Two high molecular weight 

peptides, p185 and p220, were specifically immunoprecipitated by 

this antibody from Rat-1(tsLA24/RSV) cellular fractions which 

contained polymerase a activity. At least one of these proteins, 

p220, appeared to be phosphorylated in these cells under the 

conditions used in this study. Masaki and coworkers (1984) have 

observed similar size peptides from calf thymus tissue, using a 

different anti-DNA polymerase a monoclonal antibody. They reported 

peptides, with Mr ~ 150,000, 190,000 and 240,000, which showed 

structural homology based on tryptic digest analysis. It was not 

clear from their study whether the smaller peptides resulted from 

cellular processing events, or represented proteolytic degradation 

products generated during isolation. 

Phosphorylation of DNA and RNA metabolizing enzymes by serine 

kinases may serve as a common controlling element for both DNA and 

RNA synthesis. Casein kinase II mediated phosphorylation of 

topoisomerase I (Durban et al., 1983; Durban et al., 1985) and II 

(Ackerman et al., 1985) has been shown to increase catalytic 

activity approximately 3-fold, and in both instances only serine is 

phosphorylated. Enzyme activities of RNA polymerase I (Duceman and 

Jacob, 1980), II (Kranias, Schweppe and Jungman, 1977), and poly A 

polymerase (Rose and Jacob, 1979) have also been shown to increase 2 

to 5-fold, 3-fold and 3 to 8-fold, respectively, after 

phosphorylation. Processivity, or chain elongation, is increased 

for RNA polymerase I (Duceman, Rose and Jacob, 1981), while 
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initiation frequency is increased for poly A polymerase (Rose and 

Jacob. 1979) and RNA polymerase II (Stetler and Rose. 1982). In the 

case of RNA polymerase I and poly A polymerase. serine is the 

predominant phosphorylated amino acid. with phosphothreonine also 

present (Rose and Jacob. 1979: Duceman. Rose and Jacob. 1981). 

Danse and coworkers previously suggested that phosphorylation 

stimulated DNA polymerase a activity (Danse. Egly and Kempf. 1981). 

However. DNA polymerase was not directly shown to be phosphorylated. 

and the identity of the kinase activity was not defined. 

DNA polymerase a phosphorylation was studied in Rat-

1(tsLA24/RSV) cells because of previous work by our group. which 

showed that quiescent cells maintained at the nonpermissive 

temperature for transformation could be stimulated to proliferate by 

shifting cells to the permissive temperature. even in the absence of 

serum growth factors (Magun et al •• 1979). I hypothesized that 

enzymes important in cell growth processes. such as DNA polymerase 

a. might be substrates for the tyrosine kinase activity of pp60src • 

Since p220 contained phosphoserine. I conclude that DNA polymerase a 

is not a direct substrate for pp60src • Although phosphotyrosine 

kinases do have the ability to phosphorylate a broad range of 

substrates. especially in vitro. they have not been observed to 

phosphorylate other amino acids (Hunter and Cooper. 1985). Cells 

transformed by retroviral oncogenes coding for tyrosine kinases 

express elevated levels of the type II cyclic AMP dependent protein 

kinase. compared to untransformed cells (Haddox. Magun and Russell. 
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1980). Further, this latter class of protein kinases is selectively 

synthesized immediately prior to the onset of DNA synthesis in 

Chinese hamster cells (Costa et al., 1976; Costa, Gerner and 

Russell, 1978). I found that agarose-immobilized (used to prevent 

degradation of the DNA template) alkaline phosphatase inhibited DNA 

polymerase activity. The ability of this phosphatase to inhibit DNA 

polymerase a activity suggests that a phosphorylation modification 

is involved in the activation of this polymerase. The specific 

mechanism(s) of activation by phosphorylation is not delineated by 

the data presented. Possibilities could include effects on the 

interaction of this enzyme with DNA templates or other accessory 

proteins or the modification could enhance the rate of insertion of 

nucleotide monophosphates into nacent DNA at the replication fork. 

The ability to restore enzyme activity with ATP, but not a non

hydrolyzable analogue (ATP-1-S), indicates that an appropriate 

endogenous protein kinase is present in the crude in vitro 

preparations and that DNA polymerase is not destroyed by the 

alkaline phosphatase treatment. The kinetics of this reaction were 

linear with maximal activity achieved within 30 minutes. Prior 

incubation with cAMPdPK catalytic subunit markedly stimulated DNA 

polymerase a activity which suggests that the unidentified protein 

kinase may be a cAMPdPK. Together with our findings that DNA 

polymerase a peptides, are phosphorylated in intact cells, these 

data suggest that phosphorylation/dephosphorylation reactions 

modulate the activity of this enzyme. This activation mechanism 

could explain the observation that DNA polymerase a activity 
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fluctuates during the cell cycle, with highest activities occurring 

during the S phase (Chiu and Baril, 1979), while the enzyme protein 

can be identified in the nucleus in all cell cycle compartments 

(Bensch et al., 1982). Wong et al. (1986) reported phosphorylation 

of a high molecular weight DNA polymerase a in human KB cells. 

Herein I extend this observation to include viral transformed rat 

embryonic fibroblasts and provide the first evidence that 

phosphorylation/dephosphorylation reactions may regulate this enzyme 

activity. 



CHAPTER 3 

ACTIVATION OF DNA POLYMERASE a BY PHOSPHORYLATION IN CELLS 

STIMULATED TO PROLIFERATE BY EITHER SERUM GROWTH FACTORS 

OR THE SRC ONCOGENE PROTEIN PRODUCT 

Introduction 

The discovery of viral oncogenes and their cellular 

homologues has prompted the search for biochemical pathways leading 

to the neoplastic state. A number of approaches have been used in 

attempt to decipher the mechanism of neoplasia. The observation 

that several oncogene products, the best characterized being the 

product of the Rous sarcoma virus oncogene, pp60src , encode proteins 

with tyrosine-specific protein kinase activity (Collett, et al., 

1980, Levinson, et al., 1980, and reviewed by Bishop and Varmus, 

1982, 1985) has led to obvious efforts to identify the cellular 

substrates of these enzymes. Unfortunately, this approach has been 

largely unsuccessful, with only a few substrates for pp60 src having 

been identified (Cooper and Hunter 1983). 

