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ABSTRACT 

In this tnesis, horizontal slab gel electrophoresis is presented as an 

alternative ta alkaline sucrase gradients for the detectlon and sizing of 

Okazaki fragments. When CV-l cells were unif ormly labl.ed with 14C-labeled 

r 
tfiymidine, pulse-Iabeled for 30 seconds with [3Hlthymidine, lysed and run on 

0.7% agarose gels, the large 14C-Iabeled bulk was found in â peak at the top 

of the gel, whereas "the 3H was found in small molecular weight DNA at the 

gel bottom. This 3H peak representing Okazaki fragments comigrated with the 

bulk 14C label after pulse-chasing. Agarose gels thus displ.ay the typical 

pulse and pulse-chase characteristics of Okazaki fragments and can he used 

to separate Okazaki fragments from bulk following direct lysis of cells. 

Okazaki fragments released by direct lysis of ceUs and those obtained by 

various methods of purification were compared electrophoretically on 0.7% 

agarose gels and found to be similar iri migration pattern. When the Okazaki 

fragments from the purified and crude lysate pro'cedures were sized on 

agarose gels using [Und III ·digested SV40 as a marker, molecular weights of 

2.15 x 105 , and 2.3 x 105 were determined for the fragments respectively. 
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L'UTILISATION DE L'ELECTROPHORESE SUR GEL D'AGÀROSE POUR DETERMINER 

LA TAILLE DES MOLECULES D'ADN DANS LES LYSATS DE CELLULES 

Susan Freidenrich 

M.Sc. 'rhése 

Département de Microbiologie et Immunologie 

RESUME 

D~7-cette these l'électrophorèse sur gel horizontal 
1 
1 

est presentée 

comme une alternative aux gradients alcalins de sucrose, dans le but de 

dét~cter et la déterminer la taille des fragments d:Okazaki. Lorsque les 

cellules CV-l"" uniformément marquées sont alors pulsées à la thymidine 3H 

pour 30 secondes, puis lysées et déposées sur des gels de 0.7% agarose, nous 
,~ 

avons constate que la plus grande partie de 14C est res tée à la base ciu gel, 

tandis que le 3H - 'est retrouvé au front, dans l'ADN à faible poids 

moléculaire; celui-ci, représentant les fragments d'Okazaki. Après le 

pu~-chase tout le matérial tritié migre avec le 14C - les gels d' agarose 

montrent ainsi les caractéristiques particuliéres des fragments d'Okazaki 
l 

lors du pulse et du pulse-chase. Les gels peuveut ètre utilisés pour les 
4 

fragments d'Okazaki à partir d' extrai ts cellulaires brut's, directement après 

la lyse des cellules - les fragments d'Okazaki isolés à partir de lysats de 

cellules et ceux obtenus par d'autres methodes de purification ont été 

comparés sur des gels de 0.7% d'agarose. Le mode de migration est similaire 
" 

- les poids moleculaires, mesurés à partir de SV40 digéré par Hind III 

utilise colrune marqueur, sont de 2.15 x 10 5 pour les fragments purifiès et de 
1 

2.3 x 105 ' pour les fragment~ provenant de ly;ats. 
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INTRODUCTION: 

The purpose of the experiments in this thesis is the development of a 

convenient, accurate, 

events in mammalian 

and reproduc1ble. te~hniqoe to 'anaIyze DNA replication 
~ l , 

cells 1 that can replace alkaline sucrose 'gradient 

V' 

analysis. In alkal1ne sucrose gradient analysis, one- establ1shes a density 

gradient along the length of a centrifuge tube, layers a dilute solution of 
'Ii 

DNA on top of the gpdient, and centrifuges the tubes at high speeds until 
, , ') 

the molecule~ of interest have sedimented part way along the length of the 

tube. In tilis way/ molecule5 are separated according ta their rate of 

sedimentation, which ls eipressed as the sedimentation coefficient s. 

s '" dx/dt, where x i5 the distance from the centre of 
\ 

rotation, w the angular velocity in radians per second, and t the time in 

seconds~ A sedImentation COefficient of lxlO- 13 seconds. is called a 

Svedberg unit, or ~imply_ a Syedberg, abbreviated' S. The sedimentation 

coefficient is a function of both the weight and shape of the Molecule in 

solution, and the distribution of S reflects the distribution of molecular 

sizes or states in a population. Alkaline sucrose gradient centrifugation 

allows convection-free sedimentation at very 10'.1 DNA con~trati.ons 1 and a 

wide variety of solvénts can be employed (Studier, 1965). DNA la beled by 

extremely short pulses of [3H 1 thymidine i9 partly in the form of Molecules 

much shorter than bulk .DNA, and migrates only a short distance into the 

gradient. This peak represents chains that initiated du ring the pulse 

(Okazaki fragments). 

In this thesis, horizontal slab gel ele~troPhore~is is presented as a 

u~eful alternative far studies of this type., It affer~ excellent resolution, . , 

for DNA of malecular weights up to at Ieast 26 .5xl0 6 , with differences of 

.. " 
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less than 10% molecular weight being readily resolved. Gel elec t ro-
, '" 

phoresis ~oeparates DNA according to length. The logarith~ 

molecular weights ·when~. plotted against relative 

'" linear plot by 'N,hieh other molecular wetghts can be accurately 

(McDonell. et al., 1977). When 'compared ta the vertical slab gel 

horizontal slab gel used in these experiments off ers gre,ater fle 

gel handling for drying and staining procedures. . . Unlike 

of known 

permi ts the camparison of multiple samples on the same gel. :vIest important, 
'. 

gel elctrophoresis avercomes Sorne of the diffieulties encountered in 

alkaline sucrase gradiertt work. In suc rose gradient ce~trifugation, there 

i5 difficulty in separating, , and hence sizlng, very small short 

chain DNA fram of larger DNA. 
, 

However, with gel electr phoresis, smal1 moleeules move faster than large, 

"" and therefore it should be possible ta separate short DNA eh!.iins free from 
'_t 

contamination by larger molecular weight species even though the latter 

constitute the bulk of the DNA. Also. when cells are lysed on alkaline 

sucrose gradients. an artifact 15 seen that mimics the sedimentation 

properties of Okazaki fragments. The artifaet [s a small fraction of 

, unin'corporated radioactive precurser which caprecipitates wi th acid 

insoluble contaminating cellular protej..ns (Edenberg and Huberman, 1975). 

The results- of rtrf experiments show that a gel electrophoresis system .. ' 

could be used as an alternative to alkal1ne sucrase gradient analy.sis for 

DNA repl1cation events in mamm.alian cells. The 5lab gels display the 

conventional pulse and pulse-chase characteristics of Okazaki fragments. 

They can be used ta separate Okazaki fragments from bulk' DNA and also 

provide an accurate means of sizing DNA. 

'. 
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ln this thesis t l will review the mechanism of discoittinuous synthesi~ 

of DNA and then present my experimental results.' 
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Discontinuous Synthesls of DNA , 

The mechanisID of DNA chain growth at the replication fork has long been 

a subject of interest • ~arly work by Mes~lSon and 'Stahl (1958) indicated 

that replication of the E. coli bacterial chromosome proceeds sequentially. 

This, led to the inference that both daughter strands of chromosomal DNA grow , 

continuously, the direction"'of synthesis being 5'---1 3' on one strand, and 

3' ---7 5' on the other. This presents a fundamental problem,: no known DNA 

polymeras'e can synthesize 'in the 3 '---1 5' direction 1. e. add nucleotides to 

the 5' en:./the chain (K~rnberg, 1960). The work 'of Okazaki (ta he 

di"scussed in detail below), using a prokaryotic. system, provided a modei 

whereby the above difficulty coul~ be avoided. H~Uggested that DNA was 

synthesized in vi va by a discontinuous method. This model assumes that in 

either one or bath template strands, short stretches of DNA (generally 

called Okazaki fragments) are synthésized in the 5' --1 3' di'rection, and 

then linked together so that the ,overaii direction of s~nthesis appears to - , ~ 

From this modei ol discontinuous replication, 2 predictions were made 
" 

which provide the basis' f'Or much of the future work done in this area. 

These are: 

1) "The most reeently replicated portion of l'or bath daughter strands 

can be.isol~ted after denaturation as short DNA chains distinct from large 
.. , 

DijA molecules deri ved from the l'est of the chromosomes. No such diff erence 

-in moietular size wouid be expected from a mechanism of c.ontinuous 

synthesis. 

2) Select! ve and temporal inhibition of the enzyme~ for the formation. 
r 

of phosphodiester liI!.kages between DNA chains wUl resul"t in a marked 

ac~ùmu~ation of the nascent shott chains. (Okazaki et el. , 1968a) • 

" 

-, 

ft 
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,To clar if y 
\ 

the) mechanism of DNA chain growth (i.e. continuous or dis-

continuous), it is necessary ta determine the structure of the'most recently 

replicated po~tion of the chromosome; tnat is the portion selectively 

labeled by an extremely short radioa~tive,,~lse (Okazaki et' aL, 1968b). 

- 1 

Sakabe and Okazaki (1966) uniformly labeled E. coli 15T cells with 

[14C] thy~dine for several generation"s, and then, after a brief period of 

, r ~ 

thymidine starvation, pulse-Iabeled these cells ,with [3H 1 thymidine for 10 

se~onds at 20°C. The extracted DNA.was denatured in alkali and subjected to 

preparat1ve zone sedimentation in 'an alkaline sucrose -&radient. Analysis 

of the radioactivity showed that W'hile 14C-labeled DNA was found almost 

exc1usively at the bottOill' o'i the centrifuge tube, most of the 3H' was 

recovered in a slowly sedifuenting band. The average sedimentation 

coefficients of 14C and 3H-labeled DNA in their denatured conformations ~ere 

40S and 7S respectively. When the 10 second pulse-labeling was followed by 

a 2 minute chase with l,1lllabeled thymidine, the 3H band moved towards the 

bottom of the tube, and little difference was found 'between the 

distributions of 14C and 3H-Iabeled DNAs after a 20 minute chase. 

Therefore, 3H-Iabeled DNA from 'the pulse-Iabeled cells ls characteristlc of 

• the replica'ting region of the chromosome. lts sedimentation pattern bears 

out the f.4rst prediction made from the model of discontlnuous replication, 

whereby short stretches of DNA are synthesized by a 5'--;3' reaction at the 

replicating-point, and then subsequentlj connected to the growing strand. 

Testing' of the second prediction was made possible' 
\ 

by the 

identification of two - T4 phage mutants, temperature sensitive for the 
1 

formation of the ~nz'yme polynucleotide ligase. When E. coli BIS cells, 

infected at the per~~slve temperature with mutant T4tsA80, were shifted to 

.. 

" 
1 



-

, , 

L.J 
the non permissive, temperature, 4nd pulse-Iabeled with (3H)thymidine 

1 

6 

for 

40 - 60 seconds, the majority of rad:L.oactivity was found in short, DNA 

chains, with little 3H appearing in the fast sedimenting material. When the 
" 

'/ 

same experiment was performed using wild type phage,' most 6f the 

"radioacti vit Y was in larger DNA chains with a sedimentati,{m coefficient of 

greater than 30S. Thus, in the temperature sensitive mutants, th~ short DNA 

chains are' produced but their joining is inhibited almost completely 

(Okazaki et 'al., 1968a). Therefore, Okazaki 's results are in accordance 

with the idea that in prokaryotes, DNA replicates in vivo by a discontinuous 

mechanism. 

