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ABSTRACT 

Drosophila embryos provide a rich source of replicative enzymes. Also, 

the duration of 2 hour embryo DNA synthesis phase of the cell cycle is 

approximately 6-fold shorte)" than the more regulated 9 hour embryo S 

phase. Thus, Drosophila embryos are a good system in which to explore 

the mechanisms and regulation of DNA replication. 

Early stage, 2 hour embryos contain at least two distinct DNA 

polymerases, DNA polymerase a and 6, as determined by associated 

enzymatic activities (DNA primase and 31-5 I exonuclease), inhibitor 

studies, immunologic reactivity, and processivity measurements. The 

observation that a 6-type enzyme with an inherent 31-5 l exonuclease 

activity is present in Drosophila embryos is a novel observation, and 

may have important implications for mainta~ning the fidelity of 

embryonic DNA synthesis. 

Both 2 hour and 9 hour embryos contained similar replicative 

activities. The enzymes which copurified with 2 hour and 9 hour DNA 

polymerases include a DNA primase activity with DNA polymerase a; and a 

31 -5 I exonuclease, 51
-

1 3 exonuclease, and DNA ligase activities with 

DNA polymerase 6. The association of these activities suggests that 

DNA polymerase a-associated enzymes may initiate Okazaki fragments, 

which would then be elongated and ligated by the DNA polymerase 6-

associated group. 
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A protein kinase was also present in Drosophila DNA polymerase a 

preparations which were purified by three different methods. The 

kinase: 1) was able to phosphorylate several peptides associated with 

DNA polymerase a, and. to a lesser degree, histone HI: 2) had 

enzymatically active pept1des which corresponded to pept1des detected 

by CDC7-specif1c yeast kinase antiserum. These characterst1cs suggest 

that the kinase maybe a Drosophila homolog of the CDC7 cell cycle 

regulatory kinase. The kinase was able to phosphorylate 2 hour 

pept1des to a greater degree than 9 hour pept1des. These observations 

suggest that the kinase may playa role in modulating developmental 

changes during embryogenesis, in addition to its cell cycle regulation 

function. 
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CHAPTER 1- AN OVERVIEW OF DNA REPLICATION AND REGULATION 

REPLICATION FORK ENZYMES AND ORGANIZATION 

The enzymology of eukaryotic DNA replication has been a topic of 

intense research for many years, beginning with the discovery of the 

first eukaryotic DNA polymerase by Fred Bollum in 1958 (1). Since that 

point, characterization of the subunits of the holoenzyme DNA 

polymerases from Escherichia coli and T-4 bacteriophage has added much 

to the knowledge of their eukaryotic analogs (2). More recently, 

purification of the host factors required for replication of the 

eukaryotic virus, Simian Virus-40 (SV-401) (for reviews see 3,4,5) and 

genetic analysis of DNA synthesis mutations in yeast (for review see 6) 

have contributed to the giant strides made in understanding eukaryotic 

DNA synthesis. 

DNA Polymerases and Accessory Factors 

The current model of the proteins involved in eukaryotic DNA synthesis 

is described below. Studies utilizing host factors required for SV-40 

~ ..... 1.Abhreviations used in this document are: Simian Virus-40= SV-40, T
Antigen= T-Ag, Single Strand Binding Protein= SSB, Replication Protein 
C= RPC, Proliferating Cell Nuclear Antigen= PCNA, Displacement Loop= D
loop, Protein Kinase C= PKC, Cell Division Cycle= CDC, Retinoblastoma 
Protein= RB, After Egg Deposition= AED, Kilodaltons= kD, Kilobases= kb, 
100,OOOxg Supernatant= S-100, Dideoxythymidine Triphosphate= ddTTP, 
Butylphenyl-dGTP= BuPdGTP, and Sodium Dodecyl Sulfate= SDS. 
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in vitro reconstituted replication have determined that DNA polymerases 

a' and 6 are sufficient for complete replication (7,8,9). However, DNA 

polymerase e (10), which has been purified from several sources 

including human, calf thymus and yeast (11,12,14) can substitute for 

the DNA polymerase 6 in this system. Complementary genetic evidence 

from Saccharomyces cerevisiae has found that three DNA polymerases, a, 

6, and e, are essential for yeast chromosomal replication 

(14,15,16,17). Thus, it seems apparent that all three DNA polymerases 

are required for eukaryotic chromosomal replication. 

Several other factors have been purified from mammalian cell extracts 

which are necessary for the complete in vitro replication of an SV-40 

origin containing plasmid (see reviews 3,4,5). This system requires 

only one viral protein, the large T-antigen (T-Ag). In addition to the 

DNA polymerases, at least five other proteins are required for viral 

replication. These factors are: 1) a DNA pr1mase activity associated 

with DNA polymerase a: 2) a single strand binding protein (SSB) 

required for initiation and elongation; 3) a primer recognition protein 

(RP-C), 4- a topoisomerase, either I or II; and 5} proliferating cell 

nuclear antigen (PCNA), a DNA polymerase 6 processivity factor. 

Strand Switching Model 

The biochemical interactions of these essential proteins is not 

entirely understood. Initiation of replication in the SV-40 system 

requires the SV-40 cis-acting origin, and the origin recognition 
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protein, T-Ag. T-Ag forms a multi subunit complex with the origin

specific DNA which promotes a localized unwinding (5). The three 

subunit SSB protein coats the single strand regions opened up by the 

helicase activity of T-Ag, stabilizing the unwound origin. Next, DNA 

polymerase a/primase interacts with the SSB 70 kD subunit and T-Ag to 

position it correctly on the template (18). This complex is referred 

to as the initiation complex. The DNA primase synthesizes an RNA 

primer which is elongated by the DNA polymerase a, forming the first 

nascent DNA. When the DNA polymerase a dissociates, a three-subunit 

primer recognition protein binds to the 3'-OH of the nascent DNA 

(19,20). PCNA associates with the RP-C, and recruits DNA polymerase 6. 

The binding of RP-C effectively excludes DNA polymerase a from further 

elongation of the new strand. Thus, the DNA polymerase a recycles back 

onto the newly unwound lagging strand at the fork, and begins priming 

the discontinuous synthesis of Okazaki fragments. The leading strand 

is elongated in a continuous manner by DNA polymerase 6. 

Modifications of the Strand Switching Model 

This strand switching model (19) is based on the biochemical 

characteristics of the essential proteins, and is somewhat 

controversial. For instance, since DNA polymerase a apparently does 

not have a 3'-5'exonuclease activity, what proofreading mechanism would 

operate on the lagging strand? Also, as mentioned previously, there is 

genetic evidence for the role of three DNA polymerases involved in DNA 

synthesis (14,15,16,17). Burgers (21) found that the irr vitro rates of 
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synthesis of both the DNA polymerase 6 holoenzyme (DNA polymerase 6, 

RP-C and PCNA) and the DNA polymerase E holoenzyme (DNA polymerase E, 

RP-C and PCNA) were sufficient to accomplish in vivo synthesis, but the 

DNA polymerase E holoenzyme showed a tendency to dissociate. Also, he 

noted that it is difficult to purify DNA polymerase 6 away from DNA 

polymerase E. Thus, he proposed that DNA polymerase 6 synthesizes the 

leading strand, with DNA polymerase a and DNA polymerase E both 

synthesizing the lagging strand. On the other hand, Morrison et !I. 

(16) suggested that DNA polymerase E was better suited for leading 

strand synthesis due to its inherent processivity, while DNA polymerase 

6 might be better suited for elongation of the lagging strand initiated 

by DNA polymerase a. DNA polymerase 6 might also work in a 

nonprocessive mode to fill in the gaps between the Okazaki fragments. 

Presently, there is insufficient information to distinguish which model 

is correct. 

Maturation of the Okazaki Fragments 

The SV-40 in vitro system is a minimalist system, and can not 

completely replicate the circular template, since it has no mechanism 

for removing the RNA primers, or for ligation of the Okazaki fragments. 

Other systems have been developed to model the lagging strand 

synthesis. They utilize a single stranded circular template, and assay 

for maturation of the Okazaki fragments by using agarose gels to' 

determine whether the final product is a covalently closed circle. 

Using this assay, Hurwitz's group (22) defined six proteins which 
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included DNA polymerase a/primase, SSB, topoisomerase II, DNA ligase, 

RNase H, and 5' -3 ' exonuclease activities. Both the RNase H and the 5' -

3' exonuclease were required to completely excise the RNA primers; 

RNase H excised most of the primer, while the 5' -3 ' exonuclease removed 

the final residues. Without this processing, the DNA polymerase and 

DNA ligase were not able to fill in the gaps, and ligate the fragments 

into a mature, continuous lagging strand. Goul1an et!I. (23) 

described a similar single DNA polymerase system for lagging strand 

synthesis with DNA polymerase a. In addition to the DNA polymerase, an 

alpha accessory factor helped cover the single strand template with 

primers, while both an RNase H and a 5' -3 ' exonuclease excised the 

primer, then a DNA ligase sealed the fragments. The 5' -3 ' exonuclease 

activity independently discovered by both groups appears to be the same 

47 kD protein. They proposed that the RN~se H, which acts in an 

endonucleolyt1c manner to excise the primers, could not possibly remove 

all of the r1bonucleot1des, thus the 5' -3 ' exonuclease activity was 

essential. A Drosophila RNase H (24) was reported to stimulate DNA 

polymerase a, possibly by direct protein-protein interaction. The 

RNase H stimulated the synthesis of more primers, thus increasing the 

rate of recycling of the DNA polymerase. These factors may represent a 

lagging strand holoenzyme complex. 

Termination of Replication 

Termination of DNA replication can occur by collision of replication 

forks traveling in opposite directions, or it can occur by a more site-
i 
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specific process. In either case, the presence of a topoisomerase II 

decatenating activity is probably required (3,4,5) as well as some 

mechanism for generating supercoiled chromosomes, possibly via 

nucleosome assembly (25). Thus, the complete replication complex 

probably includes these factors. 

Replication Fork Models for Drosophila Embryos 

Replication factors discussed above have been characterized in 

nonembryonic cellsi however, the regulation of replication and the 

chromatin structure of Drosophila embryos differs dramatically from 

nonembryonic cells. Specifically, the embryos are different in: 1) the 

rapid rate of replication during the syncytial blastoderm stage [S 

phase= 3.4 min]i 2) the number of active origins [N20,OOO per haploid 

genome]i 3) the synchronous initiation of all repliconsi 4) the 

maternally supplied transcripts and proteinsi 5) the lack of zygotic 

transcriptioni 6) the lack of cell membranesi 7) the lack of Gl and G2 

phasesi and 8) the apparent lack of DNA polymerase 6 and DNA polymerase 

E. [See "Cell Cycle Regulation During Drosophila Embryogenesis" for 

details and references.] These differences suggest that the 

organization of the replication fork might be different in rapidly 

replicating embryos (see Figure 1). For example, the bidirectional 

replication fork model (Figure lA) proposed for nonembryonic cells 

(3,4,5) may not be required when there is no zygotic transcription 

occurring in early stage Drosophila embryosj there may be no need to 

coordinate transcription with replication during S phase. 
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Gaudette and Benbow (26) have suggested an alternative model of the 

embryonic replication fork (Figure IB). They observed that both 

Xenopus embryos and Drosophila embryos appear to have higher than 

expected amounts of single stranded DNA when the DNA was prepared for 

electron microscopy •. The amount of single stranded DNA was inversely 

proportional to the length of S phase in the organism. They also found 

a paucity of bidirectional replication bubbles in Xenopus embryos. 

These observations led them to propose a model in which strand 

separation is uncoupled from DNA synthesis. The single stranded 

parental DNA is replicated by discontinuous synthesis carried out by 

saturating concentrations of DNA polymerase a/primase. These authors 

also suggest there would be a relaxed requirement for origin-specific 

initiation. This suggestion is consistent with the observation that, 

in Xenopus egg extracts (27), and to a lesser degree, in Drosophila 

embryo extracts (28), exogenously added DNA is readily replicated with 

no apparent requirement for origin sequences. 

Another replication fork model was proposed for the repeated rDNA genes 

in the pea plant, Pisum sativum (29) (Figure Ie). Two methods were 

used to make the observations; two-dimensional agarose gel 

electrophoresis, which is a method for visualizing replication bubbles, 

and single strand-specific nucleases. The results indicated that the 

rDNA was replicated by a single stranded displacement loop (D-loop) 

mechanism. The model proposed that only one parental strand is 

replicated in a 51-3 1 direction by each D-loop. The other strand would 

be replicated by another D-loop moving in the opposite direction. This 



mechanism of replication could be accomplished by a single DNA 

polymerase holoenzyme, as suggested by Gaudette et!I. (26). 
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Both uni-directional replication fork models might be distinguishable 

from the bidirectional replication fork model by the proteins required 

for replication, and by their holoenzyme complexes. Gaudette1s model 

(26) specifically predicts that a highly processive DNA polymerase 

would not be required l but that there must be high concentrations of 

DNA polymerase a/primase and possibly 51-3 Iexonuclease, RNase H, and 

ligase. The D-loop mechanism (29) might also utilize a DNA polymerase 

a holoenzyme, since primers would still be essential for initiation, 

but it might include some mechanism by which the processivity could 

beincreased. In contrast, the multi-DNA polymerase model predicts a 

highly processive leading strand DNA polymerase holoenzyme, and the 

requirement for at least one lagging strand DNA polymerase holoenzyme 

(16,10,19,21). 

Drosophila embryos have maternally concentrated stocks of DNA 

polymerase a/primase (30), DNA ligase (31 132), RNase H (24), and 

topoisomerases I and II (33 134). However, neither the 6 nor eDNA 

polymerases have been reported: instead, Cotterill et!I. (35) reported 

that the Drosophila DNA polymerase a contained a cryptic 31-5 1 

exonuclease proofreading activity, providing a mechanism by which the 

observed fidelity of replication could be maintained. Thus, the 

replicative components favor the single DNA polymerase models. The 

reported single stranded stretches of DNAI and the apparently origin-
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independent replication of exogenous DNA by Drosophila embryo extracts 

also support Gaudette's model. 

Information regarding the organization of the replication fork in early 

and late stage Drosophila embryos will be presented in Chapters 3 and 

4. The two types of DNA polymerases, their respective processivities, 

and their associated activities are characterized. This work suggests 

that Gaudette's model is not correct, but that either the multi-DNA 

polymerase model, or the D-loop model is consistent with the results. 

MODULATION OF DNA POLYMERASE G 

DNA replication must be strictly limited to S phase of the cell cycle. 

Premature DNA replication would risk endoreduplication, and synthesis 

occurring during G2 phase would risk improper chromosomal condensation 

and segregation. These situations might result in amplification and/or 

damage to the genome. Thus, the enzymes involved in replicative 

synthesis must be active only during S phase. This section reviews the 

literature relating to the modulation of DNA polymerase a, a key DNA 

polymerase thought to be required for the initiation of DNA synthesis 

at origins of replication (19). 