Another approach is to identify changes in cellular behavior 

which result from activation of a temperature-sensitive transforming 

function, which might suggest mechanisms by which oncogene products 

function. As a number of serum containing growth factor receptors, 

such as EGF and insulin, have associated tyrosine protein kinase 
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activities (Ushiro and Cohen, 1980; Kasuga, et al., 1983) I have 

focused attention on the cellular processes which are likely to be 

modulated by serum containing growth factors. 
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For these experiments, I have used normal rat embryo 

fibroblast cells infected by a temperature-sensitive transformation

defective mutant of Rous sarcoma virus (tsLA24/RSV). These cells 

are phenotypically normal at restrictive temperatures which reduce 

total cellular phosphotyrosine levels and thus pp60src activity to 

basal levels. Previous studies showed that RSV transformed cells 

demonstrate a loss of growth control and can be induced to 

synthesize DNA in the absence of serum containing growth factors 

(Magun, et al., 1979, Parry et al., 1980). In this study, I 

determined whether a key enzyme involved in semi-conservative S 

phase DNA synthesis, DNA polymerase a, might be modulated by pp60src 

in a manner similar to that of serum containing growth factors. 

Materials and Methods 

Cell Culture 

Rat-1 (tsLA24/RSV) cells were grown in monolayer culture at 

the non-permissive temperature (39°C) in McCoy's SA medium contain

ing 10% fetal bovine servum (FBS) , 100 u/ml pencillin and 100 mg/ml 

streptomycin (all from Gibco, Grand Island, NY). Exponentially 

cultured cells were growth arrested by incubation in serum free 

McCoy's 5A medium at 39°C for 52-54 hours as described (Magun, et 

al., 1979). Cellular proteins were radiolabeled by incubating 
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cultures for 12 hours at 35°C or 39°C in 10 ml of methionine free 

McCoy·s 5A medium with or without 10% FBS and 50 pCi/ml [35S]

methionine (sp. Act.)1000 Ci/mmol; 1 Ci = 37 GBq; New England 

Nuclear, Boston, MA). Phosphoproteins were radiolabeled by 

incubating cultures at 35° in 5 ml of phosphate free McCoys 5A 

medium with or without 10% FBS and 10 mCi/ml [32p] orthophosphate 

(ICN, Irvine CA). Cells producing monoclonal antibody to DNA 

polymerase a (SJK-287-38) were obtained from the American Type 

Culture Collection (Rockville, MD) and grown as described (Donaldson 

and Gerner, 1987). 

Phosphoamino Acid Analysis 

Total cellular phosphoamino acid distribution was determined 

for Rat-l (tsLA24/RSV) cells cultured at the permissive (35°C) or 

restrictive (39°C) temperatures using the technique of Cooper, et 

al.(1983). Logarithmically growing cells were labeled in 35 mm 

dishes (Falcon Oxnard, CA) for 18 hr using 1 mCi/ml [32p] 

orthophosphate (ICN Biochemicals, Cleveland, OH) in phosphate free 

McCoy·s 5A medium containing 10% Fetal Bovine Serum. Cells were 

lysed in RIPA (10 mM sodium phosphate, pH 7.2, 1% (v/v) nonident

p40, 1% (w/v) deoxycholate and 0.1% SDS) buffer and centrifuged at 

20,000 g x 2° for 20 minutes to remove debris. Nucleic acids were 

then twice phenol extracted, proteins precipitated with 13% 

trichloracetic acid and the lipids extracted with CHC1 3/MeOH (2:1). 

Phosphoproteins were hydrolyzed in 5.7 N HCl at 110°C for 60 
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minutes. The phosphoamino acids were then resolved by 2-dimensional 

high voltage electrophoresis at 1000 Volts. first for 120 minutes in 

pH 1.9 buffer (50:156:1794 formic acid: glacial acetice acid:H20) 

and then for 60 minutes in pH 3.5 buffer (10:100:1890-

pyridine:glacial acetic acid:H20) using a specially modified 

Pharmacia FBE-3000 flat bed electrophoresis unit. 32P-labeled 

phosphoamino acids were visualized by autoradiography. 

Phosphoserine. phosphothreonine and phosphotyrosine standards were 

visualilzed by ninhydrin staining. Phosphoamino acids were 

quantified by scraping the regions corresponding to the standards. 

Samples were hyrolyzed in 0.5 ml NCS tissue solubilizer (Amershamn. 

Arlington Heights. IL) and counted in a Searle Mark II Liquid 

Scintillation Counter using 10 ml Omnifluor (New England Nuclear. 

Boston. MA) as scintillant. 

Measurement of DNA Replicated 

The proportion of DNA replicated was determined by growing 

the cells in medium containing 5-bromodeoxyuridine (BUdR) and 

subsequently measuring the amount of DNA that acquired increased 

buoyant density in CsCl gradients. This technique has been 

described in detail in several previous publications (Meyn et al •• 

1973; Gerner. 1977). Briefly. the technique required labeling 

exponentially growing cells for several generations with [14C] 

thymidine (0.1 pCi/ml. 53 mCi/mM Schwarz/Mann). Upon stimulation 

from the serum deficient state. the medium was adjusted to contain 
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50pg/ml 5'-bromodeoxyuridine (BUdR) and O.lpg/ml fluorodeoxyuridine 

(FUdR) to inhibit de novo thymidine synthesis and thus maximize BUdR 

replacement of thymidine. Newly replicated DNA was then determined 

after centrifugation of DNA, isolated from these cultures, on 

neutral CsCl gradients (unsubstituted DNA density 1.70 gm/cc, BUdR 

substituted density 1.75 gm/cc). The percent DNA replicated was 

then determined by the percent of DNA which had attained the hybrid 

density. Under conditions of DNA replication, a complete density 

shift was observed from 1.70-1.75 gm/cc, indicating that possible 

alterations in cell membrane permeability did not cause DNA 

precursor pool fluctuation which could affect the results reported 

here. 