Current evidence suggests that a similar process occurs in eukary'otes 

CSchandl and Taylor, 1970; Huberma~ and Horwitz, 1973; Gautschi and 

Clarkson, 1975). However, discontinuous replication needs Uequent 

'initiation of synthesis of new chains, and no known DNA polymerase can carry 

out de nova chain initiation. Present Evidence sugge8ts the existence of an 

RNA primer that can be extended by a DNA polymerase. Schematically the 

succession of events leading to chain growth are: 1) initiation of new 

fragments by an RNA polymerase; 2) Elongation of the initiating RNA strand 

by a DNA polymerase; 3) removal of the RNA, possib1y by an RNase-H; 

4) elongation of the "old" DNA strand by a 'gap-filling DNA polymerasej 

5) ligation of the final phosphodiester bond by a DNA ligase (Pigiet et al.) 

1974) • 

Formation of Replication Intermediates 

In spite of the general acceptance ,of the above scheme, it i8 necessary 

to note other p6ssible mechanisms whi-ch could lead to the formation of 
~ 

r 

re~lication interm~diates. These include: . 
fi 

1) endonuclease cleavage of n~wly synthesized DNA during the isolation 

" 
\ 
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procedure. The work of Blumenthal and Clark (1977 a). uÙng Drosophila 
'-

embryo DNA, does not support this mechanism. -Using a variety of stringent 

cell lysis conditions, ,they produced the same size-distri bution of re-

plication intermediates on sedimentation velocity gradients. They also 

assessed endoauclease activity (assayed by the nicking of SV40 form 1) and 

found it ta be negligible under their experimental conditions. Okazaki et 

al. (1968a) have also obtained similar results when they used different 

experimental procedures in a number of different systems (including' an' --
endonuclease I-deficient E. coli stra~n). l t . '''Nas a~ shawn that 

degradation of large DNA molecules is not responsible for the smaii DNA 

molecules isolated. The behaviour of large DNA molecules was observed on 

alkaline sucrase gradients along wi th lysa t es containing DNA pulse-la beled 

with [3HJthymidine for 30 seconds. Approximately 11 % of the uniformly 

labeled 14C DNA sedimented in the a-lOS regian along with 60% Ofl the 3H 

counts. Subjecting the lysate ta hi~ shear force didn't affect 
. 

the 

percentage of 14C DNA molecules in the -0-10S region (Blumenthal and Clark, 

1977b)., On the other hand in support of Ithe endonuclease hypothesis, 

Lehmann and Ormerod (1969) have stated that there is no need ta invoke any 

special intermediate in DNA rèplicatibn in arder ta explain the small and 

intermediate sized-DNA observed aftlr a pulse~label. They have sh,own that 

~n DNA radioactivel! labeled at the end(s) (as expected for a pulse-label) 

is sheared randomly, the pulse-label app'ears to be of lower molecul~r weight 

than the bulk of the DNA. This artifact, created when puls~-labeled DNA is 

,t 
sheared, would also mimie the behaviour of the intermediate sized-DNA in 

,that the pulse-label would appear to mOle ta bulk size .upon further 

incubation or upon chasing. 

o • 
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2) Replication intermediates could be formed by a DNA repair process. 

Tye et al. (1977) have proposed that incorporation ot uracil bases into 

newly replicated DNA, in p~ce of thymine bases, caused the accumulation of 

4-5S pieces in bacterial cells. The repair of the 'incorporated uracil bases 

could result in endonuclease -- or alkali-catalyzed cleavage of phospho~ 
'-

phosphodiester bonds and in the transient production of fragments frQm newly 

synthesized DNA. Lynch et al. (l972Y do net exclude the 'possibility that 

the elongation of DNA chains in their in vitro system is a repair, rather 

tM,n a replication process. They suggested that the DNA which is newly 

formed, but not the bulk of the DNA, may be susceptible to nucl~ases that 

act during isolation or incubation of the nuc.lei ta produce new points of 

initiation for deoxyribonucleotide incorporation. 

Okazaki Fragment Size 

Detection of Okazaki fragments and measurement of their size are 

subject to many problems. Some studies have failed to detect Okazaki 

fragments as intermediates in DNA 'sy.nthesis (Léhmann and Ortnerod, 1969; 

Lynch et al. , 1972) • Still others, have detected incorporation of 

pulse-label mostly into DNA strands much greater in siz.e and longer lived 

than the short strands of Okazaki (Hyodo et al., 1970; Berger and l rvin, 

1970). However, ll}ost recent studies have reported Okazaki fragments in 

" ~ ... -(' )~ , 

maIDIn3lian cells. Sorne of these have been conducted in vi va (Schandl and 

Taylor, 1970; Nuzzo et al., 1970; Huberman and Horwitz, 1973; Gautschi and 

Clarkson, 1975). In vitro work was done by Kidwell and Mueller (1969) and 
• 

Friedman (1974), who demonstrated Okazaki fragments in the nuclei of S phase 

HeLa ce Ils , whereas Hershey and Taylor (1974) isolated fragments from S 

, ~ 

phase CHO nuc1ei. Okazaki fragments have a1so been detected in Polyoma-

infected cells both in vivo and in vitro (Magnussen et al., 1973; 

t 

~ , 
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Pigiet et al., 1973; Pigiet et al., 1974; Francke and Hunter, 1974; Hunter 

and Francke, 1974), and in SV40 infected ceUs (Fareed and Salzman, 1972; 

Salzman et al., 1973). In the replication of _these viruses in infected 

cells,. only one .DNA function is believed to be virus-specified, the 

initiation of synthesis at the gename origine AlI subsequent DNA synthe tic , 
events, ;';,inc1uding Okazaki piece synthesis, most probably are the same as in 

" 

uninfected,èi~ls. 

A great vari'at'ian iI). sizes has been reported for Okazaki fragments. 

Some have described fragments of 4-5S (Nuzzo et al., 1970; Huberman and 

Harwitz, 1973; Gautschi and Clarksan, 1975). Others have estimated 5-10S 

(Sehandl and Taylor, 1969; Schandl and Taylor, 1970) and lOS (Kidwell and 

Mueller, 1969; Goldstein and Rutman, 1973).' There have also been reports of 

replication intermediates formed in discrete size classes which eventually 

give rise ta high malecular weight DNA (Kidwell and Mueller, 1969; Hyodo et 

al., 1970). Blumenthal and Cl~rk (1977b) isolated 3 dis crete size classes 

of"61, 125 (3.8S) and 240 (4.8S) nucleotides in Drasophila DNA. 

Much of the sizing work has been done with P olyoma and SV-40, whose 

repl1cating malecules can y 
~1) 

isalated and purified. The replication 

covalently intermediates consist 

superhelical turns in the nan-replicated 

close~arentàl strands with 

regions and 2) ,linear daugh ter 

strands hydrogen bonded to the parental strands. DNA replication in both 

viruses occurs by a discontinuous. mechanism. Chain elongatian invalves the 
--

synthesis of short fragments (approximately 4S) as intermediates (Magnussen, 

~'--",,1973a and 1973b; Pigiet et al., 1973; Salpnan and Tharen, 1973). Therefore 

, ~e size .af the viral Okazaki fragments closely agrees' with the measurements 

of~autschi and Clarkson (1975); Tseng and Goulian (1975a) and Fox et al., 

(l9~5) for mammalian cells. Gautschi and Clarkson (1975) faund replication 
\ 

-, 
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inter~ediates of 48 whether they pulsed for 15 seconds at 37°C or 60 seconds 

at, 25°C, showing that Okazaki fragment size was independent of temperature. 

Thus the shortest st rands formed during DNA replication in mammalian celis 

5x104MW are 10-20,times shorter than Okazaki fragments of prokaryotes, which 

are about 5x10 5MW (Okazaki et al., 1968a) • 

. 
Okazaki Fragments: Kinetics of Synthesis and Ligation 

The kinetics of synthesis and ligation of Okazaki fragments are 

difficuH to study. In vivo, Okazaki fragments are synthesized rapidIy 
\ 

compared ta the time to saturate the internaI pools of deoxynucleoside tri-

phosphates during very short pulses (Francke and Hunter, 1974). Also, in 

vivo studies on mammalian cells have shown extremely rapid labeling of 

Okazaki fragment s. Gauts~hi and Clarkson (1975) state '-Lhat the longest 

incubation time that can be used ta label fragments only, is about' r30 

seconds at 25°C. After this, the peak of radioàctive profiles is shifted to 

higher sedimentation values. 

When DNA synthesis in 8v40 was s tudied using brief pulses, a bimodai 

distribution of the newly s'ynthesized DNA was observed on alkaline sucrase 

gradients. There was one well defined 48 peak and the remaining radio-

activity sedimented in the 6-168 region. Àiter a 2 minute chase, almost no 

48 was detectable (Fareed and Salzman, 1972). Blumenthal and-Clark (1977a) 

showad that a 10 second pulse-label in Drosophila ceIIs resulted in t or 

greater of the 3H counts in moelcules greater than 168. Tseng and Goul1an 

(l975a) estimate that the in vivo lifetime of Okazaki fragments in human 

lymphocytes ls about 2-4 seconds, since only 10% of ~he label after 20-40 

seconds of labeling is in the Okazaki fragment range. 

Many in vivo and in vitro stùdies have indicated that the~fragments are 

ligated to form high molecular weight DNA (Painter ana Schaeffer, 1969; 
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Hunter and Francke, 1974; Tseng and Goulian, 1975a). Kidwell and Mueller 

(1969) isolated 10 and 24S DNA segments, in addition to 40S non replicating 

bulk in their in vitro syst:em, after a short pulse. Pulse-chase experiments 

indicated that the lOS was a precursor of the 245 product. In vitro studies 

have prove9 useful in this area, since there is rapid equilibration of added 

label, and the rate of [3H]thymidine inco+por~tion is about 12% the in vivo .. 
rate (Tseng and Goulian, 1975a). Huberman and Horwitz (1973) showed that 

the short es t strands synthesized in a 30 secçmd pul~e at 37 Oc f ormed a 

somewhat heterogeneous but distinct peak of 100 nuc1eotides. The position 

of ~':this peak did not vary significant ly for times r.5lnging from 10-90 

o 

seconds. This suggests the existence of a build up of completed fragments 

which are subsequently joined rapidly onto strands of much greater 'length. 

Okazaki et al. (1968a) infected E. coli cells with ~hage T4 mutant, 

temperature sensitive for ligase formation. At the non permissive 

temperature, little radioactivity was found in fast sedimenting material 

even after pulse-Iabeling of up ta 60 seconds duration. Magn~n (1973a 

and 1973b) treated Polyoma infected cells with hydroxyurea (HU) and found an 

accumulation of newly synthesized 4S fragments. Similar fragments were 

found upon incubation of nuclei isolated from Polyoma infected celis and 

were shown to be intermediates in replication. This accumulation of short 

fragments in the presence of HU might ~e caused by a preferential inhibition 

. 
of one of the reactions involved in the joi~ing of the fragments, a gap 

filling DNA. polymerase being a possible target. Similar: findings were 

reported 'by Laipis and ~evioe (1973), and SalzlDan and Thoren (1973), for 

SV40 cells treated with HU and 5-fluorodeoxyuridine (FdUrd) respectively. 

Kidwell and Mueller (1969) and Friedman (1974) examined the role of ATP 

,,' 
in DNA synthesis. Bath found an accumulation of short fr~gments when ATP 

1 
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was omitted from their in vitro system. Its absence may have inhibited the 

ligation step. 

Okazaki Fragments: Semi or rbtally Discontinuous Synthesis? 