DNA polymerase a Gene Expression and Protein Synthesis 
! 

The gene encoding DNA polymerase a was first isolated from ~. 

cerevisiae (14). More recently, the human gene was isolated and 



22 

sequenced, allowing a comparison of the sequences (36). DNA polymerase 

a has six regions which are strictly conserved, and are thought to 

represent the catalytic regions of the enzyme (36). The cloning of the 

gene from these and other species has allowed gene expression to be 

addressed at the molecular level. 

The yeast POL 1 gene, the homolog of the higher eukaryotic DNA 

polymerase a gene, was found to contain a consensus sequence, MluI, 

present in several other S phase specific enzymes, which controls its 

cyclic, G1 phase specific transcriptional expression (38). During each 

cycle, the yeast cell must transcribe new message in order to be 

competent to complete S phase DNA synthesis. Based on this, it was 

suggested that in yeast, the primary control of DNA polymerase a 

activity rests at the level of its periodic gene expression. However, 

the constitutive expression of the DNA ligase gene, a MluI family 

member, throughout the cell cycle had no deleterious effect on cell 

growth (39,40). This suggests that the S phase specific expression of 

DNA synthesis genes may be convenient, but not be essential for the 

regulation of enzymatic activity (40,41). 

Transcriptional studies of the DNA polymerase a gene in human cells 

support the idea discussed for yeast: gene expression may be necessary, 

but not sufficient for the regulation of the enzymatic activity of DNA 

polymerase a. Wang's group (42) examined the gene expression of DNA 

polymerase a in quiescent diploid fibroblasts stimulated to proliferate 

with serum. They found a concordant increase in the message, nascent . 
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DNA polymerase a catalytic peptide, and enzyme activity which coincided 

with the onset of DNA synthesis. However, Cripps-Wolfman et!I. {43} 

found conflicting results in a similar study. When resting cells were 

stimulated to proliferate, they found a la-fold increase in DNA 

polymerase a activity coincident with a 60-fold increase in thymidine 

incorporation, signalling the onset of S phase. However, they found 

only a 2-fold increase in the DNA polymerase a protein, leading them to 

postulate that the upregulation of DNA polymerase activity was due to 

post-translational modulation. Further analysis by Wang's group {42} 

found that actively cycling cells separated by centrifugal elutriation 

had constitutive transcript levels, rates of translation, and in vitro

measured enzymatic activity throughout all phases of the cell cycle. 

These results led them to propose that a post-translational mechanism 

regulates DNA polymerase a function in actively cycling cells. 

Developmental Modulation of Drosophila DNA Polymerase a Gene Expression 

Recently, a single copy gene for DNA polymerase a was isolated from 

Drosophila melanogaster {44}. The gene encoded a putative 171 kD 

peptide which contained all six regions of homology found in eukaryotic 

a-type DNA polymerases (38). Analysis of the developmental expression 

of the gene by northern blot found that the highest level of expression 

was in 2-4 hour embryos, followed closely by the levels in unfertilized 

eggs and 4-8 hour embryos. The transcript was detected at intermediate 

levels in larva and adult females, and was weakly detectable in later 

stage embryos and adult males. Maternal and zygotic messages were 
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indistinguishable. The half life of the message was found to be 15 

min, representing a very unstable RNA. The level of the nascent 

peptide was not determined, but the enzymatic activity paralleled the 

message levels. Based on its short half life, the primary level of 

control of DNA polymerase a activity was proposed to be at the 

transcriptional level. However, the presence of active enzyme in a 

nonreplicating, meiotically-arrested egg indicates that there is 

another post-translational level of regulation in the oocyte. Thus, 

the regulation of DNA polymerase a in Drosophila embryos may be 

analogous to that in yeast and human cells: it is regulated at several 

levels, including periodic gene expression. 

Post-translational Modification and Regulation of DNA Polymerase a 

Many studies have determined that tightly regulated processes are 

controlled at many levels, ranging from gene expression to activation 

of function by post-translational covalent modification of the protein 

(40). The post-translational regulation of DNA polymerase a has been 

studied in depth by several groups, perhaps due to its central role in 

DNA replication. 

Hsi et ale (45) observed a discrepancy in the predicted molecular 

weight of DNA polymerase a from the human cDNA sequence and the 

observed molecular weight of the protein •. It was predicted to encode a 

165 kD peptide, but the observed molecular weight of the catalytic 

peptide is approximately 180 kD, an observation which is consistent for 
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DNA polymerase a isolated from many species including yeast and humans. 

Thus, the ability of the purified protein to react with b1ot1nylated 

lect1ns which specifically recognize different polysaccharide mo1et1es 

was tested. It was found that both Concaval1n A and Ricinus communis 

agglutinin I bound to membrane-immobilized DNA polymerase a. The 

b1nd1ng could be removed by competition with the specific ligands of 

the lect1ns. The glycosylat1ons were not cell cycle dependent. The 

significance of these modifications is unknown, but it was suggested 

that they might playa role 1n nuclear targeting and/or in prote1n

protein interaction. Hsi et !I. also utilized N- and C-term1nal 

specific antibodies to show that DNA polymerase a has a highly labile 

lys1ne-lys1ne bond at the N-term1nus where the protein is often 

proteolyt1cally cleaved. It is not clear whether this cleavage is an 

in vitro phenomenon, or whether it has an in vivo role. 

Many groups have reported that DNA polymerase a is modified by 

phosphorylation. Wong et!I. (46) reported that the 180 and 70 kD 

subunits of DNA polymerase a were phosphorylated in human KB cells. 

The phospho amino acids were serine and threonine. Donaldson and 

Gerner (47) reported that transformed rat embryo fibroblasts labeled 

with [3 2P]-orthophosphate y1elded an immunoprecipitable phosphoserine 

protein of an apparent molecular weight of 220 kD with DNA polymerase 

a-specific antibodies. Treatment of cell extracts with alkaline 

phosphatase 1nact1vated the DNA polymerase activity, and the 

inactivation was revers1ble upon addition of ATP. Wolfrna~-Cripps (43) 

reported that the 1ncrease 1n DNA polymerase a activity observed when 
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resting human cells were stimulated to proliferate coincided with the 

phosphorylation of the 180 kD and 70 kD subunits of the enzyme, and 

there was very little increase in nascent protein synthesis. Krauss 

and Linn (48) reported that protein kinase C (PKC) stimulated DNA 

polymerase a activity 2 to 3-fold in cell extracts. Antibodies which 

recognized PKC inhibited the stimulation, and DNA polymerase a specific 

antibodies neutralized the increased activity. Treatment of noncycling 

Hela cell DNA polymerase a by PKC in vitro increased the activity, and 

decreased the apparent Km for activated DNA template. More recently, 

Copeland, et!I. (49), has shown that human DNA polymerase a 

overproduced by a bacculoviral vector in insect cells was 

phosphorylated in a manner indistinguishable from that found in the 

human cells, suggesting that the phosphorylation might be conserved in 

eukaryotic cells. Nasheuer et!I. (50) determined that the 180 kD 

subunit of DNA polymerase a was constitutively phosphorylated during 

the cell cycle, but to a greater degree in G2 phase. The 70 kD subunit 

was phosphorylated only during the G2 phase. In vitro experiments 

strongly supported the conclusion that p34cdC2 M phase kinase was 

responsible for the modification of both the 180 kD and the 70 kD 

subunits at the onset of G2 phase. They also found that DNA polymerase 

a from G2 phase cells had a lower affinity' for DNA than did the enzyme 

purified from G1 phase cells. These studies suggest that DNA polymerase 

a is phosphorylated upon stimulation of resting cells to enter the cell 

cycle, and is phosphorylated in a cell cycle dependent manner by more 

than one kinase. The phosphorylation may be regulating its in vivo 

activity by directly or indirectly modulating its affinity for the DNA 
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template. 

Regulation of DNA Polymerase ft by Association with the Replication Site 

Utilizing immunofluorescence microscopy, many groups have demonstrated 

that the sites of DNA replication during S phase are localized to 

discrete foci which change during synthesis, and dissolve after S phase 

(for review, see 51). Pulse-chase experiments with bromodeoxyuridine, 

followed by labeling with bromodeoxyuridine-specific antibodies 

demonstrated co-localization with a subset of the total pool of PCNA, 

DNA polymerase a, and other proteins known to be involved in DNA 

replication. At the end of S phase, the sites dissolved and the 

chromatin condensed for mitotic division. Hutchison and Kill (52) 

reported that~ in Xenopus egg extracts, treatment with aphidicolin, a 

DNA polymerase inhibitor, blocked the dissolution of the foci at the 

end of S phase. Both DNA polymerase a and PCNA retained their 

chromosomal localization even while the chromosomes condensed and the 

nuclear envelope dispersed as the extracts continued the cell cycle 

without completing S phase DNA synthesis. These observations suggest 

that DNA replication occurs at specific sites in the nucleus during S 

phase, and the dissolution of these sites is a signal that replication 

is complete. 

Further information regarding the nature of fixed sites of replication 

has been reported by Jackson and Cook (53). They developed a procedure 

in which cells were encapsulated in agarose, then lysed by complement 
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activation or Triton X-IOO into a physiologically balanced salt 

solution. The cells maintained levels of DNA replication and 

transcription approximating the rates observed 1n vivo. After 

incubation of the permeabilized cells with endonucleases, nascent DNA 

could not be electroeluted, even though 84% of the total DNA, and much 

of the cells' protein was eluted. The lysed cells contained three 

forms of DNA polymerase a: 1} a soluble form which was constitutively 

active throughout the cell cycle; 2} a soluble complex of protein from 

750-3000 kD size found during S phase; and 3} a form consisting of 5-

10% of the total activity, which was attached to the nucleoskeleton, 

and which preferred an intact chromatin template (54,55). It was 

suggested that this form represented the native form of actively 

replicating DNA polymerase a since it was capable of approaching in 

vivo rates of polymerization with a template which resembled the in 

vivo chromatin. 

Perhaps the constitutively active form of DNA polymerase a found 

throughout the cell cycle represents the inactive form of the enzyme, 

with the active form found only during S phase in a complex which is 

attached to the nucleoskeleton at the sites of DNA replication. A 

probable mechanism by which the formation of this complex is modulated 

would be by the differential phosphorylation of its protein components, 

thereby modulating protein-protein and protein-DNA interactions. 

Further, complex formation might directly determine when the cell could 

initiate DNA synthesis, and could signal the completion of the process 

at the end of S phase by the dissolution of the complex. 
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Information regarding the regulation of DNA polymerase a in Drosophila 

embryos by both phosphorylation and by the formation of a replicative 

complex will be discussed in Chapters 4 and 5. 

CELL CYCLE CONTROL 

There are two landmark events in the mitotic cell cycle, DNA synthesis 

during S phase, and cell division during M phase. Cell cycle arrest can 

occur prior to either event. Cell division cycle (CDC) mutations 

defined in ~. cerevisiae and in Schizosaccharomyces pombe have been 

extremely powerful tools in unraveling the mechanisms of cell cycle 

regulation. This discussion concentrates on the yeast systems. 

However, the highly conserved nature of these mechanisms is 

demonstrated by the complementation of yeast mutations with genes from 

humans, Drosophila, and many other animal species, suggesting that 

these mechanisms may be generally applicable. 

M phase Regulation by cdc2 

The highly conserved protein kinase, p34cdC2 , was originally 

characterized in ~ pombe as the cdc2 gene product. p34cdC2 is 

required for progression of the cell cycle through both DNA synthesis 

and mitosis (56). This kinase is regulated by a complex series of 

mechanisms to ensure the temporal and functional coordination of 

cellular duplication and division (reviewed by Nurse, 57). Activation 
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of p34cdC2 , which allows onset of cell division at the G2/M transition, 

begins in late S phase with the accumulation of an M phase specific 

cyclin protein. Cyclins are a family of unstable activators which bind 

p34cdC2 {58}. Coincident with the binding of cyclin, a tyrosine 

residue of p34cdC2 is phosphorylated {59,60}, probably by the weel 107 

kD serine/tyrosine kinase {61}. After a threshold amount of the 

phosphorylated complex has accumulated in late G2. a tyrosine 

phosphatase encoded by cdc25 in ~.pombe, dephosphorylates the tyrosine 

residue {62,63}, activating the serine/threonine kinase activity of 

p34cdC2 • The kinase phosphorylates a variety of substrates, allowing 

mitosis to proceed. The complexed cyclin protein is degraded {64,65}, 

and the M phase form of p34cdC2 kinase is inactivated as the daughter 

cells exit mitosis, and enter Gl phase. 

S Phase Regulation by cdc2 

The transition from Gl phase into S phase is less clearly defined. A 

series of gene products from ~.cerevisiae have been genetically defined 

which act at START, a point in Gl beyond which the cell is committed to 

divide {56} {see Figure 2}. Passage through START requires p34cdC2 , 

encoded by CDC28 in ~ cerevisiae, but in a different form from the M 

phase kinase {67}. The S phase form of p34cdC2 is probably activated 

by Gl-specific, unstable cyclin proteins, the products of the CLN-l, 

-2, and -3 genes {68}. The substrates of the S phase form of p34cdC2 

are unclear. A 40 kD protein is phosphorylated ill vitro by p34cdC2 , 

and does not appear until about the time the cell traverses START (69). 
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The kinase will also phosphorylate H1 histone, but at a much lower 

efficiency than the M phase form of p34cdC2 • It has also been reported 

that p34cdC2 will phosphorylate SV-40 T-Ag (70), the tumor suppressors 

p53 and retinoblastoma (RB) protein (71,72), a eukaryotic single strand 

binding protein (SSA) (73), and DNA polymerase a (50) in vitro. It is 

unclear whether the S-form of p34cdC2 is responsible, and whether these 

proteins represent in vivo substrates of the regulatory kinase. 

S Phase Regulation Subsequent to Activation by cdc2 

Additional factors are known to be essential to the Gl/S transition. 

