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ABSTRACT 

Deoxyribonucleic acid (DNA) replication in eukary-

otic cells requires a highly complex series of protein-DNA 

interactions. Elucidation of the mechanisms by which DNA 

replication occurs is vital to the understanding of cellular 

growth. DNA polymerase alpha is an enzyme with a putative 

role in the replication of eukaryotic DNA. Modification by 

phosphorylation and dephosphorylation is one process by 

which enzymatic activity is regulated. The purpose of this 

research was to determine if a phosphorylation event could 

be of significance in the expression of DNA polymerase 

alpha activity. Evidence will be presented for the regula

tion of DNA polymerase alpha by phosphorylation. 

A highly purified DNA polymerase alpha fraction was 

prepared from Chinese hamster ovary cells. Purification 

procedure included ion-exchange chromatographies and affin

ity chromatography. Both the crude DNA polymerase alpha 

activity and the highly purified DNA polymerase alpha activ

ity were stimulated six-fold by the addition of exogenous 

bovine cardiac muscle cyclic AMP-dependent protein kinase. 

Dephosphorylation of the highly purified DNA polymerase 

alpha fraction by alkaline phosphatase resulted in a con

comitant decrease in DNA polymerase alpha activity. 

x 



xi 

An endogenous protein kinase activity was detected 

in the highly purified DNA polymerase alpha fraction. Incu

bation of this fraction in a protein kinase reaction mixture 

including adenosine triphosphate (ATP) could stimulate DNA 

polymerase alpha activity to twelve-fold that observed in 

controls with no pre-incubation. The endogenous protein 

kinase activity in the highly purified DNA polymerase alpha 

fraction was utilized to indicate (1) the linear increase 

in DNA polymerase alpha activity with time of phosphoryla

tion which was dependent on the presence of ATP, (2) the 

32 
linear relationship between y P-ATP incorporation and DNA 

polymerase alpha activity, and (3) the incorporation of 

labelled phosphate into DNA polymerase alpha as determined 

by SDS-PAGE analysis. Finally, the co-purification of the 

endogenous protein kinase with DNA polymerase alpha is 

presented. 

The significance of this research in relation to the 

heterogeneous nature reported for DNA polymerase alpha is 

discussed. It is speculated that the phosphorylational 

regulation of DNA polymerase alpha may play a role in the 

transformation of cells. 



CHAPTER 1 

INTRODUCTION 

Eukaryotic DNA Polymerases 

Historical Background 

An enzyme, initially discovered in Escherichia 

coli, was demonstrated to polymerize deoxynucleoside tri

phosphates upon direction from a deoxyribonucleic acid (DNA) 

template (Kornberg et al., 1956). This raised the question 

of whether this mechanism of DNA synthesis was universal and 

instigated the search for such an enzymatic activity in 

eukaryotic cells. This inquiry was answered when Bollum 

and Potter (1958) found evidence for the presence of a sim

ilar DNA synthesizing activity in different animal tissues. 

DNA polymerases catalyze a reaction that extends polynu

cleotide chains, as described extensively by Kornberg 

(1980). DNA polymerases commenced by covalent attachment 

of the incoming nucleotides onto a free 3'OH terminus 

(primer). The order of the sequential attachment of nucleo

tides is determined by base pairing to the complementary 

polynucleotide template. DNA replication in eukaryotic 

cells is probably accomplished by replication complexes, the 

nature of which remains to be clarified. Evidence for the 

putative replication complexes indicate they would comprise 

1 
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unwinding enzyme (Champoux, 1978), DNA polymerase (Holmes 

and Johnston, 1975; Weissbach, 1977), DNA-ligating enzyme 

(Soderhall and Lindahl, 1976), single-strand DNA-dependent 

ATPase (Hachmann and Lezius, 1976; Otto, 1977a), DNA binding 

protein (Champoux, 1978; Hoch and McVey, 1977; Otto, 1977b), 

and/or assorted ribonucleases (Elgin and Weintraub, 1975). 

An extensive review detailing these various aspects of 

eukaryotic DNA replication is presented by Sheinin, Humbert, 

and Pearlman (1978). 

Biochemical Properties 

The DNA polymerizing activity of eukaryotic cells 

has been classified into five separate DNA polymerases pri

marily based upon the reaction of each enzyme on different 

DNA templates, location in the cell, expression during 

growth states, molecular weight, and source of cells. An 

abbreviated summary of the different DNA polymerizing activ

ities of eukaryotic cells is presented in Table 1. Terminal 

deoxynucleotidyl transferase (TdT) activity extracted in 

the cytoplasmic supernatant of thymus cells has a reported 

molecular weight of 32,000 and extends single-stranded DNA 

primers. Reverse transcriptase (RT) activity is found in 

the cytoplasmic supernatant of cells infected by RNA tumor 

virus. Reverse transcriptase, discovered independently 

by Temin and Mitzutani (1970) and Baltimore (1970) , uses 

either a DNA or RNA template to direct the synthesis of DNA 



Table 1. Eukaryotic DNA polymerases. — Adapted from Chandra and Steel, 1977. 

Template Specificity Chromatographic 
Elution Cell Intra- Activated 

Growth Cellular Molecular pH Salmon Poly DEAE** PC*** 
Polymerase Expression Location Weight Optimum Sperm DNA dTdA dTrA dGrC dA (KC1, H) (KC1, M) 

Inducible Primarily 
Cell Cyto- 200,000 
Division plasmic 

7.5-8.0 +++ mg/mn ±mn 0.30 0.30 

Consti
tutive 

.5-9.0 +++ mg ++ mn/mg 0.05 0.50 

Inducible 
Cell 
Division 

Cytoplasm 100,000 7.5-8.0 +++ mg ++ mn/mg +mn +mn 0.30 0.14 

RT 
Virus 
Infected 
Cells 

Cytoplasm 70,000 7.5-8.0 ++ mg ++ ++ mn 0.05 0.23 

TdT 
32,000 

Cytoplasm or 
60,000 

7.5-8.5 ± mn +++ 0.05 0.25-0.38 

+++ = optimal activity 

**DEAE = DEAE-cellulose 

*** PC = phosphocellulose 
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and shows optimal activity with a deoxyribonucleotide primer 

attached to a ribonucleotide template. All eukaryotic 

cells that have been analyzed have exhibited the remaining 

three DNA polymerizing activities, alpha (a), beta (3), and 

gamma (y). 

DNA polymerase gamma reveals changes in amount of 

activity with the cell cycle and is detected in the cyto

plasmic supernatant. Various reports have indicated that 

DNA polymerase gamma may be the enzyme that accomplishes 

mitochondrial DNA replication (Fry and Weissbach, 19 73; 

Wang et al., 1975; Radsak, Knopf, and Weissbach, 1976). 

Activated salmon sperm DNA (salmon sperm DNA that has been 

nicked by deoxyribonuclease to produce free 3'OH termini) 

provides the best substrate for gamma-polymerase. DNA 

polymerase beta activity is constitutive and found primarily 

associated with the nuclear extracts of cultured cells. 

Beta-polymerase displays optimal activity with activated 

salmon sperm DNA. The activity of DNA polymerase alpha is 

partially inducible, with fluctuations in activity observed 

with the cell cycle. DNA polymerase alpha is of high molec

ular weight and utilizes activated salmon sperm DNA as tem

plate. DNA polymerase alpha has been reported to reveal 

the fastest rate of DNA synthesis with a polydeoxyribonu-

cleotide template (poly d(T)) and a ribonucleotide ((rA^^) 

primer (Wilson et al., 1977). DNA polymerase alpha activity 

is inhibited by N-ethylmaleimide (NEM), which prevents the 
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reduction of disulfide bridges. This is in contrast with 

the observation that DNA polymerase beta is unaffected by 

N-ethylmaleimide. DNA polymerase alpha is found primarily 

in the cytoplasmic supernatant although studies by Herrick, 

Spear, and Veomett (197 6) and others indicate that its 

activity is associated with the nucleus. 

Expression during Growth States 

There has been controversy as to whether DNA poly

merase alpha or DNA polymerase beta is the DNA replicating 

enzyme of the cell; however, there is now considerable evi

dence that DNA polymerase alpha is a replication enzyme, 

based on its behavior during different growth states and 

inhibitor studies. In human lymphocytes stimulated to 

divide there is an increase in alpha-polymerase activity 

concomitantly with DNA synthesis (Bertazzoni et al., 1976). 

In HeLa cells, alpha-polymerase activity increased ten-fold 

during G^ and levels of activity remained high until the 

completion of S phase, whereas the level of beta-polymerase 

activity remained low in this time period (Chiu and Baril, 

1975). In mice, alpha-polymerase activity increased during 

liver regeneration (Hecht, 1975). In BHK cells the ratio 

of alpha-polymerase activity to beta-polymerase activity 

changed with the growth state, the highest ratio present in 

log cultures and the lowest during quiescence (Craig, 

Costello, and Keir, 1975) . 
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Recent studies have shown DNA polymerase beta as the 

predominant polymerizing activity associated with the chroma

tin of resting cells (Schlaeger et al., 1978). When these 

lymphocytes were stimulated to divide with concanavalin A 

this was quickly reversed, DNA polymerase alpha becoming the 

predominant activity. The chromatin-associated DNA poly

merase alpha activity increased ten-fold after stimulation, 

again implicating alpha-polymerase as a DNA replication 

enzyme. 

Previous Purification of DNA 
Polymerase Alpha 

The first evidence of purification of DNA polymerase 

alpha to an essentially homogeneous form was presented by 

Holmes, Hesslewood, and Johnston (1976). This DNA polymer

ase alpha was obtained from calf thymus cells and was shown 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) to consist, prior to the final nondenaturing gel 

purification step, of protein molecular weight bands at 

approximately 155,000, 65,000, 52,000, and 33,000. Upon 

further purification by nondenaturing gel electrophoresis 

the 155,000, 65,000, and 52,000 molecular weight proteins 

were still present and it was concluded that the holoenzyme 

molecular weight was 155,000 and that the 65,000 and 52,000 

species may be the subunits comprising the holoenzyme. 

Fisher and Korn (1977) detailed the purification and 

structural characterization of the near homogeneous 
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preparation of DNA polymerase alpha from human KB cells. 

The molecular weight of the holoenzyme was determined as 

280,000 based on a Ferguson plot of its behavior under vary

ing non-denaturing gel electrophoresis conditions, 140,000 

by gel filtration, with SDS-PAGE analysis indicating dissim

ilar subunits of molecular weight 66,000 and 76,000. 

Extensive enzymatic characterization of this DNA 

polymerase alpha has 'subsequently been reported (Fisher, 

Wang, and Korn, 1979; Fisher and Korn, 1979a, b). Fichot 

et al. (1979) described the purification of DNA polymerase 

alpha from regenerating rat liver which appears to have 

biochemical properties consistent with the DNA polymerase 

alpha obtained from other sources. The sensitivity of the 

regenerating rat liver DNA polymerase alpha to sulfhydryl-

blocking agents and level of salt in the assay, the neutral 

pH optimum, use of ribonucleotide-initiated DNA templates, 

and differences in apparent molecular weight under various 

conditions were presented. 