Studies ta determine whether or not there is discontinuous synthesis ort 

one or bath strands of DNA have yielded conflicting results. Two approaches 

are generally used for investigation. 1) O~appro~ch is a kinetic o~e. If 

synthesis were totally discontinuous (bath strands synthesized disconti­

nuously), a kinetic study would show more label in 'Okazaki fragments than in 

longer strands at short pulse-labeling times; if semi-discontinuous (only 

one strand synthesized tliscontinuously), there should be the same amount of 

label in both classes at short times. On this basis, many in vîVO and in 

vitro studies have been interpreted 
/ 

as showing totally discontinuous. 

synthesis. Early work by Okazaki et al. (l968a) showed that for phage 

infected E. coli, virtually aIl radioactive label was found in short chains 

after an extremely short pulse. Huberman and Horwitz (1973) demonstrated 

the same in CHO cells. Gautschi and élarkson (1975) have presented evidence 
, 

using,both alkaline sucrase gradients and agarose gel electropho~esis which 

showed that in mouse P-815 cells, aIl inc?rporation was into Okazaki frag­

ments at t~e shorte!lt pulse time. Magnussen (1973a and 1973b) and Salz'man 

and Thoren (1973) treate~ pulse-labeled Polyoma and SV40 infected 'ce Ils with 

HU and FdUrd respectiv,ely. In both systems, ther.e was an accumulation of 

only 4S fragments. In eontrast, Franeke and Hunter (1974) demonstrate.d 
. 

semi-discontinuous synthesis in Polyoma. Hershey and Taylor (1974) propased 

semi-discontinuous replieation in their ? phase CHO nuclei. 2) A second 

~ potentially more reliable approach ta this question 15 ta determine whether 

the Okazaki fragments can anneal either to each other, or ta specifie 

template regions from both sides of each of the two. growing forks. 
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( , 
If synthesis were totally diseontinuous, one should observe either extensive 

self annealing of purified Okazaki fragments, or equal hybridization of 

Okazaki fragme!1ts 
.", 

to regions from both sides of the replication forks 

. 
depending on the method used. 

"Both methods have yielded conflieting results. Perlman and Huberman 

(1977) hybridized Okazaki pieces and intermediate-sized DNA from SV40 

infeeted monkey celis to the separated strands of two SV40 DNA restriction 

fragments, one 1ying to either side of the origin of bidirectional DNA 

re piicatlon. They found that 5 fold more pieces hybridized to the 3'---,5' 
"--

DNA strand than to the 5 '--> 3' strand. A reverse asymmetry was detected 

with respect to the hybridization of intermediate-sized DNA. The simplest 
1 

Interpretation of the ~esults is that SV40 is synthesized semi-diseonti-

nuously. By comparison, Fa~eed, Khoury and &a1zman (1973), using the'meth~d 

of self annealment, reported that nascent 48 strands isolated from 

" 
replicating SV40 self anneal extensively (70-92%), indicating discontinuous 

synthesis at bath strands. Similarly, for Polyoma, Pigiet et al. (1973) 

reported diseontinuous synthesis of both strands after witnessing that the 

Okazaki fragments reannealed with an"efficiency of 80-90%. Hunter et al. 

(1977) reported semi-discontinuous synthesis for Polyoma, after observing 4 

fold more Okazaki pie ces hybridized to the 3 '---7 5' strand, tha~ ta the 
1 

5'~)3' strand of the Polyoma DNA template. 

The ambiguities in the above results may be in part attribute'd ta the 

many diffieuities eneountered in a study sueh as this. The kinetie approach 
.:, 

may give misleading results if exeess Okazaki fragments are synthesized and 
• u r 

-then destroyed or if the deoxyribonucieoside triphosphate pools on eaeh side 

of the fork equilibrate-à;- with exogenous nucleosides. at different rates 

Ù:denberg and Huberman, 1975). A source of error in the determination of .. 



14 

self complementarity might be a contamination by degraded Polyoma-specific 

mRNA. Such a contamination would probably result in an overestimation of 

the amount of self-complementarity (Magnusson, 1973a). Also, if the same 

DNA sequence ·were synthesized ,by forks moving in different directions in 

different molecules, the resulting Okazaki fragments would self-anneal even 
\ 

if synthesis were semi-discontinuous (Edenberg and Huberman, 1975). ~ Lastly, 

Francke and Vogt (1975) found high self annealing values for Polyoma if 

virus stocks generating defective DNA were 'used for infection. They also 

pointed out that there was more self annealing in the l;arger Okazaki 

fragments than in the smaller ones and ,they argued that this may have been 

due ta contamination of the Okazaki fragments by hort continuously 

synthesized strands. 

Okazaki Fragments: Destabilized Nature of the Replicatio. 
t 

Nascent DNA differs in several ways from the bulk of the DNA. Friedman 

and Mueller (1968) stated that replicating DNA differed from non replicating 

DNA by its partition to the interphase during extraction with phenol or 
'l 

chloroform. They also found that the replicating DNA floated in CsCl 

gradients. This is a propely of single-stranded DNA. On neutral sucrase 

gradients, howevêr, it separated into 2 fractions. One behaved as rapidly 

---.... 
sedi~~ting material, and the other as slowly sedimenting material. Okazaki 

et a<. (l968b) suggested a unique state during replication ta explain these 

sedimentation characteristics, whereby the secondary structure of the 

replicating region containing the~e newly formed units is abnormally 

unstable. It may also indicate functioning of the newly synthesized units 

or the complementary portions of the parental strands as templates for RNA 

synthesis. 

J 

~~----_ ... 
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A large but variable proportion of nascent DNA can sometimes be 

.extracted in single-~tranded ~m (Schandl and Taylor, 1969; Fox et aL, 

1973) or in partially single-stranded form (Berger and Irvin, 1970). 

Tsukada et aL (1968) found newly replicated DNA extracted from rat river 

nuclel at O°C entirely double-stranded. Habener et al. (1970) extracted DNA 

by a variety of methods from intact HeLa ce Ils pulse-labeled and examined 

for the PFesence of single and double-strandedness. Like Okaz aki, they 

suggested that a portion of the newly replicated DNA ls present in the 

nucleus not as free single strands but in a "destablized" state and that 

depending on the conditions o( extraction, it can be converted to either the 

? 
single-stranded or double-stranded form. Nuzzo et al. (1970) confirmed this 

finding. They found that with mild extraction procedures, there was 

extensive degradation of the DNA, as judged by the sedimen~atlon coefficient 

of the bulk DNA~ When more 'drastic extraction procedures were used there 

was less evidence of,degradation. 

The significance of these flndings is not clear. Some single-stranded 

DNA 15 expected at the replica2ion fork where Okazaki fragments have not yet 

been synthesized. Blumenthal and Clark (l977b) showed this with electrDn 

microscopie studies of réplication forks in Drosophila DNA. 

Okazaki Fragments: RNA Priming 

Dlscontinuous (te'Plication needs frequent inottiation of syrîth:Sis of new 

1 

chains. As mentioned, the known mammalian DNA polymerases cannat carry out 

de novo chain initiation. Ho.wever, they can extend certain 

primers, and the t:14 -polYt;lerase can extend natural primers (Sp.~ ri and 

Welssbach, 1975). Therefore, one solution to the proble, of initiating 

Okazaki fragments Is for an RNA polymerase to synth ze a short stretch of 

RNA that serves as a primer for a DNA polymerase (Sugino et al., 1972). 

Ct 
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In this area of study there have also been conflicting results. Evidence 

consistent with the idea that RNA primes Okazaki-.. fragments has been reported 

in Polyoma. Short fragments of DNA isolated from Polyoma replication-

intermediates pulse-Iabeled in vitro were shawn to have RNA covalently 

attached by 3 criteria: 1) Such fragments were slightIy denser than bulk 

viral DNA. Isolated Polyoma replication-intermediates banded at densities 

slightly higher than,DNA in neutral CS2S04 gradients. Such a shif~ didn't 

occur after treatment with alkali (Magnusson et a,1., 1973; Hunter and 

Francke, 1974). The 4-5S pieces as opposed ta tHe longer pieces were mainly 

responsible for the observed asymmetry T the gradient. 2) They could be 

labeled with .<.- 32p labeled ribotrip~osphates, thereby demonstrating the 

presence or RNA directly. This f ction of 32p radioactivity is repro-

- ç 

ducably found at DNA density 0 CS2S04 gradients (Hunter and Francke, 1974; 

Tseng and Goulian, 19Z 

experiment 

3) A modified nearest neighbor analysis 

...:: - 32p Okazaki fragments were labeled with 

deoxyribon eoside triphosphates, purified and treated with alkali to 

co rt the RNA to 2' (3') ri bonuéleosiae monophosphates, a small proportion 

of the incorporated 32p was transferred to the ribonucleotides, indicating 

the presence of covalent phosphodiester linkages between ribonucleotides and 

deoxyri bonucleotides." The 32p transfer occurred primat;ily from Okazaki 

fragments with a frequency consistent with one RNA-DNA link at the 5' end of 

the DNA. When the link was examined for base specificity. a11 4 connnon 

ribo- and deoxyribonucleotides were present with close to equal frequency , 

(Hunter and Francke, 1974; Magnusson et a1." 1973; Tseng and Goulian, 

1975b and 1977). 

, 
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Kaufmann et al' •. (1977) examined nascent DNA chain.s of less than 200 

nucleotides,4n the cell free SV40 DNA replicatio~ system. They identified 

RNA-DNA covalent linkages using 32p transfe; experiments, as defined 

above. P~tassiu~ iodide gradient centrifugation showed that only a portion 

of the Okazaki pieces appeared to'contain RNA, whereas the remaining pieces 
1 

contained O1Uy DNA. They estimated the size of the RNA to be at least 7 

resid'ues. In further experiments ~ith this system, analysis of Okazaki 

- , 
pieces reco'vered from hybrids with various Hind II and Hind Ilr restriction 

\ ' 

fragments of SV40 DNA showed that rN-P-dN sequences were uniformly 

distributed around SV40 (RI) DNA. Therefore" most if not a11 of the RNA 

\ 

primers served ta initiate Okazaki pieces rather than DNA replication at the 

origin of the genome. 

. , 
There is other evidence impl1cating an RNA primer. Alkaline sucrase 

gradient centrifugation revealed that, ribonucleoside • triphosphate 

speçif.ica.lly increased the for1l)ation of short chains after five, minutes' of 
-, 

incubation. This suggests that ri~onuleotides are involved in the formafiion 

of short chains (Magnusson et al., 197,3). Tseng and Goulian q975a) have 
• 

a1so witnessed. this stimulatory effect. Similarly, the RNA-DNA junctic:ns 

were lost during chases at a rate similar to the chasing of O~azaki 

rragments into DNA (Tseng and Goulian, 1977). Magnusson et al. (1973) have 

also witnessed this transient association of RNA wlth nascent DNA. 

Neubort and Ba~es (1974) demonstrated covalently linked RNA-DNA 

" complexes in HeLa cell cultures. In mouse P-815 cells, no evidence for 

"-
ribonucleotides at the '5' end· of' Okazaki' fragments was obtained either in 

isopycnic Cstl or CS2S04 gradients or after 'incubation with polynucleotide 

kinase and [y-32,p] ATP (Gautschi and Clarkson: 1975). 
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Reiehard et al. (1974) and Tseng and Goulian (1977) further 

characterized the 5' ends of growing 
... 
progeny strands of replicating 

Polyoma.. Reichard found that the RNA stàrted with either ATP 01." GTP. AIso, 

digestion of progeny strands with panereatic DNase released labeled RNA that 

on gel electrophoresis gave a ,distinct peak in the position oexpeeted for a 

decanueleotide. Tseng and Goulian (1977) isolated an oligonueleotide 8-11 

-nudeotides in length with a triphosphate group at the 5' end and 2 or 3 
1 

deoxynucleotides at the 3' end that were not removed by DNase. 

Reichard called the decanudeotide "initiator RNA". . It was quite 

homogeneous' in size, but had no unique base sequence. He proposed that the 

switch from RNA ta DNA synthesis during chain elongation may thus depend on 
1 

the size of initiator RNA, rather than a specifie bàse sequence. 

Okazaki Fragments: Gap Filling 

There is sorne evidence that two DNA polymerases and a ligase are 

, . 
required to permit DNA chain growth CSalzman and Thoren, 1973; Magnusson, 

1973a,and 1973b). One of these Is responsible for synthesizing the Okazaki 

fragment, and the other for the gap- left by the degradation of the RNA 
~ 

primer. Okazaki et al., (1970 and 1971) described a jJNA polymerase l 

deficient mutant of E. coli in whieh newly replh:ated short DNA ls joined at 

about 10% of the rate of \wild-type strains. Sinee DNA synthesis occurs, but 

there is very little joining of the fragments, he suggested a gap filling 

function for this en'ty~e. 