However, the functions of these proteins are undefined. The CDC4 gene 

function is required subsequent to CDC28 function, but prior to the 

initiation of DNA synthesis. The function of CDC4 is not known, 

although it shares homology to the v-ets retroviral oncogene and two G

protein p subunits (74,75). The CDC46 gene function is required just 

after CDC4 acts (76). CDC46 encodes a putative origin binding protein 

which has been suggested to act as a "licensing factor", allowing a 

given replicon to initiate replication only once per cell cycle. DBF2, 

a putative serine/threonine protein kinase with a predicted molecular 

weight of 65 kD, is thought to act during initiation of DNA synthesis 

(77). Sequence analysis showed a 51% homology with a cAMP-dependent 

protein kinase, TPK1. The substrates for this putative kinase are not 

known. 
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S Phase Regulation by CDC7 

The last defined cell division cycle gene which acts prior to the onset 

of initiation of DNA replication in ~ cerevisiae is the CDC7 gene 

(78). The CDC7 gene encodes a nuclear 56 kD serine/threonine protein 

kinase (79, 80). When cdc7ts mutants are arrested at a nonpermissive 

temperature and then are switched to a permissive temperature in the 

presence of protein synthesis inhibitors, the cell division block is 

released, indicating that the p56cDC7 kinase is post-translationally 

activated (78). Buck et !I. (81), have shown by site-directed 

mutagenesis that phosphorylation of p56CDC7 , and its subsequent kinase 

activity, are both required for both meiotic and mitotic cell cycle 

progression, suggesting a cascade of phosphorylation events. cdc7ts 

meiotic mutants were able to initiate DNA synthesis, but failed to form 

synaptonemal complexes, or asco~pores. cdc7ts cells were also 

defective in error-prone repair (82). 

The in vivo substrate(s) for the CDC7 protein kinase are not known, 

although it will phosphorylate histone HI in vitro (79,80). Jazwinski 

(83) has purified a yeast replication complex which may contain the 

CDC7 kinase, and is postulated to bind to DNA at origins of 

replication. Replication complexes purified from a cdc7ts strain 

showed a heat sensitive replication activity. Further, the kinase 

activity decreased at a nonpermissive temperature. In a later report, 

Jeansonne et!I. (84) demonstrated that the major phosphoprotein in the 

replication complex, a 48 kD peptide, was antigenically similar to 
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bovine S-antigen. S-antigen is a retinal protein which plays a role in 

down-regulating signal transduction during the visual cascade. The S

antigen-like protein co-immunoprecipitated with DNA polymerase a. When 

exogenous S-antigen was added to aged preparations of replication 

complex, it stimulated DNA polymerase activity. This observation is 

interesting given the homology of the CDC4 gene product to the p 

subunit of the G-protein complex which transduces the photoreceptor 

visual signal: also, this G-protein acts just prior to CDC7 during the 

cell cycle (74,75). Another CDC7 kinase substrate candidate is the 

eukaryotic single strand binding protein, SSB, a three subunit protein 

complex which is essential for initiation of DNA replication in the SV-

40 cell-free replication system. Din et!I. (73), demonstrated a cell 

cycle-dependent Gl phase phosphorylation of the 34 kD subunit of SSB. 

However, in cdc7ts cells at 38° C, the 34 kD protein was not 

phosphorylated. The SSB subunit is dephosphorylated at mitosis, 

possibly resetting the cycle. 

Summary of Cell Cycle Regulation 

In summary, the ubiquitous cell cycle regulatory kinase, p34cdC2 acts 

at two points in the cell cycle: at the G2/M phase transition and at 

START in Gl phase. In ~ cerevisiae, after p34cdC2 acts at START 

(Figure 2), the G-protein-like product of the CDC4 gene must be 

synthesized. CDC46 , a putative origin binding protein, is required 

subsequent to CDC4. Another putative kinase, DBF2, is thought to act 

prior to the onset of DNA synthesis. Finally, the CDC7 gene product, a 
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kinase which is itself phosphorylated, must act post-translationally to 

trigger the initiation of DNA synthesis. The substrate(s) of this 

kinase are not known. 

Information regarding the Gl/S cell cycle transition during Drosophila 

embryogenesis is presented and discussed in Chapter 5. Specifically, 

the presence of a CDC7-like protein kinase, which is associated with 

DNA polymerase a, suggests one mechanism which acts at this ~oint in 

the Drosophila cell cycle. 

CELL CYCLE REGULATION DURING DROSOPHILA EMBRYOGENESIS 

Developmental Aspects of Drosophila Embryos 

For 2.5 hours after egg deposition (AED) , at 25° C., Q.melanogaster 

embryonic nuclei divide synchronously for 13 cycles (Figure 3). These 

cycles give rise to approximately 6000 nuclei per embryo, all of which 

are contained in one multinucleated cell called a syncytial blastoderm. 

During this stage, the embryo has an abbreviated nuclear cycle in which 

there are no observable Gl or G2 phases (85,86). S phase requires 3.4 

min to complete, one of the fastest rates of replication known in the 

animal kingdom. To accomplish this, the embryo utilizes a maximum 

number of origins of replication spaced an average of 7.9 kb throughout 

the genome (87). Each of these origins initiates DNA replication 

immediately and synchronously upon exiting mitosis. The components 

required by the embryo for replication and mitosis are maternally 
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supp11ed, and no zygot1c transcr1ption is necessary (88). Dur1ng the 

seventh nuclear cycle the majority of the nucle1 beg1n to migrate 

toward the periphery of the cell. The small number of remaining nuclei 

stop d1viding and become polyploid, forming the yolk nuclei (89). The 

cycles start to lengthen, and by cycle 9 the nuclei have arr1ved at the 

per1phery of the cell. A few presumptive germ l1ne cells, called pole 

cells, cellular1ze at th1s point. The major1ty of nuclei cont1nue the 

nuclear d1vis10ns for another 4 cycles, form1ng the somatic cells. 

At cycle 14 there 1s an abrupt 1ncrease 1n the lengthen of the cell 

cycle to 65 m1n as the blastoderm cellular1zes (56), and the first G2 

phase w1th zygotic transcription 1s detected. The synchrony of cycling 

cells is lost, and 1nitiation of DNA synthesis of replicons is 

individually regulated, with fewer rep11cons funct1on1ng (90). The 

spac1ng of or1g1ns 1ncreases to 10.6 kb (87). At this point, 

heterochromatin 1s first detectable. The embryon1c cells undergo two 

more cell cycles in wh1ch there is no detectable Gl phase. 

At the seventeenth cycle, most embryonic cells enter the f1rst Gl phase 

observed during embryogenesis (9l). Many cells stop cycling, and 

become polyploid. The embryo undergoes extensive tissue rearrangement 

as the gastrula d1fferent1ates 1nto distinct structures. The 

neurogenic precursors do not stop cycling, however. They cont1nue the 

mitotic cycle, and have distinct Gl and G2, phases. After gastrulation 

is complete at about 22 hours AED, at 25° C, the embryos hatch 1nto the 

first instar larvae. 
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Figure 3 Drosophila Cell Cycle Changes During Embryogenesis 
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Cell Cycle Regulation during Embryogenesis 

The syncytial blastoderm has an essentially unregulated cycle in which 

maternally supplied cell cycle regulatory proteins are found in excess. 

For example, the Drosophila homolog of the universal cell cycle 

regulatory kinase, p34cdC2 , is present in the animal at its highest 

concentration during the first 13 nuclear cycles (92,93). The string 

gene product (stg), homologous to the yeast cdc25 tyrosine phosphatase, 

an activator of p34cdC2 , is present in excess (94). The p34cdC2 

activator proteins, cyclins A and B are also found in excess (95). 

Unlike their yeast and mammalian homologs, the embryonic cyclins do not 

degrade in a cyclic manner at the end of mitosis. In yeast, check 

points determine that each previous event is complete and proper before 

the cycle progresses to the next phase (66). Syncytial blastoderm 

embryos have a conspicuous lack of check points (Figure 3). For 

example, when embryos are treated with aphidicolin, an inhibitor of 

replicative DNA polymerases, DNA synthesis is inhibited, but chromatin 

condensation and decondensation, and nuclear membrane degradation and 

reformation continue in a cyclic although aberrant way. This indicates 

that the mitotic cycle is still operating (96). Likewise, inhibition 

of mitosis in a ~ mutant, a maternal effect mutant that causes giant 

nuclei, does not cause an inhibition of DNA synthesis (97). These 

results suggest that positive regulatory factors are constitutively 

present and activated in early embryos, in contrast to the strictly 

regulated appearance of these factors in the nonembryonic yeast cell 
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cycle. The breakdown of the nuclear envelope may be the trigger that 

initiates S phase in embryos (98). Hartwell and Weinert suggested that 

this may have serious implications for the onset of DNA replication in 

early embryos (99). Early segregation of the germ line cells in the 

syncytium may be an adaptation to minimize the impact of inappropriate 

or incomplete synthesis on the germ cells (100). 

After the embryo cellularizes, and zygotic transcription begins during 

cycle 14, there is an onset of new G2 phase regulatory mechanisms. 

At the end of the thirteenth cycle, maternal stg protein is exhausted, 

and the transcripts are degraded, thus !!g becomes rate limiting for 

cell cycle progression (91). Zygotic expression of !!g is required for 

mitosis to occur during cycles 14-16. The G2-cyclins are also 

required, but are not rate limiting in cycles 14-16 (95). For the 

first time the G2-cyclin proteins are degraded at the end of mitosis, 

and begin to reaccumulate at the end of S phase, marking the onset of 

new G2 phase regulatory mechanisms. At this pOint, inhibition of DNA 

synthesis with aphidicolin can overide stg-induced premature entry into 

mitosis, indicating that the new G2 phase check point cannot be 

bypassed until S phase is properly completed. However, the onset of S 

phase still does not demonstrate G1 phase regulation characteristic of 

the yeast mitotic cell cycle. 

After cycle 16, regulation of the cell cycle becomes heterogeneous. 

Most cells arrest in G1 phase and differentiate, some becoming 

polyploid. Cells that continue mitotic division are regulated at the 



Gl/S boundary, and their regulation may, for the first time during 

embryogenesis, resemble the yeast mitotic cycle (101). 

Implications of Early Embryo Cell Cycles 
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Murray (100) suggested that the embryonic cell cycle represents a 

"stripped down" cycle compared to the tightly regulated mitotic cycle 

of nonembryonic cells. He hypothesized that the nonembryonic mitotic 

cell cycle requires two forms of p34cdC2 , the M phase form and the S 

phase form. Each of these forms would be sequentially activated, 

inactivated, and converted to the other form, thereby requiring that M 

phase be followed by S phase, which in turn would be followed by M 

phase. He suggested that in embryos, only the mitotic form of p34cdC2 

is present, and that it oscillates between M phase activation and 

interphase inactivation, with no check point at the beginning of S 

phase. If this model is correct, it predicts that replication 

initiates without Gl/S check points in blastoderm stage embryos, but 

switches to a Gl/S regulated cycle at the onset of cycle 17. 

Differences between early and late stage Drosophila replicative 

components might reflect, and help define, changes which occur upon 

adoption of Gl/S phase check pOints. 

Information regarding the onset of a Gl phase during Drosophila 

embryogenesis is presented in Chapter 5. A model is presented which 

suggests how the DNA replicative complex forms prior to the onset of S 

phase, and how this is regulated during embryogenesis. 



SPECIFIC AIMS OF THIS WORK 

Chapter 2 of this report describes the techniques and materials 

utilized to obtain the results reported in Chapters 3-5. 
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Chapter 3 of this report consists of the purification of two types of 

DNA polymerases from 2 hour Drosophila embryos. These activities are 

characterized with regard to their chromatographic properties, template 

requirements, inhibition profiles, immunologic reactivity to DNA 

polymerase a-specific antiserum, associated accessory activities, and 

their processivities. 

Chapter 4 of this report consists of the comparison of 2 hour and 9 

hour DNA polymerases, and their associated activities. DNA polymerases 

were assayed for the presence of DNA primase, 31 -5 l exonuclease, 51
-

3 l exonuclease, and DNA ligase activities. The enzymatic requirements 

of the 31 -5 l exonuclease and DNA ligase activities were tested to 

determine whether they resembled the replicative enzymes reported 

previously in the literature. 

Chapter 5 of this report consists of the characterization of a DNA 

polymerase-associated protein kinase activity which is apparently 

developmentally modulated. The substrates of the kinase are explored, 

and its association with DNA polymerase a, its molecular weight, and 
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its immunologic reactivity to CDC7 antiserum are determined. A model 

is proposed wh1ch 1llustrates how the DNA rep11cat1on complex 1s 

regulated dur1ng embryogenes1s. 
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CHAPTER 2- EXPERIMENTAL METHODS AND MATERIALS 

ENZYME PURIFICATIONS 

FPlC Mono Q Column DNA Polymerase Purification 

Drosophila embryos, from 0-2.5 hours AED at 25° C, were collected and 

processed as described by Kaguni et ~.(102) through the high speed 

supernatant fraction (S-100). The extract was stored at -80·C in the 

presence of 50 pM EDTA, 1 rnM phenyl methylsulfonyl fluoride, 10 rnM 

sodium bisulfite, and 2 pg/ml leupeptin until further purification. 

All steps were performed at 4°C, or on ice. The S-100 extract was 

diluted to 50% ammonium sulfate by the slow addition of a 75% saturated 

solution. It was gently stirred for 45 min, then centrifuged at 12,000 
I 

x g for 30 min. The resulting pellet was resuspended and diluted with 

Buffer H (20 mM Tris base, pH 8.6, 10% glycerol, 10 mM 2-

mercaptoethanol, and the protease inhibitors listed above, except that 

EDTA was 500 pM and EGTA was added to 50 pM). The resuspension was 

diluted to the conductivity of Buffer H containing 0.2 M NaCl. This 

fraction, designated the ammonium sulfate fraction, was applied to a 

pre-equilibrated 18 x 1.5 cm heparin sepharose Cl-4B column 

(Pharmacia). The column was washed with Buffer H containing 0.2 M 
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NaCl, then eluted with 0.45 M NaCl, and the eluted protein diluted to 

the conductivity of Buffer H containing 0.1 M NaCl. This fraction, 

designated the heparin fraction, was applied to a pre-equilibrated fast 

protein liquid chromatography (FPLC) Mono Q HR 5/5 column (Pharmacia) 

at a flow rate of 0.5 ml/min. After unbound protein was eluted, as 

judged by UV absorbance at 280 nm, the bound proteins were eluted from 

the column with a 60 m1 linear gradient from 0.1 M to 0.4 M NaC1 and 

Buffer H. One ml fractions were collected and immediately assayed for 

DNA polymerase activity. The active fractions, designated Q pools I, 

II, and III, were diluted to a final concentration of 50% glycerol and 

stored above liquid nitrogen. Pool II and III fractions were 

relatively stable without repeated freeze-thawing. Pool I fractions 

stored longer than four months showed a dramatic loss of activity, and 

were highly sensitive to freeze-thawing. 