DNA Polymerase a Activity Assay 

The incorporation of [methyl-3H] dTTP (77.0 Ci/mmol, New 

England Nuclear) into bovine pancreatic DNase I activated salmon 

sperm DNA (Worthington Biochemicals, Malvern, PA) was measured as 

described (Sedwick, et al., 1972). The standard assay contained the 

following in a total volume of 100 pl: 10 mM Tris-Hcl pH 8.0, 2.0 mm 

p-mercaptoethanol, 200 pg per ml bovine serum albumin, 1.0 mM 

Na2EDTA, 10 mM MgC1 2, 800 pg/ml activated salmon sperm DNA, 50pM 

each of dCTP, dATP, dGTP and dTTP, [methyl-3HdTTP] at a specific 

activity of 0.02-0.04 pCi/nmole, and enzyme. The standard assay was 

carried out for 30 minutes at 37°C and then terminated by adding 1 

ml of cold 20% trichloroacetic acid. After incubation on ice the 

resulting precipitate was collected on Whatman GF/C glass fiber 
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filters (Whatman, Maidstone, England) and then washed successively 

with cold 10% and then 5% trichloroacetic acid and then 95% ethanol. 

Radioactivity was measured by liquid scintillation using 5 ml 

Omnifluor following solubilization with NCS (Amersham). DNA 

polymerase a activity was distinguished from other DNA polymerases 

by subtracting those DNA polymerase activities not sensitive to 100 

pg Aphidicolin/ml from the total activity as previously described 

(Donaldson and Gerner, 1987). 

Immunofluorescence Microscopy of DNA Polymerase a 

Whole cells in monolayer were washed, then fixed with a 

solution containing 3.7% formaldehyde, 3% fetal bovine serum (FBS) 

in PBS (10 mM sodium phosphate, pH 67.2 and 145 mM NaCl) for 10 

minutes at 22°C, washed, then permiablized with 0.15% Triton-100, 3% 

FBS in PBS for 30 minutes at 22°C, washed, then reacted with 

antibody. Antibody reactions were as follows: first, SJK-287-38 

(anti-DNA Polymerase a) or NS-1 (non-specific) 125 pg.ml for 30 

minutes: second, 10 pg/ml rabbit anti mouse IgG (cooper Biomedical, 

Malvern, PA) for 30 minutes, third, 17.7 pg/ml FITC-conjugated goat 

anti-rabbit IgG (Cooper Biomedical, Malvern, PA) for 60 minutes. 

All antibody reactions were at 37°C in a humidified chamber and all 

washes were 3x with PBS + 3% FBS. All solutions were filtered 

through 45 nm filters (Milipore, Bedford MA) prior to use. 

Immunofluorescence was visualized using a Zeiss epifluorescent 

microscope and photographs were taken using an M35/MC63A system (all 

from Zeiss, West Germany). 
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Immunoprecipitation of Rat-1 (tsLA24/RSV) DNA Polymerase a by Anti

Human Polymerase a IgG SJK-287-38 

Immunoprecipitation of radiolabeled DNA polymerase a was 

performed using a combination of previously described preparative 

procedures (Donaldson and Gerner. 1987). Briefly. cells were 

scraped. swelled in 50 mM Tris-HC1. pH 7.5. 1 mM EDTA. 5 mM MgC1 2• 

1 mM 2-mercaptoethanol. 1 mM phenylmethyl sulfonyl fluoride and 10% 

(vol/vol) glycerol (TEMG). sonicated; centrifuged at 31.000xg for 30 

minuties at 4°. Soluble protein was concentrated by centrifugation 

through Amicon CFK25 (Mr~25.000 exclusion) filtration cones (Ami con, 

Inc •• Danvers. MA). DNA polymerase a was then sedimented through 5-

20% linear sucrose gradients containing 50 mM Tris-HC1. pH 7.5. 5 mM 

MgC1 2 for 9 hrs. at 40.000 rpm at 4°C in a SW50.1 rotor using a 

Beckman L5-50 ultracentrifuge. DNA polymerase a containing 

fractiollS were pooled and immunoprecipitated. with either SJK-287-38 

or NS-1 IgG and rabbit anti-mouse IgG (Cooper Biomedical. Malvern. 

PA). DNA polymerase a was separated from non-specifically bound 

peptides and immunoglobulin through a 7% discontinuous gel (6.5 cm x 

1.5 mm) SDS-PAGE system using N.N'diallyltartardiamide (Biorad, 

Richmond CA) as the cross linking agent. Radiolabeled protein was 

visualized by fluorography using EN3HANCE (New England Nuclear) as 

scintillant. 

Results 

Rat embryo fibroblast cells carrying the temperature 

sensitive Rous sarcoma virus (RSV) mutant are phenotypically 
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transformed at 35°C, yet at 39°C they behave as normal cells. The 

temperature sensitive transformation defect in RSV mutants such as 

LA24 appears to be directly due to a lesion in the viral pp60src 

tyrosine kinase (Sefton, et al., 1980 a,b). Total cellular 

phosphoamino acid analysis of Rat embryo fibroblasts infected with 

tsLA24/RSV showed a 4.4 fold decrease in phosphotyrosine to normal 

cell levels when cells were shifted to the restrictive temperature 

(Table I). Shifts from permissive to restrictive temperatures in 

other RSV transformed cell lines typically result in decreasing 

phosphotyrosine levels (Sefton et al., 1980a,b). From this, I 

conclude that the tsLA24 mutant has a lesion in pp60src which 

greatly diminished its tyrosine kinase activity. 