AccumUlatirf' short fragments (45) were also seen in 5V40 or Polyoma 

treated with eJther HU or FdUrd (Magnusson, 1973a and 1973bj Laipis and 

Levine, 197r~\SalZman and Thoren, 1973). Addition of HU ta the medium gives 

, 1 
a very raPidtePletion of the intracellular dGTP pool followed by a. slower 

decrease of (the dATP pool, whereas FdUrd reduces the pool of dTTP in the 

\0 .1 

c 
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celle Because the ""\ and "g DNA polymerases have a lesser affinity\ for 

deoxyribonucleoside triphosphates than does the ~ -polymer~se (~padari and 

Weissbach, 1974J, and the drugs mentioned affected these pools, it would 

appear that the ~ and ;1 polymerase are more affected by them. This would 

imply that ..< and,d' are the gap fi11ing enzymes, .and ~,the enzyme that 

synthesizes the Okazaki fragment. Others have suggested that it is the 
\ 

ooC. polymerase which synthesizes the Okazaki fragments since it shows 

quantitative aiterations with stages of the cell cycle, and wlth the cell 

growth rate (Laipis and Levine, 1973). In support of this, ls that ...(. is 

the only polymerase found capable of extending a naturai RNA primer (Spadari 

and Weissbach, 1975). Hunter and Francke J.1975) tested the effects of 
i 

1-~ -D arabinofuranosyl CTP (ara-CTP) 0in vitro Polyoma DNA synthesis. 

Two effects were. found: 1) predOmir~ labeling of short chains with 

reduc.ed amounts or.radioactivity in ~he longer growing viral DNA strands; 

2.) a 1/3 to t reduction in size for short'"'DNA chains. Since the polymerase 

is more sensitive ta ara-CTP, they postulated that -::: is the gap filling 

enzyme,. and that'it may also be>'J;esponsible for continuous extension of the 
"-

Okazaki fragment, since there is a reduction in the size of the fragment. 

Further elucidation of these points is needed. 

O~azaki!ragments: Nucleosomes as a Signal for their Initiation 

The chromosomal materiai or ehromatin, contains ff've proteins ealled 

histones, that are complexed with DNA in a repeating pattern. The repeat 
\ 

/ u~it~ o~ the pattern is termed a nucieosome. The nucleosome cantains a core 

of 140 base pairs Cbp) surrounding a histone oetamer and a spacer or linker 

of about 60 bp of DNA less intimately associated with the octamer. The 

oetamer contains twa copies each of the slightly lysine-rich hi'stones H2A 

and Ji2B, and the arginine-rich histones H3 and H4. Hl is nat part of the 

. " 
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nucleosome, bût ls associat'Ëld with it. The amount of DNA per his tone 

i 
octamer can vary between 140 andd 240 bp, depending upon the organism and 

tissue from which the nucleosomes are isolated. The evidence for thii 

variability comes from studies in which nuclei are digested briefly with 

-staphylococcal nuclease. The variabil1ty of the length of oDNA in the 

nucleosome repeat derives from variation in the length of the spacer 

region. Physical studies conducted on the nllcleosome have concluQed that it 

ls a cYlindrica'l structure of about 100 A in diameter. and 50 Â in height, 

with the DNA wrapped around it to form a pair of rings at the top and bottom 

(Kornberg! 1977; Felsenfeld, 1978). 

The DNA of the nucleosome is susceptible to !nternal cleavage by 

nùcleases. Although the spacer DNA is the preferred target, the nu~leosome 
. 

core ls also attacked but at a slower rate (Axel, 1974). Hewish (1976) and 

Rosenberg- (1976) 'suggested that nuclease accessibllity is a measure of 

accessibility to cellular factors involved in DNA functions (e.g. 

polymerases, regulatory proteins). There is thus a regular alternation of 

ONA regions which are either readily accessible or inaccessible. 

Hewish (1976) and Rosenberg (1976) have suggested that the periodic 

structure of chromatin bas t'Wo basic biological functions. These are: 

1) It may play an important role in determining the initiation of a 

function which 15 not coded by a specifie base sequence: the synthesis of 

Okazaki pleces during DNA replicationj 

~ ) 

2) Suhstantlal reduction of the amount of DNA which must he scanned by 

agents which interact at coded sites on the DNA, thereby decreasing errars 

and - enablir:g the cell to produce lower concentrations of required 

tr~nscriptional and replicational factors. A corollary of this, is that 
• 

because of the lack of specificity in nucleosQme location, coded control 

/ 



21 

sequences in ONA must be redundant ta ensure their accessibili'ty. 

Several experimental results are consistent with the idea that the 

nucleosome provides the signal for initiation of Okazaki fragments. 
~ 

Firstly. the RNA primer of Okazaki fragments is not specifie. The ONA 
f 

intermediates in eukaryotes are initiated . by thë synthesis of short RNA 

primers (Edenberg and Huberman,' 1975), the base sequence of which is not 

specifie (Reichard et al., 1974). AIso, there is no base specificity at the 

RNA-DNA junction (Reichard et al, 1974; Tseng and Goulian, 1975): This non 

specificit~ supports the above model wHich postulates that accessibility of 

the RNA polymerase to the template 1,s determined solely by the association 

of the DNA with chromatin proteins. Secondly, ft has been shown that newly 

synthesized histones form cômpletely new nucleosomes, and there ls 

preferential association of new synthesized histones with nascent ONA 

(Freedlender et al., 1977, Felsenfeld, 1978). This i5 consistent with 

Hewlsh's (1976) prediction that only one of the two template strands remains 

associated with parental chromatin and it is this association that specifies 

the l1nker ONA as the initaÙon site of Okazaki piece synthesis. Thirdly, 

there i5 evidence that the eukaryotic DNA i5 probably synthesized 

semi-discontinuou51y (Perlman and Huberman, 1977; Hunter et al., 1977). 

This ls consistent with Hewish's (1976) statement that nucleosomes segregate 

asymmetric.ally. 

Kaufmann et al. (1977) support the above model for i:nitiation of 

Okazaki' fragments. Idowever, there is some evidence against this hypothesis. 

l;-; 
These have been reviewed by Hand (1978). Nucleo~ome DNA has been estimated 

to range from 154-241 bp (Kornberg, 1977), If Okazaki fragment size ls 

determined by the length of nucleosome ONA, then sorne of the most recent 

~ 

estimates of less than 150 bp (Perlman and Huberman, 1977) arë tao smal1 to 
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be accounted for by the hypothes is. Blumenthal and Clark (1977a) have 

provided evidence for the existence of three discrete ,size classes of 

replication intermediates in Drosophila cells. A Drosophila nucleosome 

contains abouë? 200 nueleotides of DNA, 60 in the spacer and 140 in the eore 

particle. Their 61 nucleotide intermediate corresponds to the spaeer 
4 

region, but none of the other replication intermediate lengths can be 

correlated with the parametèrs of the nucleosome structure. 

In conclusion, there remains much ta be explained eoncerning events at 

the replication fork, sinee even the existence of Okazak~ fragments as a 

1 

replication intermediate is still in question. Because of the 3 1 
--; 51 

polarity of one of the daughter strands and the 5 1 --7 3 1 direction of all 

known polymerases, there is a need to invoké some mechanism 'which accounts 

for how ONA is synthesized. Experimentally_ it has been shown that in many 

prokaryotic and eukaryotic systems, nucleotides are incorporated onto very 

short (approx. 100 nucleotides) short lived strands, and that these short 

strands are ~ubsequently joined onto longer intermediate strands. The -fact 

that these short fragments have been isolated, and that they are co~sistent 

with our most plausible explanation of ONA synthesis, lends support ta these 

Other ftagments beif~ Okazaki pieces or intermediates in 'replication. 

hypotheses such as endonuclease cleavage of newly synthesized DNA or an 

excision repair mec.hanism of incorpor~ted, uracil bases have not, in my 

opinion, satisfactorily explained this consistent finding. Even if Okazaki 

fragments do exist, there still are many other questions which still remain: 

How many fragments are there per fork? Is there seru or totally discon-

tinuous synthesis? What are the kinetits of synthesis and ligation? ls 

there an RNA primer? Ta help answer these questions, g90d consistent 

techniques of Okazaki fragment detection and sizing are needed, and it is in 

... 1 



>. 23 

this area that my system can make its contribution. 

~----
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Materials and Methods 

The line derived from African green monkey kidney cells, CV-l, was used 

for all experiments. The cells were grown in Eagle' s minimal essential 

medium (MEM) with 10% fetal calf serum (F€S), supplemented'wfth 0.25 ug/ml 

amphotericin B, 50 ug/ml gentamicin, and 60 ug/ml tylocine. Cells were 

grown in 75 cm2 tissue culture flasks at 37 Oc until confluent, at which 

point 2 x 10 5 celJs were transferred ~o fresh flasks. " 

(3H)Thymidine Labeling ~nd Cell Lysis 

F~r experiments; unsynchronized cells in logarithm'ic growth were used. 

Forty-eight hours before the experiment, Petri dishes were seeded at a 

density of 6' x 10 5 cells/dish. 

( 14C )thymidine (0.1 uCi!ml; 40 -

The "'following day, they were labeled with 
~ 

60 mCi/mmol), for approximately 24 hours. 

On the day of the experiment, the radioactive_ medium was removed, the cells 

wete washed with prewarmed phosphate buffered saline (PBS) and 'were sub'::' 

sequently incubated in fresh MEM for 2 hours. FdUrd 2 x 10-6 t1 was then 

added for 1 hQur, after which the cells were either pulse-labeled, or 

pulse-labeled an<L chased with MEM. Pulse-labeling was done using 

(3H)thymidine (100 uc/ml; 40 - 60 Ci/mmol) for 30 seconds at 37°C. The 

pulse was stopped by placing the Petri dishes on ice, and then washing twice 

with ice-cold PBS. Cells were trypsinized immediately, centrifuged and the 

pellet resuspended in 0.3 mIs of cold PHS. Cells were lysed in 0.5 M NaCl, 

0.015 M sodium citrate, 1% ~arcosyl for l hour at room temperature, and the 

lysates then lyophilized and dissolved in a small volume of electrophoresis 

buffe r. This preparation ~erved as the ';crude lysate" of DNA used for 

subsequent agarose gel electrophoresis expériments. Crude lysates were 
1 
1 

stored for not longer than 24 hours at -20·C 50 as ta avoid DNA degrada-

tian. Cells which were pulsed and chased, \<Iere pulsed \<Iith (3H)thymidine 



as described .above and chased for 1 hour at 37 Oc with MEM, 10% FCS which 

contained 2 x 10-6 .'M" FdUrd ,and 2 x 10-6 M thymidine. 
l' • 

They were then 

J 

trypsinized as described. Cell density at the time of pulse-labeling was 

approxim~telY '1.5 x 106 cells/Ùsh as determined by hjmocytomete,r counting. 
1 

Preparation of Pur1fied DNA 

Samples \of purified DNA were prepared to compare with the crude lysate 

DNA preparatlons described above. Two procedures, one based on that 

described by ~autschi a~d Clarkson (1975), and the other, a modified Macmur' 
1 

DNA ~extract10n' (Britten et al., 1974) were used for subsequent agarose gel 

electrophoresfs experiments. ,A third procedure, based on that of Miyamoto 

and Denhardt (1977) was also performed. The DNA isolated by this stringent 

method of purification was compared with 'that obtained in the above two 

procedures. 