The most recent report is the purification of 

DNA polymerase alpha from mouse myeloma cells (Chen et al., 

1979). Two species of mouse alpha-polymerase with similar 

catalytic properties were purified. Both species had a 

native molecular weight of approximately 190,000 on glycerol 

gradients, though their molecular weight on non-denaturing 

gel electrophoresis was either 450,000 or 525,000, depending 

on the species described. Each species contained 
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non-identical subunits with apparent molecular weights of 

approximately 47,000 and 54,000. Interestingly, one species 

of alpha-polymerase appeared to exhibit exonuclease activi

ties whereas the other species did not. 

Protein Kinase 

Protein kinases catalyze the transfer of the y phos

phate of a nucleotide triphosphate, predominantly ATP, to 

serine or threonine hydroxyl groups in proteins. This 

reaction was first elucidated for glycogen phosphorylase by 

Fischer and Krebs (1955) and Sutherland and Wosilait (1955). 

Instances have been reported in which protein kinases cata

lyze the transfer of the phosphoryl group from ATP to 

histidine or lysine residues in proteins (Smith et al., 

1974). There have recently been reported highly intriguing 

studies with avian sarcoma virus (ASV), a retrovirus 

(reverse transcriptase activity) that induces fibrosarcomas 

in infected hosts and transforms fibroblasts in culture. 

It has been determined that the src gene of ASV is required 

for the initiation and maintenance of transformation (Vogt, 

1977). A product of the src gene has been determined to be 

a phosphoprotein (Levinson et al., 1978; Collett, Erikson, 

and Erikson, 1979) that phosphorylates exclusively the 

tyrosine in protein substrates (Collett, Purchio, and 

Erikson, 1980, and others). Cells transformed by ASV con

tain more phosphotyrosine than do uninfected cells (Hunter 
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and Sefton, 1980). The nucleotide sequence of src indicates 

that this phosphoprotein is the sole product of the src 

gene (Czernilofsky et al., 1980). This supports the hypoth

esis that the phosphorylation of tyrosine in one or more 

proteins is the key factor in the mechanism by which src 

transforms cells. 

Historically protein kinases have been separated 

into two major categories based on the response of the 

kinase to specific effector or messenger molecules, those 

kinases stimulated by addition of cAMP and cAMP-independent 

protein kinases. These two major designations have been 

further elucidated to include cAMP-dependent protein kinases 

(Types I and II) (Walsh, Perkins, and Krebs, 1968), a cAMP-

independent kinase originally detected by Kuo and Greengard 

(1970), Ca++-dependent protein kinase (Krebs et al., 1973), 

and a double-stranded RNA dependent protein kinase found in 

cells treated with interferon and also detected in erythro

cyte lysates (Zilberstein et al., 1976; Sen, Taira, and 

Lengyel, 1978; and others). 

The cAMP-dependent protein kinases have been perhaps 

the most studied and thus an overview of the information 

available about the structure and regulation of these 

kinases will be presented. It is generally accepted that 

the cAMP-dependent protein kinases Types I and II are 

activated by the binding of cAMP to the regulatory subunit 

of the kinase, releasing the catalytic subunit for the 



phosphotransferase reaction. The subunit structure of the 

cAMP-dependent protein kinases vary depending on the tissue of 

of isolation. Homogeneous preparations of bovine cardiac 

muscle (Erlichman, Rubin, and Rosen, 1973) reveal a holoen-

zyme of molecular weight 174,000, a regulatory subunit 

molecular weight of 98,000, and a catalytic subunit of 

molecular weight 38,000. Other tissue source cAMP-dependent 

protein kinases may vary in the actual molecular weights, 

but the molecular weight ratio of holoenzyme to regulatory 

and catalytic subunits remains constant. 

The two types of cAMP-dependent protein kinases 

differ in the nature of their regulatory subunits but have 

identical catalytic subunits (Corbin, Keely, and Park, 

1975; Hofmann et al., 1975). The substrate specificities 

of the two kinases are the same, so the reason for the 

existence of the two types may be a difference in their 

cellular location and/or differing responsiveness to activa

tion by cAMP. In cardiac muscle Type II kinase is membrane-

bound (Corbin and Keely, 1977; Corbin et al., 1977). It 

has been shown that Type II kinase can be autophosphorylated 

(Erlichman, Rosenfeld, and Rosen, 1974) and its response 

to cAMP differs in the phosphorylated (easier to dissociate 

by cAMP) versus the dephosphorylated (less easily dissoci

ated by cAMP) state (Rangel-Aldao and Rosen, 1976). The 

cAMP-dependent kinase Type I does not share this mechanism 
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of regulation. The cGMP-dependent kinase is also a self-

phosphorylatable enzyme (de Jorge and Rosen, 1977). 

Another mechanism for regulation of the cAMP-

dependent protein kinases may be by a protein inhibitor 

(Walsh et al.f 1971) that binds to the catalytic subunit 

and renders it enzymatically inactive. The inhibitor is 

competitive with respect to protein substrates for the 

kinase. A homogeneous preparation of inhibitor obtained 

from rabbit skeletal muscle was found to have a molecular 

weight of 11,300 (Demaille, Peters, and Fischer, 1977). 

The relationship of inhibitor to cAMP levels under various 

physiological conditions could enable strict regulation of 

protein kinase enzymatic activity. 

Expression of cAMP-dependent Protein 
Kinase during Growth States 

An increase in cellular cAMP levels has been 

observed (Costa, Gerner, and Russell, 1976a) just prior to 

S phase, the DNA replicative phase of the cell cycle. A 

concurrent increase in the amount and activity of cAMP-

dependent protein kinase at the G-^/S boundary has been 

reported (Costa, Gerner, and Russell, 1976b). Rise and fall 

of cAMP levels has been reported by Wang, Sheppard, and 

Foker (1978) to be required for onset of lymphocyte DNA 

synthesis. Recently, cAMP-dependent protein kinase Type II 

has been suggested to be involved in the initiation of DNA 

synthesis in rat liver cells (Boynton and Whitfield, 1980). 
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Phosphorylation-Dephosphorylation 
of Enzymes 

The phosphorylation of protein occurs by a phospho

transferase reaction catalyzed by a protein kinase. Protein 

kinase enables the transfer of phosphate from a nucleotide 

triphosphate (generally ATP) to the protein(s) , yielding 

phosphoprotein and nucleoside diphosphate. It is important 

to note that this reaction is reversible (Rabinowitz and 

Lipmann, 1960; Lerch, Muir, and Fisher, 1975). The auto-

phosphorylation of cAMP-dependent protein kinase Type II was 

shown to be reversible by Rosen and Erlichman (1975). The 

purpose for the dephosphorylation of phosphoproteins by 

reversal of the protein kinase catalyzed reactions is as yet 

unknown. 

A phosphoprotein phosphatase may be used to catalyze 

the dephosphorylation of proteins. A phosphoprotein reacted 

in the presence of a phosphoprotein phosphatase and 1^0 will 

become dephosphorylated, with the release of inorganic 

phosphate. This reaction is also reversible. 

To classify the phosphorylation-dephosphorylation of 

an enzyme as a physiologically significant phenomenon, a set 

of criteria recently established by Krebs and Beavo (1979) 

specify: 

1. An enzyme can be phosphorylated in vitro stoichio-

metrically at a significant rate catalyzed by an 
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appropriate protein kinase and dephosphorylated by 

a phosphoprotein phosphatase. 

2. The enzyme must undergo meaningful changes in 

enzymatic activity that correlate with the degree 

of phosphorylation. 

3. There must exist a correlation between cellular 

levels of protein kinase and/or phosphoprotein 

phosphatase and the extent of phosphorylation of 

the enzyme. 

4. A protein can be demonstrated in vivo or in an 

intact cell system to be phosphorylated with the 

accompanying functional changes. 

The list of enzymes that undergo phosphorylation-

dephosphorylation as a means of regulation has become exten

sive and thus only some of the enzymes that are subject to 

this reaction will be presented as examples. 

Ribonucleic acid (RNA) polymerases, enzymes known 

to interact directly with chromatin, have been shown to be 

phosphorylated proteins. Yeast DNA-dependent RNA polymer

ases I, II, and III have been shown to be phosphorylated in 

vitro and in vivo (Bell, Valenzuela, and Rutter, 1977). A 

protein kinase co-purified with RNA polymerase I. These 

studies indicated that the phosphorylation event, specific 

for phosphoserine and phosphothreonine residues, did not 

alter the activity of polymerase I. However, this study 
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utilized native DNA template to assay activity, which may 

affect the expression of RNA polymerase activity resulting 

in an observation of no change of activity due to phosphor

ylation. The phosphorylation of RNA polymerase I has been 

observed by other investigators (Hirsch and Martello, 1976). 

They found that the phosphorylation occurred through a 

cyclic AMP-dependent protein kinase and that the phosphory

lation stimulated RNA polymerase I activity. A recent paper 

(Kranias, Schweppe, and Jungmann, 19 77) from another labora

tory supports the concept of RNA polymerase phosphorylation 

by a cyclic AMP-dependent protein kinase and proportionate 

increase in polymerase activity. A three-fold stimulation 

of RNA polymerase II in the presence of cyclic AMP-dependent 

protein kinase was demonstrated and serine and threonine 

32 
were identified as the [ P]phosphate acceptor amino acids. 

These studies further verified that the phosphorylation was 

mediated by a cyclic AMP-dependent protein kinase by using 

purified catalytic subunit inhibitor, which led to both an 

inhibition of RNA polymerase II phosphorylation and to a 

proportional decrease of the activation of RNA polymerase II. 

Nuclear poly (A) polymerase has also been included 

in the list of enzymes that undergo significant modification 

by phosphorylation. Incubation of isolated nuclei with 

32 
y P-ATP and subsequent purification of nuclear poly (A) 

polymerase yielded enzyme containing radioactive phosphate 

in a phosphoester linkage. Incubation of the enzyme with 
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exogenous protein kinase resulted in an increased enzymatic 

activity (Rose and Jacob, 1979). 

Lee et al. (1975) reported that Rous sarcoma virus 

reverse transcriptase was phosphorylated and activated by 

its own protein kinase. Reverse transcriptase activity and 

a protein kinase activity from mouse sarcoma virus co-purify 

through ion-exchange chromatography (Rokutanda, Maeda, and 

Takahama, 1979). The separation of protein kinase from 

reverse transcriptase was obtained by poly-A Sepharose 

column chromatography. The addition of the endogenous 

protein kinase to the reverse transcriptase enhanced the 

reverse transcriptase activity. An in vitro reaction of 

protein kinase with reverse transcriptase and labeled phos

phate followed by SDS-polyacrylamide gel electrophoresis 

revealed phosphate incorporation at the position of migra

tion of reverse transcriptase. These authors propose that 

transition from the higher molecular weight form of reverse 

transcriptase found in the cytoplasm of transformed cells to 

the low molecular weight form found in native virus may be 

regulated by such a mechanism as phosphorylation. 

Previous Studies Implicating DNA 
Polymerase Alpha Phosphorylation 

Studies on the endogenous protein-phosphorylating 

activity of isolated chromatin have recently been reported 

by Bohm, Keil, and Knippers (1977). After disintegration of 

chromatin by nuclease treatment or high salt concentration a 
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larger spectrum of chromatin proteins becomes accessible for 

phosphorylation by the chromatin-bound protein kinase 

(Schlepper and Knippers, 1975). This suggests that the 

phosphate-accepting sites in chromatin proteins may be 

blocked by protein-DNA or by protein-protein interactions. 