DNA polymerase a constituted the vast majority (91 z 2%) of 

the total cellular DNA polymerase activity in asynchronously growing 

Rat-1 cells (data not shown). DNA polymerase activity in Rat-1 

(tsLA24/RSV) transformed cells (Fig. 9) cultured at the restrictive 

(39°) and permissive (35°) temperatures were examined. In both 

instances deoxynucleoside monophosphate incorporation into DNase I 

activated template was linear throughout 120 minutes. The data 

indicate that pp60src activity did not act directly to increase DNA 

polymerase a activity. In fact, cells cultured at the permissive 

temperature showed slightly (N 10%) reduced levels of enzyme 

activity. This is consistant with the reduced rate of DNA synthesis 

observed when Rat-1 cells are transformed by tsLA24/RSV (Magun, et 

al.,1979). 
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Table 1. 

Phosphoamino Acid Analysis of Total Cellular Phosphoprotein in 

tsLA24/RSV Transformed Rat Embryo Fibroblasts. 

Phospho- Phospho- Phospho-
TemQerature sed ne threonine t,Yrosine 

35°C 94.52 (6.614 x 104) 5.03 (3.517 x 103) 0.476 (333) 

39°C 91.77 (8.075 x 10 4) 8.12 (7.136 x 103) 0.108 (95) 

32P-labeled phosphoprotein was hydrolyzed in 5.7 N HCl at 110°C for 

60 min and separated by high voltage electrophoresis. Cellulose 

corresponding to regions of ninhydrin stained p-ser, p-thr or p-tyr 

standards were scraped, hydrolyzed and 32P-radioactivity counted in 

Omniflur. Data are expressed as percent relative abundance. 

Numbers in parenthesis are the actual recovered cpm minus background 

(4cm2 area of non-radioactive cellulose from the 39°C plate: 116 

cpm). 
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Figure 9. DNA Polymerase Activity in Log.phase Rat-1(ts LA24!RSV) 
Cells Cultured at the Restrictive (39°) or Permissive 
(35°) Temperature for Transformation. 
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5 x 106 cells previously cultured at 35° or 39° were seeded onto 150 
mm tissue culture dishes. After 44 hours in culture at 35° or 39°, 
cells were swelled in TEMG buffer for 30 minutes on ice, disrupted 
by sonication and then centrigued at 20,000 xg for 10 minutes at 
4°C. DNA polymerase activity was measured in triplicate using 50 mg 
clarified cell lysate (determined by the method of Bradford, 1976) 
as described in Materials and Methods. Reactions were terminated 
after 10,20,30,60,90,120 minutes of incubation at 37° by addition of 
20% trichloroacetic acid. Incorporation of [3H] dTMP into 
trichloroacetic acid insoluble DNA was measured as described. 
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Through the use of immunohistochemical techniques, we 

examined the cellular distribution of DNA polymerase a in Rat-1 

(tsLA24/RSV) transformed cells (Fig. 10) cultured at the restrictive 

(panels A,B,C) and permissive (panels D,ElF) temperatures. 

Immunofluorescent analysis showed that in logarithmically growing 

Rat-l cells, DNA polymerase a, was exclusively localized in the 

nucleus. Immunoreactive antigen was visible in all cells containing 

nuclei. DNA polymerase a was therefore localized in the nucleus 

during G1, Sand G2 phases, and not just in S phase cells, as the 

percentage of S phase cells in this population was approximately 

50%. Comparison of phenotypically transformed and non-transformed 

cells showed no difference in the cellular distribution or content 

of DNA polymerase a protein. As DNA polymerase a activity levels in 

phenotypically transformed cells is not elevated, pp60src is 

probably not functioning in a additive manner to serum growth 

factors. 

To ascertain whether pp60src might be functioning in a mode 

similar to growth factors in the regulation of DNA synthesis, I 

deprived Rat-1 (ts LA24/RSV) cells by serum deprivation for 54 hours 

and asked whether pp60src activation by temperature shift to 35°C 

was sufficient to initiate DNA synthetis. In order to measure the 

semiconservatively replicated DNA after stimulation, cells were 

prelabeled for 48 hours in [14C] thymidine prior to the 54 hour 

period of serum deprivation. As previously reported (Magun, et al., 

1979) these cells become arrested in G1• At the time of stimulation 
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Figure 10. Localization of DNA Polymerase a in Log. phase Rat-1 ts 
LA24/RSV Cells. 

10 5 cells previously cultured at 39°C {A,B,C} or 35°C were seeded 
onto 35 mm tissue culture dishes. After 24 hours in culture, cells 
were fixed in 3.7% formaldehyde, 3% FCS in PBS, permeablized in 
0.15% Triton-lOa, 3% FBS in PBS and then reacted sequentially with 
1° antibody: 125 pg.ml SJK-287-38-anti DNA polymerase a {A,B,D,E} or 
NS-1 non- specific antibody {C,F}; 2° antibody: 10 pg/ml rabbit anti 
mouse IgG, and 3° antibody: 17.7 pg/ml FITC-conjugated goat anti 
rabbit IgG. Panels B, E are phase contrast photographs of the 
immunofluorescently labeled cells photographed in panels A, C. 
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by change to fresh medium or to fresh medium and shift of 

temperature from 39°C to 35°, FUdR(0.1 pg/ml) and BUdR (50 pg/ml) 

were added to all cultures. Thirty hours thereafter, cultures were 

harvested and the extracted DNA was examined by density gradient 

centrifugation in CsCl. 

Table II describes the activation of DNA synthesis in serum 

deprived, transformation-restricted Rat-1 (tsLA24/RSV) cells, 

shifted to the permissive temperature in the presence or absence of 

serum. Whereas cultures maintained at the non-permissive 

temperature for 30 hours in fresh medium without serum replicated 

less than 20% of their DNA, those stimulated by serum addition 

replicated nearly 80% of their DNA. Shifting the cells to 

permissive temperature resulted in synthesis of about 50% of their 

DNA by 30 hours. Addition of serum at the time of temperature shift 

did not alter the amount of DNA synthesized. That these cells at 

35°C did not attain the same percent DNA replicated at 30 hours as 

those cells cultured at 39°C is a temperature effect, as 

nontransformed cells similarly showed reduced DNA replication 

kinetics at the lower temperature (Magun et al.,1979; Parry et al., 

1980). 
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Table II. 