In the method of Gautschi and Clarkson, 'CV-l cells were pulsed with 

[3H] thymidine and lysed as outlined above. Pipetting during lysis reduced 

viscosity. Ta the cell lysate, a solution of 5 M NaCl was added to a final 

conce{1tration of 1 M NaCl, and le.ft overnight at 4 oC. The precipitate was 

removed by centrifugation for 15 minutes at 20,000 revolutions per minute 

(rpm) at 10°C in an SW 56 rotor of the Beckman L65B centrifuge. With this 

procedure, approximately 90% 3H cpm were recovered in the supern~tant. 

After NaCl extraction, samples were incubated for 30 minutes at 37 oC with 

pronase (250 ug/ml, self digested beforehand for 30 minutes, at 37°C) and the 

remaining proteins were removed by 2 rounds of extraction with chloroform-:-

isoamyl alc..ohol (24: 1 v/v) that nad been equili brated with standard saline 

citrate, 10m M Tris, 10m EDTA, pH 7.5. The. deproteinated sample was then 

precipitated with 2 volumes of ethanol at -20°C overnight, and! centrifuged 

at 15,000 rpm for 1 hour at 4°C, in the S534 rotor, of the Sorvall RC3 

-

; 

1 

1 

1. 
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centrifuge. The resulting pellet was well dried and suspended in the 

\ appropriate buffer. 

In the modified Marmur procedure, CV-l cells were pulsed with 

[3H]thymidine and lysed as outlined above. 
. 

To the resulting pellet, 2 mIs 

of Tris 0 .. 05M, NaCl 0.15 M, EDTA O.OSM, pH8 (TNE),and 2, mIs of protease B 

(Sigma Chemical Co. 10 mg/ml in TNE, self digested for 3 hours at ,37 OC) was," 

added for 3 hours at 37 QC. To t'his, 1/10 volume SM sodium perchlorate 

(NaCI04) 'was added and the solution mixed. Pro teins were then removed with 

2 rounds of extraction with phenol that had been equiJibrated with O.OSM 

Tris pHB and chloroform-isoamyl alcohol (24:1 v/v). To the deprotein.~ted 

sample, 1/10 volume of RNase was added, incubation for 3 minutes at 37 Oc 

carried out and a final chloroform-isoamyl alcohol (24: l v/v) extraction 

done. The DNA was preeipitated with 2 volumes of ethanol at -20 Oc 

overnight, and centrifuged at 15,000 rpm for 1 hour at 4°C in the S8 34 

rotor of" the Sorvall Re3 e~ntrifuge. The pellet \<las dried and suspended in 

the appropriate buffer. Recovery of 3'ti and 14C cpm approached 85% and 50% 

resp~e ti vely. 

In the procedure of Miyamoto and Denhardt, CV-,l eells Were grown in 

Petri dishes and pulse-labeled with [3H}thymidine as outl1ned above. The 

pulse was stopped by pou ring out the radioactive media and adding 10 ml,of a 

boiling solution containing 2% sodium dodecyl sulfate (SDS), 3% distilled 

phenol and 10m M EDTA, pH 7.0. Each plate was then seraped with a rubber 

policeman containing 3.3 ml of the same boiling solution. Each solution was 

heated until it' Just returned to hoir and then chilled on iee for about 

30 minutes. This stopping procedure i8 considered very important sinee it 
~ -

should inactivate aIL the cellular enzymes, and denature the DNA. About 

2 minutes elapsed from the point of pulse-labeling until chilling. 

- . 
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Centrifugation at 15,000 rpm, in the Sorvall RC3 rotor for 30 minutes at 5°C • 
was .then done to pellet the high molecular weight DNA. The resulting 

supernatant contained greater than 90% of the 3H cpm and approximately 30% 

of the 14C cpm. The supernatant was extracted with one haH volume of 

phenol-chloroform (1: 1) which has been previously equilibrated with SOm M 

borate pH 9.2. The mixture was shaken vigorously on the vortex for about 3 

minutes at room temperature, and then centrifuged to at tain separation of 

the phases. The aqueoùs phase was eollected, leaving~he interphase which 

was washed with 50m M Tris-Hel pH 8.1, and the resulting aqueous phase 

pooled with the first. The pooled phases were mixed with 1/10 volume of 3 M 

sodium .aeetate pH 5.5, 2 volumes of isopropanol and 1eft overnight at 

-20°C. The nucleie acids were th en preeipitated in an RC3 centrifuge for 

1 hour at SoC at 5000 rpm. The pellet was dried and prepared for reprecipi-

tation with cetyltrimethylammonium bromide (CTAB), a cationic detergent 

(a product of Sigma Chemical Co.), . The pellet was resuspended in equal 

volumes of 0.025 M Tris - Hcl - 0.025 M NaCl pH 7.6, 2.5 M KP04 pH 8 and 

2-methyoxyethanol (ethylene glycol monoethyl ether). It was then vortexed 

intermittently for 3 minutes at O°C and centrifuged at 10,000 rpm for 1O 

minutes in the Sorvall HB-4 rotor. The upper phase was aspirated, and an 

equal volume of 0.2 M sodium acetate pH 5.5 added. One half volume of 1% 

CTAB (VI IV) was added sl0wly, and after 60 minutes at a oC, the sample was 

centrifuged at 10,000 rpm for 30 minutes in the Sorvall HB-4 rotor. The 

pellet was dried, washed with la ml 70% ethanol containing 0.1 N sodium 

acetate pH 5.5 and eentrifuged at 10,000 rpm for 20 minutes in the Sorvall 

HB-4 rotor. This process was repeated using 95% ethanol. The 3H recovery 
l\ ~ 

was approximately 60% after this procedure. The pellet was dissolved in 

'- la mM Tris -. Hel pH 8.1, 0.1 M EDTA, heated ta 100 oC for 1 minute, combined 
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" with 1/5 volume of 3 M KGl and then applied to a nitrocellulose column of 

approximately 3 ml bed volu~'è. A "high salt" solution (0.5 M KCl, 10m M, 

Tris - HCl, O.lm M EDTA, pH 7.4) followed by a "low salt" solution (lOm M 

Tris HCl, O.lm M EDTA, pH 7.4) was passed throùgh the column. 

1 
Purification by the column operates on the principle that single stranded 

DNA will adhere to the nitrocellulose in high -salt, whereas RNA and most 

proteins will pass through. The DNA elutes in low salt. The columns 'vere 

loaded and eluted using gravity-induced flow. Fractions were collected, and 

assayed for radioactivity. The recovery of 3H-labeled DNA in the low salt 

fraction was usually about 80% of the DNA that was applied. The DNA in the 

low salt fraction was recovered by isopropanol precipitation and centrifuged 

ta equi1ibrium in CsCl gradient. l'he nuc1eie acid was dissolved in SOm M 

Tris-HCl pH 7.6, and Sm M EDTA to yield a final solution weighing 5.7 grams; 

it was then heated (lOO°C, 30 seconds) and added to a polypropylene ultra-

cent rifuge tube containing 7.3 grams CsCl. The refra.ctive index was 

veriÜed t'o be 1.3996 for CsCI (density 1.7 'grams/ml). Centr1fugaUon was 
, , 

performed at 40,000 rpm for about 60 hours at IO°C in the A-321 rotor of the 

rEC B60 ultracentrifuge. Fractions of 0.3 ml were collected from the top 

with a Buchler Auto Densi Flow apparatus. Fractions from the CsCI gradient 

containing the DNA were diluted five-fold with SOm M Tris - HCl pH 8.1 and 
, 

precipitated with isopropanol and sodium acetate. The pellet was suspended 

in 0.05 li Tris - HCl "pH 8.1, heated, for 30 seconds at 100°C and layered on, .. 
top of a 5 ml 5 - 20% sucrose gradient containing 1 M NaCI. lm M EDTA and 

~m M Tris - HCl pH 8. The DNA was centrifuged in the Beckman'SW 50.1 rotor 

at 50,000 rpm for 3 hours at 20°C. Fractions of 300 ul were collected from 

the bottom of the tube and assayed directly for radioactivity in Triton -

toluene scintillation fluid '(Triton x-lOO (Sigma) and toluene in a 1: 2 v/v 

i -
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rat~o- with 4 grams of 2,5-diphenoxazole per litre). Single-stranded RF II _~': 

fj)X:-174 was used as a sedimentation marker. 

Agarose Gel Eleetrophoresis 

A horizontal slab gel system for e1eetrophoresis on agarose gels, as 

deseribed by MeDonnell et al. (1977), was used in these experiments. The 

buffer used for neutral gel electrophoresis was Buffer E, (0.04 M Tris -" pH 

7.8, 0.005 M sodium acetate, 0.001 M EDTA). To prepare gels, 1.4% agarose 

in water CSeaKem, Marine Colloids lne.) was melted, mixed thoroughly and 

eooled at 50°C. An equal volume of twice concentrated Buffer E warmed to 
Q 

50 0 e was then added, giving a final agarose gel concentration of 0.7%. 

Samples containing 1 x 105 ce Ils were lysed as deseribed above, and the 
\ 

final lyophiltzed sample suspended in 25 ul of Buffer E. They were then 

hea teà for 5 minutes in boUing water and applied to - the gel. 0.025% bromo-

phenol blue (BPB) was run in a separate weIl as a marker dyë. Electro-

phoresis was carried out at room temperature, until the BPB had migrated to .. 
a distance of 5 cm, generally 4 - 5 hours at 40 millivolts. Af~r electro-

phoresis, the gels were soaked in 10% trichloroacetic aeid ('~A) - 0.5% 

sodium pyrophosphate (NaPF i ) for 

complex free unincorporated 3H• 

hour, to preeipitate the DNA and to 

The gel was cut inta' 1 mm sliees usi-ng 

stacked razor blades. Slices were placed into scintillation vials 

containing 0.5 ml of distilled water, autoelaved for 3 minutes to dissolve 

the a~arose and analyzed for radioactivi,ty by scintillation counting. 

For alkaline gel electrophoresis, the gel buffer consisted of 30m M 

NaOH, ~m M EDTA 12.2 (McDonnell et al., 1977). Samples were dissolved in 

neutral E buffer. Al! other conditions were the same as outlined above. 

Velocity Sedimentation in Alkaline Sucrosè Gradients 

Gradients of 5 ml of 5-20% sucrose were formed over a cushion of 70% 

/ 
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sucrose. Gradients were 0.9 M in NaCl, 0.3 M in NaOH, and 0.001 H in EDTA 

'(Sheinin, 1976). Samples of 1 x 105 cells (25"ul) in 0.3 ml of O. ',M NaOH -
o , 

0.01 ~ EDTA were layered carefully over the gradients. Whe ;,purified DNA 

samples were run, 4 x 104 3H cpm (approximate1y 100 ul) wer used. _Cell 

1ysis and DNA denaturation were a1lowed to proceed at 4 Oc for 8 to 12 

hours. Centrifugation was çarried out in an SW 50.1 rotor of the Beckman L 

65B- centrifuge at 26,000 rpm for 16 hours at 4°C. Fractions of 0.2 ml were 

collected by gravit y from the bottom of the tube using a constant volume 

fractionator (MRA Corp. Boston, Mass.), and were analyzed for radioacti vit Y 

using 95% aquasol. (3H)-labeled SV40 DNA was used as a sedimentation 

marker. It sediments at 16 S under these conditions. 

