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ABSTRACT 

The involvement of topoisomerase in DNA replication in a 

prokaryotic and a eukaryotic system was examined. The mechanism of in 

~ DNA replication by an isolated replicative enzyme complex was 

also investigated. 

In bacteriophage T4 there is evidence that the type II 

topoisomerase coded for by the phage is involved in the initiation of 

replicative growing pOints. We have looked at the topological 

structure of the replicating T4 nucleoid by sedimentation of the DNA 

in neutral sucrose gradients containing various amounts of ethidium 

bromide. It was determined that at no time after infection does the 

replicating T4 DNA contain any large amount of negative superhelicity. 

The absence of the phage topoisomerase did not affect the topology of 

the nucleoid. It was therefore concluded that the role of the T4 

topoisomerase in initiating DNA synthesis in T4 was not exerted at the 

level of the general topology of the replicating T4 DNA. An isolation 

procedure for the T4 topoisomerase for pursuance of further studies 

was also described. 

New mammalian topoisomerases were shown to be stimulated by 

epidermal growth factol' (EGF) in two cultured fibroblast cell lines. 

Topoisomerase activity was seen first in the cell cytoplasm and 

subsequently in the nucleus. The peak of topoisomerase activity in 

x 
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the nucleus corresponded to the peak of EGF-induced DNA synthesis in 

the cells. At least a part of the topoisomaerase activity stimulated 

by EGF was shown to be due to a type II topoisomerase by the ATP

dependence of the activity. The topoisomerase activity in the 

cytoplasm was shown to exist in a non-soluble, sedimentable form. 

Further characterization of the topoisomerase containing 

complex isolated from the cytoplasm was carried out. The complex was 

seen to be non-membrane bound and compleL DNA polymerase and 

nucleoside diphosphate kinase activities were also demonstrated to be 

contained within the compleL It was shown that this cytoplasmic 

complex was capable of jn~ DNA replication. Many parameters of 

the in ~ DNA replication reaction were examined. The process was 

seen to mimic 1n~ replication in several ways. The complex was 

shown to not only be able to elongate DNA but to initiate replication 

through the creation of a replication bubble. 



CHAPTER 1 

INTRODUCTION 

1hg Problem Qf ~ Replication 

All organisms need to accurately replicate their genetic ma

terial. Understanding the mechanisms by which both prokaryotic and 

eukaryotic organisms faithfully replicate their DNA has been the 

object of much research activity. To achieve a basic understanding of 

the mechanism of DNA replication it is necessary to identify all the 

enzymes involved, determine their function and then to clarify the 

interrelationships among them. Replication can be divided into two 

processes; initiation and elongatio~ However, the steps involved in 

elongation are more preCisely understood than those in initiation. 

Elongation of DNA has been achieved 1n~ by Alberts (Sinha et ale 

1980, Liu et ale 1979a) using purified enzymes from bacteriophage T4. 

However, to date no one has been able to achieve initiation at a 

natural replication origin using anything other than ill-defined, 

crude cellular extracts. The enzymes involved in the initiation of 

DNA replication have, therefore, not been defined and the overall 

process is still poorly understood. One class of enzymes thought 

to playa role in initiation is the topoisomerases. 
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General Characteristics Qf Topoisomerases 

Topoisomerases are enzymes that alter the topological linking 

number of superhelical DNA. This alteration may be attained by the 

introduction of negative supercoils or the removal of either positive 

or negative supercoils. Topoisomerases work by a sequence of steps 

involving strand breakage, strand passage and rejoining. Two types of 

topoisomerases have been defined based upon their mechanism of action. 

Type I topoisomerases break a single DNA strand while type II topoi

somerases break both DNA strands. Both types of enzymes break the DNA 

backbone, becoming covalently attached to the DNA at the break pOints, 

thereby storing the bond energy. The DNA is then passed through the 

break and the DNA backbone rejoined with the release of the topoisom

erase. Since type I topoisomerases break only a single strand of the 

DNA they release supercoils in steps of one superhelical turn while 

type II enzymes, which break both DNA strands, release supercoils in 

steps of two turns. 

The type I topoisomerases were discovered first. These 

enzymes were originally called nicking-closing enzymes. The first 

such enzyme found was the OJ protein of E. coli (Wang 1971). Subse

quently a host of type I topoisomerases have been found in both pro

karyotic (Kung and Wang 1977) and eukaryotic (Baase and Wang 1974, 

Champoux and Dulbecco 1972) organisms. These enzymes generally have a 

high salt requirement for optimum activity, require no ATP and show no 

DNA-dependent ATPase activity. One difference has emerged between 
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prokaryotic and eukaryotic type I enzymes; prokaryotic type I topoi

somerases relax only negatively superhelical DNA while eukaryotic type 

I enzymes relax both positive and negative supercoils. 

Type II topoisomerases also occur in both prokaryotes and 

eukaryotes. They generally have a lower salt optimum for activity, 

require ATP for activity and are multisubunit enzymes. They can also 

catalyze catenation and decatenation of DNA rings as well as knotting 

and un knot ting reactions • 

.IM E..... ~ Gyrase 

Perhaps the best characterized, and the earliest recognized 

type II topoisomerase is the ~~ gyrase or topo II. This enzyme 

was first recognized by Gellert et al. (1976) while they were studying 

integration into the ~~ chromosome. They discovered that A 

integration required a negatively supercoiled substrate which could be 

generated by an ~ ~ cell fraction plus ATP. They proceeded to 

purify the supercoiling activity and called the purified enzyme 

gyrase. The gyrase has five known activities: 1) the introduction of 

negative supercoiling in the presence of ATPj 2) relaxation of super

coils in the absence of ATP; 3) DNA-dependent hydrolysis of ATP to ADP 

+ Pi; 4) enzyme binding to DNA; and 5) site-specific cleavage of DNA 

(Gellert et a1. 1976,1977; Higgins et a1. 1978, Sugino et a1. 1977, 

1978). The enzyme is a tetramer composed of 2 ~ subunits and 2 (3 sub

units. The « subunit is coded for by the gyr A gene (formerly NalA) 
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and the ~ subunit by the gyr B gene (formerly Cou). The p subunit 

contains the ATP binding site and the DNA-dependent ATPase activity. 

The ~ subunit is believed to be involved in wrapping the DNA around 

the enzyme for gyration. The enzyme's activities can be inhibited by 

the antibiotics coumermycin A1 and novobiocin which interfere with ATP 

binding to the P subunit (Sugino et ale 1978) and by oxolinic and 

nalidixic acid which interact with the ~ subunit (Sugino et ale 1977). 

While many other type II topoisomerases have been found, only two 

other enzymes capable of introducing negative superhelicity have been 

identified. Both of these other gyrases are found in bacteria, one in 

~ luteus (Liu and Wang 1978) and one in ~ subtilis (Sugino and Bott 

1980). The tL_ luteus gyrase so closely parallels the ~ £Ql1 gyr~se 

that the subunits of the two enzymes can form functional hybrid mole

cules (Brown et a!. 1979) • 

.l:M ~ n ~ .li. Topoisomerase 

T4 is the only virus known to encode its own type II 

topoisomerase. The enzyme can relax supercoiled DNA in an ATP

dependent reaction but shows no ability to introduce superhelicity 

(Liu et a!. 1979b, Stetler et a1.l979). Like the gyrase of .E......Q.QJ..1 

the T4 topoisomerase is a multisubunit enzyme composed of at least 3 

different proteins. One subunit is coded for by gene 39, one by gene 

52 and one by gene 60. It is not known how these subunits interact or 

which, if any, specificity (such as the ATPase activity) each subunit 
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possesses. It has been recently suggested that the gene 60 product is 

necessary for maintenance of the three subunits as a complex (Sea

sholtz and Greenberg 1983). The enzyme is inhibited by novobiocin in 

~ but is relatively insensitive to nalidixic acid (Liu et ala 

1979b). 

Eukaryotic ~ll Topoisomerases 

An ATP-dependent topoisomerase has been demonstrated in ~ 

laeyis germinal vesicles (Baldi et ala 1980). The enzyme was 

recognized by its ability to catenate and decatenate DNA as seen by 

agarose gel electrophoresis and observation of the DNA by electron 

microscopy. This topoisomerase was shown to be sensitive to 

coumermycin A1, require ATP and copurify with an ATPase activity. 

Extracts of ~ melanogaster embryos were also shown to contain 

an enzymatic activity which could reversibly catenate duplex DNA rings 

(Hsieh and Brutlag 1980). These interlocked rings were formed in an 

ATP-dependent reaction which was sensitive to novobiocin and 

coumermycin. The catenation reaction was shown to involve a double 

strand breakage and reunion mechanism. Thus this ATP-dependent enzyme 

from ~ melanogaster may be classified as a type II topoisomerase. 

Type II topoisomerases have also been seen in mammalian cells. 

One of the most recently characterized mammalian type II enzymes is 

the topoisomerase from HeLa cells (Miller et al. 1981). The 

topoisomerase was shown to possess relaxation, decatenation and 



unknotting activities all of which required the presence of ATP. The 

enzyme was classified as a type II topoisomerase both by its 

decatenation and unknotting reactions as well as by the observation 

that relaxation occurred by changing the linking number in steps of 

two, indicative of a double strand breakage mechanism. Also, similar 

to other type II topoisomerases, the HeLa cell enzyme appears to be a 

multisubunit protein (dimer) and have a DNA-dependent ATPase activity 

in the most pure fractions. 

6 

Topoisomerases in mammalian cells also exist outside the 

nucleus. Mitochondria in rat liver cells have been shown to contain 

both a type I (Fairfield et al. 1919) and a presumptive type II 

(Castora et ale 1918) topoisomerase. The presence of a type II enzyme 

in mitochondria was initially indicated by the effects of novobiocin, 

coumermycin, nalidixic and oxolinic acid on the replication and super

helical state of mitochondrial DNA (Castora and Simpson 1919). These 

antibiotics were shown to inhibit the incorporation of 3H-dATP into 

mitochondiral DNA but had no effect on the mitochondrial DNA polymer

ase (Castora and Simpson 1919). The drugs also induced a relaxation 

of mitochondrial DNA, suggesting that the maintenance of the superhe

lical state by a gyrase was necessary as suggested for ~ £Ql1 (Drlica 

and Snyder 1918). The type II topoisomerase found in mitochondria was 

able to catenate DNA as well as to relax superhelical DNA (Castora et 

al. 1981). However, no gyrase activity was detected. This enzyme is 

distinct from other type II topoisomerases, however, in that 
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catenation is an ATP-independent reaction, which is actually inhibited 

by ATP, while relaxation by the enzyme is an ATP-dependent reaction. 

It has been suggested that the type II enzyme reported may be only a 

part of a multisubunit mitochondrial gyrase (Castora et ale 1981). 

It can be seen from the partial list above that topoisomerases appear 

to be ubiquitous in nature. They occur in prokaryotes, eukaryotes, 

bacteriophage and animal viruses. As noted, the type II enzymes all 

perform similar reactions of relaxation, catenation-decatenation and 

knotting-unknotting by a proposed mechanism of transient double 

stranded breaks. While the characteristics of many individual enzymes 

are known, the function the topoisomerases play in cellular metabolism 

is much less well defined. Many roles have been proposed for these 

enzymes based largely on inhibitor studies. These include involvement 

of the enzymes in transposition, repair, recombination, transcrip

tional regulation and DNA replication. The evidence for the involve

ment of topoisomerases in each of the above processes will be discus

sed below. 

~ Q! Gyrase in Transposition 

The ~ ~ gyrase has been shown to be required for the 

transpOSition of the transposable element Tn5 (Isberg and Syvanen 

1982). The observation leading to this conclusion was that coumermy

cin, a specific inhibitor of the gyrase, caused a decreased transposi

tion frequency. The conclusion reached by the authors using the 



transposon Tn5 with ~ as the recipient DNA, was that a supercoiled 

substrate was needed as the recipient of transpositio~ Gyrase is 

necessary for the super coiling of ~ after infection. Topoisomerases 

which cause a reduction in superhelicity would be antagonistic to 

transposition. This may be extrapolated to any system which has 

movable genetic elements such as maize (McClintock 1952, 1951) where 

any topoisomerase(s) present may affect the frequency of transposi

tion. The amount of superhelical energy in the DNA correlates well 

with the transposition frequency (Isberg and Syvanen 1982). 

Integrative reconbination of A has been shown to require a 

negatively supercoiled DNA substrate (Mizuuchi and Gellert 1918). 

Relaxed closed circular X DNA must be converted to the super helical 

form by the action of the ~~ gyrase before efficient 

recombination can occur. Novobiocin inhibition of gyrase action 

causes relaxed A DNA to be an ineffective substrate for integration 

(~fizuuchi and Gellert 1918). Also involved in A integration is the 

int protein of A itself, a type I topoisomerase. Here, as with 

transposition, the superhelical state of the DNA, dependent at least 

in part on topoisomerases, is important in a cellular process. 

~Qf Topoisomerases jn Repair Rnd Recombination 

Repair of some lesions requires recombinational events. We 

have recently shown that a functional T4 topoisomerase is necessary 

for the recombinational repair of lesions induced either by psoralen 

8 
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plus near UV light or mitomycin c (Miskimins et al. 1982). Mutants 

defective in any of the three gene products coding for subunits of the 

topoisomerase showed lower viability after treatment than wild type 

under conditions which allowed for recombinational repair. The le

sions introduced by psoralen and mitomycin c had been shown previously 

to require for their repair several other gene products involved in 

recombination (Holmes et ale 1980, Yarosh et ale 1980). Thus a role 

for the T4 topoisomerase in one form of repair, involving recombina

tion, is indicated. 

There is also evidence suggesting a role for topoisomerases in 

repair of ultraviolet-induced damage. Coumermycin, nalidixic acid and 

oxolinic acid, inhibitors of gyrase action, block the repair of UV

irradiated DNA (Hays and Boehmer 1978, Eberle and Masker 1971) as do 

mutations in the gyr A and gyr B loci (Crumplin 1981). 

Recombination of UV-irradiated A DNA is also sensitive to coumermycin 

and oxolinic acid although it is less sensitive to these inhibitors than 

repair synthesis (Hays and Boehmer 1978). The excision of nucleotides 

from the UV-irradiated DNA, however, does not appear to depend on 

gyrase function as it is insensitive to nalidixic acid treatment 

(Eberle and Masker 1971). Hays and Boehmer (1978) suggest that the 

involvement of the ~~ gyrase in repair is not at the level of 

maintaining the DNA in a superhelical state since the inhibition of 

repair occurs at inhibitor concentrations significantly lower than 

those necessary to alter the superhelicity of intracellular ~ DNA. 



Alternatively it has been postulated that topoisomerases must have a 

role in repair since excision of damage requires at least a single 

strand nick which would release superhelicity. Upon completion of 

repair superhelicity would need to be reintroduced (Crumplin 1981). 
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Evidence exists for the involvement of a topoisomerase or 

gyrase in repair in mammalian cells. The role for the enzyme seems 

specific to repair of UV damage but not X-ray induced damage (Collins 

and Johnson 1979). However, in contrast to the data above for the ~ 

QQl1 gyrase (Eberle and Masker 1971), it appears that novobiocin 

inhibits the initial enzymatic breakage of DNA at damaged sites. This 

effect is partially reversed by removal of novobiocin. UV-induced 

damage is removed by "long-patch" repair while X-ray induced damage is 

removed by "short-patch" repair. Repair of damage induced by X-rays 

is insensitive to novobiocin. It is interesting to note that at the 

concentrations of novobiocin used to inhibit excision repair in HeLa 

cells by Collins and Johnson (1979) the type II topoisomerase in HeLa 

cells is comparably inhibited (Miller et al. 1981). 

~£f Topoisomerase in Transcription 

Prior to the discovery that gyrase is the target protein for 

the drugs nalidixic acid and novobiocin it was shown that nalidixic 

acid inhibits transcription of certain genes. One of the earliest of 

such studies demonstrated that nalidixic acid specifically inhibits 

transcription of bacteriophage S13 genes, but not host genes (Puga and 
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Tessman 1973). This effect was not due to an increased rate of decay 

of phage mRNA, or premature termination of transcriptio~ An effect 

of nalidixic acid on expression of two genes of ~QQl1, which were 

sensitive to catabolite repression, was shown soon after (Shuman and 

Schwartz 1975). Nalidixic acid severely inhibited the synthesis of 

both ma1todextrin phosphorylase and lambda receptor. The effect was 

not due to interference with maltose or cAMP transport. The authors 

of these early studies postulated that nalidixic acid blocked tran

scription by intercalating in the DNA and acting on the superhe1ical 

structure. After the discovery of the ~ ~ gyrase as the target 

for the action of nalidixic acid, further studies were done to deter

mine the role of gyrase in transcriptional regu1atio~ The transcrip

tion of genes was shown to be dependent on a functional gyrase, using 

both nalidixic acid and novobiocin as inhibitors. Smith et ale 

(1978), using the ~80 trp operon which they placed under control of 

two different promoters in tandem, showed nalidixic acid preferential

ly inhibited tr'anscription from only one of the promoters. They 

suggested two alternative explanations: (1) the gyrase could preferen

tially assist a weak promoter to bind RNA polymerase, and (2) the 

gyrase-independent promoter was not linked to translation whereas the 

gyrase-dependent promoter was. Sanzey (1979) showed that gyrase inhi

bitors acted at promoters and that there was a correlation between 

sensitivity to nalidixic acid and catabolite repression. CAP-depend

ent operons were strongly inhibited by nalidixic acid. Inhibition of 
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gyrase activity leading to lowered transcription was shown to result 

from less frequent initiation of RNA chains by Kubo et ale (1979). 

More complete inhibition of RNA synthesis by inactivation of gyrase 

was shown by Kreuzer and Cozzarelli (1979) using temperature sensitive 

mutants in gyr A. That the gyrase has an essential role was indicated 

by the fact that these mutants were conditional lethals. 

The general implication of the work of the above groups was 

that supercoiling, as affected by topoisomerases (specifically gy

rase), is an important factor in regulating gene expression. Negative 

superhelicity stimulates RNA synthesis presumably due to the reduced 

activation energy required to form the initiation complex between DNA 

and RNA polymerase. The effect of gyrase on transcription seems to be 

through its role in maintaining the DNA in a superhelical state (Dr

lica and Snyder 1978) as transcription of relaxed DNA is sensitive to 

DNA gyrase inhibitors while transcripition of superhelical DNA is much 

less affected (Yang et ale 1979). Topoisomerase I of ~ ~ also may 

playa role in transcriptional regulation since loss of the enzyme can 

suppress expression of some mutations affecting promoter sites (Mukai 

and Margolin 1963, Dubnau and Margolin 1972). Eukaryotic topoisome

rases may also have a role in transcription. It bas been shown that 

circular DNA injected into frog oocytes becomes supercoiled and able 

to support more transcription than linear DNA (Probst et ale 

1979). Also wheat germ RNA polymerase has been shown to be more 

active on supercoiled DNA than on relaxed DNA (Akrigg and Cook 1980). 
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It might be noteworthy that in eukaryotic DNA sites have been detected 

which affect transcription, and yet are not promoters. These sites 

can be at great distances from the genes they affect (Groesschedl and 

Birnstiel 1980, Klar et al. 1981, Nasmyth et al 1981). It is tempting 

to postulate that these sites are associated with DNA supercoiling, 

perhaps as topoisomerase binding sites. 