Immunoaffin1ty DNA Polymerase Purification 

Immunoaffinity purification of DNA polymerase a was performed with 

mouse monoclonal antibodies specific for the catalytic subunit of DNA 

polymerase a (a kind gift from Dr. I.R.Lehman, Department of 

Biochemistry, Stanford University School of Medicine, Stanford, CAl. 
, 

Antibodies were generated by injecting mice three times with DNA 

polymerase a (specific activity = 15,000 units/mg protein) and Freunds 

adjuvant. Spleens were excised, and myeloma hybridoma cell lines were 

established and grown by the standard method (103). Antibodies were 

purified from the hybridoma supernatant by Protein A sepharose column 
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chromatography. Protein A sepharose beads were incubated overnight at 

4° C with 50 pg sheep anti-mouse IgG antibodies (Cappel). The 

saturated Protein A beads were then incubated with mouse anti-DNA 

polymerase a antibodies to form a tertiary complex, with the weakly 

bound sheep anti-mouse antibodies acting as a bridge. S-100 extracts 

of Drosophila embryos were loaded onto a 1 ml x 1 ml affinity column, 

and allowed to bind for 1 hour at 4° C. The column was washed with 10 

column volumes of buffer containing 50 mM Tris, pH 8.0, 10 mM NaCl, 5 

mM MgC12, 250 mM sucrose, 1 mM phenyl methylsulfonyl fluoride, 2 pg/ml 

leupeptin, 10 mM sodium metabisulfite and 0.5 mM dithiothreitol. The 

antibody complex with bound DNA polymerase a was eluted with the same 

buffer except that the NaCl concentration was 500 mM, and the pH was 

5.5. The DNA polymerase a preparation was immediately neutralized with 

1 M Tris, pH 8.0. 

Purification of cAMP-Dependent Protein Kinase 

The kinase was purified from beef heart muscle by the procedure of 

Bechel et!I. (104), and is constitutively active due to the separation 

of the regulatory subunit by addition of cAMP. 

ENZYME ASSAYS 

DNA Polymerase Assays 

When activated DNA was the template, reactions contained 50 mM Tris 
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base, pH 8.5, 5 mM 2-mercaptoethanol, 10 mM MgC12, 2 mg/ml bovine serum 

albumin, 100 pM each of dATP, dCTP and dGTP, 25 pM dTTP, 17.5 pg of 

activated salmon testes DNA, and [3H]dTTP (New England Nuclear), 105 

cpm per reaction. The enzyme was added to a final volume of 60 pl. 

The reaction was incubated at 30° C for 30 min and 50 pl was 

precipitated with 5 ml cold 10% trichloroacetic acid for at least one h 

at 4° C. Acid insoluble DNA was collected on glass filters pre-wet 

with 1% sodium pyrophosphate then washed successively with 10% 

trichloroacetic acid and 100% cold ethanol. Filters were counted in a 

toluene-based scintillant. Activated DNA was prepared from salmon 

testes DNA (Worthington Biochemicals, Catalog # LS03554). 100 mg of 

DNA was dissolved in 40 ml of 50 mM Tris, pH 7.5, and 500 pg/ml bovine 

serum albumin by slow rotation overnight at 4° C. The DNA was digested 

with pancreatic DNase (BRL) at 2 ng/mg of DNA for 15 min at 37° C, and 

the DNase was subsequently heat-inactivated at 77° C for 15 min. DNA 

polymerase inhibitor assays were performed using the activated DNA 

assay with the following changes: 1) Aphidicolin was dissolved in 40% 

ethanol and 10% Me2S0 at 2 mg/ml; 2) Solvent was added to control 

reactions; and 3) dCTP was decreased to 10 pM. Dideoxythymidine 

triphosphate (ddTTP) sensitivity was determined using 10 pM dTTP. N2-

(p-n-butylphenyl)-deoxyguanosine 51-triphosphate (BuPdGTP) was added to 

the standard reactions as indicated. When poly(dA)-(dT) was the 

template, the assay was performed as described (12), except that 10 mM 

MgC12 and 1 mM dTTP (200 cpm [3H]dTTP/pmol) were added and ATP was 

deleted. Poly(dA) (Midland Certified Reagents, Midland, TX) was 

annealed to 14-mer oligo(dT) (Pharmacia) at a ratio of 232 pg of 
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poly(dA) to 7.65 pg of oligo(dT) to yield a 400-nucleotide average 

interprimer distance. The polymers were annealed by heating to 70° C, 

then slowly cooled to room temperature. One unit of DNA polymerase 

activity was defined as the amount that catalyzes the incorporation of 

1 nmol of dNMP into acid-insoluble material in 60 min at 30·C. 

Processivity Assays 

To determine processivity, the poly(dA)-(dT) assay was performed with 

20 pM template, and [a32P]dTTP was substituted for [3H]dTTP. Enzyme 

activity was adjusted to yield less than 1 pmol dNMP incorporation per 

nmol of 31 termini. Products of the reaction were separated by 20% 

polyacrylamide, 8 M urea gel electrophoresis and visualized by 

autoradiography. PCNA, purified from Drosophila embryos as described 

(105), was a kind gift from Angela Smallwood, Department of 

Biochemistry, Stanford School of Medicine, Stanford CA. It was 

approximately 50% pure as estimated by Coomassie-stained gel (personal 

communication, Angela Smallwood). PCNA, in 300 mM NaCl-containing 

buffer, was added to the processivity reaction. A final concentration 

of approximately 2 pg/ml PCNA resulted in a final NaCl concentration of 

50 mM: and at approximately 11 pg/ml PCNA, the final concentration of 

NaCl was 125 mM. 

Gel Assays for DNA Polymerase, Exonucleases, and DNA Ligase 

A highly sensitive gel assay for si~ultaneously detecting both DNA 
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polymerase and 31 -5 1 exonuclease activities was developed by modifying 

a procedure previously described (35). Oligo(dT) was 5 l end-labeled 

with [,32 p]ATP (Amersham) by polynucleotide kinase (Biolabs) in a 15 pl 

reaction containing 50 mM Tris, pH 7.6, 10 mM MgC12, 5 mM 

dithiothreitol, 11.5 ng of oligo dT14 and 6 units of polynucleotide 

kinase. The reaction was incubated for 1 h at 370 C, and the kinase 

inactivated by adding 3.7 pl of 0.5 M EDTA, and heating for 5 min at 

700 C. 370 ng of poly(dT) was annealed as described above. The DNA 

was precipitated by addition of 1 pl of 2 M NaCl and 2 volumes of 100% 

ethanol, incubated at -800 C for 2 h, and then pelleted by 

centrifugation for 15 min at 14,000 RPM in an Eppendorf microfuge at 4° 

C. The pellet was resuspended in 36 pl of Tris-EDTA, and the 

incorporation determined by scintillation counting. Assays were 

performed, in 10 pl volumes, as described for the poly(dA)-(dT) assay 

except that end-labeled template DNA (3 x 104 cpm/0.06-6.0 pmol) was 

substituted for unlabeled poly(dA)-(dT) and [3H]dTTP. Reactions were 

incubated for 15 min at 30·C, and the products were visualized as 

described for the processivity assay. To quantitate 31 -5 1 exonuclease 

activity, dTTP was omitted from the assay and the degradation products 

were quantified by a Bio-Rad Model 620 Video Densitometer. Ligase 

assays were performed essentially as the 31 -5 l exonuclease assays, 

except that dTTP was omitted, and 1 mM ATP was added. The 51 -3 1 

exonuclease assay was performed as described for the 31 -5 l exonuclease 

assay, except that the oligo(dT) was 3 l end-labeled by the following 

procedure utilizing terminal transferase (Pharmacia) and [632p] 

dideoxyATP, ~5000 Ci/mmol (Amersham). The labeling reaction contained 
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30 mg/ml sodium cacodylate, pH 7.5, 1 mM cobalt chloride, 11.5 ng of 

oligo(dT) and 15 units of terminal deoxytransferase in a 50 pl volume. 

The reaction was incubated 60 min at 37° C. The poly(dA) was annealed, 

and processed as described for the 5 l end-labeled template, and the 

reaction products analyzed in the same manner. 

DNA Primase Assay 

Primase assays were carried as described (102) by the indirect assay 

utilizing DNA polymerase I Klenow fragment except that [a32p] dATP was 

substituted for [3H]dATP. 

In Vitro Kinase Assay 

The endogenous kinase activity was measured using the DNA polymerase 

pool peptldes as substrates, and, when indicated, the addition of H1 

histone (Sigma Type III-S, #H 5505) and dimethyl-casein (Sigma #c-

2013). The reactions contained 50 mM MOPS, pH 7.2, 10 mM 

dithiothreitol, 15 mM MgC12, 1 mM phenyl methylsulfonyl fluoride, 10% 

glycerol, 20 pM sodium vanadate, 1 mM sodium fluoride, 1 mM EGTA, 2 x 

106 cpm of [,32p]ATP ()5000 Ci/mmol, Amersham) and enzyme. The 

reaction volume was varied from 10-40 pl, and it was incubated for 15 

min at 30° C. Reactions were stopped by adding SOS-PAGE loading buffer 

(2% SOS, 1% 2-mercaptoethanol, 50 mM Tris, pH 7.5, and 3% w/v sucrose) 

and boiling for 5 min. The phosphorylated products were visualized by 

SOS-PAGE followed by autoradiography. Exogenous histone and casein 
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were added in the amounts indicated. 

Gel Renaturation Kinase Assays 

This procedure was a modification of that described previously (108). 

Proteins were incubated in SOS-PAGE loading buffer for 15 min at 37° C. 

The gel was electrophoret1cally transferred (60 volts) to 

nitrocellulose in Tris buffer containing 200 mM glycine without 

methanol for 4 h at 4° C. The nitrocellulose was blocked overnight at 

4° C with 5% nonfat dry milk, 30 mM HEPES, pH 7.5. Proteins bound to 

the filter were denatured with 7 M guanidine-HCl in 50 mM Tris, pH 8.3, 

50 mM dithiothreitol, 2 mM EDTA, and 0.25% nonfat dry milk for 1h at 

25° C, then were allowed to renature for 16 h at 4° C in 50 mM Tris, pH 

8.0, 100 mM NaCl, 2 mM dithiothreitol, 2 mM EDTA, 0.1% Nonidet P-40, 

and 0.25% nonfat dry milk. After several washes with the renaturation 

buffer excluding milk, the filter was incubated in 2 ml of the in vitro 

kinase reaction mixture described above except that 22 pl of labeled 

nucleotide was added, and when indicated, 500 pg/ml each of histone HI 

and casein. After vigorous rinsing with Tris-buffered 0.1% -0.5% 

Triton solutions and Tris-buffered 0.5 M NaCl with 1% sodium 

pyrophosphate, the filter was dried and wrapped in Saran Wrap for 

autoradiography. 
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OTHER PROCEDURES 

Protein Quant1tat1on, Gels, and Immunoblott1ng 

Protein concentrations were determined by the BCA microassay (Pierce, 

Rockville, Ill). SDS-PAGE and gel transfer were performed by standard 

procedures (106),(107). Gels were stained with Coomassie brilliant 

blue, or with the Rapid Ag Kit (ICN) silver staining procedure. The 

anti-DNA polymerase a po1yc1ona1 antiserum (a kind gift from Dr. I.R. 

Lehman, Department of Biochemistry, Stanford School of Medicine, 

Stanford, CAl was raised by injection of rabbits with purified DNA 

polymerase a/pr1mase (spec1f1c activity =5x104 unfts/mg protefn). 

Rabbits were bled by ear, and specific IgG production assayed by ELISA, 

and purified by Protein A sepharose affin1ty chromatography. Antiserum 

was diluted 1:100 for immunob1ot analysis, and [125I]-conjugated goat 

anti-rabbit antibody (diluted 1:1000) was used to detect the antigen

antibody complex. CDC7 po1yc1ona1 antisera was prepared and used as 

described (80). Immunob1ot analysis was kindly performed by Drs. 

Judith Campbell and Seng Loo, California Institute of Technology, 

Pasadena, CA. 



CHAPTER 3- PURIFICATION AND CHARACTERIZATION OF DNA POLYMERASES 

4 AND l FROM 2 HOUR DROSOPHILA MELANOGASTER EMBRYOS 

INTRODUCTION 

Characteristics of Five Eukaryotic DNA Polymerases 
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The requirement for three distinct replicative DNA polymerases in yeast 

cells {14,15,16,17} has introduced a fundamental new concept to the 

field of eukaryotic DNA replication. Biochemical evidence has 

accumulated which supports the generality that all eukaryotes require 

three DNA polymerases for chromosomal replication {lOg}. However, 

evidence that Drosophila embryos required only one DNA polymerase, DNA 

polymerase a, which replicated DNA in a novel unidirectional manner 

{26}, was a disturbing contradiction to this new view. To address the 

question of whether Drosophila embryos do or do not contain DNA 

polymerase 6 and lor DNA polymerase E, we utilized a purification 

scheme which simultaneously resolved all three replicative DNA 

polymerases from human and yeast cells {110,111}. The results of our 

purification and the implications for embryonic replication are 

presented in this chapter. 

Several distingUishing characteristics are useful in determining which 

of five possible eukaryotic DNA polymerase activities is being 
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Table 1- Characteristics of Five Eukaryotic DNA Polymerases1 

DNA POLYMERASE a 

Function Replica-

tion 

Catalytic Subunit (kD) 180 

Associated Subunits (kD) 70,58,48 

Polymerase Inhibitors2 

Aphidicolin S 

ddTTP R 

BuPdGTP S 

125 mM KCl S 

Associated Activities 

Primase + 

31 -5 l Exonuclease 

Processiv1ty Low 

1 See (112) for details 

2 S=sensitive, R=resistant 

3 Variable 

6 e 

Replica- Replica-

tion tion 

125 255 

48 40 

S S 

R R 

R R 

S S 

+ + 

Low/High 4 High 

4 High processivity inducible with PCNA 

p 7 

Repair Mito. 

Replic. 

40 140 

55 

R R 

S S 

R R 

S R 

+/_3 

Low High 
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measured. Table 1 indicates the function(s) of the DNA polymerases, 

some of which are still not certain. It also indicates several 

distinctions between a-, p-, 7-, 6-, and E-type DNA polymerases, 

including subunit compositions, sensitivity to DNA polymerase 

inhibitors, associated enzymatic activities, and subcellular 

localization. Processivity, a measure of the number of nucleotides 

incorporated by the DNA polymerase per association with the template, 

is also a useful distinguishing characteristic of the various DNA 

polymerases. Sensitivity to the inhibitor ddTTP can readily 

distinguish the replicative DNA polymerases, a, 6, and E from the 

repair DNA polymerase p and the mitochondrial DNA polymerase 7. 

Sensitivity to BuPdGTP is utilized to distinguish DNA polymerase a from 

DNA polymerases 6 and E. Distinctions between the replicative DNA 

polymerases can also be made by assaying for DNA polymerase a

associated primase activity, or DNA polymerase 6 and E-associated 31
-

51exonuclease activities, and by the low processivity of DNA polymerase 

a, and the high processivit1es of DNA polymerases 6 and E. DNA 

polymerases 6 and E are primarily distinguished by the PCNA-induc1ble 

processivity of DNA polymerase 6 which contrasts with the inherently 

high processivity of DNA polymerase E. 