Percent DNA Replicated Following Shift From Growth Arrest Conditions 

to Either 39°C or 35°C, With or Without Serum Addition 

Culture Condition 

39°C + serum 

39°C - serum 

35°C + serum 

35°C - serum 

% DNA Replicated 

79.1 

17.2 

47.7 

47.3 

3 X 105 cells [Rat-1 (tsLA24/RSV)] were seeded in 60 mm dishes 
containing 5 ml of McCoy·s 5A medium plus 10% FCS. DNA was labeled 
with 0.25 pCi/ml 14C-thymidine (33 ci/mmol, Schwartz-Mann) for 48 
hours at 39°C. The 14C-thymidine label was removed and cells were 
cultured in serum free McCoy·s 5A medium for 52 hours. Cells were 
then incubated in fresh medium containing 50 mg/ml BUdR and 0.1 
pg/ml FUdR, with or without 10% FCS, and then cultured at 35°C or 
39°C as indicated for 30 hours. At this time cells were harvested, 
DNA isolated and CsCl gradient analysis was performed as described 
by Magun et ale (1979). 
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As fluctuations in DNA polymerase a activity correlated 

temporally with DNA synthesis (Chiu and Baril, 1975), I asked 

whether the presence of a functional pp60src was sufficient to 

stimulate the activity of this key DNA replicative enzyme in growth 

arrested cells. 

Figure 11 describes the activation of DNA polymerase a 

activity when serum-deprived cells were stimulated with serum growth 

factors alone or were shifted to the permissive temperature in the 

presence or absence of serum. Whereas cultures maintained at the 

non-permissive temperature in fresh medium without serum showed 

basal DNA polymerase a levels (Panel A), those stimulated by serum 

addition showed a marked increase in DNA polymerase a activity by 12 

hours following serum addition. Shifting the cells to permissive 

temperature, likewise resulted in a marked stimulation in DNA 

polymerase a activity (Panel B). Addition of serum at the time of 

temperature shift did not alter either the rate or degree of DNA 

polymerase a activation. The observed 5-hour lag in onset of DNA 

polymerase a activation correlated closely with the thermal effects 

on actual DNA replication in non-transformed Rat-l cells previously 

reported by Magun, et al., (1979). Therefore, a functional pp60src 

is capable of inducing DNA polymerase a activity in a manner 

similar, but not additive, to that of serum, correlating temporally 

with the onset of nascent DNA synthesis. 
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Figure 11. Effect of Serum or pp60src on DNA Polymerase a Activity 
in Rat-l{tsLA24/RSV) Cells Following Serum Deprived 
Growth Arrest. 

I 
20 

106 rat-l (ts LA24/RSV) cells previously cultured at 39° were seeded 
onto 150 mm tissue culture dishes in McCoy·s 5A media + 10% FBS. 
Forty eight hours later, cells were serum deprived by exchanging 
this medium for McCoy·s 5A without FBS with further culture for 54 
hours at 39°. At this time CO) medium was exchanged for fresh and 
cells cultured at 39·: (Panel A) with (I) or without (') serum or 
at 35°: (Panel B) with ([]) or without (0) serum. At various times 
thereafter, cells were harvested, and clarified cell lysates (50 mg) 
assayed for DNA polymerase a activity as described in methods. 
Protein concentrations were determined by the method of Bradford 
(1976) • 
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Serum deprivation in the absence of the RSV transforming 

function reduced both DNA polymerase a activity (Fig. 11) and DNA 

replication (Table II) to basal levels. Activation of pp60src or 

serum addition acted independently to reactivate DNA polymerase a 

and thus initiate DNA replication. Immunohistochemical techniques 

were used to ask if these events result from changes in cellular DNA 

polymerase a content or localization. 

Figure 12 shows the immunofluorescent analysis of DNA 

polymerase a in fixed whole Rat-l (tsLA24/RSV) cells after initial 

growth arrest by serum deprivation for 54 hours at 39 0 followed by a 

shift to permissive temperature in the presence or absence of serum. 

At 16 hours thereafter. cells were fixed. permeablized and then 

stained with monoclonal antibody to DNA polymerase a as described in 

methods. DNA polymerase a protein in cells cultured without serum 

at the restricted temperature for a total of 70 hours is seen in 

panel A. Interestingly. these cells demonstrated abundant DNA 

polymerase a antigen in the nuclei of all cells examined despite the 

basal levels of DNA polymerase a activity and DNA replication shown 

in Figure 10 and Table II. Neither serum addition alone (panel B) 

nor temperature shift to 35 0 in the presence (panel D) or absence 

(panel C) of serum altered the qualitative distribution of DNA 

polymerase a in these cells. 

The actual mechanism resulting in fluctuations of DNA 

polymerase a activity throughout the cell cycle has not been 

elucidated. As a number of DNA polymerase a peptide fragments show 
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Figure 12. Effect of Serum or pp60src on Localization of DNA 
Polymerase a in Rat-1 (tsLA24/RSV) Cells Following Serum 
Deprived Growth Arrest. 

5 x 104 cells previously cultured at 39°C were seeded into 35 mm 
tissue culture dishes containing McCoy's SA medium + 10% FBS. Forty 
eight hours later cells were serum deprived by exchanging this 
medium for McCoy's SA without FBS with further culture for 54 hours 
at 39°C. At this time. medium was exchanged for fresh and cells 
cultured at 39° without (A) or with (B) serum or at 35° without (C) 
or with (D) serum. Sixteen hours hence. cells were fixed. 
permiabilized and immunodecorated as in Fig. 2. 
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enzyme activity in vitro, these might therefore react with the 

neutralizing monoclonal antibody employed leading to immunofluores

cence of a variety of DNA polymerase a peptides, with only the newly 

synthesized enzyme involved in semi-conservative DNA synthesis. 