~ ~£f Topoisomerases in Replication; Elongation 

The presence of negative superheliclty in DNA greatly facili

tates the separation of the DNA strands by lowering the energy re

quired. Just as this may affect binding of a transcriptional com

plex, so too might it affect the binding of a replicative enzyme 

complex. The evidence for the involvement of topoisomerases in DNA 

replication is manifold and range from suggestions of a direct role 

for the enzyme in both the initiation and elongation steps to an 

indirect role in the maintenance of superhelicity which appears to be 

necessary for at least the initiation of DNA replicatio~ 

The most extensive evidence concerns the involvement of the ~ 

~ DNA gyrase in replication. The exact role played by gyrase is 

still not fully understood but it seems to playa role in initiation 

of replication, chain elongation and maintenance of superhelicity in 

the bacterial DNA. Evidence for the gyrase's role in replication 

comes mainly from the use of the inhibitors novobiocin or its analog 

coumermycin and/or nalidixic acid. Using coumermycin Ryan (1976) 
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showed that In ~ DNA replication was inhibited by the drug. Using 

an in ~ replication system Ryan and Wells (1976) showed replica

tion to be sensitive to coumermycin and proposed that the inhibition 

occurred at the elongation step. Two possible means for the involve

ment of gyrase in elongation have been proposed. Gellert et a1. 

(1976) proposed that the gyrase could act at the replication fork in 

one of two manners. It could act as a swivel to remove the positive 

superhe1ica1 turns that are introduced by replication or it could act 

ahead of the fork to produce a state of negative superhe1icity. This 

would facilitate unwinding of the duplex by the replicative enzyme 

complex. Evidence for the latter of these two suggestions was pro

vided by Drlica et a1. (1980) who showed that inactivation of gyrase 

sites by oxolinic acid in regions undergoing replication inhibited 

replication while inhibition of gyrase sites in regions of the chromo

some not undergoing replication had little effect on DNA synthesis. 

They suggested that gyrase facilitates fork movement. Perhaps a 

better candidate for a swivel at the replication fork to relieve 

positive superhe1ical stress in replicating ~~ chromosomes is a 

second type II enzyme, topoisomerase II' (topo II', Brown et ale 

1979). While the gyrase is poor at relaxing negative supercoils and 

does not relax positive supercoils at all, topo II' is efficient at 

relaxing both (Brown et a1. 1979). Thus topo II' would be more likely 

to be the swivel at a replication fork relieving induced positive 

superhelical stress, if such an activity is required. Type I 
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topoisomerases in mammalian cells (Champoux and Dulbecco 1972) might 

also function as swivel::: at t!1c :,e~lication forI,. 

The need for the gyrase in the replication of a closed 

circular molecule, such as the ~~ chromosome, is easily imagined. 

However, the gyrase also appears to play a role in replication of the 

linear DNA of bacteriophage T7 (De Wyngaert and Hinkle 1979, Itoh and 

Tomizawa 1977). Using coumermycin, these groups demonstrated a role 

for the gyrase in at-least the elongation step of T7 DNA replication. 

The gyrase is necessary for the super coiling of other bacteriophage 

DNA's prior to their replication, such as in ~X174 (Marians et al. 

1977). However, in the case of T7 this does not appear to be the 

case. Mutants of the phage that cannot circularize their DNA or 

form large concatermeric structures, which might contain closed regions 

of superhelices, are also sensitive to coumermycin (De Wyngaert and 

Hinkle 1979, Itoh and Tomizawa 1977). 

Xb& ~ Ql Topoisomerases in Replication: InitiatiQn 

In addition to the proposed role for topoisomerases in the 

elongation step of DNA replication there are considerable data im

plying a role for these enzymes in the initiation of DNA synthesis. 

The proposed role for both the ~ ~ and the ~ subtilis gyrase in 

replication centers around the maintenance of the superhelical state 

of the DNA in order to facilitate entry of the replication enzyme 

complex. In the case of the ~£Ql1 gyrase, evidence for its 
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involvement in initiation comes both from inhibitor studies and the 

use of temperature sensitive mutants. Fairweather et ale (1980) 

showed that a temperature sensitive gyr B mutant incubated at the 

restrictive temperature continue~ to synthesize DNA at near normal 

rates. However, using inhibitors of the gyrase they showed that 

initiation was sensitive. Also using inhibitors, Orr et ale (1979) 

showed that initiation of a mutant, temperature sensitive in its drug 

resistance to clorobiocin (a compound related to novobiocin) was 

greatly reduced. They showed that initiation of DNA replication was 

delayed in this mutant and suggested that this could be due to a 

specific requirement for supercoiled DNA at the origin to facilitate 

entry of initiation enzymes or to promote specific transcription at 

the origin which is considered essential for initiation in ~~11 

(Messer et ale 1975, Orr et ale 1978). In reporting a possible inter

action between the dnaA gene product and gyrase Filutowicz (1980) also 

proposed a role for gyrase in initiation of DNA replicatio~ The dnaA 

gene product is believed to be involved in the early stages of initia

tion (Zyskind et ale 1977, Messer et ale 1975). dnaA mutations show 

greater sensitivity than wild-type to known inhibitors of DNA gyrase 

(Filutowicz 1980, Orr et ale 1979). Thus, a possible interaction 

between gyrase and dnaA was proposed implicating gyrase in initiation 

of replicatio~ Filutowicz proposed that the gyrase's role could be 

in providing a supercoiled template for the action of dnaA. 
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Evidence also exists for the involvement of the phage T4 

topoisomerase in the initiation of replicatio~ The T4 topoisomerase 

is composed of the products of genes 39, 52 and probably 60 (Liu et 

ale 1979b, Stetler et ale 1979). McCarthy et al. (1976) presented 

evidence that these gene products are necessary for the initiation of 

DNA growing pOints in phage T4. In ~ the ~ ~ gyrase can par

tially compensate for a defect in any ope of these gene products 

(McCarthy 1979). Based partly on this, Liu et ale (1979b) have pro

posed that the T4 topoisomerase functions as an origin-specific gy

rase. In this model the enzyme creates a localized region of negative 

superhelicity at the origin and thereby promotes binding of the repli

cative apparatus. 

In mammalian systems the evidence for the involvement of 

topolsomerases in the initiation of DNA replication is somewhat more 

indirect. Suggestive data comes from the inhibition of DNA synthesis 

by the use of ionizing radiation on cultured mammalian cells. This 

inhibition occurs primarily at the level of initiation rather than 

elongation (Watanabe 1974, Walters and Hildebrand 1975, Painter and 

Young 1976). Using 313 nm irradiation on cells with 5-

bromodeoxyuridine substituted DNA Povirk and Painter (1976) showed 

that the predominant lesions in the DNA , single strand breaks and 

base damage, led to the suppression of initiation of replicons. A 

single lesion stops initiation of replication at several replicons 

suggesting some control at the level of groups of replicons. They 
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suggested that single strand breaks may cause premature relaxation of 

super coiled DNA and that this relaxation might prevent binding of the 

initiation complex. Mammalian topoisomerases responsible for the 

maintenance of supercoiling, perhaps for several replicons from a 

single site as has already been suggested for transcriptional control, 

might also be required for initiation of replicatio~ Using Chinese 

hamster ovary cells Mattern and Painter (1979) showed that DNA synthe

sis is inhibited by novobiocin at concentrations slightly greater than 

those used for bacteria. This inhibition was far more effective in 

intact cells, where both initiation and elongation occur, than in 

permeabilized cells in which only elongation takes place. Novobiocin 

also lowered the superhelical density of the DNA in intact cells. 

They concluded that the gyrase inhibitor altered the supercoiling of 

the DNA and specifically blocked the initiation of DNA replicatio~ 

The above results imply that maintenance of a superhelical state is 

important for initiation of DNA replicatio~ In ~ ~ the gyrase is 

believed to be responsible for maintenance of a large portion of the 

superhelicity (Drlica and Snyder 1978). In eukaryotes no gyrase has 

been isolated. However, there is indirect evidence that such an 

activity exists since SV40 DNA becomes supercoiled upon infection. 

None of the genes carried by the virus are known to have gyrase 

activity. Therefore, it seems likely that the gyrase activity resides 

within the cell. In general it is clear that the DNA of both pro

karyotic (Wang 1969) and eukaryotic (Benyajati and Worcel 1976, Cook 
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and Brazell 1975, Cook and Brazell 1976) cells exists in a supercoiled 

state and that this must be taken into account in any explanation of 

the mechanism of DNA replication. 

Comparison Qf Current Knowledge Q( Replication 

in Prokaryotes ~ Eukaryotes 

There are many aspects to the process of DNA replication in 

~ that are not well understood in either prokaryotes or eukaryotes. 

As discussed above, two steps are involved in DNA replication; initia

tion and elongation. It is generally agreed that the proteins involv

ed in elongation of DNA form a complex that acts processively along 

the DNA template. In prokaryotes the elongation reaction is relative

ly well understood. In ~ £Ql1 propagation of the replication fork 

occurs through the action of the DNA polymerase III holoenzyme (McHen

ry and Kornberg 1977) and a primosomal unit of many proteins (Low et 

al. 1981). Even more well defined is the elongation reaction of 

bacteriophage T4. In this system seven purified proteins can perform 

DNA chain elongation at near in ~ rates (Sinha et al. 1980, Liu et 

al. 1979a). However, this multienzyme complex does not initiate 

replication forks properly since it is only able to start at a nick. 

Thus, the events required for the proper initiation of DNA replication 

at a natural origin sequence are relatively ill-defined. However, 

recently progress has been made in developing an in~ replication 

system in prokaryotes. Kornberg's group (Fuller et al. 1981) have 
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succeeded in generating an enzyme system that replicates plasmids 

bearing the origin of the ~~ chromosome. This system requires 

many of the same proteins that have been shown to be necessary for 1n 

~ replicatio~ In addition this system does initiate replication 

at the cloned origin sequence. Also, comparable to 1n~ replica

tion, DNA synthesis proceeds bidirectionally from the origin (Kaguni 

et ale 1982). Although Kornberg's in ~ system uses essentially a 

crude extract it may provide a means to identify the specific enzymes 

involved in the system. Use of such crude extract systems has already 

provided such information (Hinkle and Richardson 1975, Wickner and 

Hurwitz 1974, Bouche' et ale 1975). 

While the events involved in DNA replication in prokaryotes 

are rapidly becoming clearer much remains to be determined about 

eukaryotic DNA replication. Little is yet known about both initiation 

and elongation mechanisms in eukaryotes. There are many apparent 

differences between prokaryotic and eukaryotic replication. For ex

ample, in most prokaryotic chromosomes replication begins from a 

single unique origin and proceeds bidirectionally to completio~ Most 

eukaryotic chromosomes, on the other hand, initiate from multiple 

sites and may thus have a more complex system for regulating DNA 

replication. Many eukaryotes must also replicate past bound histones, 

a problem not encountered in prokaryotes. For replication to proceed 

in eukaryotes major conformational changes must occur in chromatin 

(Weintraub et a1. 1976) and this may explain, in part, the slower rate 
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of eukaryotic replication fork movement. An in~ replication 

system derived from yeast has now been described (Celniker and Camp

bell 1982). This system mimics replication in~. It performs both 

initiation and elongation steps and, importantly, it initiates repli

cation from a unique origin from which synthesis proceeds bidirection

ally. This crude lysate system may prove useful in defining the 

specific enzymes involved in the initiation and elongation events in 

eukaryotic DNA replicatio~ 

Current ~ 

It is clear from the discussion above that much remains to be 

learned about the mechanism of DNA replication and the specific in

volvement of topoisomerases in the process. The studies presented 

below share this common thread. They were initiated in two separate 

systems, one prokaryotic, bacteriophage T4, and one eukaryotic, cul

tured mammalian cells. In the T4 studies we showed that the phage 

topoisomerase does not influence the general topology of the replica

ting nucleoid and is therefore likely to act at specific sites. In 

mammalian cells we showed that topoisomerase activity is induced by 

epidermal growth factor and that this induction correlates with the 

onset of DNA replication. Furthermore we isolated a complex of 

proteins, of which the topoisomerase is a part. This complex is able 

to carry out DNA replication in~. We have also partially defined 

the other specific enzymatic activities of this complex. 



CHAPTER 2 

PROCEDURES 

Nucleoid Isolation 

For studies of the superhelicity of intracellular phage DNA or 

bacterial DNA, the DNA complexes were isolated by a modification of 

the procedure of Hamilton and Pettijohn (1976). .Ea. ~ S/6/5 was 

grown in 20 ml of Hershey broth at 37 C to log phase, centrifuged at 

8000 rpm for 10 minutes using a Sorvall SS34 rotor, and the pellet 

resuspended in adsorption medium at 2-4 X 108 cells/ml. The cells 

we~e then starved by incubation for 1 hr at 37 C, at which time they 

were infected at a multiplicity of 10 phage/cell. 

The following procedure was used for amE727(49) infections; 

for infections by the double mutant ~E727(49)amN116(39) and wild-type 

T4D, similar procedures were used with the variations noted. 

Adsorption was allowed to proceed for 10 min at 37 C. At this time, 

nutrients were added to give the final concentrations: glucose (2 

mg/ml), FeCl3·6H20 (2.7 ug/ml), vitamin-free Casamino acids (2% 

w/v), MgS04·H20 (0.25 mg/ml), and L-tryptophan (0.02 mg/ml). In 

addition, (methyl-3H)thymidine (50 Ci/mmol; New England Nuclear Corp., 

Boston Mass.) and 2'-deoxyadenosine were added to final concentrations 

of 0.012 ug/ml and 250 ug/ml respectively. Twenty min after this 

addition, growth of the phage was stopped by immersion of the culture 

22 
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in a dry ice-acetone bat~ The cells were then spun down at 10,000 

rpm for 3 min in a Sorval SS34 rotor at 4 C. The pellet was 

resuspended in 20 ml of Buffer I (100 mM Tris·HCl, pH 7.55, 0.5 M 

NaCl) and pelleted. The cells were again resuspended in 0.16 ml of 

Buffer I at 0 C. To this was added 0.04ml of 10 mg/ml lysozyme in 

buffer II (100 mM Tris-HCl, pH 7.55, 50 mM Na2-EDTA). The solution 

was stirred for 45 sec at 0 C at which time 0.2 ml of Buffer III (1% 

Brij 58, 10 mM Na2-EDTA, 1.6 M NaCl, 5 mg/ml sodium deoxycholate) was 

added. It was then put into a 20 C water bat~ After 2 minutes, 

Sarkosyl (Geigy Chemical Corp.) was added to a final concentration of 

1% (v/v). The solution was left at 20 C for about 3 minutes until it 

cleared. Inhibitors of the ~~ gyrase were added at this time to 

prevent possible topological changes in the DNA subsequent to 

extraction. Nalidixic acid and adenosine 5'-0-(3-thiotriphosphate) 

(ATP-~S) (Boehringer Mannheim) were added at final concentrations of 

200 ug/ml and 510 ug/ml respectively. 

The procedure used for isolation of DNA complexes from 

£mE727(49)£mN116(39) was the same as above except that 

growth in the presence of (methyl-3H)thymidine was allowed to occur 

for 35 minutes instead of 20 minutes before immersion in the dry 1ce

acetone bat~ Because gene 39 ~ mutants have a DNA-delay phenotype, 

this longer period of growth allowed approximately comparable develop

ment of the gene 49-,39- double mutant and the gene 49- single mutant. 
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Isolation of the DNA from wild type T4D followed a slightly 

different protocol. ~~ S/6/5 grown in 20 ml modified M9 medium 

to a concentration of 2-4 x 108 cells/ml was infected with wild-type 

T4D at a multiplicity of 5 phage/cell. Three minutes after infection 

(methyl-3H)thymidine (57 Ci/mmol and 0.11 ug/ml) was added. Growth 

was allowed to continue for 7 minutes more, at which time the cells 

were quickly chilled and pelleted. The pellet was resuspended in 0.16 

ml of Buffer I. From this point the isolation procedure was the same 

as that for ~E727(49) with the exception that 50 mM Tris·HCI was 

added to buffer II, and 2 M NaCI was added to Buffer III. 

~~ complexes were isolated in a manner similar to the wild

type T4D DNA complexes. ~£Ql1 S/6/5 was grown to log phase at which 

point (methyl-3H)thymidine (100 uCi/mmol and 0.22 ug/ml) was added. 

After 30 minutes the cells were quickly chilled, harvested and the 

protocol for isolating wild-type T4D complexes followed. After the 

lysate had cleared it was centrifuged at 5500 rpm for 5 minutes at 4 C 

in a Sorvall SS34 rotor. No nalidixic acid or ATP-~S was added. 

Sucrose Gradients 

Linear neutral sucrose gradients were formed in sterile, 

nuclease-free cellulose nitrate tubes at room temperature. These were 

5 ml gradients of from 10% to 30% sucrose in 100 mM Tris·HCl, pH 7.55, 

10 mM Na2-EDTA, 1 M NaCI. Ethidium bromide was added to individual 

gradients in amounts ranging from 1 to 9 ug/ml, except for controls 
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which had no ethidium bromide. About 0.2 ml of lysate was layered on 

top. Gradients were first centrifuged at 5000 rpm for 15 minutes at 4 

C, then allowed to stand 5 minutes to permit equilibration of the DNA 

with the ethidium bromide, and finally centrifuged at 17,000 rpm for 

30 minutes at 4 C. Centrifugations were carried out in a SW65 rotor 

of a Beckman model L ultracentrifuge. Gradient fractions were 

collected from centrifuge tubes by dripping from the bottom into 

microtiter plates. From each fraction 0.1 ml was placed in 10 ml 

"Betaphase" liquid scintillation fluid (West Chem, N. Hollywood) plus 

5% H20 to increase the efficiency of counting. Every gradient 

contained 14C-Iabelled mature phage as an internal sedimentation 

marker with an S value of 1025 (Cummings 1964) and sedimentation 

coefficients of the 3H-Iabelled DNA complexes were calculated by 

comparison with this marker. Samples were counted in a Tracor 

Analytical scintillation counter. 

Topoisomerase ~ 

The topoisomerase reaction mixture contained 50 mM Tris·HCI, 

pH 7.8, 40 mM KCI, 25 mM MgCI2, 30 ug/ml bovine serum albumin (BSA), 

0.5 mM ATP, 0.5 mM d1thiothreitol, 0.5 mM EDTA and 20 ug/ml of plasmid 

pBR322 DNA (supercoiled, covalently closed circles) in a total volume 

of 20 ul (Liu et al. 1979b). To start the reaction 1-5 ul of sample 

was added, the total volume was adjusted to 20 ul with water and the 

mixture incubated for 30 minutes at 30 C. Reactions were stopped by 
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the addition of 5 ul of 5% sodium dodecyl sulfate (SDS), 50% glycerol, 

0.1% bromphenol blue. The entire reaction mixture (25 ul) was loaded 

onto a 0.7% agarose gel (17 x 16 x 0.3 cm) and electrophoresed for 

2.5-3 hours at 75 mA in 35 mM Tris·HCI, pH 7.8, 1 mM EDTA, 30 mM 

NaH2P04 at room temperature. The gels were stained with 1 ug/ml 

ethidium bromide and the DNA visualized by illumination with a Min

eralight R-52 lamp (Ultraviolet Products). The gels were photographed 

with a Polaroid MP-4 camera using Polaroid Type 57 film. 