It is apparent from these studies that a protein kinase 

activity is found in association with the phosphate-

accepting substrates in vitro. Of particular interest is 

the presence of a phosphorylated protein with a reported 

molecular weight of 110,000, present after nuclease diges

tion but before salt dissociation. After the addition of 

salt (0.3M NaCl, which is the concentration found to disso

ciate both the protein kinase activity and DNA-polymerizing 

activity) a phosphorylated protein of molecular weight of 

approximately 70,000 is observed. The former molecular 

weight correlates with reported molecular weight of DNA 

polymerase alpha (Weissbach, 1977), and the latter with the 

subunit size of the alpha-polymerase described by Fisher 

and Korn (1977). 

One study which claims to describe the phosphoryla

tion of eukaryotic DNA polymerase has been reported (Reisher, 

Rutman, and Erhan, 1975). Partially purified cyclic AMP-

dependent protein kinase was reported to stimulate a crude 

homogenate of E. coli and calf thymus DNA polymerases, and 

dephosphorylation to decrease the activity of these enzymes. 

The preparation of cyclic AMP-dependent protein kinase 



was obtained from the DEAE-cellulose column chromatography 

of crude extract. It was contaminated with numerous pro

teins including cAMP-independent protein kinases. The 

addition of cAMP to protein kinase and E. coli polymerase 

revealed no significant increase in E. coli polymerase 

activity. The source of protein kinase was not specified. 

It is assumed that the protein kinase was obtained from the 

calf thymus cells used to extract eukaryotic DNA polymerase 

activity. The DEAE-cellulose step does not separate poly

merase from protein kinase activities (Rokutanda, Maeda, 

and Takahama, 1979; also see Chapter 4, this dissertation). 

In the data presented for the effect of phosphorylation on 

E. coli polymerase the control measurement of polymerase 

activity in the protein kinase fraction alone was not pre

sented. Thus the increase observed with the addition of 

protein kinase to E. coli polymerase may be due to contam

inating polymerase in the protein kinase fraction. The 

phosphorylation of E. coli polymerase results showed that 

it was the phosphorylation of proteins in the protein kinase 

fraction that was responsible for the increase in incorpora

tion of labelled phosphate observed. Eukaryotic DNA poly

merase was obtained by DEAE-cellulose chromatography of 

crude extract and was thus a mixture of DNA polymerases and 

protein kinases. The only evidence presented for eukaryotic 

DNA polymerase was a dephosphorylation of this fraction with 

(partially purified) phosphoprotein phosphatase. This 



18 

reaction revealed only a slight 30% decrease in polymerase 

activity with a double-stranded DNA template and no signif

icant effect with single-stranded DNA as template. There 

was no data presented for the phosphorylation of the 

eukaryotic polymerase fraction. 

1 4 
Recently a diadenosine 5',5"-P ,P -tetraphosphate 

(Ap^A) was reported to be a ligand of the 57-kilodalton 

subunit of DNA polymerase alpha by Grummt et al. (1979). 

Equilibrium dialysis experiments with a highly purified DNA 

3 
polymerase alpha from calf thymus and H-A^A were used to 

demonstrate the binding of labelled A^A to DNA polymerase 

alpha. The authors also describe the co-purification of 

Ap^A binding activity with DNA polymerase alpha. Controls 

to determine if there was a breakdown of A .A into smaller 
p4 

compounds were not performed. The effect of ATP on the 

binding of Ap^A to DNA polymerase alpha was significant, 

resulting in an 88% inhibition of Ap4A bound. It is pos

sible that some smaller derivative of Ap^A, such as ATP, 

was the actual ligand bound to the 57-kilodalton subunit of 

DNA polymerase alpha. 

This research was designed to ascertain whether DNA 

polymerase alpha is phosphorylated and undergoes significant 

functional changes in response to phosphorylation. It was 

determined that the DNA polymerase alpha used in this study 

should be highly purified. Exogenous protein kinase should 

be obtained from a nonproliferating tissue so little or no 
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DNA polymerase activity would be added to the reactions. In 

addition, any endogenous protein kinase utilized should be 

highly purified. The specific effect of protein kinase on 

DNA polymerase alpha could then be studied. 



CHAPTER 2 

MATERIALS AND METHODS 

Materials 

McCoy's 5A media and fetal bovine serum were pur

chased from Gibco Laboratories, Grand Island, New York. 

Diethylaminoethyl cellulose (DEAE-52), phosphocellu-

lose (P-ll), and GF/C glass microfiber filters were pur

chased from Whatman, Inc., England. 

Calf thymus deoxyribonucleic acid (DNA), salmon 

sperm DNA, aldolase, carbonic anhydrase and deoxyribonu-

clease (from bovine pancreas) were purchased from Worthing-

ton, Freehold, New Jersey. 

Acrylamide, N,N'-methylene-bis-acrylamide, bromo-

phenol blue, glycine, Coomassie brilliant blue G, Cellex 410 

and sodium dodecyl sulfate (SDS) were purchased from Bio-Rad 

Laboratories, Richmond, California. 

Ammonium persulfate was purchased from Canalco, 

Rockville, Maryland. 

Tris-(Hydroxymethyl) aminomethane and alcohol 

dehydrogenase were purchased from Calbiochem-Behring Corp., 

La Jolla, California. 

Potassium chloride and magnesium chloride were 

obtained from Matheson, Coleman and Bell Manufacturers, 

Norwood, Ohio. 

20 
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Glycerol, ethylenediaminetetraacetic acid (EDTA), 

and trichloroacetic acid (TCA) were purchased from Fisher, 

Fair Lawn, New Jersey. 

B-mercaptoethanol, 3-mercaptoacetic acid, potassium 

phosphate monobasic and dibasic, ovalbumin, thymidine-51-

triphosphate (dTTP), 2'-deoxyadenosine-31:5'cyclic mono-

phosphoric acid (cAMP), 2'-deoxyadenosine 5'-triphosphate 

(dATP), 2'-deoxycytidine 5'-triphosphate (dCTP), 2'-

deoxyguanosine 5'-triphosphate (dGTP), adenosine 5'-

triphosphate (ATP), N-ethylmaleimide, magnesium acetate, 

aminophylline, sodium fluoride, phosvitm, and casein were 

purchased from Sigma, Inc., St. Louis, Missouri. 

Bovine serum albumin (BSA) was purchased from 

Schwarz-Mann, Van Nuys, California. 

Histone I^B and bacterial alkaline phosphatase were 

purchased from Millipore Corporation, Bedford, Maine. 

3 
Omnifluor, (methyl- H)deoxythymidine 5'-

32 
triphosphate 4 Na salt (74.9 Ci/mmol) and (y P)adenosine 

5'-triphosphate (2-10 Ci/mmol) were purchased from New 

England Nuclear, Boston, Massachusetts. 

NCS Tissue Solubilizer was purchased from Amersham, 

Arlington Heights, Illinois. 

Bovine cardiac muscle cAMP-dependent protein kinases 

Type I (specific activity; 1200 units per mg) and Type II 

(specific activity; 1400 units per mg) were kindly provided 

by Dr. Mari K. Haddox of the Department of Pharmacology, The 

University of Arizona, Tucson, Arizona. 
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All other reagents were obtained as analytical grade 

reagents. 

Methods 

Purification of DNA Polymerase 
Alpha Techniques 

Chinese hamster ovary cells were grown in monolayer 

roller bottle cultures in McCoy's 5A medium supplemented 

with 20% fetal bovine serum at 5% CC>2/9 5% air atmosphere at 

37°C. A study of the effect on DNA polymerase alpha activ

ity with respect to growth conditions was undertaken to 

obtain maximum activity (Figure 4). Cells were harvested 

at six generations, or approximately 300 x 10^ cells, per 

roller bottle. A typical purification was initiated with 

15 g wet weight of cells. The data represent the combined 

average values of no less than 5 preparations. The cells 

were harvested by scraping, rinsed with Puck's saline A at 

4°C, and collected by centrifugation at 1,000 x g. All 

procedures after harvesting were performed at 4°C. Cells 

were suspended in Buffer A at 10 ml Buffer A per g of cells 

and placed on ice 30 min for hypotonic swelling. Cells 

were sonicated for 10 sec and nuclei, mitochondia, and other 

particulate matter was removed by centrifugation at 12,000 

x g for 20 min. The clear supernatant fraction was termed 

crude homogenate DNA polymerase alpha fraction. Crude DNA 

polymerase alpha fraction was applied to the first and second 
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Fig. 1. Effect of cellular growth conditions on 
alpha-polymerase activity. — Four roller bottles seeded 
with 30 X 10® cells each, 200 mis McCoys 5A media supple
mented with 20% fetal calf serum, 5% CC>2/95% air, and incu
bated until confluency, i.e., four days (8generations at 
13 hours per generation, confluency is usually reached at 
approximately 300 X 10^ cells/bottle). Cells were harvested 
by scraping, rinsed at 4°C in Puck's saline A, resuspended 
and lysed in Buffer A (10 ml/g cells). Particulate matter 
was removed by centrifugation and the crude homogenate was 
assayed under standard polymerase assay conditions 
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DEAE-cellulose columns at a rate of 10 ml adsorbent per g 

wet weight of cells. Phosphocellulose and DNA-cellulose 

columns were performed at a ratio of 2 ml adsorbent per g 

wet weight of cells. Purification for each column was 

effected as described in Results. 

Buffers 

All pH values quoted were determined at the temper

ature of use and in the solution used (i.e., purification 

buffer at 4°C, etc.). The standard purification buffer 

(Buffer A) used throughout the procedures was 50 mM Tris/ 

HC1, pH 7.5; 1 mM B-mercaptoethanol; 20% glycerol. Other 

buffers used are described in the methods procedure. All 

buffers were stored at 4°C. 

Preparation of Ion-exchange Adsorbents 

DEAE-cellulose and phosphocellulose were swollen 

and washed in Buffer A until equilibrated as measured by pH 

and conductivity. Proteins were loaded and eluted by 

gravity. DEAE-cellulose effluent was collected in 4.2 ml 

fractions; phosphocellulose effluent was collected in 2.1 

ml fractions. Adsorbents were stored at 4°C. 

Preparation of DNA-cellulose 

Denatured DNA-cellulose was prepared by combined 

methods of Litman (1968) and Alberts and Herrick (1971). 

Denatured DNA-cellulose preparation was initiated by placing 



130 mg Worthington calf thymus DNA in 95 ml H^O containing 

5 ml 1M NaOH and storing this solution over night at 4°C. 

The solution was then place in a boiling water bath for 15 

min, after which it was immediately cooled in an ice-water 

bath and subsequently adjusted to pH 7.0 with HC1. To 16.33 

g Cellex 410 was added 50 ml of the denatured DNA solution, 

which was stirred until all DNA solution was in contact with 

the Cellex 410 and air dried. The remainder of the denatured 

DNA solution was added, stirred as before, and the mixture 

air dried. The dried DNA-cellulose was covered with abso

lute ethanol to allow free movement and UV irradiation was 

performed with a 15-watt ultraviolet bulb at a distance of 

15 cm for 15 min while stirring so that all DNA-cellulose 

was exposed to irradiation. The ethanol was air dried and 

the denatured DNA-cellulose resuspended in 100 mM Tris/ 

HC1, pH 7.4, 1 mM EDTA. A low-speed contrifugation 500 

x g) followed by removal of the supernatant fluid removed 

fine particles that may obstruct column flow rate. DNA 

cellulose was equilibrated with Buffer A prior to pouring 

a column. Proteins were loaded and eluted at gravity. 