Figure 13 describes the biosynthesis of DNA polymerase a in 

Rat-1 (tsLA24/RSV) serum-deprived transformation restricted cells 

shifted to the permissive temperature in the presence or absence of 

serum as assessed by immunoprecipitation of newly labeled protein. 

Cells were growth arrested by culturing at 39° in the absence of 

serum for 54 hours. At this time, medium was exchanged for 

methionine free McCoy's 5A containing 50 pCi/ml[35S] methionine 

(sp.act.)1000 Ci/mmol, New England Nuclear), with or without 10% 

serum added. Cells were cultured at 35° or 39° for 12 hours at 

which point cells were harvested and lysed. Peptides were 

immunoprecipitated and then resolved by SDS-PAGE as described. 

Serum deprived, temperature restricted Rat-1(tsLA24/RSV) cells 

synthesized both poly peptides of Mr ~ 185,000 and 220,000 (lane 

4a), despite the basal levels of DNA polymerse a activity and DNA 

replication. Analysis of DNA polymerase a biosynthesis following 

either temperature shift to 35° in the presence (lane 1a) or absence 

(lane 2a) of serum or continuation of temperature at 39° in the 

presence of serum (lane 3a) showed the immunoprecipitation of both 

polypeptides. In no instance was there a complete absence of either 

or both polypeptide indicating that the enzyme was continually 

synthesized under the conditions employed here and not 

preferentially processed in cells replicating DNA. 
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Figure 13. Effect of Serum or pp60src on Biosynthesis of DNA 
Polymerase a in Rat-1 (tsLA24/RSV) Cells Following Serum 
Deprived Growth Arrest. 

106 cells, previously cultured at 39°, were seeded into 150 mm 
tissue culture dishes containing McCoy's 5A medium + 10% FBS. Forty 
eight hours later, cells were serum deprived by exchanging this 
medium for McCoy's 5A without FBS with further culture for 54 hours 
at 39°C. At this time medium was exchanged for fresh McCoy's 5A 
medium minus methionine plus 50 pCi/ml [35S] methionine 
(sp.act.)1000 Ci/mmol) with (lanes 1 and 3) or without (lanes 2 and 
4) 10% FCS; at 35° (lanes 1 and 2) or 39° (lanes 3 and 4) for 12 
hours. Cells were then harvested and clarified cell lysates were 
sedimented for 9 hours through a 5-20% sucrose linear gradient. 
After fractionation immunocomplexes were prepared from pooled 
fractions containing DNA polymerase a activity monoclonal antibody 
to DNA polymerase a (lanes a) or non-specific monoclonal antibody 
(lanes b) as described in methods. Immunoprecipitated peptides were 
resolved by SDS-PAGE followed by fluorography as described in 
methods. 
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Figure 14 describes the in vivo phosphorylation of DNA 

polymerase a in growth arrested Rat-1 (tsLA24/RSV) cells whcih were 

stimulated to proliferate by a temperature shift from 39° to 35°C in 

the presence or absence of serum or stimulated by continual culture 

at 39° in the presence of serum as assessed by immunoprecipitation 

of newly labeled phosphoprotein. For biosynthetic labeling, 

complete MCCoy's 5A medium was exchanged for phosphate free McCoys 

5A containing 1.0 mCi/ml [32p] orthophosphate during a four hour 

labeling period which coincided with onset in DNA polymerase a 

activity seen in Figure 3. Cells were then harvested, lysed, 

peptides immunoprecipitated and then resolved by SDS-PAGE as 

described. Serum-deprived temperature-restricted Rat-1 (tsLA24/RSV) 

cells did not appear to phosphorylate the Mr ~ 220,000 polypeptide 

(14b) despite its continued synthesis (Fig. 13) and its constant 

nuclear presence (Fig. 2 and 4). Analysis of DNA polymerase a 

phosphorylation following either temperature shift to 35°C in the 

presence (14a) or absence (14b) of serum or continuation of 

temperature at 39°C in the presence of serum (14c) showed 

immunoprecipitable Mr ~ 220,000 phosphoprotein in these three 

instances. The phosphorylation of a high molecular weight DNA 

polymerase a therefore appears to correlate with elevated enzyme 

activity levels when these cells are mitogenically stimulated by 

either pp60src or serum growth factors. 
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Figure 14. Effect of Serum or pp60src on Phosphorylation of DNA 
Polyermase a in Rat-1(tsLA24/RSV) Cells Following Serum 
Deprived Growth Arrest. 

106 cells previously cultured at 39° were seeded into 150 mm tissue 
culture dishes containing McCoys 5A medium + 10% FBS. Forty eight 
hours later cells were serum deprived by exchanging this medium for 
McCoy's 5A without FBS with further culture for 54 hours at 39°. At 
this time medium was exhanged for fresh complete McCoys 5A medium 
with (lanes A and C) or without (lanes B and D) 10% FBS and cells 
cultured at 39° (lanes C and D) or shifted to 35° (lanes A and B). 
This medium was exchanged for phosphate free McCoys 5A containing 
1.0 mg/ml [3p] orthophsphate with or without 10% FBS during the 4 
hour labeling period (10-14 hours post-stimulation for 39° cultures, 
13-17 hours post-stimulation for 35° cultures). Clarified cell 
lysates were sedimented for 9 hours through a 5-20% sucrose linear 
gradient. After fractionation, immunocomplexes were prepared from 
pooled fractions containing DNA polymerase a activity as described 
in Methods. Immunoprecipitated phosphoproteins were resolved by 
SDS-PAGE followed by autoradiography at -80°C using intensifying 
screens. 
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Discussion 

There is substantial evidence that pp60src activity is 

capable of initiating and maintaining the neoplastic state in RSV 

transformed cells (Bishop and Varmus, 1982, 1985). Available 

evidence indicates that the lesion in temperature sensitive RSV 

mutants reside in pp60src , the functional transforming tyrosine 

protein kinase (Sefton, et al, 1980a). A shift from restrictive to 

permissive temperature results in rapid elevation in pp60 src 

activity which in turn results in 2 to 5-fold elevated 

phosphotyrosine levels fold (Sefton, et al., 1980b). Since 

phosphotyrosine levels in Rat-1 (tsLA24/RSV) cells were shown to 

increase by 4.4 fold following temperature shift (Table I), the 

lesion in this virus is in the p60src protein kinase, and this 

lesion abolishes the transforming ability of this virus when cells 

are cultured at the restricted temperature. Since several growth 

factor receptors (such as the EGF receptor) possess tyrosine protein 

kinase activity (Ushiro and Cohen, 1980 and reviewed by 

Schlessinger, 1986), it is possible that uncontrolled growth in RSV 

transformed cells might result from elevated tyrosine 

phosphorylation of specific regulatory proteins. 