To assay the nuclear fraction, the nuclei from each time point 

were counted using a hemocytometer. An equal number of nuclei 

(approximately 60) were added to each assay. 

Restriction Endonuclease Analysis 

Twenty units of the restriction endonuclease Pvu II (Boehring

er Mannheim) was used in a buffer of 7 mM Tris·HCI, pH 7.4, 7 mM 

MgCI2' 60 mM NaCI and 200 ug/ml BSA. The DNA at 20 ug/ml was added to 

bring the total volume to 50 ul. This reaction mixture was incubated 

for 4 hours at 37 C. In experiments whene this treatment was followed 

by treatment with Taq I restriction endonuclease (Bethesda Research 

Laboratories) the pH of the above reaction mixture was raised to 8.4 

with NaOH. Twenty units of Taq I were added and the reaction was 

incubated at 65 C for 3 hours. Reactions were stopped by the addition 

of 5 ul 0.1% bromphenol blue, 1% SDS, 10 mM EDTA, 50% glycerol. When 

Taq I endonuclease was used alone it was allowed to react in a buffer 
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of 10 mM Tris·HCl, pH 8.4, 6 mM MgC12' 100 mM NaCl and 6 mM 2-mercap

toethanol. 

Polyacrylamide ~ Electrophoresis 

Restriction fragments were displayed on 6% polyacrylamide-10% 

glycerol gels (16.1 x 19.7 x 0.7 em). The gels were run in 90 mM Tris

borate, pH 8.0, 2.5 mM EDTA buffer for 15 hours at 20 mAo The gels 

were stained with 1 ug/ml ethidium bromide and visualized by 

illumination with a Mineralight UVGL-25 lamp (Ultraviolet Products). 

Sodium dodecyl sulfate (SDS) polyacrylamide gel 

electrophoresis was performed by the method of Laemmli (1970). The 

running gel was either 10% acrylamide or a gradient of 6-12% 

acrylamide. Stacking gels were 3.5% acrylamide. 

Mammalian ~ 

Swiss/3T3 mouse fibroblasts and human fibroblasts (HF) were 

grown at 37 C in Dulbecco's modified Eagle's medium (DME-medium) 

containing 10% fetal calf serum, 100 units/ml penicillin and 100 ug/ml 

streptomycin in 5% CO2 and 100% humidity. Two days prior to use, the 

medium of the HF cells was changed to DME-medium containing 8% fetal 

calf serum. In all experiments EGF (Collaborative Research) was added 

to conditioned media to a final concentration of 10 ng/ml. 
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~ Fractionation 

Cells, grown in 100 mm dishes, were rinsed once with Earle's 

balanced salt solution containing 0.1% BSA and scraped from the dish 

in 10 mI of 0.25 M sucrose, 10 mM acetic acid and 10 mM 

triethanolamine. They were pelle ted by centrifugation and resuspended 

in ei ther 1.0 ml (Swiss/3T3) or 0.2 ml (HF) 0.25 M sucrose, 1 mM EDTA, 

10 mM acetic acid and 10 mM triethanolamine. Lysis was achieved by 

pipetting the suspension with a Gilson pipetmp_:. (Miskimins and Shimizu 

1982a, 1982b). The lysate was spun at 800 rpm in an rEC 958 rotor in 

an lEC HN-Sll centrifuge for 10 min. The post-nuclear supurnatant was 

removed and the lysis was repeated. Two ml of 10 mM Tris HCI, pH 7.5, 

5mM MgCl2 (TM) was added and the nuclei pelleted by centrifuging at 

800 rpm for 10 min. Nuclei prepared by this method were virtually 

free of intact cells. 

Enzyme Assays 

The hexokinase reaction (E.C. 2.7.1.1, Sigma) was performed as 

described in Darrow and COlowick (1962) with the cellular fraction 

being used as the source of ATP. The cell fraction (0.4 ml) was added 

to a final volume of 3.0 mI 1n 26.7 mM glucose, 0.31% MgCl2' 8.33 mM 

glycylglycine, pH 9.0, and 7 units/ml hexokinase. 

DNA polymerase was assayed by the method of Reddy and Pardee 

(1980). The reaction contained 35 mM HEPES, pH 7.4, 50 mM sucrose, 4 

mM MgCI2' 80mM KCI, 10 mM phosphoenol pyruvate, 1.25 mM ATP, 0.25 mM 



(3H)TTP (180 cpm/pmol), 0.25 mM (3H)dCTP (180 cpm/pmol), 0.25 mM 

dATP, 0.25 mM dGTP, and 400 ug/ml activated calf thymus DNA. 

Incubation was at 37 C for 30 minutes. Reactions were stopped by 

spotting onto Wha tman 3MM fil ter paper (Weinstein et ale 1975). DNA 

was precipitated by chromatography in 5% trichloroacetic acid. The 

filters were washed once in ethanol, dried and counted in a Packard 

Tri-Carb Scintillation counter. 
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Nucleotide diphosphate kinase was assayed as described by 

Nickerson and Wells (1978). Activity was measured as decreased 

absorbance at 340 nm in a mixture of 83.3 mM triethanolamine, 16.7 mM 

MgCl2' 67 mM KCl, 1.1 mM phosophoenolpyruvate, 4.4 mM ATP, 0.2 mM 

NADH, 0.2 units/ml pyruvate kinase, 9 units/ml lactate dehydrogenase 

and 0.7 mM dTDP. Reactions were started with 0.25 ml of the fraction 

to be assayed. 

NADH cytochrome c reductase was assayed by a modification of 

the method of Dallner at ale (1966). The reaction mixture contained 

50 ul of sample, 0.17 mg/ml NADH, 10 mM potassium phosphate, pH 7.5, 

1mM KCN and 0.6 mg/ml cytochrome c (Sigma grade III or IV). Activity 

was measured by the change in absorbance at 550 nm. 

UDP-galactosyl-glycoprotein galactosyl transferase was assayed 

by a modification of the method of Gottlieb et ale (1975). The 

reaction mixture consisted of 50 ul of sample, 10 mg/ml ovalbumin, 

12.5 mM MnC12 , 0.5% Triton X-100, 10 mM Tris-maleate, pH 6.8, and 100 

mM UDP(3H)-galactose (2.5 uCi/umole, New England Nuclear). The 
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reaction mixture was incubated at 37 C for 1 hour and stopped by the 

addition of 1 ml of 1% phosphotungstic acid in 0.5 N HCl. The 

resulting precipitate was centrifuged for 10 min at 10,000 x g. The 

pellet was washed once with 1% phosphotungstic acid and once with 

ethanol. It was then redissolved in 0.5 N NaOH, neutralized with HCl, 

mixed with scintillation fluid and counted in a Packard Tri-Carb 

scintillation counter. 

~-galactosidase was assayed using a 4-methylumbelliferyl 

derivative as substrate (Miskimins et al. 1981). The reaction mixture 

contained 0.1 M sodium acetate, 0.1% Triton X-100, 1 mM 4-

methylumbelliferyl substrate and 30 ul of sample in a total volume of 

0.4 mI. The reaction was started by addition of substrate and 

incubated at 37 C for 30 minutes. The reaction was stopped by 

addition of 2 ml of 0.5 M Na2C03, 0.5 M glycine. Fluorescence was 

read using a model 111 Turner fluorometer with a 7-60 primary filter 

and a 2A secondary filter. Activity is given as relative 

f1 uorescence. 