DNA-cellulose effluent was collected in 2.1 ml fractions. 

DNA-cellulose was stored at 4°C. 

Protein Kinase Assay 

The standard protein kinase assay contained the 

following reagents in a final volume of 100 yl: 17 mM 



26 

KPO^, pH 6.5; 13 mM Mg acetate; 0.3 mM aminophylline; 200 yg 

histone I^B; 1.7 mM NaF; 33 yM ATP; ± 3.3 yM cAMP and 

32 
Y P-ATP was at a specific activity of 73 cpm per pmol. 

Assay solutions were stored at 4°C. Histone ^B, cAMP, ATP, 

32 
and y P-ATP were stored at 4°C. Standard reaction con

ditions were incubation for 5 min at 30°C. In reactions 

with phosvitin or casein as substrates, histone was replaced 

by an equal amount (200 yg per assay) of either phosvitin or 

casein. Specific activity was determined when the reaction 

was linear with respect to time and concentration of enzyme. 

The maximum amount of enzyme per assay to obtain initial 

velocity conditions for each purification fraction was: 

first and second DEAE-cellulose, 0.3 units; phosphocellulose, 

0.01 units, and 0.004 units of DNA-cellulose fraction. 

Reactions were terminated by the addition of 1 ml 20% TCA 

and then precipitated onto Whatman glass fiber filters. 

Filters were washed extensively with 10% TCA, 5% TCA, and 

ethanol and dried. Omnifluor (5 ml/filter) was added for 

liquid scintillation spectrometry. 

One unit of activity is defined as the incorporation 

of one nmol labelled phosphate per 60 min at 30°C. 

Preparation of Activated Salmon Sperm DNA 

This procedure was obtained by personal communica

tions from Fisher (1979). Salmon sperm DNA at a concentra

tion of 1 g per 200 ml activation buffer (50 mM Tris, 
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pH 7.5; 5 mM MgC]^; 500 yg/ml bovine serum albumin) was 

prepared and stored overnight at 4°C to allow the DNA to 

go into solution. DNase I (5 mg/ml) was diluted in 0.1% 

gelatin, 100 mM Tris/HCl, pH 7.5, 5 yM MgC^ to give a 

final concentration when added to 0.5 ml DNA of 0.2, 2, 20, 

40, 60, or 200 ng/ml DNA. Incubation was for 15 min at 37°C. 

The reaction was stopped and DNase I inactivated by 5 min 

incubation at 77°C. The optimal activation for CHO DNA poly

merase alpha was determined by assaying each activated DNA 

with phosphocellulose purified DNA polymerase alpha in a 

standard polymerase assay. The concentration of 40 ng 

DNase/ml DNA was found to be optimum and the remainder of 

the DNA solution was activated at this concentration in a 

batch procedure. 

Deoxyribonucleic Acid Polymerase Assay 

An initial study of the factors affecting apparent 

DNA polymerase activity under in vitro assay conditions 

(Figure 2) revealed that a rate-limiting component under 

these assay conditions was the concentration of activated 

salmon sperm DNA. The standard assay cocktail was modified 

to provide more activated salmon sperm DNA per assay. The 

concentration of each reagent in a final volume of 100 yl 

per standard assay was: 10 mM Tris/HCl, pH 8.0; 10 mM 

MgCl2; 50 yM each dATP, dGTP, dCTP, dTTP; 2.5 yM 8-

mercaptoethanol; 230 yg activated salmon sperm DNA, 25 yg 



Fig. 2. Factors affecting alpha-polymerase activ
ity measurements in iri vitro assays. — Crude homogenate 
was incubated as described in Chapter 2 from 0-60 minutes 
at 37°C. 

1. Standard concentrations per assay: 

10 mM Tris/HCl pH 8.0 
10 mM MgCl2 
5 mM 6-mercaptoethanol 
12.5 yg activated salmon sperm DNA 
50 yM each dATP, dGTP, dCTP, dTTP . 
•^H-dTTP at specific activity 6.3 X 10 cpm/nmol 

2. Activated salmon sperm DNA 

same as 1 except increase DNA to 43.8 yg per assay 

3. 6-mercaptoethanol 

same as 1 except 2.5 mM 6-mercaptoethanol per assay 

4. Bovine serum albumin 

same as 1 except add BSA 2.5 yg per assay 
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activity measurements in in vitro assays 
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BSA and H-dTTP at a specific'activity of 63 cpm per pmol. 

One unit of DNA polymerase activity is defined as the incor 

poration of one nmol labelled dTMP per 60 min at 37°C. 

Specific activity was determined when the reaction was 

linear with respect to time and concentration of enzyme. 

The maximum amount of enzyme per assay to obtain initial 

velocity conditions for each purification fraction was: 

first and second DEAE-cellulose chromatographies, 0.2 units 

phosphocellulose fraction, 0.1 unit; DNA-cellulose frac

tion, 0.04 units and 0.04 units of nondenaturing gel 

electrophoresis fraction. Reactions were terminated and 

prepared for scintillation spectrometry as described under 

Protein Kinase Assay. 

Assays of Column Chromatographies 

Assays of fractions from column chromatographies 

were allowed to continue into the plateau region of activ

ity. DNA polymerase activity assays were performed with 

50 yl of each fraction from each chromatography at 37°C 

for: first DEAE-cellulose, 10 min; second DEAE-cellulose, 

5 min; phosphocellulose, 10 min, and DNA-cellulose for 30 

min. Protein kinase activity assays were performed with 

50 yl of each fraction from each chromatography at 30° for 

the times specified for the DNA polymerase assays. The 

concentration of salt per assay for the DEAE-cellulose 

column fractions was 150 mM KC1. The linear salt gradient 
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fractions of phosphocellulose and DNA-cellulose chromatog

raphies were assayed at half the salt concentration in 

which the fractions eluted. The activity for each purifi

cation step was obtained by pooling the fractions containing 

peak activity and dialyzing against 50 mM KC1 in Buffer A. 

DNA polymerase and protein kinase activity assays were per

formed with 50 yl for each assay from each pooled, dialyzed 

purification fraction for 5 min at the appropriate tempera

ture. Reactions were terminated and prepared for scintilla

tion spectrometry as described under Protein Kinase Assay. 

Endogenous Protein Kinase and 
Polymerase Assay 

The endogenous kinase reaction was incubated for 

the time(s) specified in Results at 30°C in a final volume 

of 50 yl containing: 14 mM Tris/HCl, pH 7.2; 11 mM magne

sium acetate, 0.3 mM aminophylline, 1.4 mM NaF, 27 yM ATP 

2.7 yM cAMP and y^P-ATP at a specific activity of 120-180 

cpm per pmol. 

Endogenous kinase and polymerase assays for the 

results presented in Chapter 4 were performed with DNA-

_3 cellulose purified fraction containing 1.5-4.0 x 10 units 

_3 alpha-polymerase and 24-64 x 10 units of protein kinase 

activity per reaction. DNA polymerase cocktail was added 

after the appropriate protein kinase reaction to a final 

volume of 100 yl. This maintained the same concentration 

as in the standard DNA polymerase assay: 10 mM Tris/HCl, 
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pH 8.0; 10 mM MgC^; 50 yM each of dATP, dGTP, dCTP, and 

dTTP; 230 yg activated salmon sperm DNA, 25 yg BSA and 

3 
H-dTTP at a specific activity of 250-320 cpm per pmol. 

Upon addition of the DNA polymerase cocktail the 

reactions were immediately placed in 37°C shaking water 

bath and the reaction terminated after 5 min. Reactions 

were terminated and processed for the scintillation spectrom

eter as described under protein kinase assay. Values 

reported in Results reflect the amount of labelled substrate 

incorporporated under the conditions specified into acid-

insoluble product per reaction. 

Glycerol Gradient Analysis 

Glycerol gradient buffer contained 0.5 M Tris/HCl, 

pH 7.4; 1 mM B-mercaptoethanol, 1 mM EDTA, 0.35 M KC1, and 

either 20% (v/v) or 40% (v/v) glycerol. Linear gradients 

of 5 ml were prepared. Crude homogenate fraction (200 yl) 

was applied. Standard gradients run simultaneously were of 

bovine serum albumin, aldolase, and ovalbumin in 20% (v/v) 

glycerol gradient buffer. Carbonic anhydrase did not enter 

the gradient. Ultra-centrifugation was accomplished in a 

SW50.1 rotor and a Beckman L5-65 ultracentrifuge at 234,000 

x g for 40 hr. Five drop fractions (approximately 200 yl) 

were collected from the top of the gradient. Each fraction 

was assayed for activity in a standard DNA polymerase assay. 
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Non-denaturing Gel Electrophoresis 

Disc gels were formulated at acrylamide concentra

tions of 3% to 7% and at a constant acrylamide to methylene-

bisacylamide ratio of 50 to 1. They were prepared in 125 mM 

Tris/PO^, pH 8.9; 20% (v/v) glycerol; 0.35 mg/ml of ammonium 

persulfate; and 0.5 yl/ml N,N,N",N'-tetramethylenediamine 

and allowed to polymerize at least 4 hours. Gels were pre-

2 
run at 4°C for 3 hours at 10.2 mA/cm for gel surface. All 

subsequent steps were performed at 4°C. Pre-run buffer was 

125 mM Tris/PO^, pH 8.9; 1 mM mercaptoacetic acid, and 20% 

(v/v) glycerol. Samples were loaded in Buffer A with sample 

sizes of up to 250 yl applied per 5 mM tube gel showing no 

change of R^ values. All values were determined relative 

to bromophenol blue tracking dye. Run current was the same 

as during pre-run and run buffer contained 12 mM sodium 

glycinate, pH 9.5; 1 mM mercaptoacetic acid; 20% (v/v) 

glycerol. Gels to be stained were placed in 0.025% w/v 

Coomassie Brilliant Blue G, 25% isopropanol, 10% glacial 

acetic acid overnight and were destained by electrophoresis 

in 7.5% isopropanol, 3.75% glacial acetic acid with frequent 

changes of destaining solution until no additional stain 

was eluted. Unstained gels were sliced into 1 mM slices, 

200 yl of 100 mM KPO^, pH 7.5, containing 1 mg/ml bovine 

serum albumin, 20% glycerol added per slice, and gently 

agitated at 4°C for 12 hrs. Activity eluted from each slice 

was measured in a standard DNA polymerase assay. 
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Sodium Dodecyl Sulfate-Polyacrylamide 
Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE tube gels were prepared essentially as 

described by Laemmli (1970). The separation gel was 12 cm 

long and the stacking gel 0.5 cm. The separation gel con

tained 8.75% acrylamide and 0.23% methylene bis-acrylamide. 

The stacking gel contained 2.9% acrylamide and 0.08% methy

lene bis-acrylamide. Gels were electrophoresed through the 

stacker at 1 mA/tube gel. SDS-sucrose buffer (load buffer 

for protein) contained 0.25 M sucrose, 0.1% SDS, 2 mM Na 

H2P04 • H^O, 8 mM Na£ HPO^, and adjusted to pH 7.2 with 

HC1. When the bromophenol blue tracking dye of all gels 

had entered the separation gels the voltage was increased 

to 2 mA/gel. Gels were stained and destained as described 

for Non-denaturing Gel Electrophoresis. 