Prepàration of SV40 DNA 

Confluent MA-134 monolayers in 100 mm plastic. Petri dishes were 

l 
infected with SV40 at a mu1tiplic.ity of 5 plaque forming unies (PFU) per 

cell. :rhe innoculum was allowed to adsorb ta the cells for 90 minutes. At 

22 hours after infection, C3H)thymidine was added (l0 uC/ml; 40 - 60 

Ci!mmol). CeU lysis and extr,a,ction of DNA was performed at approximately 

70 hours after infection according ta the method of Hirt '(19'67). The Hirt 

supernatant was extracted t'wi,ce with chloroform-isoamyl alcohol (24: 1). To 

the resulting aqueous phase 1/10 volume of 0.5 mg/ml. RNase was added and 

'the tube put at 37'oc for 30 minutes. A final ch1.0rofor~is·oamy 1 alcohol 

(24:1) extraction was then performed, 2.5 volumes of 95% ethano1 added, and 

the preparation kept at -20°C overnight. The sample was then centrifuged 

for, l t hours at -20°C at 17 '--~OO rpm in the 55-34 rotor of the Sorvall RCB 

c~ntrifuge. The pellet was dried, suspended i~TIŒ pH 7.4, and then 

centrJ.fuged to equi1ibrium in' CsCl-ethidium bromide" Centrifu-gation was at 

38,000 rpm, at 4 Oc in a 40.2 rotor of the Beckman L265B ultracentrifuge. 

( 
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The fractio~s \containing virus loIere pooled, an equal volume of CsCl 

saturated isopropanol add~d, and the upper phase conta;ining the ethidium 

1 

bromide was discarded. ,This was repeated once, the final sample loIas 

dissolved in TNt and 2 volumes of 95% ethanol, and left ovetnight at -20 o e. 
~ - 1 

It was centrifuged at 15,000 rpm for l hou"r at -ZO°C in an 55-34 rotor of 

the Sorvall RG3 centrifuge. The final pellet was dried, dissolved in twice 

concentrated 0.01 M Tris pH 7.5, SOm M NaCI, 0.5m M EDTA and 1 volume oI 
" 

glycerol. The specifie acti vit Y of [3H]thymidine-Iabeled closed, circular , 

SV4{) DNA loIas approximately 5 x 104 cpm/ug.' 

Cleavage of 5v40 DNA with H. Influenza R.estriction Endonuclease 

-, 
Hind III enzyme preparation was obtained from Chemical Credentials 

Inc. One unit of enzyme was defined as that amount of enzyme required to 

completely digest 1 ug of Lambda phage DNA in 
i 

1 hour at 37 oC. For .. 
preparation of complete diges ts, SV40 covalently closed circular DNA was 

incubated with Hind }II restriction endonuclease at 37 Oc in a reaction 

, ~':-.. ,~, 
mi:x;ture containing SOmr NaGI, 6m M Tris-HG 1 pli :-7.5', 6m M MgCIZ' and 5 ug 

bovine serum albumen (BSA). Generally, incubatio of 1 ug of SV40 DNA with 

---~ . 
l unit of Hin'ô III in a vol'ume of 0.05 ml- for 3 h urs at 3rC gave ,complete 

digestion, giving 6 DNA fragments as determin d by electrophoresis on 

agarose gels ~f the products. The fragments rang d in size from 1.3 x 1:".05 

to 1.1. x 106 'MW (Danna et al., 1973). AlI rea tions were terminated by 

addition of EDTA to 0.025 M. For agarose gel electro~horesis, when SV40 DNA 

loIas labeled wlth (3H)thymidine, the gel waS assayed for radioactivity by gel 

slicing and scintallation couqting as described above. When it was 

unlabeled, the gel loIas soaked in electrode buffer, made 0.4 ug/ml in 

.. ~ ethidium bromide and visualize~under ijV light. 

" 
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Results 

The first experiment was conducted ta see whether or not an àgarose gel 

electrophoresis system cou Id be"used as an alternative to alkaline sucrose 

gradients for _~the detection of Okazaki fragments. CV-l cells were 

prelabeled with [14C]thymidlne for Z4 hours and then pulsed for 30 seconds, 

pulse-chased for l hour and lysed. Samples were applied ta 0.7% agarose 

gels, which were prèiar~d in an alkaliné buffer in order ta main tain the 

denatured conFormation of the DNA. The resulting, radioactivity profile 

showing incorporated 3H and 14C cpm versus migration distance (mm) is shown 

in Fig. 1. In Fig. la, the 14C pre1abel, (65% of total 14C cpm) migrates as 

a smooth peak at the top of the gel" indicating its presence in large 

molecular weight or bulk DNA. After a 30 second pulse at 37°C, 37% of the 
• 

3H label is seen ta migrate at the bottom of the gel, corresponding ta DNA 

of lo,w mÛ"lecular weight and 12% of counts comigrate with the 14C peak in 

bulk DNA. The remaining counts are incorporated into intermediate sized 

DNA.. Some of this has most l1kely resulted from breakdown of bulk, as' seen 

from the 14C,..DNA p,rofile. Denatured SV40-0NA, used as, a marker, migrates 

behind the 3H peak. A 30 second pulse of [3H] thymidine at 37°C followed by 
\' 

a l haur chase is shown in Fig. lb. As before, approximately 74% 14C cpm 

migrates as a distinct peak at the top of the gel, with the remaining 35% in 

progressi vely smaller sized DNA. The 3H peak in smaller molecular weight 

DNA is no longer seen at an equivalent area at the bot;t;om of the gel. 

The 3H cpm previously in the peak at the gel bottom and in intermediate 

size DNA appear as a peak of 3H comigrating with the 14C peak, and 
" , 

representing 72% of total 3H cpm. The remaining 3H counts are seen in 

intermediate sizes as before. The 3H peak at the gel bottom present after 
) , 

a 30 second pulse, represents the "Okazaki fragments" or smallest 
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Figure Legend 

Fig. 1: Electrophoresis of crude lysates of DNA on alkaline 0.7% agarose 

gels. 

Exponentially growing CV-l cells were uniformly labeled with [14C] 

thymidine for 24 hours, washed with prewarmed PBS, incubated with FdUrd for 

1 hour, and then pulse-Iabeled with [3H]thymid~ne (Fig. la) or pulse-labeled 

and chased (Fig. 1 b). Cells were lysed, lyophilized and dissolved in buffer 

as in Haterials and Hethods. The marker is shown. 

Migration was from left ta right 

gels. 

. , 
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T'eplication, which are later ligated into larger DNA pieces (Okazaki 'et al., 
-\ 

196Ba) and not seen after a l hour chase. Therefore, the slab gels 

accurat~ly displflY the typic.al pulse and pulse-chase c.harac.teristics of 

Okazaki fragments. They can be used to separate Okàzaki fragments from bulk 

DNA following direct lysis of the cells. 

Fig. 2 shows neutral 0.7% agarose gels which were run using identic.al 

pulse"" and pulse-chase samples to those in alkaline gel experiments. The 

,meth~ sample det\aturat~on consisted of boiling for 5 minutes at lOOo~, 
followed by rapid cooling on ice, and .immediate electrophoresis on neutral 

gels. 

1;n the pulse experiment, Fig. Za, 67% of the total 14C cpm migrate as a 

distinct-, peak at the top of the gel. The 3H cpm have a wider range of 

distribution, 45% are present in a peak at the bottom of, the gel in 'small 

molecular weight DhiA and the remaining counts are present in intermediate 

sized DNA. 

ln the pulse and chase experiment profile, Fig. 2b, DNA prelabeled with 

14C migrates as a smooth peak at
l
, the top of the gel, containing 65% of the 

-.. " 
total 14C cpm. The 3H peak present at the gel bottom after pulsing is no 

longer seen. The 3H is found in a peak at the gel t'op comigrating with the 
t 

14C -and represents small MW DNA which has been cha.sed into large size. The 

chase, however, was not complete,. since th'é small MW peak contained 90,odO 

cpm and only ha.H of these appear to he represented in the large ~ 3H peak 

(60,000 cpm). That is, chasing has taken place, but some -loss of 3Ji cpm MS 

occurred and 1s not! represented in the chase peak. Please note different:t' 

scales on axis. 

Therefore, between '6j - 7-5%'of total 14C cpm are present in 1 peak of 

'large molecular weight DNA, in pulse and pulse-chase experiments, in bath 

( 
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Figure Legend 

Fig. 2: Electrophoresis of erude lysates of DNA on neutral 0.7% agarose 

gels. 

Logarithmieally growing CV-l eeUs were uniformly labeled with [14C] 

~ 

thymidine for 24,hours, washed with prewarmed PBS, incubated with FdUrd for 

1 hour, and then pulse-labeled with (3Hlthymidine (Fig. 2a) or pUtse~1abeled 

and chased (Fig. 2b). CeUs were lysed, lyophilized and dissolved in 

buffer, as in Materials and Methods. Samples were denatured by boiling for 

5 minutes at 100°C, followed by rapid cooling on i~e. The position of the 

SV40 DNA marker ls shown. Migration was fro~ 1eft to right • 
o , 14C• 

.-

1 • 
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alkal1ne and neutral gel systems. Similarly, for 3H in pulse experiments, 

between 37 - 45% of 3H cpm co~stitute th~-Okazaki peak in bath gel systems 

and after chasing most of 3H cpm comigrat,e with bulk. Bath the radio-

activity profiles and proportion of counts presènt' in each peak are similar, 

showing th~t simple boiling of DNA followed by immediate electrophoresis is 

sufficient to separate the small fragments from bulk DNA. 

Okaza~i fragments were isolated using 2 methods of DNA purification and 

their electrophoretic behaviours were- examined on neutral 0.7% agarose gels 

(Fig. 3, 4 and 5). Crude lysates were c.ompared with these to see i! 

purified Okazaki fragments had similar mobility in the gels to the fragments 

released by direct lysis. 

The radioactlvity profile of a crude lysate of DNA (Fig. 3a) Is 

compared to that of' a sample purified by a modified Marmur- technique (Fig. 

3b) after a 30 second pulse with [3H] thymidine. Pleage note differing 

scales on axis. These profiles are similar. 'The' 14C cpm are predQminently 

found in bulk sized DNA in a peak at the top of the gel. The peak 'migrates 

similarly in b(),th the crude and pur1fied preparations, approximately 1 - 2 
• 

mm migration distance into the gel. The 3H profiles are also similar. 10% 

of 3H cpm comigrate with the 14C bulk peak at 1 mm dista~ce 'into the gel in 

both samples. A 3H peak at the bottom of the gel represe~ting Okazaki 

fragments ois found in both preparations, at similar migration distances. 

The'proportion of counts found in these peaks are 35% and 20% ln the crude 

lysate and purified sample, respecti vely. In the purified preparation, this 
'. 

peak has a span from 59 - 72 mm migration distance with an absolute peak at 

67 mm. In the crude lysate, the peak spans fractions 55 - 72, with an 

absolute peak at 62 mm. In the purified sample. 70% of the 3H cpm Is found 

in intermediate sized DNA. A small proportion, of these counts may he 

, 1 
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Figure Legend 

Fig. 3: Relative electrophoretic mobilities of a crudè lysate of DNA and 

DNA purified by a modified Marmur procedure in a pulse experiment. 

Crude lysate was prepared by uniformly labeling ~xponent;ially growing 

CV-l cells wit.h [14 C]thymidine for 24 hours, washing with prewarmed PBS, 

incubating with FdUrd for 1 hour, and then pulse-labeling with 

[JH1 thymidine. Cells were lysed, lyophilized and dissolved in buffer as 

described in Mat€rials and Methods (Fig. 3a). For the purified samples, 

cells . werè pulse-labeled and lysed as in érude lysate. The sampl~ was 

treated with protease, extracted with phenol, treated with RNase, then 

extracted with ehlorotorm-isoamyi aieohoi as deseribed 'in Mate~als and 
.ep,:; 

Methods (Fig. 3b). The position of sv40 marker is indieated. Migration is 

ftom Ieft to tight • 3R, , , o ,14C. 

, ' 

l 



40 

12 

t' 8 

M 
1 

0 
4, .... 