Percoll Gradient Fractionation 

Cells were harvested and fractionated as described in the 

section above (Cell Fractionation (p. 29) 0.9 ml of the post-nuclear 

fraction was layered onto a 9 ml Percoll suspension of 20% Percoll in 

a 5/8 x 3 inch polyallomer tube (Beckman). A gr'adient was formed by 

centrifuging at 16,000 rpm in an SS34 rotor in a Sorvall RC-5B centri-



fuge. The gradients were fractionated from the top by injecting 70% 

glycerol into the bottom of the tube. 

~~~ Replication 

The DNA replication assay mixture contained 10 mM HEPES, pH 

7.5, 10 mM MgCI2, 10 mM (NHlj)2S0lj, 0.1 mM dATP, 0.1 mM dGTP, 0.1 mM 

(3H)dCTP (84 cpm/pmol), 0.1 mM (3H)TTP (84 cpm/pmol), 2 mM rATP, 
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0.4 mM each rCTP, rGTP, rUTP, 0.1 mM d1thiothreitol and 2% glycero~.1n 

a final volume of 25 or 50 ul. In some experiments {~_32p)dATP was 

used as the label in place of the tritiated nucleotides. SV40 type I 

DNA was at a final concentration of 20 ug/ml. The reaction was start

ed by the addition of approximately 17 ug of replicative proteins. 

The reaction was incubated at 37 C for 30 minutes. If incorporation 

was to be determined the reaction was stopped by spotting the mixture 

on Whatman 3MM filter paper. Unreacted nucleotides were removed by 

chromatography in 5% trichloroacetic acid at room temperature. The 

filters were washed once in ethanol, dried and counted in a Packard 

Tri-Carb scintillation counter. If the DNA was to be used for re-

striction enzyme analysis or electron microscopy the reaction was 

stopped by the addition of proteinase K to 50 ug/ml and SDS to 0.5%. 

Incubation was continued at 37 C for 30 minutes. The mixture was 

extracted once with phenol and once with phenol:chloroform (1:1) and 

the DNA ethanol precipitated in the presence of ammonium acetate. 
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When the inhibitors aphidicolin and novobiocin were used they 

were preincubated with the replicative proteins for 15 minutes at 37 C 

prior to being added to the replication mixture. For the analysis by 

restriction endonucleases or electron microscopy, replication was 

retarded by the presence of the inhibitor araCTP at various 

concentrations. 

Electron Microscopy 

The DNA was spread for electron microscopy by the formamide 

technique (Davis et ale 1971). The DNA, in 40% formamide, 100 mM 

Tris, pH 8.0, 100 ug/ml cytochrome c, 10 mM EDTA was spread on a 

solution of 10% formamide, 10 mM Tris·HC1, pH 8.0, 1 mH EDTA and 

picked up on parlodion-coated grids. The grids were stained with 

uranyl acetate, shadowed at a low angle with platinum-palladium vapor 

and viewed in a Phillips 200 electron microscope • 

.l2NA Synthesis 

Cells were grown to confluence in DME-medium containing 10% 

fetal calf serum. The medium was changed 24 hours prior to the 

addition of epidermal growth factor (EGF) for human fibroblasts. EGF 

was added directly to the culture medium at 37 C. At various times 

after EGF addition the cells were rinsed once with DME-medium 

containing 0.1% BSA (DMEM-BSA). One ml of DMEH-BSA containing 1 uCi 

(3H)thymidine (77 Ci/mmole) was added and the cells were incubated for 

1-3 hours at 37 C. The cultures were then rinsed 3 times with Earle's 
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balanced salt solution containing 0.1% BSA and covered with 2 ml of 5% 

trichloroacetic acid (TCA). After 2~ hours at ~ C the fixed monolayer 

was washed with 5% TCA 3 times and solubilized with 1 ml 0.5 N NaOa 

The samples were neutralized with HCI, mixed with scintillation fluid 

and counted in a Packard Tri-Carb scintillation counter. 

Isolation Ql ~ Topoisomerase 

~ QQl1 S/6/5 was grown to about 2 x 108 cells/ml in Hershey's 

broth at 37 C. At that concentration the cells were infected at a 

multiplicity of infection of 5 with a phage T4 gene 33-55- double 

mutant. The presence of these mutations prevents expression of late 

functions and should allow overproduction of early functions including 

the topoisomerase. The infected cells were harvested after 1-1 1/2 

hours more at 37 C by centrifugatio~ The pellet was washed once in 

M9 and stored at -20 C or -70 C. The cell pellet was lysed by the 

addition of 40 mM Tris·HCI, pH 7.8, 2 mM EDTA, 25% sucrose, 0.63 mg/ml 

lysozyme at 1.5 ml/g cells. The suspended cells were kept on ice for 

60 minutes at which time an equal volume of 1% Brij 58, 40 mM 

Tris·HCI, pH 7.8, 20 mM 2-mercaptoethanol was added. The cells were 

stirred on ice for another 2 hours. The lysate was then centrifuged 

at 30,000 x g for 1 hour. Both the pellet and the supernatant were 

used although the pellet gave slightly better yields of topoisomerase. 

Only the procedure for the pellet will be described. The procedure 

for the supernatant is almost the same. The pellet was resuspended in 
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2 M NaCl, 50 mM Tris'HCl, pH 7.8, 0.2% Triton X-100 and stirred at lj C 

for lj hours. It was then centrifuged at 105,000 x g for 1 hour and 

the supernatant recovered. This was dialyzed against ljO mM Tris'HCl, 

pH 7.8, 10 mM 2-mercaptoethanol, 1 mM EDTA, 10 % glycerol. The preci

pitate that formed was spun out and the supernatant applied to a DEAE

cellulose column equilibrated with the same buffer. The topoisomerase 

was eluted from the column with a gradient from 50 to 200 mM NaCl in 

the same buffer. Fractions were assayed and those with activity were 

pooled, dialyzed versus 20 mM potassium phosphate, pH 7.2, 10 mM 2-

mercaptoethanol, 10% glycerol and applied to a hydroxyapatite colum~ 

The topoisomerase was eluted with a phosphate gradient from 0.02-0.5 M 

potassium phosphate, pH 7.2. Active fractions were pooled and concen

trated with an Amicon protein concentrator cell and stored at -20 C. 



CHAPTER 3 

RESULTS 

Effect Q! Topoisomerase Qn ~ Supercoiling in ~ ~ 

Bacteriophage T4 containing amber mutations in genes 39, 52, 

and 60 grown in ~£Ql1 without an amber suppressor (su-) have a slow 

rate of DNA synthesis (Epstein et ale 1963, Warner and Hobbs 1967, 

Yegian et ale 1971). McCarthy et ale (1976) showed that this slow 

rate was due to a low incidence of growing points per DNA template. 

Mufti and Bernstein (1974) suggested that the substantial progeny 

burst size observed when these amber mutants are grown on su-~~ 

was probably due to a compensatory bost functio~ This host function 

was later demonstrated to be the gyrase (McCarthy 1979). The func

tional host gyrase allowed initiation of DNA growing points at about 

1/6 the wild-type efficiency in 39, 52, or 60 amber mutant infections. 

The ability of the host gyrase to partially compensate for loss of the 

phage genes suggested a functional similarity between the host and 

phage enzymes. 

The products of genes 39, 52, and 60 have recently been shown 

to interact to form a type II topoisomerase (Liu et ale 1979b, Stetler 

et ale 1979). However, although no gyrase activity (i.e. ability to 

introduce negative superhelicity) was found associated with the en

zyme, there were several similarities between the T4 enzyme and the EL 
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~ gyrase. Based upon the parallels between these two topoisomer

ases, we first undertook to determine if the lack of a functional 

topoisomerase had an effect on the overall topology of the phage 

intracellular DNA. 

Effect of ethidium bromide on sedimentation of ~27(49) DNA 

All naturally occurring DNA's which have superhelical turns 

are negatively supercoiled (Bauer 1978). Ethidium bromide, an 

intercalating agent, has been shown to introduce positive supercoils 

into covalently closed, circular DNA (Crawford and Waring 1967, Wang 

1974). In the presence of ethidium bromide, negatively supercoiled 

DNA is first converted to a nonsuperhelical (relaxed) structure, and 

then with greater concentrations of ethidium bromide positive super

helicity is introduced. This effect can be seen using sucrose gra

dients. The sedimentation value of the superhelical DNA decreases to 

a minimum (when all superhelicity is removed) and then begins to 

increase again with increasing concentrations of ethidium bromide. 

Sedimentation of T4 nucleoids through neutral sucrose gradients con

taining various concentrations of ethidium bromide was used to deter

mine the extent of superhelicity in these nucleoids. Since, in the 

absence of a functional gene 49 product nucleoids are not packaged 

into heads (Frankel et ale 1971), a gene 49 mutant was used to facili

tate the isolation of the T4 nucleoids. 
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In these experiments cells were infected by ~E727(49) and 

their DNA extracted as described in Procedures. The sedimentation 

coefficient of this DNA at various ethidium bromide concentrations is 

shown in Figure 1A. This figure shows that the DNA from this muntant 

does not show the characteristic response of fully superhelical DNA to 

ethidium. Rather it showed a shallow decline in sedimentation 

coefficient which reached a minimum at 3-5 ug/ml ethidium bromide at 

about 8% below the initial balue. This weak response indicates a lack 

of extensive supercoiling. These results are consistent with those of 

Kemper and Brown (1976) who were unable to detect a change in sedimen

tation of gene 49 nucleoids with up to 160 ug/ml ethidium bromide. 

The shallow decline and subsequent rise that we observed suggests that 

there might be a small amount of supercoiling in locally constrained 

regions. 

In order to determine if there were extensive supercoiling at 

any stage of T4 DNA replication the sedimentation coefficient of the 

nucleoids, extracted at various times after infection, were measured 

in neutral sucrose gradients containing either 3 ug/ml ethidium bro

mide or none. 3 ug/ml of ethidium bromide was chosen since at this 

concentration the ~~ chromosone shows its minimum S value and it 

was also within the broad minimum for phage T4 DNA (see Figures 1A, B 

and C). These results are shown in Figure 2. First it can be seen 

that the S value of the phage DNA increases between 8 and 14 minutes 

of infection both in the presence and absence of ethidium bromide. 
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Figure 1. Effect of ethidium bromide sedimentation on T4 DNA. 

Nucleoids were isolated as described in Procedures. They were 
sedimented in neutral sucrose gradients in the presence of the 
indicated concentrations of ethidium bromide. The number above each 
pOint is the number of determinations averaged into the point. A) 
~727(49) B) T4D C) £mE727(49)~116(39) D) ~ ~. 
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Figure 2. Time course of nucleoid sedimentation in the pres
ence or absence of ethidium bromide. 

A) Sedimentation of progeny nucleoids in the presence (0) or absence 
(0) of 3 ug/ml ethidium bromide. Phage DNA was labelles by 3H
thymidine added after infection. When only parental DNA was labelled 
with 3H-thymidine the symbols (0,.) were used to indicate the presence 
(a) or absence (0) of 3 ug/ml ethidium bromide. B) The ratio of So to 
S3 in progeny (0) or parental (.) DNA. 
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This is due to the formation of long replication intermediates (conca

tamers). However, there were no striking changes in the ratio (Figure 

2B) or difference (Figure 2A) of the sedimentation coefficients of the 

DNA in the presence or absence of ethidium bromide from six minutes to 

twenty minutes after infection. Since six minutes is the approximate 

time at which DNA replication starts it is the earliest time at which 

newly synthesized DNA can be labelled. 

Parental DNA was also examined for supercoiling at early times 

after infection. This was done by prelabelling ~E727(49) with 

(methyl-3H)thymidine. The phage were grown, labelled and used for DNA 

isolation the same day to minimize any 3H-induced DNA breakage which 

would release any superhelicity. As shown in Figure 2A, there is also 

no evidence for substantial superhelicity in parental DNA. 

Effect of ethidium bromide on the sedimentation of T4D DNA 

It has been suggested that the nucleoids of gene 49 defective 

phage have single stranded gaps (Minagawa and Ryo 1978). The presence 

of such gaps might release any natural superhelicity from the DNA. In 

order to eliminate the possibility that the observed minimal response 

to ethidium bromide by ~E727(49) nucleoids was due to the presence of 

a gene 49 mutation, the same experment was done with wild type T4D. 

These results are shown in Figure 1B. 

The results here are virtually the same as those seen with 

~E727(49) mutants. They are also similar to those seen by Hamilton 
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and Pettijohn (1976). This indicates that the minimal response to 

ethidium bromide is not due to the presence of a mutation iu gene 49. 

Effect of ethidium bromide on sedimentation of ,WIlE727(49h!mN116(39) 

DNA 

The product of gene 39 is a component of the T4 topoisomerase 

(Liu et al. 1979b, Stetler et al. 1979). Gene 39 mutants lack a 

functional topoisomerase. This loss is partially compensated for by 

the host gyrase (McCarthy 1979). Since a functional gyrase is neces

sary for maintenance of superhelicity of the ~~ chromosome (Drli

ca and Snyder 1978) and the T4 topoisomerase might also affect the 

topology of DNA, we examined the effect of the loss of function of the 

topoisomerase on the topology of the T4 nucleoid. 

The double mutant .ruIlE727(49).ruIlN116(39) was used so that the 

results could be directly compared to those shown above for 

~E727(49). Since gene 39 mutants have a slow initial rate of DNA 

synthesis the nucleoid in the double mutant infection was isolated at 

35 minutes after infection compared to 20 minutes in the .ruIlE727(49) 

infection. This allowed approximately comparable development of the 

double mutant and am,E727(49) (McCarthy 1979). The same procedure of 

sedimentation in the presence of ethidium bromide was used for the DNA 

from the double mutant infections. Figure 1C shows these results. 

Here, as with .runE727(49) and wild -type T4D, the nucleoids do not show 

evidence of extensive superhelicity. Also there were no dramatic 
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changes during the course of infection in the ratio of the sedimenta

tion coefficients seen in the presence or absence of 3 ug/ml ethidium 

bromide (data not shown). From these results and those above, it 

appears that generalized superhelicity is not a characteristic of the 

replicating T4 nucleoid. 

Sedimentation of ~~ nucleoids in the presence of ethidium bromide 

It has been shown that the chromosome of ~~ is negatively 

supercoiled (Worcel and Burgi 1972). In order to ascertain that we 

were not artificially relaxing the T4 nucleoids through the introduction of 

nicks in the DNA we used the same procedure to isolate nucleoids from 

As can be seen in Figure 1D the ~ QQl1 nucleoids isolated by 

our procedure show the expected response to ethidium bromide. Our 

results are similar to those seen by Worcel and Burgi (1972) with a 

minimum near 2 ug/ml ethidium bromide and subsequent increase in the 

sedimentation coefficient with increasing ethidium bromide 

concentrations. Thus it appears that our experimental approach did 

not cause us to substantially underestimate the extent of superhelici

ty in the replicating T4 DNA. 

Isolation of the T4 topoisomerase 

The results above showing that generalized superhelicity is 

not a characteristic of the T4 nucleoids' structure led us tQ postu

late that the T4 topoisomerase acts within one or more localized 
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regions rather than throughout the genome. Taking this together with 

the finding of McCarthy (1979) that the products of genes 39, 52 and 

60 playa role in the initiation of replicative growing pOints sug

gested that at least one of the specific sites of topoisomerase action 

is the origin of T4 DNA replication of. We therefore were interested 

in trying to identify the specific binding sequence(s) of the enzyme. 

In order to do this we first had to purify the enzyme from phage

infected cells. 

Liu et ale (1979b) purified the topoisomerase by a multistep 

procedure. Briefly this procedure involves lysing the cells, 

followed by chromatography of the cleared lysate on DEAE-cellulose. 

The flow through is precipitated twice and passed through successive 

columns of DEAE-cellulose, hydroxyapatite and single-strand DNA 

cellulose. The procedure for isolating the topoisomerase used by 

Stetler et ale (1979) involved a similar procedure. However, in our 

system, neither of these procedures was effective for purifying the 

enzyme. The procedure we have devised which gives the best 

purification and yield of the enzyme in our hands is shown 

diagrammatically in Figure 3, and described, in outline, below. 

After lysis of the phage-infected cells by lysozyme and Brij 

the bacterial membrane is pelleted by centrifugatio~ The pellet is 

then salt extracted to remove the enzyme from the membrane. With 

slight modifications the supernatant from this spin can also be used. 

However, we have found that we get a better yield of enzyme from the 
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pellet. After salt extraction the bacterial debris is removed by 

centrifugatio~ The salt is dialyzed out of the supernatant which is 

then applied to a DEAE-cellulose column. In our hands most of the 

topoisomerase activity adheres to the column, in contrast to the 

published procedures of the topoisomerase purification (Liu et ale 

1979b, Stetler et ale 1979). A salt gradient is applied to the column 

to remove the enzyme. Figure 4A shows the profile of the protein 

removed from the DEAE-cellulose column with the gradient. These 

fractions were assayed for topoisomerase activity (Figure 4B) and the 

active fractions were pooled. 

The pooled fractions were dialyzed to remove the salt and 

applied to a hydroxyapatite column. The topoisomerase was eluted from 

the column with a phosphate gradient (Figure 5A). Gradient fractions 

were assayed for activity (Figure 5B) and the active fractions were 

pooled. The purity of the enzyme was determined at this point by 

analyzing the proteins using SDS-polyacrylamide gel electrophoresis. 

Figure 6 shows one such gel. The T4 topo1somerase consists of three 

protein subunits and should display three bands on a polyacrylamide 

gel. The reported molecular weights for these three bands are 63,000 

(gene 39 protein), 52,000 (gene 52 protein) and 16,000 (gene 60 

protein, Lui et a1. 1979b). It can be seen in Figure 6 that we show 

bands at these approximate molecular weights. At this stage the 

topo1somerase is approximately 70 % pure. Further work on the phage 

T4 topoisomerase was delayed because of rapid, unanticipated progress 
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Figure 4. DEAE-cellulose fractions of T~ topoisomerase isola-
tion. 

The absorbance profile of the protein eluted from the DEAE-cellulose 
column with a salt gradient is shown in A. The solid line represents 
absorbance at 280 nm. The salt concentration is shown by the dashed 
line. B shows an assay of the fractions from the column. The 
fraction number is indicated above each well. The fractions 
indicated by a bar in A contained most of the topoisomerase activity 
and were pooled. 
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Figure 5. Hydroxyapatite fractions of T4 topoisomerase isola-
tion. 

A phosphate gradient was used to elute the topoisomerase from 
hydroxyapatite. A shows the absorbance at 280 nm (---) and the 
concentration of phosphate (---) in the gradient. B shows an assay of 
the activity of fractions from the gradient in A. Numbers at the top 
of the wells are fraction numbers. The active fractions pooled are 
shown by a bar in A. 
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Figure 6. SDs-polyacrylamide gel of T4 topoisomerase prepara-

The pooled fractions from the hydroxyapatite column were analyzed by 
electrophoresis on a 10% SD5-polyacrylamide gel. The fraction applied 
to each well is indicated above the well. Molecular weights of the 
topoisomerase bands are indicated at the right of the figure. 
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in our parallel studies of mammalian topoisomerases, described in the 

next sectio~ However, it was the experience gained in the phage T4 

system that allowed this progress. Below we briefly indicate the 

direction of our planned T4 work to be undertaken after completion of 

this dissertation. 

With the T4 topoisomerase fraction that we have purified we 

hope to accomplish several things. Foremost among these is the iden

tification of the DNA binding site(s) of the enzyme. If the enzyme 

is site specific, as we propose, there should be a limited number of 

sites at which the topoisomerase acts. We hope to discern both the 

number of sites and their location on the genetic map of T4. We would 

also like to use the purified enzyme to sequence the binding site(s). 

Since most origins sequenced to date share certain features of se

quence, the sequence of the topoisomerase binding site(s) might pro

vide evidence as to whether or not the enzyme binds at or near a 

replication origin. These data should enable us to help establish the 

number of origins on the T4 chromosome and where they are located. At 

present there is disagreement on both of these points (Halpern et al. 

1979, Mosig 1970, Marsh et al. 1971). 

]Ql§ !Qr ~ mammalian topoisomerase in ~ replication 

Using mutants and specific inhibitors of prokaryotic 

topoisomerases it has been possible to begin defining roles for these 

enzymes in such basic cellular processes as DNA replication (Liu et 
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ale 1979a, Ogasawara et al. 1981, Itoh and Tomizawa 1977) and 

regulation of RNA transcription (DeWyngaert and Hinkle 1979, Smith et 

a1. 1978, Yang et ale 1979, Sanzey 1979, Sarachu et ale 1980). 

However, in eukaryotes the role of topoisomerases has remained 