RESULTS 

Resolution of Three Pools of DNA polymerase from 2 Hour Embryos 

A DNA polymerase purification scheme was designed which resolved three 
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F1gure 4. FPLC Mono Q Column Chromatography Resolves Three Pools of 
DNA Polymerase Act1v1ty: One Wh1ch Copur1f1es w1th a 3'-5' Exonuclease, 
and Two Wh1ch Copur1fy wfth a DNA Prfmase. FPLC Mono Q column 
fractfons, eluted wfth a 0.1 M-0.4 M, 60 ml NaCl gradfent, were assayed 
for DNA polymerase actfvfty w1th actfvated DNA or poly(dA-dT) (F1gure 
4A). The same fractfons were assayed for 3'-5' exonuclease and DNA 
prfmase actfvftfes (Ffgure 4B). Both DNA polymerase and 3'-5' 
exonuclease actfvftfes are fllustrated by the gel method (Ffgure 4C). 
as descrfbed fn "Experfmental Procedures". The three pools of DNA 
polymerase, denoted as I, II and III, are discussed in the text. 
Nucleotfde sfze standards, 1ndfcated at the left of Ffgure 4C. were 
made by 5'-end labelfng oligo dT14, and partfally lfgatfng ft. TOP=top 
of gel. NE=reactfon with no enzyme added. 
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Figure 4C 
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pools of DNA polymerase activity form 2 hour embryos (Figure 4). Figure 

4A illustrates the DNA polymerase activities eluted from a FPLC Mono Q 

anion exchange column at 175 mM NaCl (pool I), 265 mM NaCl (pool II), 

and 320 mM NaCl (pool III). Other fractions containing DNA polymerase 

activity were occasionally detected eluting at 120 mM, 225 mM and 360 

mM NaCl, but were unstable, and could not be characterized further. A 

steeper gradient of NaCl or substitution of KCl did not resolve pool I 

from pools II and III. Pools II and III both copurified with DNA 

primase activity (Figure 4B). Pool I had no significant primase 

activity: instead it copurified with a 31 -5 l exonuclease as shown in 

Figure 4B and 4C. Both DNA polymerase and 31-5 1 exonuclease activities 

could be detected simultaneously with the gel assay in which [3 2Pl_ 

labeled reaction products were detected by autoradiography (Figure 4C). 

This method of detection was routinely used to identify pool I. 

Template Preferences of DNA Polymerases 

As shown in Table 2, pool I DNA polymerase preferred a poly(dA-dT} 

homopolymeric template to activated DNA with short single strand gaps. 

Most of the DNA polymerase activity, found in pools II and III, 

strongly preferred the activated DNA template as expected for an a-type 

DNA polymerase. The very low activity in assays with poly(dA-dT} 

during the earliest stages of the purification (the S-100 and ammonium 

sulfate fractions) was probably due to competition of poly(ADP-ribose} 

polymerase for the template as reported by others (113). 



STEP PROTEIN 

(mgs) 
S-100 106 
(NH 4)2S04 67.4 
Hepar1n- 10.6 
sepharose 

MONO Q 
Pool I .21 
Pool II .40 
Pool III .40 

Table 2 

Purification of DNA Polymerases 
from 2 Hour 

Drosophila Embryos. 

ACTIVITyl SPECIFIC ACT1 

Act~ Poly Act. Poly 
DNA (dA-dT) DNA (dA-dT) 
8493 1064 80.1 10.0 
8000 1040 119 15.4 
7224 1617 681 153 

44 56 214 272 
690 210 1725 525 
1380 635 3538 1628 
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RATIO 

Act. DNA/ 
Poly(dA-dT) 

8.0 
7.7 
4.5 

0.8 
3.3 
2.2 

lUn1ts of DNA polymerase activity are defined in "Experimental Methods 
and Materials". Specific Activity is defined as units of DNA polymerase 
activity per mg protein. 2Act. DNA= activated DNA 
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Figure 5. Immunoblot Analysis of Drosophila DNA Polymerases. Mono Q 
pools I, II, and III were separated by SDS-PAGE, and the gel was 
immunoblotted as described in "Experimental Methods and Materials" with 
polyclonal antiserum raised against DNA polymerase a. The total 
protein and units of DNA polymerase activity measured with the 
preferred template are 4 pg, 0.7 units (lanes 1 and 4), 1 pg, 1.0 unit 
(lanes 2 and 5), and 1.8 pg, 5.3 units (lanes 3 and 6). Protein 
molecular weight standards in kD are indicated at the left, and the 
pools of DNA polymerase are indicated at the top of the figure. The 
presence or absence of the primary antiserum during the blotting 
procedure is indicated (+/-). 
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Immunoblot Analysis with DNA Polymerase a-specific Antiserum 

Immunoblot analysis of pools I, II, and III with polyclonal antiserum 

raised against purified DNA polymerase a is shown in Figure 5. The 

polyclonal antiserum specifically detected a 183 kD peptide in pool III 

(lane 3) which was not observed using identical conditions without the 

anti-DNA polymerase antiserum (lane 6). Pool II contained 

immunoreactive peptides of 160-140 kD (lanes 2 versus 5) which appear 

to be identical to the proteolytic products of the 183 kD peptide 

reported by Kaguni et!I. (102). The 74 kD band in pool III probably 

corresponds to the tightly associated 74 kD subunit of DNA polymerase 

a. The dark band of approximately 48 kD in pools II and III could 

represent a primase subunit. However, bands of the same apparent 

molecular weight could be detected in fractions where no DNA polymerase 

or primase activity was detected. The lower molecular weight bands in 

pool I may also be nonspecific based on the same observation (V.M.P., 

data not shown). Thus, these bands might correspond to highly 

antigenic embryonic antigens which were found to react with other 

Drosophila embryo antibody preparations (114). No high molecular 

weight peptides were detected in pool I. 

Inhibitor Effects on DNA Polymerases 

All three pools of DNA polymerase were sensitive to aphidicolin (Table 

3), as expected of a-, 6-, and E- type DNA polymerases (115,116). The 

DNA polymerases were relatively resistant to dideoxythymidine 
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Table 3 

Effect of Inhibitors on DNA Polymerase Activities 

INHIBITOR CONCENTRATION % RELATIVE ACTIVITY 
POOL I POOL II POOL III 

Control 100 100 100 

Aphidicolin 4 15 NO* (I 
(pg/ml) 10 (I NO (I 

100 (I 2 (I 

ddTTP+ 10 .89 NO 78 
(pM) 50 48 NO 56 

BuPdGTP 10 85 9 (I 
(pM) 100 80 (I (I 

KCl 80 4 NO 36 
(pM) 200 (I NO (I 

*Not Determined +Oideoxythymidine triphosphate 
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triphosphate and thus are not p- or 7-type DNA polymerases, the repair 

and mitochondrial DNA polymerases, respectively (117,118). In 

addition, all DNA polymerase pools were inhibited by 80 mM KC1. This 

confirms that they do not contain DNA polymerase 7, since DNA 

polymerase 7 is optimally active in the presence of 200 mM KCl (118). 

To distinguish between a-, 6-, and E-type enzymes, BuPdGTP sensitivity 

was determined. Pools II and III were sensitive to 10 pM BuPdGTP, but 

pool I retained 80% of its activity with 100 pM BuPdGTP. These data 

are consistent with pools II and III containing a-type enzymes, and 

pool I containing a 6- or E-type DNA polymerase (115,116). 

Process1v1ty Measurements of DNA Polymerases 

Figure 6A demonstrates the relative processivity of pools I and III. 

Both pools show a process1vity of 9-19 nucleotides (elongation of the 

14-mer primer) which would be expected for DNA polymerase a using 

poly(dA-dT) template, or pol 6 separated from its processivity factor, 

PCNA (119). Figure 6B demonstrates the PCNA-dependent nature of pool I 

DNA polymerase at various concentrations of NaCl. With no PCNA added, 

DNA polymerase activity elongated the 14-mer primer by approximately 

20-nucleotfdes in the presence of 50 mM NaCl. In order to measure the 

same amount of enzyme with and without PCNA, the activity in the 

samples without PCNA was barely detectable at 50 mM NaCl. No activity 

was detected at higher salt concentrations. The addition of a 

subsaturating concentration of PCNA (2 pg/ml) stimulated DNA polymerase 

activity, while the processivity remained the same. However, at ~125 
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Ffgure 6. Process1vfty of 2 Hour DNA Polymerases from Pool I and Pool 
III. 
Processivity measurements were performed using poly(dA-dT) as described 
under "Experimental Methods and Materials", insuring that less than 1 
pmol of dTMP was incorporated per pmol of 3'-termini. ST=Size 
Standards (in nucleotides, see Figure 4C legend). A, Processivity of 
Pools I and III was measured under standard assay conditions. !=Pool 
I, III=Pool III. B, Processivity of equal volumes of pool I was 
measured with increasing concentrations of NaCl, with and without 
addition of PCNA, as indicated. It was not possible to assay 
processivity at 50 mM NaCl with the addition of 11 pg/ml PCNA due to 
the concentration of NaCl in the PCNA reagent. 
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mM NaCl, salt inhibition overcame the PCNA stimulation, and no activity 

was detected. Addition of 11 pg/ml PCNA (125 mM NaCl) stimulated DNA 

·polymerase activity by II-fold compared to the baseline activity in 50 

mM NaCl, despite the 2.5-fold higher NaCl concentration. Some products 

synthesized were too large ()1200 kb) to enter the gel. At 225 mM and 

400 mM NaCl, 11 pg/ml PCNA was able to stimulate pool I DNA polymerase 

to synthesize large products, but at much reduced levels of activity. 

The ability of PCNA to stimulate both DNA polymerase activity and 

processivity is a distinctive characteristic of a 6-type DNA polymerase 

(119). 

DISCUSSION 

Mono Q Column Chromatography Resolution DNA Polymerases a and 6 

Hamatake et !I. (110) utilized the FPLC Mono Q column eluted with NaCl 

to simultaneously resolve five pools of yeast DNA polymerase activity: 

pool A was DNA polymerase 6: pool B was a mixture of DNA polymerase 6 

and degraded DNA polymerase a: pool C was intact DNA polymerase a: and 

pools D and E were two forms of DNA polymerase E. With the 

purification scheme utilized for Drosophila embryo DNA polymerases, the 

order of elution of pools I, II, and III from the Mono Q column, and 

the designation of these DNA polymerases as 6, degraded a, and intact 

a, is consistent with the results of Hamatake et !I. (110). It may be 

of interest to note that a highly unstable DNA polymerase activity was 

occasionally detected in conjunction with a 3'-5' exonuclease activity 
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which eluted just after the pool III DNA polymerase a. 

A Proofreading DNA Polymerase in Drosophila Embryos 

Of the three replicative DNA polymerases in nonembryonic cells, both 

DNA polymerase 6 and DNA polymerase E, but not DNA polymerase a, 

express a readily detectable 3'-5' proofreading exonuclease. The 

apparent lack of Drosophila homologs of DNA polymerase 6 and DNA 

polymerase E raised questions about how Drosophila maintained the 

fidelity of DNA replication. Then, Cotterill et!I. (35) reported that 

Drosophila DNA polymerase a expressed a cryptic 3'-5' proofreading 

exonuclease upon separation of the 74 and 183 kD subunits. However, 

this feature was not observed in calf thymus or yeast pol a 

preparations (120,121) An alternative explanation for Cotterill's 

results could be that her preparation of DNA polymerase a was 

contaminated by pol E. It is well known that separation of pol E away 

from DNA polymerase a during purification is difficult. Thus, the idea 

that Drosophila utilized a unique, proofreading form of DNA polymerase 

a may not be correct. Our characterization of a delta-type DNA 

polymerase with a 3'-5'exonuclease activity, and a reinterpretation of 

Cotterill's observations suggest that Drosophila embryos maintain the 

fidelity of replication by mechanisms very similar to those of 

nonembryonic cells, i.e. two proofreading DNA polymerases. 
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PCNA-inducible Processivity of DNA Polymerase 6 

DNA polymerase 6 differs from DNA polymerase e by its PCNA-inducible 

processivity. DNA polymerase 6 alone has a low processivity, but 

addition of PCNA allows it to processively replicate the entire 

template. DNA polymerase e is highly processive, and does not require 

an accessory factor in order to processively copy the entire template 

(115). However, recent work has indicated (122) that in high salt both 

DNA polymerase 6 and DNA polymerase e associate specifically with PCNA, 

and become more processive. Pool I polymerase is inhibited by 125 mM 

NaCl, but the addition of PCNA overcomes the inhibition, probably by 

stabilizing the polymerase interaction with the template, resulting in 

processive synthesis. At 50 mM NaCl, pool I DNA polymerase is active, 

but not processive. The addition of PCNA stimulates both the activity 

and the processivity of the DNA polymerase. These results are indicate 

that the pool I DNA polymerase responds to PCNA in a manner analogous 

to a delta-type enzyme rather than an epsilon-type DNA polymerase. 

The decrease in activity detected with the poly(dA-dT) template 

comparing the heparin fraction with the Mono Q pools could be explained 

by the separation of PCNA from the DNA polymerase 6. The same 

observation was made during the purification of the yeast DNA 

polymerase 6.(110). The lack of PCNA could be responsible for the low 

specific activity of pool I compared to the DNA polymerase a in pools 

II and III (Table 2). Consistent with this idea, Figure 68 

demonstrates the 11-fold stimulation of DNA polymerase activity in pool 

I upon addition of PCNA. The processivity of pool I DNA polymerase was 
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increased from synthesizing 14-mer products to synthesizing products 

which were too large to enter the gel, a hallmark of PCNA-st1mulated 

DNA polymerase 6. 

Levels of DNA Polymerase a and 6 in Drosophila Embryos 

The low apparent yield of DNA polymerase 6 activity relative to DNA 

polymerase a activity could be partially due to the extreme PCNA 

dependence of DNA polymerase 6, as demonstrated in Figure 6B. 

Proteolysis, a common problem encountered during purification of DNA 

polymerases, has also been reported by Bauer et!I. (13) to cause a low 

recovery of DNA polymerase 6 activity. They found that even in the 

presence of protease inhibitors, there was a low recovery. When they 

utilized a PEP4 protease deficient strain of yeast, they recovered 10% 

more pol 6 activity. Our purification scheme utilized protease 

inhibitors, and DNA polymerase a was recovered at least partially as 

the full length 183 kD form. However, we cannot assess the state of 

the DNA polymerase 6 peptides, since we have been unsuccessful in 

determining the DNA polymerase 6-specific peptides in pool I by 

immunologic reactivity with human DNA polymerase 6-specific antibodies. 