)( 

~ 
0.. 
U 

u ® ~ - .. 
J: 12-M 

+ "-

8 "-

4 C 

o 20 40 
Distance migrated (mm) 

____ ' ___ ----..i-_~~ ~ ... ______ .~. __ 



- " 

41 

accounted for by breakdown of bulk DNA du ring purification as shawn by the 

presence of 14C label. For the pulse experiments therefore, the 14C and 3H 

in bulk DNA show' identical migration patterns. The 3H cpm found in small 

molecular weight DNA show similar migration in terms of the total span of 

the peak, although the absolu te peak differs by 5 mm between the two. Also, 
"-

there is some loss of the Okazaki fragments in the purification procedure as 

evjdenced by the lesser proportion of 3H cpm in the small molecular weight 

DNA peak at the gel bottom (20% versus 35% in the crude lysate). Fig. 4a 

and 4 b show the same comparison of crude lysate versus DNA purified by a 

modified Marmur procedure in a pulse and chase' experiment. As in Fig: 3, 

the profiles are similar. 14C cpm are found to label bulk DNA and the peak 

of bath samples falls at l mm migration distance into the gel. ~imilarly, 

3H cp~migrates with the 14C peak, at migration distances of approximately l 

- 2 mm' into the, gel in pure and crude lysate preparations. In this 

experiment, the peak of ·3 H representing the Okazaki fragments appears ta 

have been chased into the first 10 fractions of the gel. Please note 

differing scales on axis. Fig. 5a shows the radioacti vit y profilt;s of a 

cruis lysate of DNA compared with that of DNA purified by -'the method of 

Gautschi ~nd Clarkson (1975) in a pulse experiment. In this case, profiles 

of crude lysate and purified sample are almost identical. The 3H peaks at 

th~ bottom of the gel show a wide spread in bath cases, 36 - 70 mm migration 

distance inta the gel for the crude lysate sample versus 39 - 70 mm for the 

purified preparation. The ,absolute peaks are at 51 mm and 52 and 54 mm, 

respectively. The proportion of total 3H cpm found in this peak is Aout 

60% in both cases. In bath cases, there is also a peak of 3H migrating at 

the top of the gel in gel in large molecular weight DNA. The proportion of 

3H cpm found here is 10% and 5% in the crude and pure samples, respectively. 
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Figure Legend 

Fig. 4: Relative electrophoretic mobilitie~ of a ct'ude lysate of DNA and -, 

DNA purified by a modified Marmur procedure in a pulse and chase experiment. 

" > 

. Crude lysate was prepared by uniformly labeling exponentf:ally g'roVling 

CV-l cells with [14CJthymidine for 24 hours, washing with prewarmed PBS, 

incubatlng 'with FdUrd for l hour, then pulse-labeling with [3H]thyrnidine 

and chasing. CeUs were lysed, lyophilized and dissolved in buffe:c as 

described in Materials and Methods (Fig. 4a). For the purified samples, 

cells were pulse-labeled and chased, and lysed as in the crude lysate. The 

sample was treated with protease, extracted with phenol, treated with RNase, 

th en extracted with chloroform-iso,amyl alcohol as de~,cribed in Materials and 

Methods (Fig. 4b). The position of SV40 marker is indic~ted. Migration is 

from'1eft to right o , 14 C• 

. ' 
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Figure Legend 

Fig. 5: Relative eleetrophoretie'1Il.obilities of a erude' lysate of DNA and 

DNA purified by the method of Gautschi and Ciarkson in a pulse experiment. 

Crude Iysate was prepared by uniformly Iabeling exponentially growing 

CV-l cell s with [14c 1 thymidine for 24 hours, washing with prewarmed PBS, 

ineubating with FdUrd for 1 hour, and then pulse-labeUng with' .r3H]thymi-

diue. Celis were lysed, lyophilized and dissolved -in buffer as described in 

Materials and Methods (Fig. Sa). For the- purified sample, celis were 

puise-iabeled and lysed as in erude lysa~e. To the lysa te, SM NaCl was 

added, and centrifugation performed. The supernatant was treated with 

pronase and extracted with ehIoroforffiTisoamyl alcohol (Fig. Sb). Logarithm 

~ 
moleeular weight of SV40 digested with Hind III restriction endonuelease is 

shawn plotted against migration distance. MigraHon is ____ from left to right 

o , 14C. 

, 
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SV40 digested ~ith Hind lU restriction endonuclease was run on the 

same gel as a 'marker for sizing the small molecular weight or Okazaki 
, 

fragment 0 peak. in both the purified and erude lysa te samples. The l6g 

molecular weight of the resulting SV40 fragments are plotted versus 
, 

migration distance on agarose gels (see Fig. 5). 'For the purified sample, -
using 52 IIIIII' as migration distance peak, dorresponds ta a molecular weight of 

2.15 x 105 for the Okazaki fragments, whereas for the crude lysate, using SI 

mm as peak, a, moleeular weight of 2.3 x 105 is obtained. Please note 

differing scales on axis ~ 
,') 

.... 

Astringent method 'of DNA purification based 'on that of Miyamoto and 

Denhardt (1 ~78) yielded a purified DNA sample whose 'size was determined on a 

sucrose gradient. Ineluded
c

. in this procedure, was purification of DNA by 

ni trocellulose eolumn chromat ography, the elution profiles of whîch are 

shawn in Fig. 6. With this'method, single stranded DNA should adhere to the 

ni trocellulose in high salt. whereas RNA and most proteins, should pass 

through. The DNA elutes in low salt. Accordingly. approximately 8Q% of the, 

applied 3H cpm were isolated in the low salt fraction and almost a11 the 

radioactivity isolated in the high salt fraction was alkali labile. Next l 

the low salt fractions from the nitrocellulose column, containing the 
, 

labeled DNA, were pooled, the DNA precipitated with isopropanol and prepared , . 
for equilibrium density centrifugation in CsCL Banding in CsCl is shown in 

;, Fig. 7; the pe~H) DNA was at a density of 1.7 g/cc. 

Ta fractionate the DNA f~ccording ta its size, it was heated (lOO°C, 30 

~econds) and centrifuged on a 5 - 20% neutral sucrase gradient", containing 

lM NaCI, 1mM .EDTA and 50 mM Tris - Nel pH8. Using single stranded RF II, ex 

174 DNA as a sedimentation marker, the (3H) DNA was 
4 

estimated to be 

2.8 x 105 moleeular weight as shawn in Fig. 8. 

.. 
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Figure Legend 

Fig. 6: Elution profile of DNA on ditrocellulose- column. 

GV-l cells were pulse~abeled ~nd the DNA extracted and treated as 

described in the. method of Miyamoto and Denhardt (1978) in Materials ''and 

Methods. The pellets from the isop-ropanol' precipi tation of the 

phenol-chloroform extract was dried and prepared for reprecipitation with 

GTAB, a catonic detergent, as described in Materials and Methods. The 

pellet was reprecipitated with 70% ethanol, then 95% ethanol, dissolved in 

10 mM Tris-HGl pH 8.1 0.1 M EDTA, heated to 100°C for 1 minute, combined 

with 1/5 volume of 3M KCl and applied to a nitrocellulose column of 3 ml bed 

volume. A "high salt" (0.5 M KGl, 10 mM Tris-HCl 0.1 mM EDTA pH 7.4) 

• 
nollowed by a "low salt" solution (10 mM Tris-IICl, 0.1 mM EDTA pH 7.4) was 

passed through the column: The DNA was eluted in the low salt fraction, and 

\ was about 80% of the DNA that was applied. The DNA ,ln the low salt fraction 
, 

isopr~anol 3H, , 14 C• was recovered by precip~ ta tion. t , 0 

" 

, 

-
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Figure Legend 

Fig. 7: Equilibrium buoyant density gradient centrifugation, of DNA. 

The low salt fractions from the nitrocellulose column containing the 

3H-labeled DNA were pooled and the DNA precipitated with isopropanol. The 

preci pita te was diss 01 ved i~ 50 mM Tri s "liCl pH 7.6 5 mM EDTA, hea ted at 

lOoDe for 30 seêonds and made up to a density of a 1.7 g/ml with CsCl. 

"\ 
Centrifugation was performed at 40,000 rpm for approxilllately 60 hours at 

"iODC in the A321 rotor of the lEC B60 ultracentrifuge. Fraction 0.3 ml 

were collected from the - top with a Buchler Auto Densi F,low apparatus. 

Aliquots of the fraction,s were assayed for 3H as described in Materials and 

Methods. 
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Alkaline sucrase gradients (5-20%) were mn to compare the results of 

Okazaki fragments pudfied by the Gautschi and Clarkson method (Fig. 9a) 

1 

with those obtained by direct lysis of pulse-labeled cells on the gradients 

(Fig. 9b). The significant result here is that in both cases, there i5 a 

peak ~f 3H cpm at the top of tne. g1;'adient, present àt the seeond fraction 

from the top. The [14C]-labeled bulk in contrast has migrated ta the bottam 

of the gradient. An SV40 marker, which is 16 S under these conditions, 

migrates 5 fractions inta the gradient. A size e5timate of approximat.ely 

6.5 S - 7 S (1.6 - 2.3 x 105) i5 thus obtained for the small molecular 

weight DNA. 
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Fi&ure Legend 

Fig. 8: Sedimentation velo'city centrifugation of TINA molecules in a neutral 

sucrose gradient. 

Fractions from the CsCl gradient containing the DNA were diluted 5-fold 

with 50 mM Tris-HGI pH 8.1 and precipitated with isopropanol. The pellet 

was suspended in 0.05 M Tris-HCl pH 8.1, heated for 30 seconds at iOOcC, and 

layered on tQP of a' 5 ml 5-20% sucrose gradient containing lM NaCI, l !lM 

" 
EDTA and 50 mM~ Tris-HCl pH8. The IbNA 'was centrifuged in the Beckman SW 50.1 

rotor at 50,000 rpm for 3 hours" at 20°C. Fractions of 0.3 ml were 'collected 

from the bof'tom of the 
'''~ eXtf' {ind assayed as described in Materials and 

Methods. Si,ngle-strandeà RF 1.1 OX-174 used as a sedimentation marker ls 

" shown. o ., 14C. 

, . 
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Figure Legend 

" .... 
Fig. 9: Veloeity centrifugation in alRaline sucrase gradients of erude DNA ., 
lysate (Fig. 9a) and DNA purified by the Gautschi and Clarkson method (Fig. 

9b) • 
, 

CV""'cells were pulsed as in the crude lysate preparation in Materials 

an'à Methods. Samples of l x 10 5 cells (25 ul) in 0.3 ml of 0.2 M NaOH -

0.01 M EDTA were layer~d over 5 ml of 5-20% alkaline sucrase gradients. 

Gradients were 0.9 M in NaCl, 0.3 M in NaOH, and 0.001 M in EDTA. Cell 

lysis and DNA dena turation were allowed to proceed at 4 Oc for 8-12 hours. 

Tlie purified samples were prepared aeearding ta the method based on that of 

~ 

Gautsehi and Clarkson described in Materials and Methods. . Approximately 

4 x 104 3H cpm (approximately 100 ul) were used. Centrifugation was 

/ ~ 

'earried out in an SW 50.1" rotor of the B-eckman L6SB centrifuge at 26,000 rpm 

for 16 hours at 4°C;· Fractions were colleeted and analyzed as described in 

M~ials and Methods. [3Hl-labeled SV40 DNA used as sedimentation marker 

i,s shawn. o , 14C. 
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Discuss'ion 

This series of experiments showed that a gel electrophoresis system 

could be used as an alternative to alkaline sucrose gradient analysis for 

DNA replication events in mammalian cells. The results showed the 

following: 

,1) When CV-l ceUs were prelabeled wHh [14C]thymidine, pulse-Iabeled 

with [3H]thymidine for 30 seconds at 37°c, then lysed and run on 0.7% 

agarose gels, the large [14C]-labeled bulk was found in a peak at the top of 

the gel, whereas the 3H was found in small molecular weight DNA at the gel 

bottom. One hour chases resulted in both the 3H and' ~4C cpm comigrating at 

the gel top. The 3H peak at the bottom of the gels present after ,a 30 

second pulse represented the Okazaki fragments which were ligated or chased 

into large DNA pieces'. Therefore, the agarose slab gels displayed the 

typical pulse and pulse-chase characteristics of Okazaki fragments. They 

cou Id be use"'d to separate Okazaki fragments frtlm bulk DNA following direct, 

lysis of the cells;' 

2) When pulse and pulse-chase samples run on alkaline gels were 

compared with samples run on neutral agarose gels that had been denatured by 

bailing for 5 minutes, the elE:\trophoretic mobllity pattern was the same. 