difficult to elucidate. This is particularly true in mammalian cells 

where mutants are difficult to come by and speqific inhibitors of 

topoisomerase activity are unknown. Yet, if prokaryotic systems may 

be considered models from which parallels may be drawn to eukaryotic 

systems, it seems likely that the topoisomerases demonstrated in 

eukaryotes may play roles similar to those demonstrated in 

prokaryotes. In order to determine if a relationship exists between 

eukaryotic topoisomerases and DNA synthesis we used epidermal growth 

factor (EGF). 

EGF is a potent mitogen. It efficiently stimulates DNA 

synthesis in quiescent cultured fibroblasts. To date the mechanism by 

which EGF action leads to DNA synthesis is unknown. It bas been shown 

that EGF binds to specific cell surface receptors and is admitted by 

endocytosis. It 1s tben processed intracellularly through specific 

pathways (Schlessinger et ale 1978, Haigler et al. 1979, Miskimins and 

Shimizu 1982a, 1982b, Willingham and Pastan 1982). These events lead 

to a complex ser'ies of responses which include the stimulation of RNA 

transcription and protein synthesis (Carpenter and Cohen 1979) prior 

to tbe onset of DNA synthesis. However, induction of specific mRNA 

species, whose protein product is known, by EGF have not been 
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identified and the relationship between this induction and the initia

tion of DNA synthesis is unknow~ Using EGF we have investigated 

whether or not a link exists between topoisomerases and EGF-induced 

DNA synthesis. 

EGF stimulates topoisomerase activity. 

In order to investigate whether or not topoisomerases in human 

fibroblasts (HF) and Swiss/3T3 cells might play a part in DNA 

replication we stimulated DNA synthesis in confluent quiescent 

cultures with EGF. Topoisomerase activity was assayed, using 

supercoiled pBR322 DNA, in both nuclear and post-nuclear (cytoplasmic) 

fractions at various times after the addition of mitogen. Figures 7 

and 8 show these results. Activity is assessed by the movement of DNA 

from the supercoiled, covalently closed form (bottom band) to a series 

of partially relaxed forms (intermediate bands). 

In the cytoplasmic fraction of HF, one peak of activity is 

evident (Figure 7A). This peak is at 9 hours after the addition of 

EGF. From repeated experiments we find the maximum activity to occur 

from 7-9 hours. In the nuclei (Figure 7B) there is a broad peak of 

activity beginning at 12 hours. This increased topoisomerase activity 

is maintained for about 10 hours and is synchronous with DNA synthesis 

in these cells (Figure 9A). In repeated experiments replication 

begins between 10-12 hours after stimulation by EGF and continues at a 

high level over several hours. 



52 

a 

b 

c 

Figure 7. Stimulation of topoisomerase activity by EGF in HF 
cells. 

HF cells were treated with EGF and the post-nuclear and nuclear 
fractions assayed for topoisomerase activity as described in 
Procedures. (A) HF post-nuclear fraction. Hours after EGF addition 
are indicated at the top of each well. Cells were treated with 10 
ug/ml actinomycin D where indicated. a) Position of catenanes; b) 
position of relaxed plasmid; c) position of supercoiled plasmid. (B) 
HF nuclei. Hours after EGF addition are indicated at the top of each 
well. a) Position of catenanes; b) position of relaxed plasmid; c) 
position of supercoiled plasmid. 
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Figure 8. Stimulation of topoisomerase activity by EGF in 
Swiss/3T3 cells. 
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(A) Swiss/3T3 post-nuclear fractio~ Hours after the addition of EGF 
are indicated at the top of each well. a) Position of catenanes; b) 
position of relaxed plasmid; c) position of supercoiled plasmid. (B) 
Swiss/3T3 nuclei. Hours after EGF addition are indicated at the top 
of each well. a) Position of catenanes; b) position of relaxed 
plasmid; c) position of supercoiled plasmid. 
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Figure 9. Thymidine incorporation in HF (A) and Swiss/3T3 (B) 

Cells were pulse labelled with 3H-thymidine for 2 hours. Thymidine 
incorporated in a control, lacking EGF, was subtracted from each time 
pOint. This basal level of 3H-thymidine incorporation was 9300 cpm 
for HF and 20,000 cpm for Swiss/3T3 cells. 



55 

To further investigate the relationship between the topoisom

erase activity and DNA synthesis we performed the same experiment in a 

different cell line, Swiss/3T3, which initiates DNA synthesis more 

quickly in response to EGF than HF cells (Figure 9B). The results for 

these cells are shown in Figures 8A and ~ The cytoplasreic fraction 

(Figure 8A) gives a peak of activity at 4-6 hours after the addition 

of EGF. The nuclei (Figure 8B) show one major peak of activity at 12-

16 hours which corresponds to the peak of DNA synthesis in these cells 

(Figure 9B). There is also a minor peak of activity in Swiss/3T3 

nuclei at about 2-4 hours. The peaks of topoisomerase activity in 

both the cytoplasmic and nuclear fractions as well as the peak of DNA 

synthesis occur earlier in Swiss/3T3 cells than in HF in accord with 

the faster response of Swiss/3T3 to EGF. 

It is probable that the increase in activity is due to 

induction of mRNA by EGF as actinomycin D, an inhibitor of RNA 

transcription, inhibits the increase in topoisomerase activity (Figure 

7A, last three lanes). 

It appears, then, that in both cell types EGF stimulates a 

peak of topoisomerase activity in the cytoplasm which precedes the 

peak of activity in the nucleus. This pattern may represent synthesis 

of the topoisomerase in the cytoplasm and its subsequent transport to 

the nucleus. The increase of topoisomerase activity in the nucleus 

corresponds to the rise of DNA synthesis induced by EGF. 
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Type I and type II topoisomerases are present 

Both type I and type II topoisomerases have been found in 

eukaryotic cells (Champoux and Dulbecco 1972, Baase and Wang 1974, 

Keller and Wendel 1979, Miller et al. 1981, Baldi et ale 1980, Hsieh 

and Brutlag 1980). Heretofore both of these enzymes have only been 

demonstrated in nuclei. In the crude lysates we have been using to 

demonstrate stimulation of topoisomerase activity by EGF we appear to 

have both type I and type II activities in the cytoplasmic fractions. 

Type II enzymes are distinguished from type I enzymes in their 

ability to catenate duplex (rather than single-stranded), covalently 

closed circular DNA. Also, all eukaryotic type II topoisomerases have 

been shown to be ATP-dependent (~Iiller et al. 1981, Baldi et ale 1980, 

Hsieh and Brutlag 1980). Type II topoisomerases are distinguished 

from type Its by their ability to alter superhelicity in steps of two 

super coils rather than steps of one. pBR322, as isolated from ~ ~ 

consists of a mixture of topoisomers containing 24 or 25 super helical 

turns. Thus, even if we had a pure type II enzyme we would still see 

intermediate bands at steps of one superhelical turn apart. We there

fore needed to use other criteria to distinguish if the increased 

topoisomerase activity we see is due primarily to a type I or type II 

enzyme. To determine if a type II enzyme is present we tested the 

lysate for ATP-dependent topoisomerase activity. Since we are assay

ing the topoisomerase activity in cell lysates there is endogenous ATP 

introduced into the assay with the sample. To overcome this we 
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removed the endogenous ATP using hexokinase (Darrow and Colowick 1962) 

as described in Procedures. Figure 10 shows the results when the 

topoisomerase is assayed in the presence or absence of ATP after 

hexokinase treatment. The activity is clearly greater in the presence 

of ATP. In repeated assays a low, but consistent level of activity is 

also observed in the absence of ATP which we interpret to indicate 

that there is a type I enzyme also present. However, it is also 

possible that the remaining activity is due to incomplete removal of 

the endogenous ATP. That the ATP-dependent activity is a type II 

enzyme is also suggested by the presence of catenated DNA in the 

presence of ATP (seen as a band remaining in the well at the top of 

the gel, Figure 10, lane 1). This band is virtually absent in the 

absence of ATP. That the band at the top of the gel represents 

catenanes is demonstrated in Figure 11. Upon treatment of the sample 

after the reaction with a single-cut restriction endonuclease all the 

bands, including the band at the origin, are reduced to unit length 

plasmid molecules. 

Both type I and type II activities may be stimulated by EGF. 

However we believe that the majority of the increase is due to the 

type II enzyme. This is suggested by the increase in amount of 

catenation seen concomitant with the increase in activity. This is 

particularly striking in Figure 8B (where catenanes (topmost band) 

increase over the range that the supercoiled DNA decreases). In 

Figure 7A the catenanes show an increase at 9 hours, coincident with 
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catenanes~ 

Figure 10. ATP-dependence of topoisomerase activity. 

A Swiss/3T3 post-nuclear fraction from cells treated with EGF was 
treated with hexokinase as described in Procedures and assayed for 
topoisomerase activity in the presence (lane 1) or absence (lane 2) of 
ATP. 
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• catenanes 

Figure 11. Demonstration of catenanes. 

Swiss/3T3 cells were stimulated with EGF for 12 hours. The nuclear 
fraction was assayed for topoisomerase activity. After the reaction, 
one-half the mixture was incubated with the restriction endonuclease 
BamH1 for 4 hours at 37 C. The fractions cut with BamH1 (lane 3) and 
not cut with BamH1 (lane 2) were electrophoresed on a 0.7% agarose 
gel. The gel shows untreated pBR322 (lane 1) as a size marker. 
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the EGF-stimulated increase in topoisomerase. In Figure 7B catenanes 

are seen increasing at 12 hours along with topoisomerase activity. In 

Figure 8A catenation coincident with increased activity is seen in a 

comparison of the last two lanes. 

The catenation reaction is dependent upon the presence of ATP. 

In the cytoplasmic fraction assayed in the absence of ATP, no 

catenation is seen (data not shown). In the nuclei there is residual 

catenating activity when there is no ATP exogenously added in the 

assay mixture (data not shown). This may be due to high levels of 

endogenous ATP in the nucleus. 

The topoisomerase in the cytoplasmic fraction is sedimentable 

Since the increase in topoisomerase activity appears first in 

the cytoplasm, prior to any increase in the nucleus, it was of 

interest to determine whether the topoisomerase is free in the soluble 

fraction or localized as a membrane- or organelle-associated enzyme. 

In order to determine this we fractionated the cell lysates on Percoll 

density gradients. 

The results (Figure 12B) show that the topoisomerase activity 

from HF cells does not behave as would be expected if it were a 

soluble enzyme since it moves part way into the gradient. Soluble 

components remain on the top of the gradient as shown by the profile 

of 125I-EGF added to the gradient (Figure 12B). 125I-~2-maCroglobulin 

(Mr:720,OOO) and solubilized p-galactosidase (Mr:116,250) show a 
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Figure 12. Sedimentation of enzyme activities on Percoll 
densi ty gradients. 
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(A) A typical density curve determined from refractive index of 
gradient fractions. (B) Topoisomerase activity Co) from HF cells 
treated with EGF and soluble 125I-EGF added to the gradient (0). (C) 
NADH cytochrome c reductase, a marker for endoplasmic reticulum. (D) 
Galactosyl transferase, a marker for Golgi membranes. (E) ~ -galacto
sidase, a lysosomal marker. (F) 125I-EGF bound to cells at 6 C at 
which temperature no internalization occurs. 
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profile identical to that of 125I-EGF (data not shown) indicating that 

even high molecular weight soluble enzymes remain at the top of the 

gradient. The association of the topoisomerase activity with membrane 

or organelle is suggested by the fact that the eukaryotic 

topoisomerases which have been characterized to date have molecular 

weights less than 300,000 (Miller et al. 1981, Goto and Wang 1982) and 

therefore would be expected to band in the soluble fractions if 

unassociated. The sedimentation of known organelles in Percoll, as 

determined by marker enzyme assay, is shown in Figures 12C, D, E and 

F. NADH cytochrome c reductase was used as a marker for the 

endoplasmic reticulum (Figure 12C), galactosyl transferase was used 

for the Golgi apparatus (Figure 12D) and lysosomes were localized 

using ~-galactosidase as a marker (Figure 12E). The position of the 

plasma membrane is shown by 125I-EGF binding at low temperature 

(Figure 12F). The sedimentation profile of the topoisomerase in 

Percoll gradients does not correspond to any of the above organelles. 

These results indicate that the topoisomerase does not exist in the 

cytoplasm as a soluble enzyme or adjunct to any known organelle. The 

possibility exists that the topoisomerase is associated with a unique 

cytoplasmic organelle. 

To further study the state of the topoisomerase in the 

cytoplasm we attempted to sediment the enzyme activity by 

ultracentrifugatio~ We pooled the active fractions from a Percoll 

gradient and centrifuged them at 105,000 x g for 2 hours to remove 
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Percoll and any intracellular components that may be present in these 

fractions. The remaining supernatant was then diluted with 0.15 M 

NaCI, 1 mM EDTA, 10 mM acetic acid, 10 mM triethanolamine and spun at 

105,000 x g for 15 hours. Figure 13 shows the distribution of 

activity between the 2-hour and 15-hour pellets and supernatants. It 

can be clearly seen that the topoisomerase activity does not pellet in 

the 2-hour spin but remains in the supernatant. After 15 hours there 

is an opaque pellet which contains the topoisomerase activity. The 

activity is clearly sedimented. In addition all of the topoisomerase 

activity can be sedimented under conditions which should pellet only 

those particles greater than 50 ~ This establishes an approximate 

lower limit for the S value of the topo1somerase containing component. 

Thus it appears that the topoisomerase exists in the cytoplasm as a 

non-soluble enzyme either membrane associated or complexed with other 

proteins. 

Characterization of the sedimented complex 

The sedimented topoisomerase-containing complex was observed 

by electron microscopy. It can be seen (Figure 1~) that the pellet 

obtained yields a relatively homogeneous fraction with some large 

clumps which are probably aggregates. The size of an individual 

complex is about 5 nm. There appears to be no membrane attached to 

the complex as we do not see any bilayer or laminar structure 
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Figure 13. Sedimentation of topoisomerase activity from the 
post-nuclear fraction. 
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Percell fractions containing topoisomerase activity (see Figure 12) 
were pooled and centrifuged for 2 hours at 105,000 x g. Topoisomerase 
activity was assayed in the pellet (lane 1) and supernatant (lane 2). 
The supernatant was diluted, centrifuged for 15 hours at 105,000 x g 
and activity was assayed again in the pellet (Lane 3) and supernatant 
(lane 4). 

- -- - -----------



Figure 14. Electron microscopy of topoisomerase containing 
fraction. 
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The topoisomerase containing complex isolated from Swiss/3T3 cells was 
negative stained on carbon-coated grids with phosphotungstic acid for 
30 seconds. They were then viewed in the electron microscope. The 
large clumps are thought to be aggregates. The bar represents 100 nm. 
Magnification is about 135,000X. 
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indicating that it is not, when isolated, associated with any membran

ous organelle. 

Since the topoisomerase activity seems to be in a large 

supramolecular complex it was of interest to analyze the protein 

content of the sedimented comple~ SDS-polyacrylamide gel 

electrophoresis was used to display the proteins in the complex and to 

compare the protein pattern of the complex with the total cytoplasmic 

and nuclear fractions. This is shown in Figure 15. Several of the 

major protein species present in the topoisomerase-containing complex 

(Figure 15 lane 3) are absent or present in small amount either in the 

cytoplasmic (Figure 15 lane 2) or in the nuclear (Figure 15 lane 1) 

fractions. The large number of protein species present in the to poi

somerase-containing complex indicates a high degree of complexity. 

The complex of which the topoisomerase is a part, is large and 

evidently quite comple~ Since it is possible that the complex of 

proteins is functionally significant in some cellular metabolic 

process we named the complex a "toposome" since it was first 

recognized due to the associated topoisomerase activity. It will be 

referred to by that name for the remainder of this dissertation. 

The results above indicate at least a temporal relationship 

between the mammalian topoisomerase and DNA replication in cultured 

cells. Since the topoisomerase is found in the cytoplasm associated 

with a large number of other, unidentified proteins we sought to 
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1 2 3 

Figure 15. SD5-polyacrylamide gel electrophorsis of topoiso
merase containing complex. 

These complexes (lane 3) were electrophoresed in a gradient gel of 6-
12% polyacrylamide. Lane 2 is the post-nuclear fraction and lane 1 
the nuclear fraction. Molecular weight markers are indicated on the 
left. Major bands present only in the topoisomerase containing 
complex are indicated by arrows on the right. 



determine if we could identify any other enzyme activities that are 

believed to be involved in eukaryotic DNA synthesis. 

68 

The first enzyme we assayed the complex for' was DNA 

polymerase. We compared the polymerase specific activity of the 

complex with that of the total cytoplasmic and nuclear fractions. As 

can be seen in Table 1, polymerase specific activity of the toposomes 

is much higher than in either the cytoplasffiic or nuclear fraction. 

Therefore, not only does the complex appear to contain polymerase 

activity but the enzyme is in a much higher concentration in the 

purified complex than in the cytoplasm from which the complex is 

isolated. That the polymerase activity sediments with the toposomes 

is evident from the greatly reduced activity remaining in the superna

tant from which the complex was sedimented (Table 1). 

Another enzyme involved in DNA replication is nucleoside 

diphosphate kinase (NDP kinase). This enzyme catalyzes the transfer 

of a phosphate from any nucleoside-5'-triphosphate to any nucleoside 

diphosphate. It participates in the biosynthesis of purines and 

pyrimidines as well as other pathways. Table 2 shows that the activi

ty of NDP kinase of the toposomes is higher than either the total 

post-nuclear or nuclear fractions. Again, this indicates that the 

enzyme has been concentrated by the sedimentation of the complex from 

the cytoplasm. 
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~ ~ DNA polymerase activity of cellular fractions. 

3H-dTMP incorporation 
Fraction cpm cpm/ug protein 

None 215 

Nuclear 944 2.38 

Cytoplasmic 889 2.55 

Toposomes 1296 11.26 

Supernatant 237 1.45 
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~ a. NDP Kinase activity of cellular fractions. 

Fraction ~A340/ug protein 

Nuclear 1.6 x 10-5 

Post-nuclear 2.8 x 10-4 

Toposomes 4.8 x 10-3 
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Inyolyement Qf Toposomes in DNA Replication 

We have now identified three enzyme activities contained with

in toposomes. Two of these, DNA polymer~se and NDP kinase, are known 

be involved in DNA rep1icatio~ The third topoisomerase, 1s impli

cated now, not only by parallels with prokaryotic systems, but due to 

its association in the complex with other DNA replication enzyme 

activities. The high degree of complexity that is evident from the 

protein pattern seen by electrophoresis is certainly not completely 

accounted for by just these three enzymes. We are continuing to assay 

for specific activities involved in DNA replicatio~ However, the 

appearance of these enzymes in the toposome is intriguing and caused 

us to ask whether or not the toposomes were capable of in~ DNA 

synthesis. We proceeded to test this possibility using supercoiled 

SV~O DNA as the substrate. 

To determine if the toposomes were capable of in~ DNA 

replication we added the complex to the mixture detailed in Procedures 

(page 31). SV~o type I (supercoiled) DNA was the substrate and both 

C3H)TTP and C3H)dCTP or (~_32p)dATP were added to label any newly 

synthesized DNA. The results are shown in Table 3. This result 

indicated that some macromolecular structure, presumably DNA, was 

created by the toposomes. We wanted to test whether the label was 

being incorporated into DN~ To do this we used (~-32p)dATP to label 

the DNA during the replication assay. After the reaction the DNA was 

cut with two restriction endonuc1eases and the fragments separated on 



~~. DNA replication ability of toposomes. 

Trichloroacetic acid precipitable counts % of Control 
Toposomes 3H 32p 3H 32p 

+ 

305 

788 

1512 

4360 

100 100 

258 288 
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a 6% polyacrylamide gel. Figure 16, lane 1 shows the pattern of the 

DNA in the gel after staining with ethidium bromide. As expected from 

the restriction map, the SV40 DNA is in four bands, clearly separated. 

When this gel was subjected to autoradiography the results in Figure 

16, lane 2 were see~ The banding pattern of the autoradiograph 