We also tried to further purify DNA polymerase 6, but were hindered by 

loss of activity. This may reflect an in vitro inefficiency of DNA 

polymerase 6 due to missing accessory proteins and/or inappropriate 

templates. Alternatively, the low yield of DNA polymerase 6 may be a 

reflection of the in vivo roles of this DNA polymerase at the 

replication fork. DNA polymerase 6 is less abundant than DNA 
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polymerase a and DNA polymerase e in human and yeast systems (115,13). 

Whatever the explanation, the low activity of DNA polymerase 6 probably 

is responsible for the previous lack of detection of DNA polymerase 6 

in Drosophila embryos. 

Unidirectional and Bidirectional Replication Fork Models in Drosophfla 

Embryos 

As noted in the introduction, there are dramatic differences between 

embryonic and nonembryonic cell DNA replication: a short duration S 

phase, ten-fold higher number of active origins, maternally supplied 

replicative proteins, and the apparent lack of DNA polymerase 6 and DNA 

polymerase e in Drosophila embryos. These differences may reflect a 

mechanism of replication which differs from the multiple DNA 

polymerase, bidirectional replication fork model (Figure lA) proposed 

for nonembryonic cells (19). An alternative, single DNA polymerase 

model of replication has been suggested for amphibian embryos (26). 

The amount of single stranded DNA observed in Xenopus embryos was 

inversely proportional to the length of the S phase. I~ was suggested 

that single stranded parental DNA might be replicated by discontinuous 

synthesis carried out by DNA polymerase a/primase (Figure 18). A 

similar model was proposed for the repeated rDNA genes in the pea plant 

(29) in which the rDNA was replicated by a single stranded displacement 

loop mechanism, possibly by a single DNA polymerase (Figure te). A 

second possibility is that embryos have multiple DNA polymerases 

organized differently to allow initiation, elongation, and proofreading 
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Table 4 Properties of 2-Hour prosophila Embryo DNA Polymerase Pools 
Resolved by Mono Q Column Chromatography 

DNA POLYMERASE POOL I POOL II POOL III POLS 

1- PREFERRED TEMPLATE pdA-dT Act DNA Act. DNA pdA-dT 

2- POLYMERASE INHIBITION· 
Aphidicolin 10 J.l.9/ml S S S S 
ddTTPSOpM R R R R 
BuPdGTP 10 pM R S S R 

3- PROCESSIVITY High·· Low Low High·· 

4- COPURIFYING ACTIVITIES 
Primase No Yes Yes No 
3'-5' Exonuclease Yes No No Yes 

5- REACTION WITH POL ex ANTISERA No Yes Yes No 

·R=resistant S=sensitive 
•• High processivity only in the presence of PCNA 

POL ex 

Act. DNA 

S 
R 
S 
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Yes 
No 
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of single stranded displacement loop configuration during replication. 

Finally, Drosophila embryos might utilize a mechanism similar to the 

nonembryonic cell model: DNA polymerase 6 and/or DNA polymerase E may 

also be present in the embryos, and the replication fork may be 

organized as proposed for nonembryonic cell replication. Figures 4-6 

and Tables 2 and 3 demonstrate the presence of at least two distinct 

DNA polymerases in Drosophila embryos, an observation most consistent 

with the latter two models. 

Summary of the Purification and Characterization of 2 Hour Drosophila 

Embryo DNA Polymerases 

In summary, the presence of a DNA polymerase a/primase, with a low 

processivity, and a pol 6 with 31 -5 l exonuclease activity and a PCNA

inducible high processivity within Q. melanogaster embryos (Table 4) 

indicates that both embryonic and nonembryonic cells have multiple DNA 

polymerases which share similar mechanisms for replicating DNA, and for 

maintaining the high fidelity of DNA synthesis. 



CHAPTER 4- DNA POLYMERASE-ASSOCIATED REPLICATIVE PROTEINS FROM 

2 HOUR AND 9 HOUR DROSOPHILA EMBRYOS. 

INTRODUCTION 

Leading and Lagging Strand Replicative Enzymes 
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DNA replication requires many accessory proteins in addition to the DNA 

polymerases. The nascent DNA must be proofread, the Okazaki fragments 

must be ligated into a continuous strand, the torsional stress created 

by the unwinding parental strands and the daughter strands must be 

relieved, and the chromatin structure must be preserved. 

The current bidirectional replication fork model (19,16,22) suggests 

that at least two DNA polymerases are required for chromosomal 

replication. Replication of the lagging strand is initiated by DNA 

polymerase a/primase: RNA primers are synthesized by the DNA primase, 

and elongated by DNA polymerase a. Possibly, another processive DNA 

polymerase with a proofreading ability such as DNA polymerase 6 or DNA 

polymerase E further elongates the Okazaki' fragment. The RNA primers 

are removed by an RNase H activity and a 5'-3'exonuclease activity, the 

gap is filled by a DNA polymerase, and finally the strands are sealed 

by a DNA ligase (22,23). Thus, a lagging strand replication complex 

might be expected to contain DNA polymerase a/primase, pol 6 or E with 
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the inherent 3'-5' exonuclease, an RNase H and/ or a 5'-3'exonuclease, 

and a DNA ligase. The leading strand of the bidirectional replication 

fork is thought to be primed by DNA polymerase a/primase, and then 

elongated by a proofreading, processive DNA polymerase, i.e. DNA 

polymerase 6 or DNA polymerase E (19,16,21). Thus, there are many 

enzymatic proteins required to complete chromosomal DNA replication. 

Experimental Approach 

To study the mechanisms and regulation of DNA synthesis in developing 

embryos, the core DNA polymerases of Drosophila embryos were 

characterized (see chapter 3). The next step was to characterize 

proteins associated with the core DNA polymerases keeping two questions 

in mind: 1- Can the role the core DNA polymerases at the replication 
I 

fork be determined by the associated replicative enzymes? 2- Do these 

replicative proteins change as the embryo shifts from a rapidly 

replicating blastoderm to a differentiating gastrula? 

RESULTS 

DNA Polymerase Activities in 2 Hour and 9 Hour Embryos 

Three pools of DNA polymerase activities were resolved by Mono Q anion 

exchange chromatography using 2 hour Drosophila embryos (chapter II). 

Pool I contained DNA polymerase 6. Two forms of DNA polymerase a were 

resolved: pool II included the 120-160 kD form of the catalytic 
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SPECIFIC ACT. 

Un1ts/mg Prot 
40 
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32 
896 
3004 

lUn1ts of DNA polymerase are defined in IIExper1mental Methods and 
Mater1als ll

• 2Act DNA= activated DNA 
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subunit of DNA polymerase a, and pool III included the 183 kD form of 

DNA polymerase a. Purification starting with 9 hour embryos showed the 

same three forms of DNA polymerase, with indistinguishable enzymatic 

properties. Table 5 illustrates the purification of 9 hour DNA 

polymerases. The beginning specific activity of 9 hour S-100 fractions 

were approximately 2-fold lower than 2 hour S-100 fractionso However, 

the ending specific activity was comparable. Figures 6 and 7 

demonstrate the processivity of DNA polymerase pools I and III from 

both 2 hour and 9 hour embryo preparations. As expected for a 6-type 

DNA polymerase, the 9 hour pool I activity elongated the 14-mer primer 

by an average of 14 nucleotides; upon addition of 'peNA, the DNA 

polymerase increased its processivity to greater than 98 nucleotides. 

These data indicate that the in vitro DNA polymerase processivities do 

not change during the development of the embryo. 

3'-5'Exonuclease Activity in 2 Hour and 9 Hour DNA Polymerase 6 

The gel assay with 3'end-labeled oligo(dT) template was used to 

simultaneously detect 3'-5'exonuclease and DNA polymerase activities in 

both 2 hour and'9 hour preparations (Figure 8). This assay 

fortuitously detected another activity which was present in pool I. In 

the presence of dTTP, both DNA polymerase and 3'-5'exonuclease 

activities are detectable as elongated and degraded primers, 

respectively. With no nucleotide added to the reaction, the 3'-

5'exonuclease activity was still detectable, but the DNA polymerase 

activity was not. Instead, a ladder of products was observed at 14-
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Figure 7. Process1v1ty of 9 Hour DNA Polymerases from Pool I and Pool 
III. 
Processivity measurements were performed using poly(dA-dT) as described 
under "Experimental Methods and Materials" insuring that less than 1 
pmol of dTMP was incorporated per pmol of 3'-termini. A, Processivity 
of Pool I and Pool III was measured under standard assay conditions. 
!=Pool I, III=Pool III, ST=Size Standards in nucleotides (;x 174 
bacteriophage DNA was digested with Taq 1, and 5'end-labeled as 
described in "Experimental Methods and Materials"). B, Processivity of 
equal volumes of pool I was measured at 125 mM NaCl, with and without 
addition of 11 pg/ml PCNA, as indicated. ST= Size Standards (in 
nucleotides, see Figure 4C legend). 
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A 
Lane 1 2 3 4 5 6 7 8 9 10 
Pool N t-----1 li--t~ 111-----4 
TIP + - + - - + - - + -
ATP + - - + - - + - + 

Figure 8. Replicative Activities Associated with 2 Hour and 9 Hour DNA 
Polymerase Pools I, II and III. DNA polymerase, 3'-~'exonuclease and 
another DNA-modifying activity were assayed with 5'[ 2P]end-labeled 
oligo(dT) annealed to poly(dA) as described in "Experimental Methods 
and Materials". The addition of 1 mM ATP and/or 1 mM dTTP is indicated 
at the top. Pools of DNA polymerase are indicated !=Pool I, II=Pool 
II, and III=Pool III. N=no enzyme added. Size standards in 
nucleotides are indicated on the left (see Figure 4C for details). A, 
2 Hour Pools; B, 9 Hour Pools. 
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base intervals of increasing size. The addition of ATP to the reaction 

stimulated the production of the ladder. Pools II and III did not 

contain the ladder activity. Pool I purified from both 2 hour and 9 

hour embryos contained all three activities; the DNA polymerase, the 

31-5 I exonuclease, and the ladder-producing activity, a putative DNA 

ligase activity. Incidentally, this ladder of products was used as the 

size standards for Figures 4 and 6-9. 

DNA Ligase and 31-S 'exonuclease Enzymatic Requirements in 2 Hour and 9 

Hour DNA Polymerase 6 

To determine whether the ladder-producing activity was a DNA ligase 

activity, the biochemical requirements of the enzyme were determined 

(Figure 9). To test the requirement for ATP, the [32p]ATP-labeled 

oligo was carefully precipitated and the pellet washed several times 

with 100% ethanol to remove free ATP. Under these conditions, the 

ladder activity was found to be inactive, demonstrating a requirement 

for ATP. The enzyme also required a double stranded template for 

formation of the ladder. It was sensitive to the presence of N

ethylmaleimide, and required MgC12 (data not shown). All of these 

characteristics match closely the enzymatic properties of a DNA ligase 

purified previously from Drosophila (31). The level of ligase activity 

was shown to correlate positively with levels of replication during 

development suggesting that it was important to DNA synthesis. A yeast 

ligase homolog is known to be required for completion of S phase (123). 

These data suggest that pool I contains a replicative DNA ligase 
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Figure 9 DNA l1gase and 3'-S'Exonuclease Reaction Requirements 
Resemble Previously Characterized Replicative Activities. DNA ligase 
activity and 3'-S'exonuclease activity from 2 Hour Pool I was assayed 
with the complete reaction mixture containing s•[32 P]end-labeled 
oligo(dT) annealed to poly(dA) as described in "Experimental Methods 
and Materials", or with the omission of 1 mM ATP, or poly(dA), or with 
the addition of 0.5 mM N-ethylmaleimide (NEM), as indicated. Size 
standards are indicated in nucleotides (see Figure 4C for details). 
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activity. 

Figure 9 also demonstrates that the 3'-5'exonuclease activity in pool I 

is active without the addition of ATP, in the presence of N

ethylmaleimide, and on single stranded template. However, the lack of 

ATP and the presence in N-ethylmaleimide reduced the activity somewhat, 

as indicated by fewer low molecular weight fragments compared to the 

complete reaction. These results are consistent with the proofreading 

exonuclease which is inherent in DNA polymerase a (124). 

51 -3 l Exonuclease Activity in 2 Hour and 9 Hour DNA Polymerase 6 

The copurification of three enzyme activities expected to be acting on 

the lagging strand of the replication fork stimulated further 

experiments to assay for the presence of a 5'-3'exonuclease activity 

which would be expected to remove RNA primers from the Okazaki 

fragments. The assay was similar to the gel assay for 3'-5'exonuclease 

activity, except that the oligo(dT) was 3'end-labeled utilizing 

terminal deoxytransferase and [32Pa]dideoxyATP. The results of this 

assay are shown in Figure 10. Only pool I contained a 51 -3 l exonuclease 

activity. It is not known whether this activity is also capable of 

degrading RNA-DNA hybrids which would allow it to participate in 

Okazaki fragment maturation. 
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Figure 10 5'-3'Exonuclease Activity Copurifies with DNA Polymerase 
Pool I. 5'-3'exonuclease activity was assayeg as described in 
"Experimental Methods and Materials" with 3'[ 2P]end-labeled oligo(dT) 
annealed to poly(dA). The 14-mer input DNA and the 2 hour DNA 
polymerase pools assayed are indicated. 
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The Role of DNA Polymerase 6 in 2 Hour and 9 Hour Embryos 

Assays for other replicative enzymes copurifying with either DNA 

polymerase a or DNA polymerase 6 demonstrated the presence of 31-5 1 and 

51-3 1 exonucleases, a DNA ligase and DNA primase activities, all of 

which might be expected to be present in a holoenzyme operating in a 

discontinuously primed and processively elongated manner. There was no 

indication that the presence of these replicative activities, or their 

associations with the core DNA polymerases differed in 2 hour versus 9 

hour preparations. Thus, the evidence does not support Gaudette1s 

model (26) of a single DNA polymerase a operating in blastoderm stage 

embryos, which becomes rate limiting at later stages of embryogenesis. 

The evidence is consistent with either the D-loop model (29), or the 

bidirectional replicative model (19); both models could accomodate two 

DNA polymerase holoenzymes. 

DISCUSSION 

DNA Polymerase-associated Proteins Suggest Functional Roles in DNA 

Replication 

The copurification of DNA polymerases a and 6 with other enzymes known 

to be required at the replication fork may be fortuitous. 