Polyacrylamide Gel Transfer 

Parallel non-denaturing gels were run, one of which 

was eluted for activity as described under Non-denaturing 

Gel Electrophoresis. The parallel gels were sliced and 

eluted in 100 mM KPO4, 20% glycerol in the absence of serum 

albumin. The gel slices with eluates exhibiting activity 

were pooled from the parallel gels, concentrated by dialysis 

against solid sucrose at 4°C, boiled for 5 min in SDS-sucrose 

buffer and applied to SDS-PAGE gels as described in Sodium 

Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis. 
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Protein Assay 

Determination of protein was generally by the dye-

binding method of Bradford (1976) using bovine serum albumin 

as standard. Protein values that were in the range of 0-30 

yg were determined by the microassay procedure of Schaffner 

and Weissman (1973). Protein in the column effluent during 

purification procedures was monitored by absorbance at 280 

nm (Uvicord, LKB). 

Conductiv ity 

Salt concentrations were determined by conductivity 

on a Radiometer (Copenhagen) conductivity meter using Buffer 

A at various salt concentrations as standards. 

Gel Scanning 

Coomassie stained SDS-PAGE and non-denaturing poly-

acrylamide gels were scanned at 520 nm on a Quick-Scan 

R&D, Helena Laboratories, Beaumont, Texas. 



CHAPTER 3 

PURIFICATION OF DNA POLYMERASE 

ALPHA FROM CHO CELLS 

Purification of CHO DNA polymerase alpha was effected 

by a procedure that employed ion-exchange chromatographies, 

affinity chromatography, and non-denaturing gel electrophore

sis, as depicted in Figure 3. A summary of the purification 

of CHO DNA polymerase alpha is shown in Table 2. Chinese 

hamster ovary cells were harvested by scraping, collected 

with a low-speed centrifugation, and washed as described in 

Chapter 2. The data represent the combined average values 

obtained with no less than five preparations. CHO cells 

were sonicated for 10 sec in Buffer A (10 ml per g cells) 

and centrifuged at 13,000 x g for 20 min, removing nuclei, 

mitochondria, and other cellular particulate matter. The 

clear supernatant was termed crude homogenate fraction. 

Glycerol gradient analysis of the crude homogenate (Figure 

4) indicates a molecular weight of 15 2,000 for DNA polymer

ase alpha. The crude homogenate fraction was applied to 

the first DEAE-cellulose column. This first DEAE-cellulose 

column was washed with Buffer A (3 column volumes) until 

the absorbance at 280 nm indicated the removal of all 

unbound protein. DNA polymerase alpha was then step salt 

eluted with 0.3 M KC1 in Buffer A (Figure 5). Peak activity 

35 
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CHO Cells 

120 ml buffer A/g cells 
30 min on ice 
20 sec sonication 
20 min at 20,000 x g 

Crude Homogenate 

I 
DEAE-cellulose I 

a buffer A wash 
• 0.3M KCI in buffer A elute 

DEAE-cellulose II 
I 0.05M KCI in buffer A wash 
• 0.3M KCI in buffer A elute 

Phosphocellulose 
I 0-0.5M KCI in buffer A 
• linear gradient 

DNA-cellulose 
I 0-0.5M KCI in buffer A 

linear gradient 

Non-Denaturing Gel Electrophoresis 

Fig. 3. Purification procedure for DNA poly
merase alpha 
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Table 2. Purification of Chinese hamster ovary DNA 
polymerase alpha* 

Specific 
Activity Activity 

Fraction (units) (units/mg) 

Crude extract 3,500 9.5 

First DEAE-cellulose 2,000 150. 

Second DEAE-cellulose 1,300 210. 

Phosphocellulose 750 1,340 

DNA-cellulose 222 5,110 

Non-denaturing Gel 
Electrophoresis 19 7,010 

*The data represent the combined average values of 
no less than 5 preparations. One unit of DNA polymerase 
activity is defined as the amount catalyzing the incorpora
tion of 1 nmol of labelled dTMP into acid-insoluble product 
in 1 hr. at 27°C. 
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Fig. 4. Glycerol gradient analysis of DNA poly
merase alpha. — Crude homogenate DNA polymerase alpha 
(7.3 units) was loaded onto 5 ml 20%-40% glycerol gradients 
and centrifuged as described in Materials and Methods. 
Fractions (200 yl) were collected from the top and assayed 
as described in Chapter 2 with 12% loaded activity 
recovered in the peak (fx. 20 and 21) fractions. Standards 
containing the same amount of total protein in the same 
volumes as sample [ovalbumin, 3.5S (45,000 mol. wt.); bovine 
serum albumin, 4.5S (68,000 mol. wt.); aldolase, 6.5S 
(147,000 mol. wt.)] were run separately on parallel 
gradients. 
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Fig. 5. First DEAE-cellulose chromatography. — 
Crude homogenate (3500 units) was applied to a 140 ml 
DEAE-cellulose colunm with a column length to width ratio 
of 4:1. The column was washed with three column volumes 
of Buffer A prior to assay fractions. DNA polymerase alpha 
activity was eluted with three column volumes of 0.3M KCl 
in Buffer A. Fractions were collected and assayed as 
described in Chapter 2. Fractions 20-31 were pooled and 
dialyzed against Buffer A. 



fractions were combined and dialyzed against Buffer A. 

This procedure consistently reduced the total protein to 

one-half the amount present in the crude homogenate fraction 

and resulted in a twenty-fold purification in specific 

3 
activity. The incorporation of H-dTTP into activated DNA 

could be inhibited 80% by N-ethylmaleimide in this partially 

purified fraction (Figure 6). The first DEAE-cellulose 

fraction was applied to a second DEAE-cellulose column. 

The second DEAE-cellulose was washed with 0.05 M KC1 in 

Buffer A until the absorbance at 280 nm indicated no addi

tional protein elution. DNA polymerase alpha was step salt 

eluted with 0.3 M KC1 in Buffer A. The activity and protein 

elution profiles on the second DEAE-cellulose column are 

presented in Figure 7. The 0.05 M KC1 in Buffer A step 

salt wash removed loosely bound proteins including DNA 

polymerase beta. Another second DEAE-cellulose column 

which had been previously washed extensively with 0.05 M 

KC1 in Buffer A depicts the step salt elution (0.3 M KC1 

in Buffer A) of DNA polymerase alpha activity in terms of 

units of activity per ml effluent (Figure 8). Peak activ

ity fractions were combined and dialyzed against Buffer A. 

The second DEAE-cellulose fraction was applied to a phos-

phocellulose column and chromatography was effected with a 

linear salt gradient. A substantial purification of DNA 

polymerase alpha activity from unbound or loosely bound 

proteins is shown in Figure 9.. A phosphocellulose column 
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Fig. 6. DNA polymerase alpha inhibition by 
N-ethylmaleimide (NEM). — First DEAE-cellulose DNA 
polymerase alpha fraction (560 x 103 units) was incubated 
in triplicate with 0.5 mM NEM, 1.0 mM NEM, 2.0 mM NEM, or 
H2O. DNA polymerase assays as described in Chapter 2 were 
incubated for 20 min to 37°C. 
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Fig. 7. Second DEAE-cellulose chromatography 
activity and protein elution profiles. — First DEAE-
cellulose fraction DNA polymerase alpha (221 units) was 
applied to a 37 ml DEAE-cellulose column with a length 
to width ratio of 4:1. Fractions 1-20 are the three column 
volumes 0.05 M KCl in Buffer A wash. Fraction 21 begins 
the 0.3 M KCl in Buffer A elution. Fractions were collected 
and assayed as described in Chapter 2. Fractions 26-32 were 
pooled and dialyzed against Buffer A. 
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Fig. 8. Second DEAE-cellulose column chromatography. 
— First DEAE-cellulose fraction (Fig. 5) was applied to a 
second DEAE-cellulose column (same dimensions as first 
DEAE-cellulose column). The second DEAE-cellulose column 
was washed with three column 0.05 M KCl in Buffer A prior 
to assay fractions. Fraction 1 indicates the beginning of 
the 0.3 M KCl in Buffer A elution. Fractions were collected 
and assayed as described in Chapter 2. Fractions 23-31 
were pooled and dialyzed against Buffer A. 
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Fig. 9. Phosphocellulose chromatography activity 
and protein elution profiles. — Second DEAE-cellulose 
fraction (Fig. 7) was applied to a 23 ml phosphocellulose 
column with a length to width ratio of 7:1. A linear salt 
gradient from 0-0.5 M KC1 in Buffer A that was 8 times the 
column volume was started immediately after the protein was 
loaded. Fractions were collected and assayed as described 
in Chapter 2. Fractions 26-32 were pooled and dialyzed 
against Buffer A. 
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(Figure 10) which had been previously washed extensively to 

remove unbound and loosely bound proteins depicts the linear 

salt gradient elution of DNA polymerase alpha activity and 

protein. Peak activity fractions were combined and dialyzed 

against Buffer A. The phosphocellulose chromatography con

sistently resulted in a six- to ten-fold purification of DNA 

polymerase alpha (Table 2). DNA-cellulose affinity chroma

tography was achieved by linear salt gradient elution of the 

phosphocellulose fraction., Phosphocellulose fraction was 

applied to a single-stranded DNA-cellulose column. Figure 

11 shows the removal by low salt of the proteins not bound 

or loosely bound to the DNA-cellulose prior to the elution 

of DNA polymerase alpha at a higher salt concentration. 

Figure 12 profiles the elution of DNA polymerase alpha 

activity and protein from a DNA-cellulose column which had 

been washed with Buffer A until the absorbance at 280 nm 

indicated no additional protein elution. DNA-cellulose 

affinity chromatography yielded a highly purified DNA-

polymerase alpha preparation. SDS-PAGE analyses of the 

second DEAE-cellulose fraction, phosphocellulose fraction, 

and DNA-cellulose fraction are presented in the photographs 

and corresponding gel scans in Figure 13. The highly 

purified DNA-cellulose fraction exhibited only two dis

cernible protein bands upon SDS-PAGE analysis. The major 

protein band at the molecular weight of 66,000 became 

increasingly predominant during the purification. 
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Fig. 10. Phosphocellulose column chromatography. 
— Second DEAE-cellulose fraction (Fig. 8) was applied to 
a 20 ml phosphocellulose column with a length to width 
ratio of 10:1. The column was washed with three column 
volumes of Buffer A prior to assay fractions. DNA poly
merase alpha activity was eluted with a linear salt gradient 
from 0-0.5 M KC1 in Buffer A that was eight times the column 
volume. Fractions were collected and assayed as described 
in Chapter 2. Panel A shows the protein and salt gradient 
profiles. Panel B depicts the DNA polymerase alpha activity 
elution profile. Fractions 16-24 were pooled and dialyzed 
against Buffer A. 
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Fig. 11. DNA-cellulose chromatography activity and 
protein elution profiles. — Phosphocellulose fraction 
(Fig. 9) was applied to a 5.4 ml DNA-cellulose column with 
a length:width ratio of 10:1. A linear salt gradient (ten 
times the column volume) from 0-0.5 M KC1 in Buffer A was 
started immediately after the protein was loaded. Fractions 
were collected and assayed as described in Chapter 2. 
Fractions 9-11 were pooled and dialyzed against Buffer A. 
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Fig. 12. DNA-cellulose column chromatography. — 
Phosphocellulose fraction (Fig. 10) was applied to a 20 ml 
DNA-cellulose column with a length to width ratio of 10:1. 
The column was washed with three column volumes of Buffer A 
prior to assay fractions. A linear salt gradient from 
0-0.5 M KC1 in Buffer A (six times the column volume) was 
collected and assayed as described in Chapter 2. Panel A 
shows the protein and salt gradient profile. Panel B 
shows the DNA polymerase alpha activity elution profile. 
Fractions 9-13, pooled and dialyzed against 50 mM KC1 in 
Buffer A, constitute DNA-cellulose fraction DNA polymerase 
alpha. 