precisely matches that of the ethldium bromide stained gel. This 

indicates that the toposomes are incorporating the labelled deoxynu

cleotides into DNA. 

Figure 17 shows a time course of the complete reactio~ It 

can be seen that there appears to be no lag phase before the 

initiation of DNA syntbesis. By 5 minutes at 37 C, incorporation of 

label can already be seen. Tbe rate of incorporation increases for at 

least 2 hours. After 2 bours tbe rate of incorporation levels off. 

The rate of DNA syntbesis, when 17 ug of toposome protein is present, 

is -3.5 pmole/hour or -7.8 x 108 molecules of SV40/hour. The leveling 

out of the rate of incorporation may reflect some limiting quanti-

ty within the reactio~ We have not investigated this in detail. 

Tbe extent of incorporation of label into tbe DNA is dependent 

upon the amount of toposomes added. Figure 18 shows the dose response 

of DNA synthesis to increasing amounts of toposomes. The amount of 

labelled deoxynucleotide incorporated is linearly dependent upon tbe 

amount of protein, in the form of toposomes, added. 

The requirements for the reaction are shown in Table 4. The 

reaction clearly requires the presence of Mg++ and the dNTP's. 
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Figure 16. Incorporation of («-32P)dAMP into SV40 type I DNA. 

Toposomes were allowed to promote replication for 30 minutes at 37 C. 
The protein was removed, the DNA ethanol precipitated and cut with the 
restriction endonucleases Pvuii and Taqi. The fragments were sepa
rated on a 6% polyacrylamide gel, stained with ethidium bromide (lane 
1), dried and autoradiographed (lane 2). The band at the top of the 
autoradiograph represents incompletely cut or uncut SV40 DNA. 
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Fisure 17. Time course of SV40 type I DNA replication cata
lyzed by toposomes. 

Toposomes were incubated in the complete reaction mixture at 37 c. 
Aliquots were removed at the indicated time, spotted on Whatman 3MM 
filter paper and chromatographed with 5% TCA. The extent of 
replication is in pmoles of (~32p)dAMP incorporated. 
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Figure 18. Dose-dependence of replication. 

Various quantities of toposome protein were incubated at 37 C in the 
complete reaction mixture for 30 minutes. The extent of replication 
is in pmoles of (3H)nucleotide incorporated. 
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~~. Requirements for SV40 DNA replication by toposomes. 

Conditions % of control cpm 

Complete 100 443 

without MgCl2 16.9 75 

plus or minus spermidine 100 445 

without rATP 102 453 

without dATP, dGTP, dCTP 35.7 158 

without rCTP, rGTP, rUTP 102 452 

without all 4 rNTP's 109 483 

without DNA 11.9 53 



78 

Spermidine, which is required for yeast ~ ~ DNA replication 

(Celniker and Campbell 1982) seems to be unessential for toposomes. 

Surprisingly this system appears to require none of the four 

ribonucleoside triphosphates. This is particularly surprising for 

rATP since rATP is a cofactor for many DNA replication enzymes in 

their purified state. This independence of the system from rATP is 

therefore unexpected. It is possible that the complex contains enough 

endogenous ATP to maintain synthesis for 30 minutes under these 

conditions. Alternatively the toposomes could contain ATP generating 

enzymes to supplant the need for exogenously added rATP. 

The effect of various inhibitors on replication is shown in 

Figure 19. Aphidicolin is an inhibitor of eukaryotic DNA replication 

.iJ1..Y.1.Y.Q. (Sugino et ale 1981, Geuskens et ale 1980). It is also 

believed to be a specific inhibitor of DNA polymerase ~ (Spadari et 

ale 1982). Figure 19 shows that aphidicolin dose-dependently inhibits 

DNA replication in this system. This suggests the involvement of the 

polymerase , previously demonstrated to be a part of the toposome, in 

our in ~ replication system. Aphidicolin is believed to inhibit 

DNA polymerase by specific competition with dCTP (Huberman 1981, 

Pedrali-Noy and Spadari 1980, Sala et ale 1980). Aphidicolin must be 

preincubated with the toposomes in order to cause inhibition of DNA 

replication since it is likely that the high level of dCTP in the 

reaction mixture is sufficient to prevent effiCient competition by 

aphidicolin. 
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Figure 19. The effect of inhibitors on DNA replication. 
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The drugs aphidicolin, novobiocin, actinomycin D and nalidixic acid 
were added to the complete reaction mixture containing 17 ug of 
toposomes and incubated at 37 C for 30 minutes. Aphidicolin and 
novobiocin were preincubated with the toposomes for 15 minutes at 37 C 
before addition to the complete reactio~ The 0-60 ug/ml scale is for 
the concentrations of aphidicolin, novobiocin and actinomycin D. The 
lower scale (0-300 ug/ml) is for nalidixic acid. Replication is in 
percent of control. 



80 

Novobiocin is generally regarded as an inhibitor of type II 

topoisomerases. Several eukaryotic type II enzymes have been shown to 

be inhibited by this drug (Miller et al. 1981, Goto and Wang 1982). 

However, there is evidence that eukaryotic type I topoisomerases 

(Nakayama and Sugino 1980) and q polymerase (Nakayama and Sugino 1980, 

Edenberg 1980) are also affected by novobiocin. ln~ replication 

by toposomes is inhibited by novobiocin in a dose-dependent fashion 

(Figure 19). We do not know at present what specific enzyme activity 

in the complex is being affected by the drug. Inhibition by novobio

cin is only seen if the toposomes are preincubated with the drug prior 

to addition of the replication mixture. Since novobiocin is postu

lated to act by interfering with ATP binding (Sugino et al. 1978) it 

may require exposure of the complex to the drug, in the absence of 

exogenously added ATP, to allow novobiocin to effectively interfere 

with endogenous ATP binding. Otherwise, the high level of ATP in the 

reaction mixture may severely limit the ability of novobiocin to 

inhibit DNA replicatio~ 

Actinomycin D also inhibits DNA replication in this system 

(Figure 19). There are two possible means by which this might occur. 

One possibility is that actinomycin D is acting by inhibiting RNA 

polymerase. In this case it may interfere with initiation by not 

allowing the first, or subsequent RNA primers to be made. 

Alternatively, the drug may be inhibiting DNA synthesis by changing 

the DNA's conformation. Actinomycin D is an intercalating agent. If 



superhelicity is necessary for the initiation of DNA synthesis, 

intercalation by actinomycin D might release negative superhelicity. 
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The effect of nalidixic acid, an inhibitor of ~ ~ gyrase, 

on DNA synthesis was also tested. Figure 19 shows that high 

concentrations of nalidixic acid (400 ug/ml) are slightly inhibitory. 

However, lower concentrations seem to be stimulatory to DNA synthesis. 

This stimulation is difficult to explain particularly in light of the 

sensitivity of prokaryotic DNA replication to low levels of nalidixic 

acid. 

ln~ DNA replication in eukaryotes proceeds in the presence 

of histones. We were interested in determining if the presence of 

histones had any effect on our in ~ DNA replication system. Fig

ure 20 shows that, in our system, the presence of his tones is inhibit

ory. By 200 ug/ml of histones all DNA synthesis is abolished. 

50 ug/ml of histones represents a ratio of 2:1 (histones:DNA). This 

is approximately twice the in~ ratio. All 5 histones were present 

in the mixture added. 

To date initiation of replication at a true origin has only 

been seen in crude extract systems (Celniker and Campbell 1982, Fuller 

et ale 1981). Since toposomes represent a more purified system we 

were interested in determining if replication was initiating at an 

origin, with the formation of a replication bubble, or at nicks 

present in some small percentage of our SV40 sUbstrate. We first 

tried to determine if initiation was occuring at a natural origin by 
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Figure 20. Effect of histones on DNA replication. 
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Histones were added at the indicated concentrations to the complete 
reaction mixture. Incubation was for 30 minutes at 37 C. Replication 
is in percent of control. 
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seeing if we could specifically label the fragment of DNA known to 

contain the SV40 origin of replicatio~ In order to control the 

extent of replication we used various concentrations of cytosine-~-D

arabinofuranoside-5'-triphosphate (araCTP) to enrich replication 

mixtures for partially replicated intermediates. Use of 20 mM araCTP 

gave 96% inhibition of DNA rep11catio~ Using (a-32p)dATP as the 

label we allowed replication to proceed in the presence of araCTP, 

recovered the DNA, restricted the DNA with two restriction 

endonucleases and separated the fragments on a 6% polyacrylamide gel. 

Figure 21A shows the ethidium bromide staining pattern of the DNA 

after this treatment. The origin of SV40 replication lies in the 

smallest fragment. The gel was dried and subjected to autoradiogra

phy. If replication were initiating at the true SV40 origin we would 

expect to see more of the label restricted to the smallest fragment 

with increasing concentrations of araCTP. Figure 21B shows that, at 

all concentrations of araCTP used, there is labelling in all four 

fragments. This indicates that the initiation of replication by 

toposomes is not limited to the SV40 origin. However, this result is 

not surprising since large T antigen appears to be required for spe

cific SV40 initiation (Martin and Stelow 1980). 

Since the large T antigen may be required for specific 

initiation of SV40 DNA we isolated toposomes from SV40 transformed 3T3 

cells. We thought it possible that the large T antigen might be 

associated with toposomes in these cells. Since these cells are not 
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Figure 21. Effect of araCTP on DNA replication. 

Replication by toposomes with (~-32P)dATP as label was allowed to 
proceed for 30 minutes at 37 C in the presence of the indicated 
concentrations of araCTP. The protein was removed, the DNA ethanol 
precipitated, cut with Pvuii and Taqi and the fragments separated on a 
6% polyacrylamide gel. A shows the ethidium bromide stained pattern. 
The 4 major bands with no araCTP represent the expected restriction 
fragments. The bright band at the top of the gel is uncut SV40 DNA 
and the intermediate bands are partial digests. The gel was dried and 
autoradiographed giving the pattern shown in B. See Figure 16 for 
band sizes. 



quiescent at any point no stimulation was used to induce the 

toposomes. Use of the toposomes from these cells in the same 

experiment as that depicted in Figure 21 did not show specific 

initiation of SV40 DNA (data not shown). There was also no band 

evident on an SDS-polyacrylamide gel pattern of these toposomes that 

would correspond to the known molecular weight of T antigen. 
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While it does not appear that we are seeing initiation at the 

natural origin of sv40 it is still possible that initiation of 

replication is occur1ng through the creation of a replication bubble 

rather than at a nic~ In order to investigate this we allowed 

replication to proceed in the presence of either 10 mM araCTP or none. 

The protein was removed, the DNA ethanol precipitated and then viewed 

in the electron microscope. Figure 22 shows a representative DNA 

molecule. It can be seen that the SV40 DNA contains a replication 

bubble (noted by an arrow in Figure 22). The presence of the bubble 

indicates that replication is initiating in the ~~ manner and not 

at nicks. In no case did we see displaced strands or replicating 

linear structures. Thus, although initiation by toposomes on sv40 DNA 

does not appear to use the specific SV40 origin it does appear that 

initiation is occuring through the creation of replication bubbles and 

not at nicks. 



86 

Figure 22. Electron microscopy of replicating DNA. 

Replication was allowed to proceed for 25 minutes at 37 C in the 
presence of 10 mM araCTP. The DNA was recovered, spread by the forma
mide technique, stained with uranyl acetate and shadowed with Pt-Pd 
wire. 



CHAPTER 4 

DISCUSSION 

~ oyerall topology Q! ~ replicating ~ nucleoid 

~ ~ superhelical 

When ~~ DNA is sedimented in the presence of increasing 

concentrations of ethidium bromide, the biphasic tranSition character

istic of negatively supercoiled DNA is observed. In contrast, there 

is only a small effect of ethidium bromide on the sedimentation velo

city of phage T4 nucleoids (Figure 1). However, these nucleoids do 

not behave as nicked, relaxed DNA molecules. In the presence of 

increasing ethidium bromide concentrations nicked or linear DNA shows 

an almost linear decrease in sedimentation velocity up to ethidium 

bromide concentrations of 10 to 15 ug/ml. This is attributed to the 

increasing rigidity of the DNA due to ethidium bromide intercalation 

(Crawford and Waring 1967). Worcel and Burgi (1972) showed this to be 

true for ~~ nucleoids with 50 to 100 nicks introduced with DNase. 

Prior to our work, Hamilton and Pettijohn (1976) had looked at 

the effect of sedimentation of condensed DNA from wild-type phage T4 

in the presence of ethidium bromide. Like us, they also did not see 

the biphasic transition characteristic of superhelical DNA. Their 

results showed a decrease of 10% in sedimentation veloc~.ty of the 
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nucleoids to about 3 ug/ml ethidium bromide and then a leveling off at 

this rate. Our results are in partial agreement with this. We saw a 

shallow decline in sedimentation value which reached a minimum at 

about 8% below the initial value at 3-5 ug/ml ethidium bromide. How

ever, the sedimentation coefficient did not remain level at this point 

but rather tended to show a slow increase in sedimentation velocity 

(Figures lA, B and C). Hamilton and Pettijohn (1976) estimated from 

their data that 1/8 of the T4 nucleoid could be supercoiled. This 

would provide an explanation for the data we have obtained. The 

initial decline in sedimentation coefficient could be due to the 

relaxation of the superhelical region(s) and the increasing rigidity 

of the relaxed region(s). The failure of the DNA to show an appre

ciable increase in sedimentation coeffiCient at higher concentrations 

could be due to the antagonistic effects of et'hidium bromide on the 

two regions of DNA. The superhelical area would become positively 

supercoiled and therefore increase the DNA's sedimentation velocity. 

The relaxed region, due to its increasing rigidity with increasing 

ethidium bromide concentration, would decrease the DNA's sedimentation 

velocity. 

lb& topoisomerase ~ ~ ~ localized ~ 

In prokaryotic DNA the superhelical densities are similar to 

those found in eukaryotes (Wang 1969, Liu and Wang 1975). However, in 

eukaryotic chromatin the packaging occurs via the nucleosome which 
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coils the duplex about 1 3/4 superhelical turns per nucleosome (Finch 

et ale 1977, Bram et ale 1977). Prokaryotic DNA shows no structure 

clearly analagous to the eukaryotic nucleosome. 

In ~ ~ there is evidence that the functioning of the 

gyrase is necessary for maintaining the supercoiling of nucleoids ~ 

~ (Drlica and Snyder 1978). Another study, while showing that some 

50-60% of the negative superhelical turns present ~~ were main

tained in the absence of a functional gyrase, also suggested that the 

gyrase may be necessary for the presence of the remainder of the 

Bupercoils ~ ~ (Pettijohn and Pfenninger 1980). 

Since there seems to be no evidence for widespread superheli

city in the T4 nucleoid, it is not likely that the topoisomerase 

functions to affect the general topology of the nucleoid in a manner 

similar to the ~QQl1 gyrase. Rather, we suggest that this lack of 

overall superhelicity implies that the action of the topoisomerase is 

restricted to local sites on the DNA. Furthar evidence that the T4 

topoisomerase acts at a limited number of sites has been found in Dr. 

Bruce Albert's lab (K. Kreuzer, unpublished results). The T4 topoiso

merase is bound to native T4 DNA in the presence of oxolinic or 

nalidixic acid. The subsequent addition of a protein denaturant, such 

as SDS, causes the enzyme to cleave the DNA and remain attached at the 

break pOint. Using this technique Kreuzer has found that there are 

only a limited number of specific sites at which the enzyme binds. The 

functional significance of these sites remains to be determined. 
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PQssib1e ~ Qf~ ~ tQPQisQmerase 1n~ rep1icatiQn 

McCarthy et ale (1976) demQnstrated that the reduced rate Qf 

DNA synthesis in infectiQns Qf amber mutants in gene 52 did not result 

from a lQwered elongatin rate but rather was due to a decreased 

incidence of growing points. It was proposed that this decrease in 

the number of growing points was caused by an apparent defect in the 

initiation of growing pOints. In further studies McCarthy (1979) 

showed that the initiations that did occur in replication of gene 52 

mutants were probably due to the host gyrase compensating for the lQSS 

Qf the phage gene product. It was also shown that a functional gyrase 

was necessary for initiation of growing points in mutants of genes 39 

and 60. We now know that these three gene products act together to 

constitute a topoisomerase activity (Liu et ale 1979b, Stetler et ale 

1979). Based on the data of McCarthy (1979) it would seem likely that 

there is a role for the topoisomerase in the initiation of DNA 

replication. 

Liu et ale (1979b) presented such a mQdel in which the 

topoisomerase functions as a site-specific gyrase. Their model 

proposes that the tQPoisomerase spans the origin of replicatiQn, 

anchoring two sequences to Qne topoisomerase molecule. Within this 

restrained region the enzyme could create a closed topological domain. 

Using its ATP-driven gyration the enzyme could create a local region 

of negative supercoiling. This negative superhelicity would then 

destabilize the double helix and promote the binding of the 
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replicative apparatus. We tend to favor this model. It accounts for 

both the local action of the topoisomerade and its use of ATP. 

In Liu et a1.'s model (1979b) for the role of the 

topoisomerase in the initiation of DNA replication, one assumption has 

yet to be verified. That is that the topoisomerase behaves as a 

gyrase ~~. As yet this ability bas not been demonstrated in 

~. It is possible that some protein or proteins which interact 

with the topoisomerase in ~ to produce a gyrase do not copurify 

with the enzyme. There is evidence that the gyr A subunit of the ~ 

~ gyrase may be such a protein, as discussed below. 

Mufti and Bernstein (1974) first suggested that the DNA-delay 

gene products interacted with a host component in explaining the 

existence of temperature sensitive gene 39 mutants. Naot and Sha1itin 

(1973), in looking at the role of gene 52 in DNA synthesis, also 

suggested that the gene 52 product interacted with some host function. 

The gyr A gene was more directly implied by McCarthy (1979). He 

demonstrated that wild-type T4 required a functional gyr A protein for 

efficient growth. He felt that the low levels of nalidixic acid which 

impaired efficient wild-type T4 growth might reflect a function for 

the gyr A protein other than as a host gyrase component and that this 

function was expressed even when the DNA-delay gene products were 

present. Using a temperature sensitive gyr A mutant Kreuzer and 

Cozzare11i (1979) showed that wild-type T4 growth was inhibited in the 

host mutant at the restrictive temperature. They felt this implied 
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that the phage utilizes the gyr A gene product. Finally, Stetler et 

ale (1979), when purifying the gene 39 protein, found a small amount 

of a 110,000 dalton protein copurifying with it. They believe this 

large protein to be a host protein and suggest that it may be the gyr 

A protein. 

Taken together there is considerable evidence for a role of 

the gyr A protein in the T4 topoisomerase reactio~ One of our aims 

in purifying the enzyme was to determine if addition of the purified 

gyr A subunit to the T4 topoisomerase could reconstitute a gyrase 

activity. This would help fortify the idea that gyr A and the T4 

topoisomerase interact in ~. 

Additionally we are interested in determining the exact 

binding sequences of the T4 topoisomerase. We hope to use the 

purified enzyme to identify particular DNA fragments involved in the 

enzyme's activities. Bv sequencing these fragments we hope to be able 

to determine if the enzyme binds at or near an origin of replication. 

This can be done by sequence comparison with known origins as all 

appear to share several common sequence features. Locating the 

binding sequences on the T4 genetic map would also be important. 

InVQlyement Q!~ tQPcisomerase in multiplicity reactivation 

Recent evidence in our lab has implicated the T4 topoisomerase 

in recombinational repair Qf damaged T4 DNA. Experiments using 

pSQralen plus near-UV light or mitomycin C have shown that mutants 
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defective in any of the three genes coding for subunits of the 

topoisomerase show lowered multiplicity reactivation, that is, 

reactivation occuring in multiply infected bacterial cells, than wild

type T4 treated similarly (Miskimins et ale 1982). While several 

possible mechanisms for the effects of the topoisomerase on 

multiplicity reactivation can be considered, the mechanism discussed 

below seems to provide the simplest basis for interpreting our 

results. 

Lin and Howard-Flanders (1976) presented evidence that 