One absolute requirement for continued cell proliferation is 

DNA synthesis. Semi-conservative DNA replication is accomplished by 

an oligomeric multi-enzyme complex consisting of DNA polymerase a 

and a variety of accessory proteins (Reddy and Pardee 1980,). DNA 

polymerase a activity levels fluctuate during cell cycle in a manner 



which correlates with the onset of DNA synthesis ( Chiu and Baril, 

1975). Immunofluorescent microscopy of fixed whole Rat-1 

(tsLA24/RSV) cells in log phase cultured at either 35 0 or 390 

demonstrated exclusive nuclear staining for DNA polymerase a in G" 

S, and G2 cell populations (Figure 10). As DNA polymerase a 

activity levels were also not elevated (Figure 9) I conclude that 

under conditions of exponential growth, where DNA replication was 

maximally stimulated by serum growth factors and all cells were in 

cycle that the presence of a functional pp60src had no added 

stimulatory effect. 
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It does appear, however, that pp60src was capable of 

supplanting growth factors in the ability to stimulate DNA 

replication when cells were arrested in G, by serum deprivation 

(Table II). DNA synthesis was induced by activation of pp60src and 

furthermore, the presence of serum did not increase the amount of 

DNA replicated. Activation of DNA synthesis in growth arrested 

cells appears op be a general characteristic of RSV as this has eebm 

reported in other species as chick embryo fibroblasts yu tsLA24, and 

by other virus strains (Parry et a1., 1980), such as NRK cells using 

the LA23/RSV strain (Durkin and Whitfield, 1984a, b). The pp60 src 

kinase appears to mediate initiation of DNA replication by 

activating DNA polymerase a (Fig. 11). When cells were growth 

arrested by serum deprivation, DNA polymerase a activity levels fell 

to basal levels. Activation of pp60 src by a shift from restrictive 

to permissive temperatures resulted in a rise in DNA polymerase a 



activity along with the induction of DNA replication. Since the 

additional presence of serum did not result in enhanced DNa 

polymerase a activity, it is likely that pp60src is capable of 

maximally activating DNA polymerase a. 
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Although DNA polymerase a activity fell to basal levels 

following serum deprivation, the polymerase protein was continually 

synthesized and was present in the nucleus of cells which were not 

synthesizing DNA. 

The observations in Figures 10 and 12 and those of others 

(Masaki, et al, 1984; Matsukage, et al., 1983; Bensch, et al., 1982) 

demonstrate nuclear DNA polymerase a antigen in both S phase, and 

non S phase cells. It is, therefore, possible that a post

translational modification of DNA polymerase a modulates enzyme 

activity. Donaldson and Gerner (1987) have previously demonstrated 

phosphorylation of the high molecular weight (Mr = 220,000) DNA 

polymerase a polypeptide in log phase cells. In these studies I 

observed phosphorylation of the high molecular weight DNA polymerase 

a polypeptide under conditions of serum and/or pp60src mediated 

stimulation of DNA polymerase a activity as well as the absence of 

phosphorylation under continued growth arrest. These data support 

the concept that phosphorylation serves an essential function in 

modulation DNA polymerase a enzyme activity. Although this 

mitogenically regulated protein kinase has not yet been identified, 

it may be related to the protein kinase involved in the 

phosphorylation of the S6 ribosomal subunit. S6 phosphorylation has 
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been shown to occur following pp60src activation, or serum addition 

(Blenis, et al., 1984). 



CHAPTER 4 

SUMMARY 

The goal of this study was to examine the potential role of 

post-translational modifications in the regulation of DNA polymerase 

a in mammalian cells. Immunochemical and immunohistochemical 

techniques were used to directly analyze both the structure and 

cellular localization of DNA polymerase a. In this way, DNA 

polymerase a synthesis, cellular localization, protein content and 

post-translational modification could be compared with activity 

changes to more clearly understand which factors influence DNA 

polymerase a activity. 

Perhaps the most interesting and novel finding from this 

study concerns the actual identification of a post-translational 

modification in immunoprecipitable DNA polymerase a. This 

modification involved phosphorylation of serine residues. 

Furthermore, this modification appeard to significantly affect the 

activity of DNA polymerase a since enzyme activity was diminished 

upon dephosphorylation by agarose-immobilized alkaline phosphatase. 

Subsequent incubation of this dephosphorylated preparation with ATP 

restored enzyme activity indicating that the appropriate endogenous 

protein kinase exists in this soluble compartment as well. 
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The observation that phosphorylation/dephosphorylation 

reactions affect the enzyme activity in cell-free assays suggests 

that an additional level of control for DNA synthesis exists, such 

that phosphorylation of the polymerase promotes DNA synthesis and 

dephosphorylation inhibits synthesis. That the cell would utilize 

phosphorylation/dephosphorylation as a means of control is not 

surprising. Reversible phosphorylation of enzymes is an important 

mechanism in the control of several metabolic pathways and has long 

been implicated in growth control (Beavo and Krebs, 1979). Two DNA 

metabolizing enzymes, DNA topoisomerases I (Durban et al, 1983; 

Durban et al., 1985) and II (Ackertman et al, 1985) are 

phosphorylated in vitro with their activity increasing when the 

proteins are thus modified. Phosphorylation may also modulate DNA 

and RNA polymerizing enzymes, because enzyme activities of RNA 

polymerase I (Duceman and Jacob, 1980), II (Kranias, et al., 1977) 

and poly A polymerase (Rose and Jacob, 1979) increase upon 

phosphorylation. Based on the data for the RNA polymerase family, 

either processivity or initiation frequency of DNA polymerase a, may 

be affected. Because of the tight association with primase, 

phosphorylation of DNA polymerase a might serve to promote the 

transition from oligoribonucleotide priming to deoxyribonucleotide 

extension. 