Fig. 13. SDS-PAGE analysis of purification frac
tions. — Second DEAE-cellulose fraction (65 yg), phospho-
cellulose fraction (50 yg), and DNA-cellulose fraction 
(25 yg) were separately brought to 500 yl with SDS-sucrose 
buffer, boiled for 3 min, then dialyzed against SDS-sucrose 
buffer for 4 hr. Electrophoresis, staining and destaining 
of gels, and gel scans were performed as described in 
Chapter 2. 
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Fig. 13. SDS-PAGE analysis of purification fractions 
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To further identify the 66,000 molecular weight pro

tein as DNA polymerase alpha a profile of enzymatic activity 

and protein was performed. DNA-cellulose fraction was reap

plied to a DEAE-cellulose column and DNA polymerase alpha 

was step salt eluted with 0.3 M KC1 in Buffer A. Figure 14A 

profiles DNA polymerase alpha activity eluted while Figure 

14B profiles the protein content of the fractions by SDS-PAGE 

analysis. The protein of molecular weight 66,000 increased 

in amount concomitant with the increase in DNA polymerase 

alpha activity in the column fractions, providing further 

evidence that this protein represents DNA polymerase alpha. 

Linearity of activity and protein was not expected since the 

assay continued into plateau region of activity. 

Non-denaturing gel electrophoresis of DNA-cellulose 

fraction on 6.3% (Figure 15, activity and gel scan; Figure 

16, photograph of the gel) or 3.5% (Figure 17, activity and 

gel scan; Figure 18, photograph of the gel) polyacrylamide 

gels depicted the co-migration of DNA polymerase alpha activ

ity with the predominant protein peak. Subsequent SDS-PAGE 

analysis of gel fractions containing peak activity (Figure 

19) revealed a near homogeneous preparation of DNA polymer

ase alpha. Determination of the molecular weight of DNA 

polymerase alpha with respect to standard proteins is pre

sented in Figure 20. 

The lower molecular weight protein present in the 

DNA-cellulose fraction (Figure 13) was no longer apparent 

after non-denaturing gel electrophoresis (Figure 19) 
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Fig. 14. DEAE-cellulose and protein elution 
profile 

A. DEAE-cellulose enzyme profile. DMA-cellulose 
fraction DNA polymerase alpha (17 units) was loaded onto a 
5 ml DEAE-cellulose column at a column length to width ratio 
of 4:1. DNA polymerase alpha was eluted with three column 
volumes of 0.3M KC1 in Buffer A and 2 ml fractions collected. 
Each fraction (25 yl) was assayed as described in Chapter 2 
except ^n-dTTP was increased to ten times standard specific 
activity and the reaction was incubated for 30 minutes. 

B. DEAE-cellulose protein profile. The DEAE-
cellulose enzyme profile fractions depicting activity and 
one fraction to each side of peak activity were dialyzed 
against SDS-sucrose buffer. The same volume (500 yl) of 
each fraction was applied to SDS-PAGE gels and electro-
phoresed in parallel with standard proteins (see Figure 
20 legend). Gels were scanned as described in Materials 
and Methods. 
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Figure 15. Non-denaturing 6.3% polyacrylamide gel 
electrophoresis. — (A) Gel scan of (B) was performed as 
described in Materials and Methods. (B) DNA-cellulose frac
tion DNA polymerase alpha (302 x 10-3 units) was loaded onto 
a 6.3% non-denaturing polyacrylamide gel, electrophoresed, 
sliced, and the slices eluted as described in Materials and 
Methods. Slices were eluted for eight hours with a 13% 
recovery of loaded activity. Activity depicted represents 
100% recovery of loaded activity. 



Fig. 16. Non-denaturing 6.3% polyacrylamide gel 
electrophoresis of DNA-cellulose fraction DNA polymerase 
alpha. — Photograph of the gel described in Figure 15. 
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Figure 17. Non-denaturing 3.5% polyacrylamide gel 
electrophoresis. — (A) Gel scan of (B) was performed as 
described in Materials and Methods. (B) DNA-cellulose 
fraction DNA polymerase alpha (302 x 10~3 units) was loaded 
into a 3.5% non-denaturing polyacrylamide gel, electro-
phoresed, sliced, and the slices eluted as described in 
Materials and Methods. Slices were eluted for eight hours 
with a 25% recovery of loaded activity. Activity depicted 
represents 100% recovery of loaded activity. 
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Pig. 18. Non-denaturing 3.5% polyacrylamide gel 
electrophoresis of DNA-cellulose fraction DNA polymerase 
alpha. — Photograph of the gel described in Figure 17. 



Fig. 19. SDS-PAGE gel of non-denaturing poly-
acrylamide gel electrophoresis fraction DNA polymerase 
alpha. — Gel transfer was accomplished as described in 
Materials and Methods. Peak polymerase activity gel slices 
were determined on a gel eluted (six hours) for activity. 
Three non-denaturing gels run in parallel with the gel eluted 
for activity were sliced and the slices eluted (six hours) 
into SDS-sucrose buffer. The eluted proteins from gel slices 
corresponding to activity from these gels were pooled, con
centrated by dialysis against solid sucrose, boiled, and 
applied to an SDS-PAGE gel. A total of 8 yg protein was 
applied. Electrophoresis and scanning was accomplished as 
described in Materials and Methods. 
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Fig. 19. SDS-PAGE gel of non-denaturing poly-
acrylamide gel electrophoresis fraction DNA polymerase 
alpha 
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Fig. 20. Molecular weight determination of DNA 
polymerase alpha subunit. — Standards were applied to 
separate SDS-PAGE gels at 12.5 yg protein per gel and the 
gels electrophoresed parallel with DNA polymerase alpha 
(Figure 19). Standards were bovine serum albumin dimer 
(136,000 mol. wt.), bovine serum albumin monomer (68,000 
mol. wt.), alcohol dehydrogenase (41,000 mol. wt), and 
carbonic anhydrase (29,000 mol. wt.). Gels were stained 
and destained as described in Materials and Methods. 



This protein will later (Chapter 5) be identified tenta

tively as the catalytic subunit of protein kinase. Analysis 

of nondenaturing gel fractions for protein kinase activity 

(data not shown) revealed no apparent protein kinase activ

ity. It was presumed that this protein did not enter non-

denaturing gels, allowing for the slight increase in puri

fication observed with nondenaturing gel electrophoresis. 

Another approach to obtain evidence for the purity of a 

protein is by the criterion of disc gel electrophoresis 

(Hedrick and Smith, 1968). This requires that a single 

protein band (and in this case, activity is also a measure) 

is observed at different gel concentrations, as has been 

presented on 6.3% (Figure 15) and 3.5% (Figure 17) non-

denaturing gel electrophoresis. The linear relationship 

obtained by the differential migration (R^) of protein and 

activity with respect to gel concentration can be used 

to estimate the molecular weight of the enzyme. The nega

tive slope (18.75) of the line obtained by plotting the 

Rg values versus gel concentration was compared with several 

standard proteins (Hedrick and Smith, 19 68) and an estimate 

of 460,000 was concluded for the molecular weight of CHO 

DNA polymerase alpha under the conditions of nondenaturing 

gel electrophoresis. 

The presumed structure of DNA polymerase alpha in 

the cell, based on glycerol gradient and SDS-PAGE analysis, 

is that of a dimer of molecular weight 155,000 containing 

subunits of molecular weight 66,000. 



CHAPTER 4 

EVIDENCE FOR THE PHOSPHORYLATIONAL 

MODIFICATION OF DNA POLYMERASE ALPHA 

Crude homogenate fraction DNA polymerase alpha 

activity was stimulated up to five-fold by the addition of 

partially purified bovine cardiac muscle cAMP-dependent 

protein kinase Type I or Type II (Figure 21). The cAMP-

dependent protein kinase Type I or Type II fractions alone 

detected no DNA polymerase activity. Therefore the increase 

in DNA polymerase alpha activity observed upon addition of 

the cAMP-dependent protein kinase Type I or Type II was not 

due to the addition of DNA polymerase activity with the pro

tein kinase fractions. This intriguing observation raised 

speculation as to whether the highly purified DNA-cellulose 

fraction DNA polymerase alpha would exhibit the same stimu

lation. Incubation of DNA-cellulose fraction DNA polymerase 

alpha with an equal mixture of bovine cardiac muscle cAMP-

dependent protein kinases Types I and II in the presence of 

ATP (Table 3) resulted in a six-fold stimulation of DNA poly

merase alpha activity. Controls with protein kinase frac

tion alone again detected no polymerase in this fraction. 

The stimulation by protein kinase addition was not due to a 

non-specific protein effect. This is evidenced in the lack 
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Fig. 21. Crude homogenate DNA polymerase 
stimulation by cyclic AMP-dependent protein kinase. — 
Crude homogenate DNA polymerase (0.5 units) was incubated 
in the absence or presence of partially purified bovine 
cardiac muscle cAMP-dependent protein kinase Type I (1100 
units) or Type II (1400 units). Incubation was as described 
in Materials and Methods for 25 min at 30°C. DNA polymerase 
assay was performed as described in Materials and Methods 
for 30 min at 37°C. 
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Table 3. DNA-cellulose purified DNA polymerase alpha 
stimulation by cAMP-dependent protein kinase* 

H-dTTP 
pmol per 

Reaction reaction 

Protein Kinase + ATP 0. 6 + 0. 004 

Polymerase + BSA + ATP 7. 3 + 0. 118 

Polymerase + Protein Kinase - ATP 7. 5 + 0. 710 

Polymerase - Protein Kinase + ATP 8. 8 + 0. 960 

Polymerase + Protein Kinase + ATP 55. 6 + 0. 001 

*DNA-cellulose fraction DNA polymerase alpha (15 x 
10" units) was incubated with a mixture of partially puri
fied bovine heart muscle cAMP-dependent protein kinases 
Type I (556 units) and Type II (670 units). Incubation was 
for 30 min at 30°C as described in Materials and Methods. 
DNA polymerase assay v/as performed as described in Mate
rials and Methods for 30 min at 37°C. 