pyrimidine dimers in phage A DNA cause recombination only when the DNA 

undergoes replicatio~ This suggests that recombinational repair of 

some lesions depends upon the replication fork encountering the 

lesio~ They proposed that replication past a pyrimidine dimer leads 

to a gap in the daughter strand oPPOsite the dimer, and that the free 

strand end at the gap can then initiate recombination to fill the gap. 

In phage T4, psoralen plus near-UV light or mitomycin C lesions may 

similarly stimulate recombinational repair only after a replication 

fork has passed the lesio~ Thus, in multiplicity reactivation 

of phage damaged by mitomycin C and psoralen plus near-UV light, the 

requirement of the topoisomerase may reflect its role in initiating 

replication. 

This model is based, at least in part, on the evidence pre

sented above that there is no generalized superhelicity in the phage 

T4 nucleoid. This led us to postulate the enzyme as Site-specific in 



94 

its mode of action. Since previous work in the lab implied a role for 

the topoisomerase in initiation of DNA replication we favor the above 

explanation that the lesions induced by the damaging agents are bypas

sed by a postreplication recombinational repair process that is in

fluenced by the topoisomerase through its role in initiating DNA 

replication. 

Mammalian topoisomerases ~ induced ~~ 

We have shown that EGF stimUlates a topoisomerase activity in 

Swiss/3T3 cells and human fibroblasts. This activity in the nucleus 

corresponds with DNA sythesis in the cells. Swiss/3T3 cells, which 

have a peak of DNA synthesis at 12 hours (Figure 9B), show a peak of 

topoisomerase activity at about 12 hours in the nuclei (Figure 8B). 

HF cells, which respond more slowly to EGF, have a broad peak of DNA 

synthesis (from about 14-22 hours) with a maximum at about 20 hours 

(Figure 9A). Topoisomerase activity in the HF cells shows a Similar 

broad increase at the same time (from about 12-22 hours) after the 

addition of EGF (Figure 7B). These results imply a role for eukaryot

ic topoisomerases in DNA synthesis. While we have not been able to 

completely separate type I and type II topoisomersse activities, a 

type II activity is clearly evident upon stimUlation. This can be 

seen by the ATP-dependence of the reaction (Figure 10) and catenane 

formation stimUlated by EGF (Figure 11). 



For both cell types the topoisomerase activity stimulated by 

EGF is seen first in the cytoplasm and subsequently in the nucleus 

(Figures 7 and 8). We infer from this that EGF stimulates synthesis 

of the topoisomerase(s) in the cytoplasm, which then move to the 
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. nucleus. We have shown that the topoisomerase activity does not exist 

as a soluble enzyme in the cytoplasm (Figures 12-15). It appears to 

be complexed with other proteins. Recently a unique, non-lysosomal 

organelle has been found to which EGF itself is delivered (Miskimins 

and Shimizu, submitted). The uptake of EGF into this subcellular 

compartment is strongly correlated with the ability of EGF to stimu

late DNA synthesis. This organelle is clearly different from the 

structure containing topoisomerase described here. However, it is 

possible that the two structures are interrelated. 

Characterization Qf ~ topoisomerase containing complex 

Enzyme activities associated with the topoisomerase 

We have demonstrated that there are other DNA replicative 

enzymes associated with the topoisomerase containing complex. Both 

DNA polymerase (Table 1) and NDP kinase (Table 2) have been shown to 

be a part of the supramolecular structure which we have called a 

toposome. It is interesting to note that these enzyme activities 

appear to be associated in a complex in the cell's cytoplasm. While 

it is widely agreed that the DNA replicative apparatus exists as a 

large complex of replicative proteins it has been generally assumed 



that, in eUkaryotes, this complex is found specifically in the nu

cleus. We have shown here that at least some of the replicative 

proteins occur in a cytoplasmic complex. This may reflect their 

coordinate regulation by the cell. 
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Reddy et ale (1980) recently showed that the activity of 

certain enzymes, which are involved in DNA synthesis, increase in the 

nucleus as the cells progress into S phase of the cell cycle. This 

nuclear increase was concomitant with a decrease in enzyme activity in 

the cytoplasm. These authors also described a multienzyme complex 

from the nuclear fraction and have subsequently proposed that 

migration of soluble cytoplasmic enzymes into the nucleus and the 

subsequent formation of a supramolecular structure are important steps 

for the initiation of S phase (Pardee et ale 1982). These 

investigators have identified a topoisomerase activity as a component 

of the nuclear complex (Reddy et ale 1982). In contrast to these 

findings, as noted above, our results indicate that topoisomerase 

activity exists as a component of a supramolecular complex in the 

cytoplasm. Loss of this complex from the cytoplasm and an increase 

of topoisomerase activity in the nucleus is coordinate with the 

induction of DNA synthesis. A compelling hypothesis is that transport 

of the contents of this cytoplasmic complex into the nucleus is a key 

regulatory step in the initiation of DNA synthesis. Interestingly, 

Baril et ale (1973) identified a sedimentable cytoplasmic complex 

which contains DNA synthesizing enzymes. The relationship between 



this complex and the complex containing topoisomerase which we have 

identified is at present unclear and under investigation. 
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While the mechanism by which EGF induces cells to undergo DNA 

synthesis and mitosis remains unclear, the above results suggest a 

Possible sequence of events which follow stimulation by EGF. 

EGF provides a mitogenic signal to the cell. Generation of the signal 

may be related to uptake into non-lysosomal organelles which has been 

termed "mitosomes" (Miskimins and Shimizu, submitted). The cell then 

responds by transcribing genes for proteins involved in the initiation 

of DNA synthesis, such as topoisomerases. The proteins are 

synthesized, packaged in a supramolecular complex in the cytoplasm 

and subsequently transported to the nucleus to initiate DNA synthesis. 

While we have not shown whether a type I or type II topoisomerase is 

the primary topoisomerase induced by EGF, it is possible that both 

types have roles in DNA synthesis. Type I topoisomerases have been 

proposed to act in forming swivels at the replication fork (Champoux 

1978). It is possible that this is their function in these cells. 

There are two possible mechanisms by which the type II topoisomerase 

could act in initiating DNA synthesis. One is that it may function as 

an origin-specific gyrase as proposed by Liu et ale (1979b). The 

topoisomerase would act to create a limited area of negative superhe

licity at a replication origin thereby facilitating binding of a 

replicative complex. However, there is no evidence as yet for the 

existence of a nuclear eukaryotic gyrase. The second possibility 
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is suggested by one of the reactions of a type II enzyme, double 

strand passage. If replication in eukaryotes occurs on the nuclear 

cage as suggested (Pardoll et al. 1980, Berezney and Buchholtz 1981), 

the type II enzyme may function to sort DNA strands until a replica

tion origin is brought into proximity with the replicative apparatus 

on the nuclear matriL This sorting may be random or specific. 

The stimulation of topoisomerase activity by EGF may be a key 

step in turning on replication and hence cell divisio~ These results 

may have important implications on how cell division is regulated 

during development and differentiatio~ They may also have a bearing 

on cell transformation. 

Toposomes ~ perform replication in ~ 

As discussed above, the sedimentable complex (toposome) was 

shown to contain at least three enzymes with roles in DNA replication, 

topoisomerase, DNA polymerase and NDP kinase. Based on thiS, we tested 

the complex for the ability to replicate DNA ln~. We were able 

to show that toposomes can indeed perform in ~ DNA synthesis 

(Table 3). The criteria by which to judge how well an in ~ 

replication system reflects the in~ process are few, especially in 

eukaryotes. Our system does, however, satisfy some expectations, 

specifically a requirement for dNTP's and Mg++ (Table 4). However, 

contrary to the reports of others (Celniker and Campbell 1982, Fuller 
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et ale 1981) our system appears to be independent of the presence of 

rNTP's, including rATP. One possible explanation for this may be that 

energy input from ATP is required only when dNTP's are not the major 

_source of nucleotides for polymerizatio~ Indeed, Reddy and Pardee 

(1982) have shown that, when rNDP's are used in place of dNTP's, they 

are inoorporated more efficiently than dNTP's. The reaction for 

forming dNTP's from rNDP's requires rATP. DNA synthesis in the pres

ence of dNTP's required less exogenous rAT~ Perhaps rATP is only 

necessary as an energy source when dNTP's are not the primary source 

of nucleotides present for incorporatio~ rATP may be required only 

when rNDP's are being channeled into DNA. Alternatively the toposomes 

may contain enough endogenous ATP to maintain DNA synthesis for 30 

minutes. It is also possible that an ATP-generating system, within 

the toposome, is supplying the energy required for replicatio~ 

The system used by Reddy and Pardee (1982) more closely 

resembles ours than do the systems of Celniker and Campbell (1982) or 

Kornberg (Fuller et ale 1981). Reddy and Pardee (1980) have isolated 

a complex of replicative proteins from the nucleus of Chinese hamster 

embryo fibroblasts as noted above. Our toposomes are also a more 

purified system for replication, but isolated from the cytoplasm. 

Both the systems of Celniker and Campbell (1982) and Kornberg (Fuller 

et ale 1981) are relatively crude cellular extracts. Perhaps our 

system better represents actual ln~ interactions and requirements 



as the complex is formed naturally by the cell and is from an early 

stage in the replicative process. 

Toposomes ~nNA polymerase ~ 
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Polymerase ~ is believed to be the replicative polymerase in 

eukaryotic cells. The use of inhibitors has demonstrated that the 

polymerase activity associated with toposomes is polymerase~. 

Aphidicolin inhibits eukaryotic nuclear DNA replication (Geuskens et 

ale 1981). Experiments in ~ have shown that it acts directly on 

the replicative polymerase of eukaryotic cells. It has been shown in 

Drosophila that aphidicolin acts specifically on polymerase « (Sugino 

and Nakayama 1980). Replication by toposomes is sensitive to 

inhibition by aphidicolin (Figure 19). This strongly indicates that 

replication by toposomes uses polymerase~, the in~ replicative 

polymerase. Additional evidence for this comes from the strong inhi

bition of replication by araCTP, a chain terminator. AraCTP is a 

competitive inhibitor for dCTP of DNA polymerase~. DNA synthesis by 

toposomes is highly sensitive to inhibition by araCTP. These results 

indicate that replication by toposomes utilizes, in~, the same 

polymerase believed to perform replicative DNA synthesis in~. 

This is, then, another way in which replication by toposomes reflects 

in ~ replicatlo~ 
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Effects Q! 1nhihitors QnDNA replicat10n ~ toposomes 

We have shown that replication by toposomes is sensitive to 

several inhibitors. Inhibition by aphidicolin and araCTP is discussed 

above. Novobiocin and actinomycin D also inhibit DNA synthesis in 

~ by toposomes (Figure 19). 

Novobiocin is a specific inhibitor of gyrase in ~~. It 

appears to interact with the gyr B component and to interfere 

with ATP binding or utilization (Sugino et ale 1978). It does 

not seem to interact with DNA directly. However, in eukaryotes novo

biocin's specificity is not clear. While purified type II topoisomer

ases from yeast and HeLa cells show sensitivity to novobiocin (Goto 

and Wang 1982, Miller et al. 1981), Nakayama and Sugino (1980) have 

shown that yeast type I topoisomerase and DNA polymerases I and II are 

also sensitive to inhibition by novobiocin. Edenberg (1980) has also 

shown that DNA polymerase ~ is sensitive to novobiocin. It is there

fore difficult to define precisely the target of novobiocin in to po

somes. A type II topoisomerase and polymerase ~ are both part of the 

compleL It is therefore feasible that the inhibition seen with 

novobiocin may reflect the sensitivity of both of these enzymes. The 

target enzyme most affected may depend upon the concentration used. 

The high concentrations of novobiocin used here to show inhibition 

seem to reflect the lowered sensitivity of eukaryotic replication to 

this drug as compared with ~~ The neceSSity for up to 100 times 

greater concentrations of novobiocin for inhibition of eukaryotic than 
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prokaryotic systems seems to apply to most eukaryotic systems studied 

(Edenberg 1980, Miller et ale 1981, Goto and Wang 1982). This may be 

a reflection of the non-specificity of the drug in these systems. 

Actinomycin D also inhibits DNA replication by toposomes (Fig

ure 19). Actinomycin D is an inhibitor of DNA-directed RNA transcrip

tio~ Its mechanism of action, however, is through intercalation into 

the DNA. The drug may inhibit DNA replication by either blocking RNA 

transcription or by intercalatio~ In ~~ RNA primers are made by 

the dnaG protein, a primase (Bouche et al. 1975), with the exception of 

the initial primer made at initiaion. Inhibition by rifampiCin of the 

RNA polymerase inhibits DNA replication in ~~. RNA priming of 

DNA synthesis in eukaryotes is well documented (DePamphilis and Was

sarman 1980). Recently Conaway and Lehman (1982) have purified a 

primase activity from Drosophila that may be a part of polymerase~. 

It is possible however, that the initial primer in eukaryotes is also 

made by the RNA polymerase. If this were so, then the inhibition of 

DNA synthesis by actinomycin D might be attributed to its role in 

inhibiting the formation of the initial primer, the so-called origin

RNA. The lack of a dependence on rNTP's does not rule out an essen

tial role for RNA synthesis in initiation in this system. Other in 

li1rQ replication systems have shown that primases can use deoxyribo

nucleotides under some conditions. Also, a very few rNTP's are needed 

for priming at the origin. 



Alternatively, actinomycin D may inhibit DNA replication by 

intercalatio~ There are two possible mechanisms by which this may 

occur. Intercalation into the DNA by the drug may simply present a 

physical block to the movement of the replication fork. 
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Alternatively, intercalation may change the topology of the DNA 

sufficiently to interfere with initiatio~ If negative superhelicity 

is required for initiation, intercalation by high enough concentrations 

of actinomycin D would not only remove negative superhelicity but 

might actually introduce positive superhelicity. Both the relaxed and 

positively superhelical states might not allow efficient initiation of 

replication by toposomes. 

The effect of nalidixic acid on DNA synthesis by toposomes is 

somewhat perplexing. At high concentrations a slight inhibition of 

synthesis is seen while at lower concentrations DNA replication ap

pears to be stimulated (Figure 19). ~ ~ DNA synthesis is sensi

tive to inhibition by nalidixic acid (Drlica et ale 1980). It has 

been shown that semi-~~ DNA replication with intact rat liver 

mitochondria is sensitive to nalidixic acid (Castora and Simpson 

1979). However, purified type II topoisomerases from eukaryotes have 

been seen to be insensitive to nalidixic acid (Hsieh and Brutlag 1980, 

Baldi et ale 1980). In yeast DNA polymerases I and II as well as 

topoisomerase I are also nalidixic acid resistant (Nakayama and Sugino 

1980). It is therefore understandable that in our system nalidixic 

acid showed no large inhibitory effect on DNA synthesis. However, the 
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stimulatory action of nalidixic acid is puzzling. Perhaps one of the 

topoisomerase activities present in toposomes relaxes the DNA sub

strate. If superhelicity in the DNA promotes initiation of replica

tion, anything antagonistic to the relaxation of the DNA might be 

stimulatory to replicatio~ This enzyme might be sensitive to nali

dixic acid. It is possible that higher concentrations of nalidixic 

acid have other effects, either on the DNA itself or other, as yet 

unidentified components of toposomes. 

~lication ~ tooosomes ~ inhibited ~ histones 

In eukaryotic cells DNA is packaged into nucleosomes. The 

nucleosomes are composed of histones that wrap the DNA around them 

lending the superhelical DNA the appearance of being relaxed. 

Replication of eukaryotic DNA must occur past bound histones. Whether 

the histones are first removed or the replicative apparatus can 

somehow synthesize DNA that is wrapped around nucleosomes is not 

known. It is clear that some mechanism must exist, either within the 

replicative complex or accessory to it, to permit replication to occur 

in the presence of bound histones. DNA synthesis by toposomes is 

inhibited by the addition of histones to the reaction (Figure 20). 

This indicates that the toposomes do not possess the means to repli

cate DNA in the presence of bound histones. If the toposome does 

indeed represent the replicative complex this would imply that the 



control for bypassing his tones during ~~ replication exists 

external to the replicative apparatus. 

loposomes initiate ~ synthesis ~ replication bubbles 
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ln~ replication systems reconstituted from purified 

components are able to perform elongation in a manner comparable to ~ 

~ systems. However, even the best characterized system, that of 

phage T4, cannot initiate replication at a natural origin through the 

creation of a replication bubble (Sinha et ale 1980, Liu et ale 

1979a). Only relatively crude cellular extracts have so far been 

shown to be capable of true initiation of DNA replication (Celniker 

and Campbell 1982, Kaguni et aI, 1982). Toposomes represent a more 

purified replicative complex than has been reported previously. Thus 

it may be easier to define the specific activities associated with the 

complex. This complex appears to be initiating replication ~~ 

through the creation of replication bubbles (Figure 22). It thus 

seems to possess those activities necessary for initiating DNA repli

cation in a manner analagous to the in~ situation. While topo

somes can initiate replication in a "natural" manner the point of 

initiation, with SV40 as the DNA substrate, does not seem to be speci

fic to a known origin (Figure 21). In the case of SV40 this is not 

surprising, nor without precedent. Harland and Laskey (1980) showed 

that SV40 DNA injected into Xenopus oocytes replicated synchronously 

with the oocytes, that is, the replication came under cellular 
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regulation. The initiation of replication on the sv40 molecule was 

independent of the presence of the SV40 origi~ It is probable that 

this lack of SV40 origin-specific initiation is due to the lack of 

large T antige~ Indeed it has been shown that repication of SV40 DNA 

from virus with a temperature sensitive large T antigen in permissive 

cells also occured at random locations on the sv40 genome at the 

restrictive temperature (Martin and Stelow 1980). Thus, since topo

somes are isolated from mammalian cells, which do not possess large T 

antigen, it is not surprising that the initiation of replication of 

SV40 DNA appears to occur at randomly distributed sites on the SV40 

genome. 

It is important that toposomes are capable of initiating DNA 

replication in a manner that reflects in ~ initiatio~ The process 

of initiation is still poorly understood in both prokaryotic and 

eukaryotic systems. Whether or not the toposome contains all of the 

regulatory enzymes for the control of replication, it is obvious that 

it possesses the activities needed for both initiation and elongatio~ 

The toposome may represent a unique opportunity to dissect these two 

parts of DNA replication and the proteins involved in eac~ It is 

already apparent that the initiation complex and proteins for chain 

elongation do not act as separate entities but rather are interrelated 

and contained within a Bingle complex. 

Finally, it is interesting to note that we are isolating 

toposomes from the cell's cytoplasm. That the replicative enzymes 
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already exist in a complex prior to their appearance in the nucleus 

argues for coordinate regulation by the cell of the enzymes involved 

in DNA replicatio~ Toposome formation may be an important tool in 

understanding the regulation of DNA replication in response to 

external stimuli. The induction, synthesis and transport of the 

complex may all be key regulatory pOints in cellular DNA replication. 



REFERENCES CITED 

Akrigg, A. and P.R. Cook. 1980. DNA gyrase stimulates transcriptio~ 
Nuc. Acids Res. 8:845-853. 

Baase, W.A. and J.C. Wang. 1974. An w protein from Drosophila 
melanogaster. Biochem. 13:4299-4303. 

Baldi, M.I., P. Benedetti, E. Mattocia and G.P. Tocchini-Valentini. 
1980. In ~catenation and decatenation of DNA and a novel 
eukaryotic ATP-dependent topoisomerase. Cell 20:461-467. 

Baril, E., B. Baril, H. Elford and R.B. Luftig. 1973. DNA 
polymerases and a possible muti-enzyme complex for DNA 
biosynthesis in eukaryotes. In "Mechanisms and Regulation of DNA 
Replica tion". (A.R. Kobar and M. Kohiyama. eds.) pp. 275-291. 