Alternatively, the predictable associations of these activities may 

indicate that they are functionally grouped to accomplish a particular 

task on the leading or lagging strand. Several observations support 
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this hypothesis. Others have reported multiprotein replicative 

complexes purified by different methods, which contain similarly 

grouped activities. Baril1s group reported that a 640 kD form of DNA 

polymerase from calf thymus contained both 31-5 1 and 51-3 l exonucleases 

(125,126). Ottiger and Hubscher (127) reported the resolution of four 

pools of DNA polymerase activity eluted from a DEAE anion exchange 

column. They reported the first pool contained a 31-5 I exonuclease, and 

RNase H, as well as a DNA-dependent ATPase activity. Pools 2-4 

contained DNA polymerase, primase, and topoisomerase activities. Each 

pool of activities further copurified through a sedimentation gradient, 

and all were shown to have sedimentation coefficients greater than 11.3 

S, suggesting that the activities form a large complex. Others have 

defined lagging strand replication models which require the same 

activities present in pool I (76,77). The grouping of these activities 

with the respective DNA polymerases correlates with the experimentally 

derived evi~ence regarding the roles each DNA polymerase plays at the 

replication fork. For example, DNA polymerase a is known to playa 

key role during initiation of replication in the SV-40 system (reviewed 

in 3,4,5). Initiation requires a DNA primase activity. DNA polymerase 

6 has a PCNA-inducible processivity. In the presence of PCNA, DNA 

polymerase 6 might elongate Okazaki fragments previously initiated by 

DNA polymerase a. DNA polymerase 6 might also completely replace the 

nascent DNA polymerase a-synthesized lagging strand DNA using the 51-

31exonuclease in a nick-translation reaction, in which the gap is 

filled by the highly accurate by DNA polymerase 6 and its 31-51 

exonuclease activity. Alternatively, when the scanning DNA polymerase 
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6 encounters the previously synthesized fragment, PCNA could 

dissociate, and the distributive DNA polymerase 6 might act analogous 

to ~. coli DNA polymerase I. The 51-3 1 exonuclease might function as 

an RNase H to remove RNA primers. DNA polymerase 6 would fill in the 

gap, and DNA ligase would seal the Okazaki fragments to make a mature 

lagging strand. 

The assignment of DNA polymerases a and 6 to the lagging strand of the 

fork leaves the leading strand DNA polymerase undetermined. There may 

be no requirement for a leading strand DNA polymerase in Drosophila 

embryonic cells if they replicate by a D-loop mechanism (29). It is 

possible that DNA polymerase 6 replicates both strands, depending on 

the association of PCNA. Alternatively, the observation of a late

eluting unstable DNA polymerase activity with a 3'-5lexonuclease 

suggests that another DNA polymerase, probably DNA polymerase e, is 

also present in Drosophila embryos, and could be the elusive leading 

strand DNA polymerase. Also, an e-type DNA polymerase has been 

isolated from mosquito larvae, in addition to both 6- and a-type 

enzymes (personal communication, Seung-koo Lee, Department of 

Biological Sciences, University of Notre Dame, South Bend, Indiana). 

These observations suggest that insect cells contain all the 

replicative DNA polymerases involved in DNA synthesis of the leading 

and lagging strands in nonembryonic cells. 
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Levels of Replicative Enzyme Activities do not Reflect Developmental 

Decrease in DNA Synthesis 

The activities associated with DNA polymerase pools I, II and III from 

2 hour and 9 hour embryos showed no apparent differences in the in 

vitro activity levels. This is consistent with observations that 

proliferating cells from higher eukaryotes have constitutively 

expressed mRNA and in vitro activities of replicative enzymes 

throughout the cell cycle (42,53,54). It was not possible to use the 

gel assay to assess exonuclease and ligase activities in crude extracts 

due to substrate competition and degradation (data not shown). 

However, previous studies of Drosophila gene expression, protein 

synthesis, and in vitro activity profiles of polymerase a/primase (44), 

PCNA (128,105), and DNA ligase (31) reported an overall slight decrease 

during embryogenesis. The results presented here are consistent with 

these observations. The specific activity of the DNA polymerase a in 

S-100 extracts from 9 hour embryos was approximately 2-fold lower than 

the activity measured in 2 hour S-100 extracts. However, the ending 

specific activities were equivalent. The DNA polymerase a purified 

from 9 hour embryos was not less active by in vitro assay as might be 

expected of embryos with a 6-fold lower overall rate of replication. 

Thus, it appears that in vitro activity measurements do not closely 

reflect the decrease in the rate of replication as embryos mature. 



CHAPTER 5- CHARACTERIZATION OF A DNA POLYMERASE a-ASSOCIATED 

KINASE ACTIVITY DURING EMBRYOGENESIS 

INTRODUCTION 
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DNA replication is a complex process which is strictly limited to the S 

phase of the cell cycle. In a larger context, the cell must be able to 

undergo DNA replication in response to the appropriate cellular, 

developmental, and environmental stimuli. This chapter addresses the 

regulation of initiation of DNA synthesis, in terms of the formation of 

a DNA polymerase-associated replicative complex, during the cell cycle 

and during the development of the Drosophila embryo. 

The Regulation of Replication Origins in Drosophila Embryos 

The topology of the replication fork during DNA synthesis is 

complicated. The rates of elongation of both strands must be 

coordinated, with the lagging strand enzymes cycling on and off the 

Okazaki fragments. The lagging strand must be looped to allow the DNA 

polymerases moving in antiparallel directions to have an overall 

unidirectional movement with respect to the migrating fork (129). It 

has been proposed that, in order to organize such a complicated 

structure, the eukaryotic cell has evolved a fixed site of replication 

(51). Cis-acting origins are t~ought to be attached to the 
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nucleoskeleton. When activated, the origin would form a preinitiation 

complex which would recruit the replicative machinery, and allow the 

initiation of DNA synthesis. The formation of a replication complex at 

the origin would be an obvious point at which the cell could regulate 

DNA synthesis, both at the level of the cell cycle, and during 

development. 

During the blastoderm stage (0-2.5 hours AED, at 25° C.), Q. 

melanogaster embryos utilize all available origins, which are spaced an 

average of 7.9 kb apart, thereby allowing replication of the genome in 

a minimum time of 3.4 min (87). Upon cellularization (cycle 14, 2.5 

hours AED, at 25° C), initiation of individual replicons becomes 

asynchronous; some origins become inactive, increasing the average 

distance between origins to 10.6 kb. The S phase lengthens to 20 min. 

Thus, the ability of cis-acting DNA sequences to act as origins is 

developmentally regulated. The mechanism by which this occurs is not 

understood. Two important issues may affect this developmental 

modulation of origin usage: 1- cellularization marks the onset of new 

regulatory checkpoints during the cell cycle (99), and 2- the ability 

to initiate replication is probably dependent on the ability to recruit 

replicative components to the site of replication (reviewed in 130). 

One would predict that there should be fewer active replication enzymes 

purified from the later stage embryos, since at any given time during S 

phase there would be fewer active replication forks. No apparent 

developmental differences were distinguished in the activities or the 
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composition of the replicative enzymes assayed (Chapter 4). Thus, it 

is possible that these in vitro assayed activities might not be active 

in vivo unless they are modified, perhaps by phosphorylation of some 

replicative component(s). To test this hypothesis, the following 

questions were addressed: 1- Is there a protein kinase associated with 

the core DNA polymerases? 2- If so, does the putative regulatory 

kinase activity reflect the developmental downregulation of DNA 

synthesis? Based on the answers to these questions, a model was 

constructed which suggests how Gl/S regulatory proteins activate 

replicative enzymes, and also how the regulation changes during 

Drosophila embryogenesis. 

RESULTS 

Developmental Differences in Phosphorylated Peptides of DNA Polymerase 

a P90ls 

To test whether a protein kinase activity was associated with the DNA 

polymerases, equivalent units of DNA polymerase activity were incubated 

with [32P1]ATP, and the peptides were separated by SDS-PAGE. An 

autoradiograph of pools II and III is shown in Figure 11A. Several 

observations are apparent from this experiment: 1) pools II and III 

have endogenous kinase activities: 2) three peptides in pool II of 140, 

95 and 50 kD are readily labeled by the kinase.activity (An 

approximately 180 kD peptide in both pools II and III is also weakly 

labeled.); and, 3) there is more 32p incorporated in the 140 kD 
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A B c 
r:.vrrFO POLasPECIFC SLVER 

M. KINASE IMBLOT STAIN 

WT. 2H 9H 2H 9H 2H 9H 

kD· II Ill II Ill II Ill II Ill II Ill II Ill 
216 

F1gure 11 . In V1tro Phosphorylation of 2 Hour and 9 Hour DNA Polymerase 
P~~ls II ana-III. A-B, Pools were incubated 30 min at 30° C with 
[ P7]-ATP in the in vitro kinase assay, resolved by SDS-PAGE, and 
transferred to nitroceTTUTose, as described in "Experimental Methods 
and Materials''. Labeled peptides were visualized by autoradiography 
(A). Immunoblot analysis was performed with DNA polymerase a-specific 
polyclonal antiserum, and visualized by a colorimetric reaction with 
horseradish peroxidase-conjugated secondary antibodies (B). C, SDS
PAGE resolved peptides in pools were visualized by silver staining. 
Molecular weight markers, 2 hour (2H) and 9 hour (9H) preparations, and 
pools II (II) and III (III) are indicated. 
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peptide in the 9 hour pool II than in the 2 hour pool II. No labeling 

was observed when [32PalATP was substituted (data not shown). Figure 

liB illustrates a DNA polymerase a-specific immunoblot performed on the 

same nitrocellulose membrane from which the autoradiograph in Figure 

llA was obtained. DNA polymerase a-specific polyclonal antiserum 

detected a band at 140 kD which comigratedwith the 140 kD 

phosphorylated peptides shown in Figure 11A, suggesting that one 

substrate for the endogenous kinase might be the 140 kD catalytic 

peptide of DNA polymerase a. Figure 11C illustrates a silver-stained 

gel of the polypeptides present in all the pools. The strong Signal of 

the 140 kD phosphoprotein observed in 9 hour pool II is not due to an 

abundant 140 kD protein. 

In an effort to determine the basis of the differential phosphorylation 

seen in 2 hour and 9 hour pools, a mixing experiment was performed. 10 

pl of 2 hour pool II was heat inactivated (10 min/70o C), then was 

incubated with 1 pl of 9 hour pool II. If the increased incorporation 

observed in 9 hour pool II was due to a higher concentration of kinase 

activity, an even higher level of phosphorylation should occur due to 

the presence of additional substrate comprised of the inactivated 2 

hour pool II. The results of this experiment are shown in Figure 12. 

There was equivalent phosphorylation in 9 hour pool II lanes. Thus, 

the 2 hour pool II "substrate" was not utilized by the 9 hour pool II. 

This experiment suggests that the differential phosphorylation is not 

due to a simple difference in the amount of kinase present within the 

pools. 
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M.WT. 2H II 9H II 9H II<KINASE 
kD 2H II 2H II 9H n<SUBSTRATE 

216-

100-

65-

47-

Figure 12 Differential Phosphorylation of 2 Hour and 9 Hour Pool II is 
Not Due to More Free Kinase Activity Present in 9 Hour Pool II. 10 pl 
of pool II peptides were heated for 10 min at 70° C to inactivate the 
kinase activity, and the heated peptides were designated "Substrate". 
1pl of pool I kinase activity, designated "Kinase", was added to the 
"Substrate" and assayed by the standard in vitro kinase reaction 
conditions. The molecular weight markers-are indicated. 2HII= 2 hour 
pool II 9HII= 9 hour pool II 
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Kinase Activity Associated with DNA Polymerase a 

If the kinase activity is associated in a specific manner with the DNA 

polymerase a, it should be observed in preparations of DNA polymerase a 

purified by different methods. To test this hypothesis, DNA polymerase 

a was immunoaffinity-purified from 2 hour Drosophila embryos, and was 

purified from 9 hour embryos through 5 steps as previously described 

(102) to a specific activity of approximately 15,000 units/mg protein. 

An in vitro assay for kinase activity revealed a copurifying kinase 

. present in both preparations (Figure 13). Further, the peptides 

labeled were somewhat similar to the peptides labeled in pools purified 

by Mono Q column chromatography: the 50 kD band was present in all 

fractions, and the 140 kD band was present in the affinity purified 

fraction, whereas the 5-step purification had a more prominent band at 

180 kD. The intensity of the 140 kD band between 9 hour and 2 hour 

preparations could not be directly compared due to the different 

specific activities of the DNA polymerase a fractions. 

Characterization of a CDC7-like Kinase 

To characterize the endogenous kinase, the substrate preference was 

tested by adding 1 pg each of casein and histone H1 to 0.5 pg total 

protein from each pool. The results are shown in Figure 14. Although 

histone H1 was phosphorylated, the kinase activity demonstrated a 

strong preference for the endogenous substrates. 



M.WT. Q 
kD 2H 1~1 
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5 IM 
STEP AFF. 

Figure 13 Kinase Activity Associates with DNA Polymerase a which is 
Purified by Three Different Methods. The in vitro kinase activity was 
assayed in three preparations of DNA polymerase a purified by the 
standard method utilizing Mono Q column chromatography (lane 1), or by 
a five-step purification scheme including a glycerol gradient 
centrifugation (lane 2), or by immunoaffinity column chromatography 
with monoclonal antibodies specific for Drosophila DNA polymerase a 
(lane 3). (See "Experimental Methods and Materials" for details). 
Molecular weight markers are indicated. 



In Vitro Phosphorylation of DNA 
Polymerase Pool Peptides and 
Exogenous Histone H1, Casein 

Endogenous Substrates + H1 and Casein 

2h 9h . 2 h 9h 
I II I I I I I II 

Mr 
(kD) 

-216 

-100 

-65 

-47 

-30 

94 

F1gure 14 Kinase Act1v1ty Prefers DNA Polymerase Pool Substrates to 
Exogenously Added Histone Hl or Casein. The 2 hour and 9 hour pools II 
and III were assayed as described in the standard in vitro kinase 
conditions with 0.5 pg total protein per pool, or wit~ addition of 
0.5 pg each of histone Hl and casein added to each pool, as indicated. 
The phosphorylated histone Hl band is indicated by an arrowhead. 
Molecular weight markers are indicated on the right. 



RENATURATION of SDS-PAGE- SEPARATED KINASE ACTIVITY 

3~P y-ATP + 
H1 and Casein 

PKA POL 

32p y-ATP 
No Substrate 

PKA POL 

32p a-ATP+ 
H1 and Casein Mr 

PKA Pa.. (kD) 

-216 

-100 

-65 

-47 

-30 

95 

Figure 15 In Situ Renaturation of Endogenous Kinase Activity in DNA 
Polymerase i:Preparat1on. SDS-PAGE resolved kinase activities were 
transferred to nitrocellulose, denatured with guanidine- HCl, then 
renatured and assayed for kinase activity by the standard in vitro 
reaction conditions as described in .. Experimental Methods and-
Materials ... cAMP-dependent protein kinase (PKA) was used as a positive 
control. Histone Hl and casein were added as substrates for ~he kinase 
where indicated. Also, [32 Pa]-ATP was substituted for the [3 P7]-ATP 
to distinguish whether the signal was due to phosphorylation or to ATP 
binding. Molecular weight standards are indicated on the right. 
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The apparent molecular weight of the kinase present in the DNA 

polymerase a pools was determined by a technique (108) in which the 

peptides were separated by SOS-PAGE, transferred to a nitrocellulose 

membrane, and the peptides renatured on the membrane. Next, the 

membrane was incubated in the standard kinase reaction mixture with or 

without casein and histone H1 added as substrates. The results of this 

procedure are shown in Figure 15. A 56 kO 32P-labeled band represents 

the ubiquitously available substrate which was phosphorylated by a 

renatured 56 kO kinase. Several bands were also detected at 

approximately 130-94 kO. If no exogenous substrate was added, the 

catalytic subunit of the cAMP-dependent protein kinase (PKA) , showed a 

large decrease in signal. In contrast, the kinase peptides associated 

with the DNA polymerase did not show a significant decrease, suggesting 

that these bands were due to autophosphorylation of the kinase. If 

32P-a[ATP] was substituted for the ,-labeled nucleotide, no bands were 

detected, confirming that the bands represent kinase activity rather 

than ATP binding (Figure 15). 