of stimulation in controls in which BSA was added in the same 

concentration of protein as that contained in the protein 

kinase fraction. DNA polymerase alpha with the addition of 

protein kinase but in the absence of ATP yielded the 

expected (based on units of DNA polymerase alpha added per 

3 
reaction) 7.5 pmol H-dTTP incorporated per reaction. DNA 

polymerase alpha with the addition of ATP but in the absence 

of protein kinase repeatedly revealed a slight increase in 

3 
pmol H-dTTP incorporated per reaction over the expected 

value. The possibility of an endogenous protein kinase 

activity in the highly purified DNA-cellulose fraction was 

confirmed by standard protein kinase assays. Subsequent 

purification of DNA polymerase alpha detected the co-

purification of a protein kinase activity through all ion-

exchange chromatographies and DNA-cellulose affinity 

chromatography (see Chapter 5). The highly purified DNA-

cellulose fraction was incubated with ATP in the presence 

or absence of alkaline phosphatase (Table 4). DNA-cellulose 

fraction DNA polymerase alpha activity was inhibited 81% 

by the addition of alkaline phosphatase during the phos

phorylation reaction. Addition of alkaline phosphatase 

during the polymerase reaction (data not shown) detected 

no effect on polymerase activity. Phosphorylation of the 

DNA-cellulose fraction was also inhibited by alkaline 

phosphatase. The 90% inhibition of phosphorylation corre

lated with the 81% inhibition of DNA polymerase alpha 



Table 4. Effect of alkaline phosphatase on phosphorylation and DNA polymerase 
alpha activity* 

Reaction 

pmol P-ATP 
incorporated 
per reaction 

pmol H-dTTP 
incorporated 
per reaction 

% Inhibition 
% Inhibition DNA polymerase 

Phosphorylation alpha activity 

Control 1.95 ± 0.20 9,9 ± 0.03 

90 81 

Alkaline 
Phosphatase 0.20 ± 0.05 1.5 ± 0.02 

*DNA-cellulose fraction DNA polymerase alpha (4 x 10 units) and 
endogenous protein kinase (64 x 10~3 units) was incubated in the absence or 
presence of 40 x 10"^ units of alkaline phosphatase in an endogenous phosphory
lation reaction (Materials and Methods) for 15 min at 30°C. Data reflect 
the average of four experiments each for control or addition of alkaline phos
phatase. DNA polymerase reaction was performed as described in Materials and 
Methods (5 min at 37°C). 

CTl 
u> 
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activity. This provided the first substantive evidence that 

DNA polymerase alpha was stimulated specifically by a 

phosphorylation reaction and could be inhibited by dephos-

phorylation. The highly purified DNA-cellulose fraction DNA 

polymerase alpha and endogenous protein kinase was used in 

the determination of the data presented for the remainder of 

this chapter. The increase in DNA polymerase alpha activity 

was examined for dependence on time of phosphorylation 

(Figure 22). The stimulation of alpha-polymerase activity 

increased with time of phosphorylation. The same amount of 

DNA-cellulose fraction incubated in the absence of ATP 

showed no increase in DNA polymerase activity with time of 

3 
incubation. The disparity of pmol H-dTTP incorporated 

between plus ATP reaction and minus ATP control at 0 min 

incubation at 30°C may be explained by the phosphorylation 

which occurred during the 5 min polymerase activity assay 

in the presence of ATP which was prevented in the absence of 

3 
ATP. The linear relationship between H-dTTP xncorpora-

32 • 
tion and y P-ATP incorporation per reaction is depicted in 

Figure 23. Linear regression analysis of this plot provided 

a very high correlation coefficient (r) of 0.9698 (an r 

value of 1.0 indicating 100% correlation). 

The detection of labelled phosphate bound to DNA 

polymerase alpha is the final evidence offered for the phos-

phorylational modification of DNA polymerase alpha. Figure 

24) displays the results of the in vitro incubation of the 
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Fig. 22. Linear increase in DNA polymerase alpha 
activity with respect to time of phosphorylation. — Each 
time point represents the average of three endogenous protein 
kinase and polymerase reactions as described in Materials and 
Methods. DNA-cellulose fraction DNA polymerase alpha (1.7 x 
10~3 units) and endogenous protein kinase (27 x 10"^ units) 
were incubated for the specified time at 30°C. All poly
merase reactions were incubated for 5 min at 37°C. 
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Fig. 23. Linear relationship of H-dTTP to y P-ATP 
incorporation. — Graph depicts the results of 19 endo
genous kinase and polymerase experiments as described in 
Materials and Methods with DNA-cellulose fraction. The 
variation in the amount of incorporation of y32p-ATP (and 
similarly 3n-dTTP) is a reflection of the variation of the 
time of phosphorylation incubation, from 5 to 30 min at 30°C, 
and/or presence of alkaline phosphatase (40 x 10~3 units 
alkaline phosphatase to 4 x 10~3 units alpha polymerase 
and 64 x 10~3 units endogenous protein kinase). Polymerase 
reactions were all incubated for 5' at 37°C. 



Fig. 24. In vitro phosphorylation of DNA poly
merase alpha. — (A) Gel scan of SDS-PAGE analysis of DNA-
cellulose fraction DNA polymerase alpha performed as 
described in the legend for Figure 13. (B) DNA-cellulose 
fraction DNA polymerase alpha (3.25 units) and endogenous 
protein kinase (52 units) were incubated in standard endoge
nous protein kinase reaction conditions as described in 
Materials and Methods for 45 min at 30°C. At the termina
tion of incubation SDS-sucrose buffer was added to a total 
of 500 yl/ the contents boiled, dialyzed against SDS-sucrose 
buffer and applied to SDS-PAGE gels. Gels were electrophor-
esed as described in Materials and Methods. Standards were 
run in parallel and determined as described in the legend 
for Figure 20. Gels were sliced in 1 mM slices, 10 ml of 
NCS-toluene added per slice, and radioactivity eluted over
night at 37°C. Background counts of 150 cpm were subtracted 
from each slice. 
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Fig. 24. In vitro phosphorylation of DNA poly
merase alpha 
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highly purified DNA-cellulose fraction DNA polymerase alpha 

32 
and endogenous protein kinase with y P-ATP and subsequent 

SDS-PAGE analysis for labelled phosphate. The gel slices 

corresponding to DNA polymerase alpha protein peak at 

molecular weight 66,000 incorporated the predominant amount 

of labelled phosphate. The labelled phosphate remained 

bound throughout the boiling in SDS-sucrose buffer and dial

ysis against SDS-sucrose buffer procedures employed prior to 

electrophoresis. This implied a covalent linkage of phos

phate to DNA polymerase alpha. 



CHAPTER 5 

CO-PURIFICATION OF PROTEIN KINASE 

WITH DNA POLYMERASE ALPHA 

Endogenous kinase activity was detected in DNA--

cellulose fraction DNA polymerase alpha (Chapter 4). This 

prompted the purification of DNA polymerase alpha, assaying 

for protein kinase activity through each step, to determine 

if this kinase activity was present fortuitously or actually 

co-purified with DNA polymerase alpha. 

In all purification steps protein kinase activity 

eluted in the same fractions as DNA polymerase alpha. Ini

tially a linear salt gradient on DEAE-cellulose, which as 

previously discussed is the basis for the separation of 

cAMP-dependent protein kinases Types I and II, was performed. 

The elution of protein kinase in the absence or presence of 

cAMP and the elution of DNA polymerase alpha activity was 

profiled (Figure 25). According to this criteria it would 

appear cAMP-dependent protein kinase Type II is the kinase 

activity that co-purifies with alpha-polymerase. The data 

presented in Figures 26-29 are from the same purification 

of DNA polymerase alpha presented in Figures 5, 8, 10, and 

12 of Chapter 3 with the additional information of the 

69 
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Fig. 25. DEAE-cellulose linear salt gradient. — 
Crude homogenate DNA polymerase alpha fraction (234 units) 
in Buffer A was applied to a 20 ml DEAE-cellulose column 
pre-equilibrated with Buffer A at a column length to width 
ratio of 4:1. Activity was eluted with a 300 ml (15 times 
column volume) linear salt gradient from 0-0.3M KC1 in 
Buffer A and the effluent was collected in 2.8 ml fractions. 
All assays were performed as described in Materials and 
Methods. Panel A shows the protein and the salt gradient 
profiles. Panel B depicts the DNA polymerase alpha and 
protein kinase activity elution profiles. 
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Fig. 26. First DEAE-cellulose column chroma
tography of DNA polymerase alpha and endogenous protein 
kinase. — As described in Figure 5 with the additional 
assay of each fraction for protein kinase activity as 
described in Materials and Methods. 
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Fig. 27. Second DEAE-cellulose column chroma
tography of DNA polymerase alpha and endogenous protein 
kinase. — As described for Figure 8 with the inclusion 
of protein kinase activity assay for each fraction as 
described in Materials and Methods. 
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Fig. 28. Phosphocellulose column chromatography 
of DNA polymerase alpha and endogenous protein kinase. — 
As described for Figure 10 with the assay of each fraction 
(panel B) for protein kinase as described in Materials and 
Methods. 
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Fig. 29. DNA-cellulose column chromatography of 
DNA polymerase alpha and endogenous protein kinase. — 
As described for Figure 12 with the additional assay of 
each fraction (panel B) for protein kinase activity as 
described in Materials and Methods. 
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elution profiles of protein kinase activity in the absence 

or presence of cAMP. 

Summary of the purification of endogenous protein 

kinase in the purification scheme of DNA polymerase alpha is 

presented in Table 5. The specific activity of the kinase 

with a variety of substrates was determined for each step 

in the purification. The specific activity of kinase with 

histone, phosvitin, or casein as substrate offered no clear 

evidence for purification of the kinase throughout the 

purification steps followed for DNA polymerase alpha, 

although with histone in the absence of cAMP a small but 

steady increase in specific activity can be seen. 

Evidence for purification of protein kinase is 

revealed when the kinase utilized its own endogenous protein 

as substrate. Presumably DNA polymerase alpha was the 

endogenous substrate, since it and protein kinase catalytic 

subunit (see below) are the only detectable proteins present 

in this fraction (Figure 13). Direct evidence for the phos

phorylation of DNA polymerase alpha by the endogenous pro

tein kinase was presented in Figure 24. The absolute value 

of specific activity of the DNA-cellulose fraction with 

endogenous substrate is comparable with the purified cAMP-

dependent protein kinase (Erlichman et al., 1973). The spe

cific activity of this fraction had been increased almost 

2,000 times that observed in crude homogenate, revealing 

a substantial purification of the kinase. 



Table 5. Purification of endogenous CHO protein kinase* 

Substrate (specific activity, unit/mg) 

Histone Histone Endogenous Purification 
Fraction - cAMP + cAMP Phosvitin Casein Substrate (Fold) 

Crude 57 14 

DEAE I 750 2,040 360 300 121 9 

DEAE II 1,020 2,880 540 540 

Phospho-
cellulose 1,690 3,410 1,300 1,680 1,110 150 

DNA-
cellulose 2,040 1,950 510 750 25,750 1,840 

*One unit of protein kinase activity is defined as the amount 
catalyzing the incorporation of 1 nmol of labelled phosphate from 
y32p_ATP into acid-insoluble product in 1 hr at 30°C. 
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Cyclic AMP has a purported role as a specific 

effector in varied intracellular reactions. It would be of 

great interest to ascertain if the endogenous protein kinase 

purifying with DNA polymerase alpha was dependent on cAMP. 

Unfortunately the data thus far is ambiguous. The depen

dence of the kinase activity on cAMP was clear in the elution 

profiles of the first and second DEAE-cellulose chromatog

raphies. Phosphocellulose column chromatography was the 

first step in the purification which employed a linear salt 

gradient, enabling the separation of cAMP-dependent protein 

kinases Types I and II. As observed with the linear salt 

gradient on DEAE-cellulose, the presumed cAMP-dependent 

protein kinase Type II co-eluted with DNA polymerase alpha. 