New York. 

Bauer, W.R. 1978. Structure and reactions of closed duplex DNA. 
Ann. Rev. Biophys. Bioeng. 7:287-313. 

Benyajati, C. and A. Worcel. 1976. Isolation, characterization, and 
structure of the folded interphase genome of Drosophila 
melanogaster. Cell 9:393-407. 

Berezney, R. and L.A. Buchhol tz. 1981. Dynamic associa tion of 
replicating DNA fragments with the nuclear matrix of regenerating 
liver. Exp. Cell Res. 132:1-13. 

Bouche', J.P., K. Zechel and A. Kornberg. 1975. dnaG gene product, a 
rifampicin-resistant RNA polymerase, initiates conversion of 
single-stranded coliphage DNA to its duplex replicative form. J. 
BioI. Chem. 250:5995-6001. 

Bram, s., S. Kouprach and P. Baudy. 1977. DNA structure in chromatin 
and in solution studied by electron microscopy and neutron and X
ray scattering. Cold Spring Harbor Symp. Quant. BioI. 42:23-29. 

Brown, P.O., C.L. Peebles and N.R. Cozzarelli. 1979. A topoisomerase 
from Escherichia ~ related to DNA gyrase. Proc. Natl. Acad. 
Sci. USA 76:6110-6114. 

Carpenter, G. and S. Cohen. 1979. Epidermal growth factor. Ann. 
Rev. Biochem. 48:193-216. 

108 



Castora, F.J. and M. V. Simpson. 1979. Search for a DNA gyrase in 
mammalian mitochondria. J. BioI. Chem. 25~:11193-11195. 

Castora, F.J., R. Sternglanz and M.V. Simpson. 1981. A new 
mitochondrial topoisomerase from rat liver that catenates DNA. 

109 

In "The Organization and Expression of the Mitochondrial Genome~ 
(A.M. Krom and C. Saccone. eds.) pp. 

Celniker, S.E. and J.L. Campbell. 1982. Yeast DNA replication .in 
~: initiation and elongation events mimic in ~ processes. 
Cell 31:201-213. 

Champoux, J.J. 1978. Proteins that affect. DNA conformation. Ann. 
Rev. Bioch. 47:449-479. 

Champoux, J.J. and R. Dulbecco. 1972. An activity from mammalian 
cells that untwists superhelical DNA- a possible swivel for DNA 
replication. Proc. Natl. Acad. Sci. USA 69:143-146. 

Collins, A. and R. Johnson. 1979. Novobiocin; an inhibitor of the 
repair of UV-induced but not X-ray-induced damage in mammalian 
cells. Nuc. Acids Res. 7:1311-1320. 

Conaway, R.C. and I.R. Lehman. 1982. Synthesis by the DNA primase of 
Drosophila melanogaster of a primer with a unique chain length. 
Proc. Natl. Acad. Sci. USA 79:4585-4588. 

Cook, P.R. and I.A. Brazell. 1975. Supercoils in hUman DNA. J. Cell 
Sci. 19 : 26 1-279. 

Cook, P.R., I.A. Brazell and E. Jost. 1976. Characterization of 
nuclear structures containing superhelical DNA. J. Cell Sci. 
22:303-324. 

Crawford, L. and M. Waring. 1967. Supercoiling of polyoma virus DNA 
measured by its intercalation with ethidium bromide. J. Mol. 
BioI. 25:23-30. 

Crumplin, G.C. 1981. The involvement of DNA topoisomerases in DNA 
repair and mutagenesis. Carcinogenesis 2:157-160. 

Cummings, D. 1964. Sedimentation and biological properties of T-even 
phages of Escherichia~. Virology 23:408-418. 

DaHner, G., P. Siekevitz and G. Palade. 1966. BiogeneSis of 
endoplasmic reticulum membranes. J. Cell BioI. 30:97-117. 



110 

Darrow, R.A. and S.P. Colowick. 1962. Hexokinase from baker's yeast. 
Meth. Enz. 5:226-235. 

Davis, R.W., N.M. Simon and N. Davidson. 1971. Electron microscope 
heteroduplex methods for mapping regions of base sequence 
homology in nucleic acids. Meth. Enz. 21:413-428. 

DePamphilis, M. and P. Wassarman. 1980. Eukaryotic DNA replication. 
Ann. Rev. Bioch. 49:627-666. 

De Wyngaert, M.A. and D.C. Hinkle. 1979. Involvement of DNA gyrase 
in replication and transcription of bacteriophage T7 DNA. J. 
Virol. 29:529-535. 

Drlica, K., E.C. Engle and S.H. Manes. 1980. DNA gyrase on the 
bacterial chromosome: possibility of two levels of action. Proc. 
Natl. Acad. Sci. USA 77:6879-6883. 

Drl1ca, K. and M. Snyder. 1978. 
relaxation by coumermycin. 

Superhelical Escherichia ~ DNA: 
J. Mol. BioI. 120:145-154. 

Dubnau, • and P. Margolin. 1972. Suppression of promoter mutations 
by the pleiotropic supX mutations. Molec. Gen. Genet. 117:91-
112. 

Eberle, H. and W. Masker. 1971. Effect of nalidixic acid on 
semiconservative replication and repair synthesis after 
ultraviolet irradiation in Escherichia QQJ.1. J. Bact. 105:908-
912. 

Edenberg, aJ. 1980. Novobiocin inhibition of simian virus 40 DNA 
replication. Nature 286:529-531. 

Epstein, R.H., A. Bolle, C.M. Steinberg, E. Kellenberger, E. Boy de la 
Tour, R. Chevalley, R.S. Edgar, M. Susman, D. Denhardt and A. 
Leilausis. 1963. Physiological studies of conditional lethal 
mutants of bacteriophage T4D. Cold Spring Ha~bor Symp. Quant. 
BioI. 288:375-394. 

Fairfield, F.R., W.R. Bauer and M.V. Simpson. 1979. Mitochondria 
contain a distinct DNA topoisomerase. J. BioI. Chem. 254:9352-
9354. 

Fairweather, N.F., E. Orr and I.B. Holland. 1980. Inhibition of 
deoxyribonucleic acid gyrase: effects on nucleic acid synthesis 
and cell division in Escherichia .Q.Qll K12. J. Bact. 142:153,· 
161. 



111 

Filutowicz, M. 1980. Requirement of DNA gyrase for the initiation of 
chromosome replication in Escherichia £2l1 K12. Molec. Ge~ 
Genet. 177:301-309. 

Finch, J., L. Lutter, D. Rhodes, R. Brown, B. Rushton, M. Levitt and 
A. Klug. 1977. Structure of nucleosome core particles of 
chromatin. Nature 269:29-36. 

Frankel, F.R., M.L. Batcheler and C.K. Clark. 1971. The role of gene 
49 in replication and head morphogenesis in bacteriophage T4. J. 
Mol. Biol. 62:439-463. 

Fuller, R.S., J.M. Kaguni and A. Kornberg. 1981. Enzymatic 
replication of the origin of the Escherichia ~ chromosome. 
Proc. Natl. Acad. Sci. USA 78:7370-7374. 

Gellert, M., K. Mizuuchi, M.H. O'Dea, T. Itoh and J. Tomizawa. 1977. 
Nalidixic acid resistance: a second genetic character involved in 
DNA gyrase activity. Proc. Natl. Acad. Sci. USA 74:4772-4776. 

Gellert, M., K. Mizuuchi, M.H. O'Dea and H.A. Nash. 1976. DNA 
gyrase: an enzyme that introduces superhelical turns into DNA. 
Proc. Natl. Acad. Sci. USA 73:3872-3876. 

Geuskens, M., N. Hardt, G. Pedrali-Noy and S. Spadari. 1980. An 
autoradiographic demonstration of nuclear DNA replication by DNA 
polymerase ~ and of mitochondrial DNA synthesis by DNA polymerase 
n. Nuc. Acids Res. 9:1599-1613. 

Goto, T. and J.C. Wang. 1982. Yeast DNA topoisomerase II. An ATP
dependent type II topoisomerase that catalyzes the catenation, 
decatenation, unknotting, and relaxation of double-stranded DNA 
rings. J. Biol. Chem. 257:5866-5872. 

Gottlieb, C., J. Baeziger and S. Kornfeld. 1975. Deficient uridine 
diphosphate-N-acetyl glucosam1ne: glycoprotein N
acetylglucosaminyl transferase activity in a clone of Chinese 
hamster ovary cells with altered surface glycoproteins. J. Biol. 
Chem. 250:3303-3309. 

Grosschedl, R. and M.~ Birnstiel. 1980. Spacer DNA sequences 
upstream of the T-A-T-A-A-A-T-A sequence are essential for 
promotion of H2A histone gene transcription in~. Proc. Natl. 
Acad. Sci. USA 77:7102-7106. 



112 

Haigler, H., J.A. McKanna and S. Cohen. 1979. Direct visualization 
of the binding and internalization of a ferritin conjugate of 
epidermal growth factor in human carcinoma cells A431. J. Cell 
BioI. 81:382-395. 

Halpern, M.E., T. Mattson and A. Kozinski. 1979. Origins of T4 DNA 
replication as revealed by hybridization to cloned genes. Proc. 
Natl. Acad. Sci. USA 76:6137-6141. 

Hamilton, S. and D.E. Pettijohn. 1976. Properties of condensed 
bacteriophage T4 DNA isolated from Escherichia QQl1 infected with 
bacteriophage T4. J. Virol. 19:1012~1027. 

Harland, R.M. and R.A. Laskey. 1980. Regulated replication of DNA 
microinjected into eggs of Xenopus leayis. Cell 21:761-771. 

Hays, J.B. and S. Boehmer. 1978. Antagonists of DNA gyrase inhibit 
repair and recombination of UV-irradiated phage ~. Proc. Natl. 
Acad. Sci. USA 75:4125-4129. 

Higgins, N.P., C.L. Peebles, A. Sugino and N.R. CozzareUi. 1978. 
Purification of subunits of Escherichia ~ DNA gyrase and 
reconstitution of enzymatic activity. Proc. Natl. Acad. Sci. USA 
75: 1773-1777. 

Hinkle, D.C. and C.C. Richardson. 1975. Bacteriophage T4 
deoxyribonucleic acid replication in vitro. J. BioI. Chem. 
250:5523-5529. 

Holmes, G.E., S. Schneider, C. Bernstein and H. Bernstein. 1980. 
Recombinational repair of mitomycin C lesions in phage T4. 
Virology 103:299-310. 

Hsieh, T. and D. Brutlag. 1980. ATP-dependent DNA topoisomerase from 
~ melanogaster reversibly catenates duplex DNA rings. Cell 
21:115-125. 

Huberman, J.A. 1981. New views of the biochemistry of eucaryotic DNA 
replication revealed by aphidicolin, an unusual inhibitor of DNA 
polymerase 0(. Cell 23: 647 -648. 

laberg, R.R. and M. Syvanen. 1982. DNA gyrase is a host factor 
required for transposition of Tn5. Cell 30:9-18. 

Itoh, T. and J. Tomizawa. 1977. Involvement of DNA gyrase in 
bacteriophage T7 DNA replication. Nature 270:78-80. 



Kaguni, J.M., R.S. Fuller and A. Kornberg. 1982. Enzymatic 
replication of ~ ~ chromosomal origin is bidirectional. 
Nature 296:623-627. 

113 

Keller, W. and I. Wendel. 1974. Stepwise relaxation of supercoiled 
SV40 DNA. Cold Spring Harbor Symp. Quant. BioI. 39:199-208. 

Kemper, B. and DoT. Brown. 1976. Function of gene 49 of 
bacteriophage T4. II. Analysis of intracellular development and 
the structure of very fast sedimenting DNA. J. Viral. 18:1000-
1015. 

Klar, A.J.S., J.N. Strathern, J.R. Broach and J.B. Ricks. 1981. 
Regulation of transcription in expressed and unexpressed mating 
type cassettes of yeast. Nature 289:239-244. 

Kreuzer, K.N. and N.R. Cozzarelli. 1979. Escherichia ~ mutants 
thermo sensitive for deoxyribonucleic acid gyrase subunit A: 
effects on deoxyribonucleic acid replication, transcription, and 
bacteriophage growth. J. Bact. 140:424-435. 

Kung, V.T. and J.C. Wang. 1977. Purification and characterization of 
an w protein from rUcrococcus~. J. Biol. Chem. 252:5398-
5402. 

Laemmli, U.K. 1970. Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227:680-685. 

Lin, P.F. and P. Howard-Flanders. 1976. Genetic exchanges caused by 
ultraviolet photoproducts in phage A DNA molecules: the role of 
DNA replication. Molec. Gen. Genet. 146:107-115. 

Liu, C.C., R.L. Burke, U. Hibner, J. Barry and B. Alberts. 1979a. 
Probing DNA replication mechanisms with the T4 bacteriophage in 
~ system. Cold Spring Harbor Symp. Quant BioI. 43:469-487. 

Liu, L.F., C.-C. Liu and B.M. Alberts. 1979b. T4 DNA topoisomerase: 
a new ATP-dependent enzyme essential for initiation for T4 
bacteriophage DNA replication. Nature 281:456-460. 

Liu, L.F. and J.C. Wang. 1975. On the degree of unwinding of the DNA 
helix by ethidium. IL studies by electron microsopy. Biochim. 
Biophys. Acta 395:405-412. 

Liu, L.F. and J.e. Wang. 1978. Micrococcus luteus DNA gyrase: active 
components and a model for its supercoiling of DNA. Proc. Natl. 
Acad. Sci. USA 75:2098-2102. 



114 

Low, R.L., K. Arai and A. Kornberg. 1981. Conservation of the 
primosome in successive stages of ~X174 DNA replication. Proc. 
Natl. Acad. Sci. USA 78:1436-1440. 

Marians, K.J., J.-E. Ikeda, S. Schlagman and J. Hurwitz. 1977. Role 
of DNA gyrase in ~X replicative-form replication in ~ Proc. 
Natl. Acad. Sci. USA 74:1965-196888. 

Marsh, R.C., A.M. Braschkin and G. Mosig. 
of bacteriophage T4 DNA replication. 

1971. Origin and direction 
J. Mol. BioI. 60:213-233. 

Martin, R.G. and V.P. Stelow. 1980. The initiation of SV40 DNA 
synthesis is not unique to the replication origin. Cell 20:381-
391. 

Mattern, M.R. and R.B. Painter. 1979. Dependence of mammalian DNA 
replication on DNA supercoiling. II. Effects of novobiocin on DNA 
synthesis in Chinese hamster ovary cells. Biochim. Biophys. Acta 
563:306-312. 

McCarthy, D. 1979. Gyrase-dependent initiation of bacteriophage T4 
DNA replication: interacticn of Escherichia QQl1 gyrase with 
novobiocin, coumermycin and phage DNA-delay gene products. J. 
Mol. BioI. 127:265-283. 

McCarthy, D., C. Minner, H. Bernstein and C. Bernstein. 1976. DNA 
elongation rates and growing point distributions of wild-type 
phage T4 and a DNA-delay amber mutant. J. Mol. BioI. 106:963-
981. 

McClintock, B. 1952. Chromosome organization and genic expression. 
Cold Spring Harbor Symp. Quant. BioI. 16:13-47. 

McClintock, B. 1957. Controlling elements and the gene. Cold Spring 
Harbor Symp. Quant. BioI. 21:197-216. 

McHenry, C. and A. Kornberg. 1977. DNA polymerase III holoenzyme of 
Escherichia £2l1. J. BioI. Chem. 252:6478-6484. 

Messer, W., L. Dankworth, R. Tippe-Schindler, J.E. Womack and G. Zahn. 
1975. Regulation of the initiation of DNA replication in 
Escherichia £2l1. Isolation of I-RNA and the control of I-RNA 
synthesis. ICN-UCLA Symp. on Molec. and Cell. BioI. III. pp. 
602-617. 

Miller, K.G., L.F. Liu and P.T. Englund. 1981. A homogeneous type II 
topoisomerase from HeLa cell nuclei. J. BioI. Chem. 256:9334-
9339. 



Minagawa, T. and Y. Ryo. 1978. Substrate specificity of gene 49-
controlled deoxyribonuclease of bacteriophage T4: special 
reference to DNA packaging. Virology 91:222-233. 

Miskimins, R., S. Schneider, V. Johns and H. Bernstein. 1982. 

115 

Topoisomerase involvement in multiplicity reactivation of phage 
T4. Genetics 101:157-177. 

Miskimins, W.K., W.R. Ferris and N. Shimizu. 1981. Genetics of 
receptors for bioactive polypeptides: a variant of Swiss/3T3 
fibroblasts resistant to a cytotoxic insulin accumUlates lysosome 
like vesicles. J. Supramol. Struct. 16:105-113. 

Miskimins, W.K. and N. Shimizu. 1982a. Dual pathways for epidermal 
growth factor processing after receptor-mediated endocytosis. J. 
Cell Physiol. 112:327-338. 

Miskimins, W.K. and N. Shimizu. 1982b. Invol vement of multiple 
subcellular compartments in intracellular processing of epidermal 
growth factor. J. Cell Biochem. 20:41-50. 

Mizuuchi, K. and M. Gellert. 1978. Involvement of supertwisted DNA 
in integrative recombination of bacteriophage lambda. J. Mol. 
BioI. 121:375-392. 

Mosig, G. 1970. A preferred origin and direction of bacteriophage T4 
DNA replication. J. Mol. BioI. 53:503-514. 

Mufti, S. and H. Bernstein. 1974. 
bacteriophage T4. J. Virol. 

The DNA-delay mutants of 
14:860-871. 

Mukai, F.B. and P. Margolin. 1963. Analysis of unlinked suppressors 
of an 00 mutation in Salmonella. Proc. Natl. Acad. Sci. USA 
50:140-148. 

Nakayama, K. and A. Sugino. 1980. Novobiocin and nalidixic acid 
target proteins in yeast. Bioch. Biophys. Res. Comma 96:306-
312. 

Naot, Y. and C. ShaH tin. 1973. Role of gene 52 in bacteriophage T4 
DNA synthesis. J. Virol. 11:862-871. 

Nasmyth, K.A., K. Tatchell, B.D. Hall, C. Astell and M. Smith. 1981. 
A pos1tion effect in the control of transcription at yeast mating 
type loci. Nature 289:244-250. 



116 

Nickerson, J.A. and W.W. Wells. 1978. Association of 
nucleosidediphosphate kinase with microtubules. Bioch. Biophys. 
Res. Comm. 85:820-826. 

Ogasawara, N., M. Seiki and H. Yoshikawa. 1981. Initiation of DNA 
replication in Bacillus subtlli12. V. Role of DNA gyrase and 
superhelical structure in initiation. Molec. Gen. Genet. 
181 :332-337. 

Orr, E., N.F. Fairweather, I.B. Holland and R.H. Pritchard. 1979. 
Isolation and characterisation of a strain carrying a conditional 
lethal mutation in the cou gene of Escherichia ~ K12. Molec. 
Gen. Genet. 177:103-112. 

Orr, E., P.A. Meacock and R.H. Pritchard. 1978. Genetic and 
physiological behaviour of an Escherichia ~ strain carrying 
the dnaA mutation T46. In ~NA Synthesis - present and future". 
(I.J. Molineux and M. Kohiyama. eds.) pp. 85-100. Plenum Press, 
New York. 

Painter, R.B. and B.R. Young. 1976. Formation of nascent DNA 
molecules during inhibition of replicon initiation in mammalian 
cells. Biochim. Biophys. Acta 418:146-153. 

Pardee, A.B., G.P. V. Reddy and H. Noguchi. 1982. DNA replica tion in 
a multienzyme complex. Proc. 13th IntI. Cancer Congress p.22. 

Pardoll, D.M., B. Vogelstein and D.S. Coffey. 1980. A fixed site of 
DNA replication in eucaryotic cells. Cell 19:527-536. 

Pedrali-Noy, G. and S. Spadari. 1980. Mechanism of inhibition of 
Herpes simplex virus and vaccinia virus DNA polymerases by 
aphidicolin, a highly specific inhibitor of DNA replication in 
eucaryotes. J. Virol. 36:457-464. 

Pettijohn, D.E. and O. Pfenninger. 1980. Super coils in prokaryotic 
DNA restrained ~~. Proc. Natl. Acad. Sci. USA 77:1331-
1335. 

Povirk, L.F. and R.B. Painter. 1976. The effect of 313 nanometer 
light on initiation of replicons in mammalian cell DNA containing 
bromodeoxyuridine. Biochim. Biophys. Acta 432:267-272. 

Probst, E., A. Kressman amd M.L. Birnstiel. 1979. Expression of sea 
urchin histone genes in the oocyte of Xenopus laeyis. J. Mol. 
BioI. 135:709-732. 



117 

Puga, A. and I. Tessman. 1973. Mechanism of transcription of 
bacteriophage S13 II. Inhibition of phage-specific transcription 
by nalidixic acid. J. Mol. Biol. 75:99-108. 

Reddy, G.P.V., H. Noguchi and A.B. Pardee. 1982. Expression of 
thymidylate synthetase activity in intact mammalian cells. Fed. 
Proc.41:1027. 

Reddy, G.P. V. and A.B. Pardee. 1980. Mul tienzyme complex for 
metabolic channeling in mammalian DNA replication. Proc. Natl. 
Acad. Sci. USA 77:3312-3316. 

Reddy, G.P.V. and A.B. Pardee. 1982. Coupled ribonucleoside 
diphosphate reduction, channeling, and incorporation into DNA of 
mammalian cells. J. Biol. Chem. 257:12526-12531. 

Ryan, M.J. 1976. Coumermycin A1: a preferential inhibitor of 
replicative DNA synthesis in Escherichia~. I. In ~ 
characterization. Biochem. 15:3769-3777. 

Ryan, M.J. and R.D. Wells. 1976. Coumermycin At a preferential 
inhibitor of replicative DNA synthesis in scherichia~. II. 
In ~ characterization. Biochem. 15:3778-3782. 

Sala, F., M.G. Galli, M. Levi, D. Burroni, B. Parisi, G. Pedrali-Noy 
and S. Spadari. 1981. Functional roles of the plant 0\ -like and 
~-like DNA polymerases. FEBS Lett. 124:112-118. 

Sanzey, B. 1979. Modulation of gene expression by drugs affecting 
deoxyribonucleic acid gyrase. J. Bact. 138:40-47. 

Sarachu, A.N., J.C. Alonso and O. Grau. 1980. Novobiocin blocks the 
shutoff of SP01 early transcription. Virology 105:13-18. 

SchleSSinger, J., Y. Shechter, M.C. Willingham and I. Pastan. 1978. 
Direct visualization of binding, aggregation, and internalization 
of insulin and epidermal growth factor on living fibroblastic 
cells. Proc. Natl. Acad. Sci. USA 75:2659-2663. 

Seasholtz, A. and G.R. Greenberg. 1983. Identification of 
bacteriophage T4 gene 60 product and a role for this protein in 
DNA topoisomerase. J. Biol. Chem. 258:1221-1226. 

Shuman, H. andM. Schwartz. 1975. The effect of nalidixic acid on 
the expression of some genes in Escherichia £21i K12. Bioch. 
Biophys. Res. Comm. 64:204-209. 



118 

Sinha, N.K., C.F. Morris and B.M. Alberts. 1980. Efficient.1n vitro 
replication of double-stranded DNA templates by a purified T4 
bacteriophage replication system. J. BioI. Chem. 255:4290-4303. 

Smith, C.L., M. Kubo and F. Imamoto. 1978. Promoter-specific 
inhibition of transcription by antibiotics which act on DNA 
gyrase. Nature 275:420-423. 

Spadari, S., F. Sala and G. Pedrali-Noy. 1982. Aphidicol1n: a 
specific inhibitor of nuclear DNA replication in eukaryotes. 
Trends Bioch. Sci. 3:29-32. 

Stetler, G.L., G.J. King and W.M. Huang. 1979. T4 DNA-delay 
proteins, required for specific DNA replication, form a complex 
that has ATP-dependent topoisomerase activity. Proc. Natl. Acad. 
Sci. USA 76:3737-3741. 

Sugino, A. and K.F. Bot t. 1980. Bacillus subtilis deoxyribonucleic 
acid gyrase. J. Bact. 141:1331-1339. 

Sugino, A., N.P. Higgins, P.O. Brown, C.L. Peebles and N.R. 
Cozzarelli. 1978. Energy coupling in DNA gyrase and the 
mechanism of action of novobiocin. Proc. Natl. Acad. Sci. USA 
75:4838-4842. 

Sugino, A., H. Kojo, B. Greenberg, P.O. Brown and K.C. Kim. 1981 • .In 
.Y.1.t.r.Q. replication of yeast 2 um plasmid DNA. In "ICN-UCLA 
Symposia on Molecular and Cellular Biology". Vol. 21. (D.S. Ray 
and C.F. Fox eds.) pp. 529-553. Academic Press, New York. 

Sugino, A. and K. Nakayama. 1980. DNA polymerase 0( mutants from a 
Drosoohila melanogaster cell line. Proc. Natl. Acad. Sci. USA 
77 :7049-7053. 

Sugino, A., C.L. Peebles, K.N. Kreuzer and N.R. Cozzarelli. 1977. 
Mechanism of action of nalidixic acid: purification of 
Escherichia ~ nal A gene product and its relationship to DNA 
gyrase and a novel nicking-closing enzyme. Proc. Natl. Acad. 
Sci. USA 74:4767-4771. 

Walters, R.A. and C.E. Hildebrand. 1975. Evidence that X-irradiation 
inhibits DNA replicon initiation in Chinese hamster cells. 
Biochem. Biophys. Res. Comma 65:265-271. 

Wang, J. 1969. Degree of superhelicity of covalently closed cyclic 
DNA's from Escherichia~. J. Mol. BioI. 43:263-272. 



Wang, J.C. 1971. Interaction between DNA and an Escherichia ~ 
protein W. J. Mol. Biol. 55:523-533. 

119 

Warner, H.R. and M.D. Hobbs. 1967. Incorporation of uracll-14C into 
nucleic acids in Escherichia ~ infected with bacteriophage T4 
and T4 amber mutants. Virology 33:376-384. 

Watanabe, I. 1974. Radiation effects on DNA chain growth in 
mammalian cells. Radiat. Res. 58:541-556. 

Weinstein, B.I., N. Bhardwaj and H.-C. Li. 1975. A rapid and 
accurate procedure for assaying DNA polymerase, RNA polymerase or 
ribosome dependent protein synthesis. Anal. Bioch. 68:62-69. 

Weintraub, H., A. Worcel and aM. Alberts. 1976. A model for 
chromatin based upon two symmetrically paired half-nucleosomes. 
Cell 9:409-417. 

Wickner, S. and J. Hurwitz. 1974. Conversion of 4>X174 viral DNA to 
double-stranded form by purified Escheriqhia ~ proteins. 
Proc. Natl. Acad. Sci. USA 71:4120-4124. 

Willingham, M.C. and I. Pastan. 1982. Transit of epidermal growth 
factor through coated pits of the Golgi system. ~ Cell Biol. 
94:207-212. 

Worcel, A. and E. Burgi. 1972. On the structure of the folded 
chromosome of .K....Q.Qll. J. Mol. Blol. 71: 127-147. 

Yang, H.-L., K. Heller, M. Gellert and G. Zubay. 1979. Differential 
sensitivity of gene expression In ~ to inhibitors of DNA 
gyrase. Proc. Natl. Acad. Sci. USA 76:3304-3308. 

Yarosh, D.E., V. Johns, S. Mufti, C. Bernstein and E. Bernstein. 
1980. Inhibition of UV and psoralen-plus-light mutagenesis in 
phage T4 by gene 43 antimutator polymerase alleles. Photochem. 
Photobiol. 31:341-350. 

Yegian, C.D., M. Mueller, G. Selzer, V. Russo and F.W. Stahl. 1971. 
Properties of the DNA-delay mutants of bacteriophage T4. 
Virology 46:900-919. 

Zyskind, J.W., L.T. Deen and D.W. Smith. 1977. Temporal sequence of 
events during the initiation process in Escherichia ~ 
deoxyribonucleic acid replication: roles of the dnaA and dnaC 
gene products and ribonucleic acid polymerase. J. Bact. 
129:1466-11175. 