A 56 kO COC7 Gl/S phase regulatory kinase from yeast was reported to 

copurify with yeast replicative complexes (83), and was able to 

stimulate DNA polymerase a activity in vitro. To determine if a COC7-

like kinase was in the DNA polymerase a fractions, the pools were 

resolved by SOS-PAGE, and transferred to nitrocellulose for immunoblot 

analysis with yeast COC7-specific polyclonal antiserum. Figure 16 

illustrates the results. Three bands of approximately 100 kD, 94 kD, 

and 56 kD were detected, resembling the pattern of peptides detected by 



CDC7-Specific lmmunoblot 
of DNA Polymerase a Pool 

ng pol prot 
Mr (kD) 120 370 740 

95-
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Figure 16 CDC7-specific Immunoblot Analysis of DNA Polymerase a 
Preparation. Different amounts of total protein present in a DNA 
polymerase a preparation were resolved by SDS-PAGE, transf~rred to 
nitrocellulose, and analyzed for the presence of immunoreactive CDC7-
like protein by utilizing polyclonal CDC7-specific antiserum raised 
against the yeast protein kinase. The antigen-antibody complexes were 
detected by a colorimetric reaction using horseradish peroxide
conjugated secondary antibodies. The apparent molecular weights of the 
bands are indicated on the left. 
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the renatured kinase assay. 

The kinase activity characterized above resembles the CDC7 cell cycle 

regulatory kinase by: 1) its association with DNA polymerase ai 2) the 

ability to phosphorylate histone H1: 3) the 56 kD size of the renatured 

kinase peptide: and 4) reactivity with yeast CDC7 polyclonal antiserum. 

These results suggest that the specifically associated endogenous 

kinase which phosphorylates DNA polymerase a and other peptides, may be 

a Drosophila homolog of the yeast CDC-7 kinase. 

DISCUSSION 

The Basis for Differential Phosphorylation in 2 Hour and 9 Hour DNA 

Polymerase a Pools 

Since the replicative enzyme assays do not readily account for the 

dramatic change in replication during embryogenesis (Chapter 4), the 

observation that a copurifying kinase differentially phosphorylated 

peptides during development (Figure 11) prompted further investigat1on. 

A 140 kD peptide present 1n fractions of DNA polymerase a from 9 hour 

embryos was more readily phosphorylated than were 2 hour preparations. 

This could be explained in several ways. The simplest possibility 1s 

that there is less active kinase in 2 hour embryos, thus, there are 

lower levels of phosphorylation in the 2 hour preparations compared to 

the 9 hour preparations. The mixing experiment suggests that this is 

not the case (Figure 12). However, the mixing experiment results do 
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not rule out the possibility that the kinase activity is limited due to 

the formation of a complex with the substrate, which might not allow 

the enzyme access to other substrates. The possibility that a 

copurifying phosphatase was responsible for the developmental 

difference was ruled out by including phosphatase inhibitors in the 

assay. Another possibility is that the substrate is different. There 

is no obviously overexpressed 140 kD protein in the 9 hour preparations 

(Figure 11C). However, the 2 hour 140 kD peptide might be 

phosphorylated to a greater degree in vivo than the 9 hour substrate. 

Therefore, the 2 hour preparation might have less available sites for 

phosphorylation during the in vitro assay. Thus, there are two 

reasonable explanations for the differential phosphorylation of the 140 

kD peptide; the kinase may be sequestered by the substrate, or the 2 

~ hour substrate may be hyperphosphorylated in vivo, and thereby making 

it a poor in vitro substrate. Future experiments will determine which 

possibility is correct by dephosphorylating the substrate, and testing 

whether the in vitro level of phosphorylation changes. 

Identity of the DNA Polymerase a-associated Kinase 

Copurification of a kinase activity with DNA polymerase a purified by 

three different methods including a 5 step, glycerol gradient protocol 

and a DNA polymerase a immunoaffinity column procedure lends credence 

to the hypothesis that the kinase activity is specifically associated 

(Figure 13). Renaturation of the endogenous kinase activity (Figure 

14) revealed that there were several active peptfdes: a ladder of 
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peptides from approximately 130-94 kD, and a distinct 56 kD peptide. 

This suggested that there was more than one kinase present with the DNA 

polymerase, or that the 56 kD peptide represented an active degradation 

product of a larger enzyme. The 56 kD yeast protein (aO) is known to 

yield active fragments upon degradation (personal communication, Dr. 

Judith. Campbell, California Institute of Technology, Pasadena, CA). 

The immunoblot with CDC7-specific antiserum also detected bands of 

approximately 100 kD, 94 kD, and 56 kD. The higher molecular weight 

peptides may represent another kinase which copurified with the 

replicative complex, and was detected by the CDC7 antiserum due to a 

conserved, cross-reactive kinase domain. Another possibility is that 

the 56 kD peptide is related to the higher molecular weight ladder of 

peptides, as suggested above. The yeast protein which was used to 

raise the antiserum was a 56 kD protein, the size predicted from the 

cDNA of the cloned CDC7 gene (79,aO) The CDC7 gene homolog in 

Drosophila might have evolved into a approximately 100 kD 

multifunctional, multidomain protein. At present, it is not possible 

to distinguish whether there is more than one kinase present or whether 

a family of related peptides are derived from an approximately 100 kD 

CDC7-like kinase. Cloning the Drosophila ~DC7 homolog should resolve 

this question. 

In Vitro Level of Phosphorylation May Reflect Modulation of CDC7-like 

Kinase 

To explain the decreased phosphorylation of the 140 kD peptide from 2 



101 

. hour preparations compared with the 9 hour 140 kD peptide, either the 

kinase or the substrate must be different, as discussed above. If the 

kinase activity is higher in 9 hour embryos, the increased 

phosphorylation would correlate with a decreased level of replicative 

activity. This seems unlikely given that CDC7 positively induces the 

initiation of DNA synthesis (78). The alternative hypothesis that the 

substrate is limiting the in vitro levels of phosphorylation is 

supported by the observation that, in Figure 14, the phosphorylation of 

HI histone was approximately equal, suggesting there is an equivalent 

amount of kinase activity. In contrast, phosphorylation of the 

endogenous substrates varied with the age of the embryos. If the 

substrate in 2 hour embryos is already highly phosphorylated in vivo, 

and thus not available for in vitro phosphorylation, and the 9 hour 

substrate is underphosphorylated in vivo, the results would be 

consistent with a developmentally modulated CDC7 kinase. Early stage 

DNA polymerase a-associated peptides would be constitutively activated 

for DNA synthesis, and later stage replicative components would be 

periodically induced by CDC7 phosphorylation. 

Substrate Candidates for CDC7 Phosphorylation 

The in vivo substrate of the CDC7 kinase has not been determined. The 

95 kD phosphopeptide in the in vitro phosphorylated pools has not been 

identified. However, the apparent molecular mass corresponds to the 

observed molecular weight of the CDC46-encoded licensing factor which 

is required just prior to the CDC7 requirement during the G1/S 



102 

transition (76). It might also represent autophosphorylation of the 

kinase itself, since a 94 kD band was detected during the renaturation 

experiment, and with the CDC7-specif1c antibodies. More information is 

available for predicting the identity of the 50 kD phosphoprotein. 

Jazwinski (83) observed a copurify1ng CDC7 kinase in ~ cerevisiae 

replication complexes, and demonstrated a CDC7 dependent stimulation of 

DNA polymerase a activity. The major endogenous substrate of the CDC7 

kinase was a 48 kD peptide which resembled the bovine S-antigen, as 

demonstrated antigenically and by partial proteolytic digestion (84). 

Bovine S-antigen is involved in moderating the light-induced signal of 

the bovine eye. The visual signal pathway is mediated by a G-protein 

complex called transducin. It is noted that the CDC4 gene, which acts 

just before CDC7 in the yeast cell cycle, encodes a protein which shows 

homology to the p subunit of the transducin G-protein complex (74,75). 

When S-antigen was added to a preparation of DNA polymerase which had 

been inactivated by storage at 4° C for 4 days, it reactivated the DNA 

polymerase activity. One of the major phosphopeptides observed in the 

Drosophila DNA polymerase preparation is a 50 kD peptide. The 50 kD 

peptide may represent an S-Antigen-like peptide involved in modulating 

a growth factor signal transduction pathway in which the CDC4-encoded 

G-protein p subunit acts. This suggests a pathway for activation of 

DNA synthesis at the Gl/S boundary. 

Another potential substrate for the CDC7 kinase is the 140 kD form of 

the catalytic subunit of DNA polymerase a, as well as the 183 kD form 

of DNA polymerase a, which might be the minor phosphoprotein of 
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approximately 180 kD (Figure 11A,B). Previous reports of DNA 

polymerase a phosphorylation have been linked to changes in the 

affinity of the DNA polymerase for the template or have correlated with 

induction of resting cells to proliferate. Krauss et!I. (48) reported 

that 1n vitro treatment by protein kinase C increased the affinity of 

the DNA polymerase for DNA. Nasheuer et !I. (50) reported that 

phosphorylation of DNA polymerase a by M phase-CDC2 decreased the 

affinity of the DNA polymerase for DNA. Both Donaldson and Gerner (47) 

and Wolfman-Cripps et!I. (43) reported a correlation of 

phosphorylation of DNA polymerase a with the reentry of quiescent cells 

into the mitotic cycle. It seems apparent that several kinases may 

phosphorylate DNA polymerase a resulting in different responses. If 

Drosophila DNA polymerase a is indeed the preferred substrate for the 

CDC7-like kinase with which it copurifies, this would directly link the 

regulation of the Gl/S transition with a key component of the 

replicative complex. This link will be helpful in unraveling the kinase 

cascade which begins with the activation of the S phase form of the 

CDC2 regulatory kinase. 

In a recent review (51), Cook suggested that the active subset of 

replicative enzymes forms very large complexes at the sites of DNA 

replication. He suggests that the subset of replication site

associated DNA polymerase activity may more accurately reflect the in 
vivo level of replication. However, 1n vitro assays would detect both 

the complexed and free enzyme activities. This model might explain the 

paradox of apparently active replicative DNA polymerases present 
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throughout the ent1re cell cycle of higher eukaryotes (42,53,54). 

Phosphorylation of components within the replication complex would 

provide a mechanism by which formation and dissolution of this 

structure might be modulated. 

A Model for the Regulation of Replicative Proteins During the Cell 

Cycle and During Drosophila Embryogenesis 

105 

Based on the results discussed above, a model is proposed by which 

replicative enzymes are activated to initiate DNA replication at the 

onset of S phase (Figure 17). The developmental regulation of entry 

into S phase during Drosophila embryogenesis is also discussed. 

The activation of the S phase form of p34cdC2 kinase would initiate the 

cascade of events leading to the onset of replication (67). It would 

induce transcription of the CDC4 gene which encodes the signal 

transducing G-protein (74,75) and the CDC46 gene whic" encodes the 95 

kD "licensing factor", which probably recognizes the origin of 

replication and limits replication to once per cell cycle. (76). After 

protein synthesis, the licensing factor would associate with the G

protein-activated, 50 kD S-Antigen-like protein at the cell membrane 

and transport it into the nucleus by virtue of its nuclear targeting 

ability. These proteins would interact with p34cdC2 and with the cis

acting origin sequence recognized by the licensing factor. The 

unphosphorylated CDC7 kinase would be recruited to the growing complex. 

Upon association, CDC7 kinase would be phosphorylated by p34cdC2 • At 
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this point, the activated CDC7 kinase would recruit the constitutively· 

present but inactive DNA polymerase a enzyme, forming a preinitiation 

complex. CDC7 k1nase would then phosphorylate DNA polymerase a, wh1ch 

would synthes1ze the f1rst nascent DNA chain. At th1s p01nt, the other 

replicative enzymes would also be recruited to the replication complex. 

The strand switching mechanism (19) would localize the DNA polymerase 6 

holoenzyme on the lagging strand (16), and pol E on the leading strand, 

forming the elongation complex which would finish replicating the 

replicon. Thus, the regulatory components which act prior to onset of 

replication would make up part of the replication complex which 

functions during S phase. During G2 this complex would dissociate when 
I 

p34cdC2 phosphorylates DNA polymerase a which lowers its affinity for 

the DNA (50). 

In early embryos, the replication complex would not dissolve (51), and 

therefore the embyro would be constitutively able to initiate 

replication. This would avoid the time-consuming steps which require 

synthesis of the licensing factor (76) and the replicative G-protein 

(74,75). As soon as the DNA decondenses after mitosis, and the 

licensing factor can access the origin sequences, DNA replication would 

beg1n. However, as the embryo cellularizes, the constitutively 

supplied maternal factors are diluted and it must begin zygotic 

transcription in order to progress through the cell cycle (88). Thus, 

it incorporates a G2 phase to allow time for transcription to be 

completed prior to mitosis and, in addition, a checkpoint to determine 

whether DNA synthesis is complete (99). The regulatory kinases would 
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be periodically activated and the replication complex would dissociate 

from the DNA due to dephosphorylation of its components at the end of S 

phase (50). However. immediately upon exit from mitosis. the complex 

would reform. The Gl phase checkpoints would not begin until the end 

of the sixteenth mitosis (91). marking the onset of the first regulated 

entry into S phase. At this point most of the cells would become 

polyploid and would endoreduplicate the genome. but would not undergo 

mitosis (101). Thus. the replicative complexes would not need to 

dissolve and CDC7 phosphorylation would no longer modulate DNA 

replication initiation. However. the neurogenic precursor cells would 

continue the mitotic cycle (lOl) and would still have a subset of 

phosphorylated, active replication complexes. Thus. Drosophila embryos 

would have a convenient mechanism by which to accomplish whatever 

version of the cell cycle they needed. whether they needed to quickly 

generate a large number of cells or whether they needed to generate 

polyploid cells which would stockpile components required during the 

larval stage of Drosophila development. 
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