Immunohistochemical techniques were used to directly analyze 

the cellular localization of DNA polymerase a under conditions of 

exponential growth. Immunofluorescent analysis of Rat-1 
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(tsLA24/RSV) cells cultured at either 35°C or 39°C as well as the 

parental Rat-1 cells indicated that DNA polymerase a was present at 

constant levels in G" S, and G2 phases of the cell cycle (i.e., in 

~ 95% of the cells). Furthermore, DNA polymerase a was localized 

exclusively in the nucleus in all interphase cells. The 

significance of this observation is that DNA polymerase a is not 

necessarily newly synthesized immediately prior to S phase, nor does 

it accumulate in the cytosol to be translocated to the nucleus 

immediately prior to S phase. DNA synthesis occurs in a discrete 

interval of the cell cycle, yet DNA polymerase a is localized in the 

nucleus throughout the cell cycle (G" S, G2) which points to an 

additional mode of regulation. Since DNA polymerase a activity 

levels fluctuate coordinately with S phase (Chang and Bollum, 1973; 

Spadari and Weissbach, 1974: Chiu and Baril, 1975), it would seem 

reasonable to predict that one level of control for DNA synthesis 

resides in the post-translational control of DNA polymerase a. 

When Rat-1 (tsLA24/RSV) cells cultured at 39°C are serum 

deprived for 54 hours, they become arrested in G, with DNA synthesis 

dropping to basal levels (Magun, et al., 1979). DNA polymerase a 

activity levels dropped accordingly, yet the protein remained 

exclusively localized in the nucleus. When fresh serum was added, 

or these cells were stimulated by transfer to a permissive 

temperature for the expression of pp60src (35°C), DNA polymerase a 

activity was restored to previous levels, and DNA synthesis resume. 

As would be expected, DNA polymerase a localization remained 
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unchanged. Two high molecular weight forms of DNA polymerase a, 

p220 and p185 continued to be synthesized whether cells remain serum 

deprived, or were stimulated by either serum or pp60src activation. 

Furthermore, there were no obvious alterations in the enzyme, such 

as proteolytic processing of p220 to p185 which might have lead to 

either a more or less active form, under these conditions. 

Stimulation by either pp60src or serum did, however, result in 

phosphorylation of the Mr ~ 220,000 polypeptide whereas this 

phosphorylation was not apparent in serum deprived, growth arrested 

cells. It appears, then, that enhanced phosphorylation of the high 

molecular weight polypeptide correlates with elevated levels of DNA 

polymerase a activity and DNA synthesis. 

That serum addition or pp60 src can function to enhance DNA 

polymerase a activity would support the hypothesis that DNA 

polymerase a activity is modulated in a manner similar to that for 

the 40S ribosomal protein S6. Stimulation of quiescent chick embryo 

fibroblasts by serum growth factors, Rous sarcoma virus or phorbol 

ester tumor promoters results in phosphorylation of S6 which appears 

to reach similar levels at identical serine sites (Blenis and 

Erickson, 1985). Although the function of ribosomal protein S6 is 

not known, its phosphorylation has been linked to protein synthesis 

and cell proliferation (Thomas, et al., 1979). It would appear 

then, that specific phosphorylation events mediated by a subset of 

serine protein kinases occur through common, or converging, 

biochemical pathways resulting in cell proliferation. It may be 
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that this pathway involves the cAMP dependent protein kinase 

(cAMPdPK) regulatory system. Recent evidence suggests that members 

of the tyrosine protein kinase family can phosphorylate essential 

components of the cAMPdPK system. It has been shown that the EGF 

receptor can phosphorylate the cAMPdPK inhibitor protein in a cell 

free system (VanPatten et al., 1987). This results in a substantial 

(6-9 fold) decrease in inhibitory potency of this unique protein. 

In intact cells, this would result in elevated levels of free 

cAMPdPK catalytic subunit. It has also been shown that pp60v-src can 

phosphorylate and inactivate protein phosphatase 1 (Johansen and 

Ingebritsen, 1986) which serves to dephosphorylate cAMPdPK 

phosphorylated proteins. Should these events occur in intact cells 

functional tyrosine protein kinase in the form of either serum 

growth factor activated receptor or v-onc protein product would be 

capable of elevating cAMPdPK mediated protein phosphorylation. Thus 

cAMPdPK system may be involved in modulating polymerase a activity. 

As shown in Figure 8, coincubation of Type II cAMPdPK catalytic 

subunit with DNA polymerase a results in a 3-4 fold increase in DNA 

polymerase a activity. It is known that cells transformed by 

pp60src express higher levels of the type II cAMPdPK than do 

untransformed cells (Haddox, et al., 1980). Further, this latter 

class of serine protein kinases is selectively synthesized 

immediately prior to the onset of DNA synthesis in Chinese hamster 

cells (Costa, et al., 1976; Costa, et al., 1978). This link between 

tyrosine protein kinase activity and the cAMPdPK system provides a 
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means for coordinate control of proliferation by growth factors and 

oncogenes as well as new dimensions for explaining the pleotrophic

neoplastic state which is induced by a seemingly diverse group of 

oncogenes. 

In summary. the major findings of this study concerning the 

regulation of DNA polymerase are is outlined in Figure 15. 

Understanding the exact mode of growth factor and oncogene mediated 

activation. and the manner by which phosphorylation/ 

dephosphorylation affects DNA synthesis will prove important to the 

understanding of both neoplastic as well as normal growth control 

mechanisms. 
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