However, with purification on phosphocellulose there emerged 

an ambiguity as to the dependence of the kinase on cAMP. 

DNA-cellulose column chromatography depicted no stimulation 

of protein kinase by cAMP. 

It is possible that the DNA-cellulose protein 

kinase exhibited a lack of dependence on cAMP due to the 

mechanical separation of catalytic subunits from regulatory 

subunits during purification. The photograph and gel scan 

for this fraction presented in Figure 13 in Chapter 3 

revealed only two discernible protein bands present, both 

of which are phosphorylated (Figure 24, Chapter 4). One 

protein migrated at the subunit molecular weight for alpha 

polymerase (66,000) and an additional protein band was 
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present at approximately 30,000 molecular weight. It will 

be recalled that the catalytic subunits of several types of 

protein kinase fall into the 30,000-40,000 dalton molecular 

weight range. It is proposed that DNA-cellulose column 

chromatography allowed the separation of regulatory from 

catalytic components of protein kinase holenzyme. 

Histone was found to be a preferred substrate by 

approximately two-fold over phosvitin and casein, which 

reflects a cAMP-dependent protein kinase (Costa, Gerner, 

and Russell, 1976b; Costa et al., 1977). The use of cAMP-

dependent protein kinase inhibitor in protein kinase reac

tions with histone as substrate could inhibit kinase reac

tion up to 30% of control, which is neither strong evidence 

for or against the cAMP-dependence of the protein kinase. 

Though the cAMP dependence of the endogenous protein 

kinase has not been determined, there is clear evidence for 

the purification of an endogenous kinase with the purifica

tion of DNA polymerase alpha. This protein kinase had a 

specific endogenous substrate, presumably DNA polymerase 

alpha. 



CHAPTER 6 

DISCUSSION 

The highly purified DNA polymerase alpha fraction 

prepared from Chinese hamster ovary cells exhibits biochemi

cal properties consistent with studies of the highly puri

fied DNA polymerase alpha prepared from human KB cells 

(Fisher and Korn, 1977), mouse myeloma (Chen et al., 1979), 

rat regenerating liver (Fichot et al., 1979), and calf 

thymus (Holmes et al., 1976) cells. The purification of CHO 

DNA polymerase alpha by this author was effected in Tris 

buffer following a report by Rangel-Aldao, Kupiec, and Rosen 

(1979) indicating that a known phosphorylated protein could 

become dephosphorylated during purification in Tris buffer 

whereas its in vivo state of phosphorylation is maintained 

through purification in a phosphate buffer. The purpose 

was to obtain DNA polymerase alpha in the least possible 

phosphorylated state so that in vitro phosphorylation after 

purification would be significant. The specific activity 

for the highly purified CHO DNA polymerase alpha reported 

by this author is comparable with the value reported for the 

near homogeneous enzyme reported by Fichot et al. (1979). 

These authors also effected the final purification proce

dures (phosphocellulose and DNA-cellulose chromatographies) 
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of rat regenerating liver DNA polymerase alpha in the 

absence of a phosphate buffer system. The specific activity 

of the highly purified CHO DNA polymerase alpha was stimu

lated up to twelve-fold by phosphorylation. The increased 

specific activity is comparable with values for the near 

homogeneous DNA polymerase alpha (purified in a phosphate 

buffer system) reported by Fisher and Korn (1977) and Chen 

et al. (1979). In addition, the highly purified CHO DNA 

polymerase alpha exhibited sensitivity to N-ethylmaleimide 

and salt. These properties as well as the holoenzyme mole

cular weight determinations under various conditions are all 

in agreement with previously reported highly purified DNA 

polymerase alpha preparations from other sources (Fisher and 

Korn, 197 7; Chen et al., 197 9; Holmes, Hesslewood, and 

Johnston, 1974; Fichot et al., 1979). 

Cellular levels of cAMP have been reported to 

increase just prior to the DNA replication phase of the cell 

cycle in CHO cells (Costa, Gerner, and Russell, 1976a). A 

concurrent increase in amount and activity of cAMP-dependent 

protein kinases (as defined by linear salt gradient on DEAE-

cellulose analysis) has also been observed (Costa et al., 

1976b) in CHO cells. Thus there is a correlation between 

cellular levels of protein kinase and DNA polymerase 

activity. The additional criteria outlined by Krebs and 

Beavo (1979) to describe that a protein undergoes physio

logically significant phosphorylation-dephosphorylation 

(1) that DNA polymerase alpha can be phosphorylated 



stoichiometrically at a significant rate catalyzed by an 

appropriate protein kinase and dephosphorylated by a phos-

phoprotein phosphatase and (2) that DNA polymerase alpha 

undergoes meaningful changes in polymerase activity that 

correlate with the degree of phosphorylation have been ful

filled. The final criterion, that the enzyme be shown to 

undergo phosphorylation-dephosphorylation in vivo or in an 

intact cell system with accompanying functional changes, has 

not yet been fully explored. However, the high degree of 

association of endogenous protein kinase with CHO DNA poly

merase as evidenced by their co-purification, the rigorous 

methods undertaken to separate their activites (non-

denaturing gel electrophoresis or 0.35 M KC1 dissociation), 

and the specificity shown by endogenous protein kinase for 

endogenous substrate, suggest that future in vivo experi- . 

ments will support the contention that DNA polymerase alpha 

is functionally modified by phosphorylation in CHO cells. 

There are three distinct reactions which could occur 

during the phosphorylation incubation that could result in 

the stimulation of alpha-polymerase activity. The catalytic 

subunit of protein kinase exhibits protein bound phosphate 

during the transferase reaction as evidenced by SDS-PAGE 

after in vitro phosphorylation incubation (Figure 24). The 

labelled phosphate remained bound after boiling in SDS-

sucrose buffer and dialysis against SDS-sucrose buffer, so 

it may be assumed that this phosphate is covalently bound 
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to catalytic subunit. This was also shown (Erlichman, 

Rosenfield, and Rosen, 1974) to occur in cAMP-dependent 

protein kinase catalytic subunit, one-sixth of the bound 

phosphate appearing in the catalytic subunit on SDS-PAGE 

analysis (although the authors focused attention solely to 

the six-fold greater binding of phosphate by cAMP-binding 

(regulatory) subunit). The possibility that phosphorylated 

catalytic subunit alone may effect the increase in polymer

ase activity by some mechanism such as interaction with the 

DNA template cannot be excluded from consideration. 

The second possibility by which phosphorylation 

incubation may effect an increase in alpha-polymerase 

activity may be that both DNA polymerase and catalytic 

subunit of protein kinase, through their phosphorylational 

modification, are enabled to react in concert in the poly

merase reaction in some manner that results in the increase 

of polymerase activity. 

Finally, DNA polymerase alpha alone could become 

phosphorylated and this result in an increase in alpha-

polymerase activity, perhaps by an increased recognition of 

- template or by dissociation of the holoenzyme into active 

subunits. This latter hypothesis is proposed to be the 

mechanism of action by phosphorylation in reverse tran

scriptase (Rokutanda et al., 1979). Although the possibil

ities for effecting the increase in alpha-polymerase 

activity (1) alpha-polymerase phosphorylation, (2) catalytic 
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subunit of protein kinase phosphorylation, and (3) alpha-

polymerase and catalytic subunit phosphorylation cannot be 

narrowed and the exact mechanism of the reaction defined, it 

is apparent that the degree of phosphorylation correlates 

with significant effects in alpha-polymerase activity. 

The degree of phosphorylation required for the fold 

stimulation of DNA polymerase alpha was calculated from the 

data presented in Figure 23. Based on the assumptions that 

(1) the phosphorylation of both subunits of DNA polymerase 

alpha occurs and (2) all the protein present in the DNA-

cellulose fraction was DNA polymerase alpha the percent of 

DNA polymerase alpha phosphorylated with respect to fold 

stimulation was determined (Figure 30). The percent of DNA 

polymerase alpha phosphorylated ranged from five percent to 

greater than ninety-five percent with a corresponding 

stimulation of activity of up to twelve-fold. This data 

reflects an estimate based on the assumption that both 

subunits of DNA polymerase alpha were phosphorylated. If, 

in fact, the stimulation of DNA polymerase alpha activity 

required the phosphorylation of only one subunit, then a 

maximum of approximately fifty percent of the DNA polymerase 

alpha present had been phosphorylated. This would imply 

that under optimal conditions even more stimulation of 

activity could be attained with the further phosphorylation 

of DNA polymerase alpha. 
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Calculations performed as described in the text. 
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A known phosphoprotein will migrate to a different 

apparent molecular weight upon SDS-PAGE in a phosphorylated 

form then in its dephosphorylated form (Rangel-Aldao et al., 

1979). This effect would apply to all electrophoretic sepa

rations of phosphorylated versus dephosphorylated forms of a 

protein. If there are multiple sites of phosphorylation per 

protein, various degrees of phosphorylated forms would be 

reflected electrophoretically. It may be speculated that 

the behavior of a protein on ion-exchange chromatography and 

affinity chromatography would also reflect phosphorylated 

versus dephosphorylated forms. Functional properties as pre

sented here in the increase in DNA polymerase alpha activity, 

and perhaps intracellular location may be determined by 

phosphorylational modification. This phenomenom may account 

for the heterogeneous nature, including subunit structure, 

previously reported for DNA polymerase alpha (Matsukage, 

Sivarajan, and Wilson, 1976; Fisher and Korn, 1977, Fichot 

et al., 1979; Chen et al., 1979, and others). 

In summary I would like to speculate on the direc

tion of future research of DNA replication in eukaryotic 

cells with respect to the finding that DNA polymerase alpha 

may be regulated by phosphorylation. First, it is important 

to note that under the conditions employed herein (such as 

the utilization of activated DNA as template) it has not 

been possible to determine if the increase in DNA polymerase 

alpha activity is due to increased initiation, elongation, 



binding to the template, or some other factor. Reaction 

conditions required the absence of B-mercaptoethanol to 

detect the increase in activity due to the phosphorylation. 

This and other preliminary findings (sucrose gradient 

analysis, non-denaturing gel electrophoresis) indicate that 

phosphorylation may enable DNA polymerase alpha holoenzyme 

to dissociate into active subunits. The hypothesis that 

reverse transcriptase holoenzyme may by processed into 

active subunits by phosphorylation has been proposed by 

Rokutanda et al. (1979). Further studies with defined 

reaction conditions, including the separation of endogenous 

protein kinase and DNA polymerase alpha and the use of a 

defined template, will be required before the exact mecha

nism by which phosphorylation stimulates DNA polymerase 

alpha activity will be fully understood. Another intriguing 

possibility exists for the direction of future research 

in DNA replication in eukaryotic cells. Recently much 

attention has been focused on the role phosphorylation may 

play in the viral transformation of cells, as discussed in 

Chapter 1 (Czernilofsky et al., 1980; Rigby, 1979). It is 

conceivable that studies of the phosphorylation of DNA 

polymerase alpha may promote further understanding of the 

mechanism by which the transformation of normal to neo

plastic cells occurs. 

It is hoped that the evidence presented here for the 

phosphorylational modification of DNA polymerase alpha will 



offer exciting new directions for future investigations 

into the mechanism of DNA replication in eukaryotic cells 
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