Thus, simple boiling immediately followed by electrophoresis was sufficient 

to separate the small fragments from bulk DNA; 

3) Okazaki fragments purified by a modified Marmur procedure (Britten 

et al., 1974), and by a method based on that of Gautschi and Clarkson (1975) 

had similar mobility in gels to the fragments re1eased by direct 1ysis. 

This same relationship was shawn 'on alkaline sucrase gradients; 

4) When the Okaz'aki fragments from the purified and crude lysafe 

procedure were sized on agarose gels, using Hind III digested SV40 as a 

\.. -."J' 
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marker, moleeular weights of 2.15 x 105 and 2.3 x 105 were determined for 
f 

the fragments respectively. A very stringent method of purification based 
. 

on that of Miyamoto and Oenhardt '(1977) produced a similar molecular weight 

of 2.8 x 105 for the fragments. 

Therefore, gel electrophoresis of crude lysates of DNA represents a 

suitable alternative to alkaline sucrpse gradients for the detection and 

sizing of Okazaki fragments. The results also infer that for the purposes 

of sizing, one need not perf orm extensive pur,ification of DNA bet ore 
\ 

electrophoresis as has been done in the past, sinee similar sizes were found 

in both crude and purified samples. This is useful sinee any purification 

will cause a 10ss of pulse-labeled DNA, an important point considering the 

size ,of the DNA dealt with and the short pulse-Iabeling times needed to 

generate them. Friedman and Mueller (1968) stated that replicating D'NA 

could be lost because of Hs partition to the in~erphase fraction during 

extraction with phenol and chloroform, a prominent step in any purification 

procedure. 

Agarose gel electrophoresis is also l,Iseful in that it over,comes some of 

the technical difficulties encountered in alkaline sucrose gradients. On 

gradients, 10101 molecul~ weight DNA will migrate only a short distance into 

the gradient. It remains at the top along with ceU proteins and othér 

debr~s, which may interfere with good resolution of the fragments. Also, 

( 

sizing the fragments presents a problem in that there is a lack of precisely 

characterized marker of small molecular weights. In gels, there is better 

detection of small molecular weight ONA as it migra tes to the gel bottom 

away from non migra tory bulL Since migration is an exponential funetion. 

.. there is potential for large separation of 10101 molecular weight DNA. 

Another difficulty was enc-ountered by Horw~z (Edenberg and Huberman, 1975), 

.. 
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who found th~t when whole cells were lysed on alkaline sucrase gradients, an 

artifact was seen whose behaviour mimicked the sedimentation properties of 

true Okazaki fragments. This artifact consisted of a small fraction of 
, 

uninc~porat~d radioactive precursor which côprecipitated with contaminating 
\ 

J 
cellular pro~eins that were acid pre:ipitable. Partial purification of DNA 

\ 
prior to runni\g alkaline sucrose gradients was necessary ta eliminate this 

artifact. Apart from the fact that agarose gel electrophoresis eliminates a 

number of difficulties encountered in sucrose gradient work, it does have a 

number of positive attributes which make it an excellent technique for a 

study of this type. The electrophoretic mobility of DNA through agarose 

gels ia a smooth function of the length of the DNA. It is common practice 

to plot the logarithm of known mole,cular weights against" relative ma bil it y , 

and obtain a l1near ,plot by which to 

Excellent resolution can be obtained for 

'estimate othEir molecular 
/ 

~, 

DNAs of moleculil't\. weights 

weights. 

up ta at 

least 26.5 x 106", a' difference of less than 10% being readily resolved even 

for mol~cules of this size. Also, gel electrophoresis can provide , 

information about conformation as weIL as size of DNA. Testing electro-

phoretic mobility relative to standard DNAs over a wide range of ionic .. 
strength, pH, gel concentration, and voltage gradient should readily 

distinguish among native, single-stranded, linear and circular DNAs. 

Multiple samples can be compared on the same $lab at a fraction of the time, 

effort, and expense of alkaline sucrose gradients. Also, large sample wells 

• 
and thick gels can be used for preparative separations. An advantage of the 

~rizontal, system of slab gels used in these-- experiments, i5 that gels of 

very low concentration are adequately supported and do net dis tort during 

elec t rophoresis. This makes it possible to measure accurately relative 

mobilities of large DNAs. This horizontal system makes easy removal of the 

-, 

f 
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. 
gel pos~ible for drying and autoradiography or fot staining. Lastly, if 

ethidium bromide is present dur1ng electrophoresis, DNAs can be -visualized 

. ' 
and photographed without removing the supporting medium from the apparatus 

1 

Alkaline , sucrase gradients or dlsturnin it in any "way. 
. ~ / 

flexible ir handling (McDonnell et al., 1977). 

are not this 

Aside fro'm the use of gel electrophoresis, theré are a number of other 

technical r~finements possible in these experiments owhich could' provide a 

basis for future work,. 
...... Firstly, the DNA preparations were of necessity 

doub1e-labeled, the bulk DNA and small molecular wei!ht DNA being identified 

by [14C]thYmidine and ,r3Hlthyurldine respectivelY. This necessita.ted the use 

of gel slicing and scintillation coun~ing to determine radioactivity 

profiles rather than fluorography, which is a less tedious, higher 

resolution technique for the detection of radioactivity. It is also 

adval'!,tage'Ous in that it does not de~troy the sample (Bonnèr and Laskey, 

1974). Future work shou1d adapt this technique to fluorography, perhaps by 

using a weIl established system, where bulk DNA need not be labeled, and 
-, , , 

only pulse-labeling,ls necessary. The present experiments demanded double 

label to establish the presence of a working agarose gel systeIlf
c 
for Okazaki 

fra'gment detection and sizing'. Secondly, because of the short pulse times 
~ ~ 

necessary ~o isolate Okazaki fragments, the absolute number of cpm present 

I-,.--_------'---~----~_in-~ samp le was low. Lyoj>hilization of the--.s.ample was performed ta 

-

r 
j 

conc~~t?àte the radioactivity for gel electrophoresis. This Is undesirable, 

in that lt represents a form of DNA manipulation and shear, which is best 

avoided in studies~like this (Lehmann and brmerod, 1969). It ls unlikely, 

however, thq.t bulk DNA would be sheared to Okazaki fragment size and al ter 1 

the proportion of 3H cpm found in that peak ~Blumenthal and Clark, 1977a). 

Conditions' which increase the specifie activity of the sample~ perhaps by 

1 . \ 

,," 
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favouring greater incorporation of isotope, or by use 'of a higher emission 

energy isotope, should be investigated • 

. 
It is valuable ta compare the data obtained here for Okazaki fragment 

size, with the estimates derived from other eukaryotic celi systems. It has 

been mentioned that there exist niany difficulties in stud.fes of this type, 

both in the detection of Okazaki fragments using alkaline sucrase gradients 

and in the experimentai conditions needed ta generate them. First, Okazaki 

fragments, are short-li ved. Although readily detected after a 30 second 

pulse (37°C) of (3H] thymidine, they are almost impossible ta see after a 2 

minute pulse (Huberman and HoriTitz, 1973). A second difficu1ty involves the .. 
",,-cT 

inabll~ty' to control the initiation of DNA synthesis. Ideally, in order to 

\ . , 
detect such intermediates in pulse~label experiments, the start of the pulse 

and the initiation event should be simultaneous. When this condition is not 

fulfilled, end labeling of partially replicated molecules obscures the 

~ 

presence o~ anJ true DNA intermediates. Kurek and Taylor (1977) attempted 
, 

ta overcome }his problem by establishing a block in the cell 'cycle, at the 

GIIS b~un4ary using FdUrd. They ·showed that at 10 uM FdUrd, there was no 

synthesis of T~ via the de nova' pa~hway and that the ~e1~s ability ta 

synthesi~e DNA was primarily l1mited 'py the availability of free TdR from 

the medium. Additional difficulties which concern the use of alkaline 

sucrose gradients, 'have been discus,.sed above. . Therefore, it ~s not 
--~----- " 

surprising that so muc.h variation _ exis ts in the reported sizes f or Okazaki 

fragments. Table l illustrates sorne of the sizes estimated in different 

mammalian and viral systems. 
; 

'Edenberg and Huberman (1975) state that the most recent and reliable 

. estimates of Okazaki fragment size are about- 5 x ,104 - 1 x 105 (4-55), 

(Magnusson et al., 1973; Francke and Hunter, 1974; Gautschi and Clarkson, 

( 
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1975). In the cv-i system, the smallest replication intermediates have been 

sized at 2.3 x 105 (6.5-7 S) and 2.15 x 105 (6.5-7 S) f'or the erude and 

purified samples' respecti vely. These sizes compare favourably te but are 

so~ewhat larger than the currently accepted yalue of 5 x 104 ' - 1 x 105 

(4-5S). This may be due to the fact tbat pulse-label1ng was done for 30 

seconds a t 37 oC. Shorter 'pulses may have resulted in the isolation of a 

smaller re~llcation intermediate. 

o 

( 

. . 
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Table 1 

i 

Organism 

Human 

(heteroploid cell line EUE) 

Ruman 

(HeLa) 

Human --..~ 

(lymphocyte cell line 8866) 

Chinese Hamster 

(B14 FAF -28-G3) 

Chinese Hamst:er 

(CRO) 

Mouse 

(~-815) 

Drosophila 

sv40 , 

Polyoma 

,/ , 
) 

< 

Replication Sedimentation 

Intermediate Size Coefficient in Alkalin~ 

(Molecular Weight) Sucrose Gradients 

1 x 105 5 S 

5 x 105 10 S 

5 x 104 4 S 

3.3 -x 105 9 S 

5 x 104 4 S 

5 x 104 4 S 

~ 

5 x 104 4 S 

5 x U)4 4 S, 

5 x 104 4 S 

---- t. 

Reference 

Nuzzo et al., 1970, 

Kidwell and Mueller, 1969 

Tseng and Gouliad, 1975 

Schandl and Taylor, 1969 

Hubermann and Horwitz, 19/3 

Gautschi and Clarkson, 1975 

'OP 

Blumenthal and Clark, 1977 

Salzmsn and Thoren, 1973 

Pigiet et al~ 197} 
~ 

f 

<. 

\?; 

0-
N 
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lt ls also interestin$ to speculate whether or not synth~sis is semi 

or totally discontinuous in the CV-l system. The resul ts have shown that 

after a 30 second pulse, approximately 37 - 45% of 3H cpm migrates as low 

molecular weight DNA or the Okazaki fragment peak at the bottom of the gel, 

whereas the remaining 3H cpm are found in larger molecular weight DNA. The 

-' (J; 
kinetic approach of determining whether synthesis at the replication fork is 

semi -- or totally discontinuous states, that there should be the same 

amount of label in both classes at short pulse times if synthesis is 

semi-dis'continuous. A very tentative observati~:m for our system, therefore, 

is that synthe sis appears to be semi-discontinuous. Shorter pulse times or 

lower incubation temperatures at the time of pulse-labeling wauld help 

clarify this situation, sinee it would inerease the likelihood of isolat~~g 
.. 

Okazaki fragments and decrease the time available for ligation of small 
j 

fragments. A more certain approach to this question wou Id be to determine 

'Whethe}:" the Okazaki fragments can anneal to each other, annealing of the 

fragments from one fork would be proof that synthesis at that 0 fork is 

totally discontinuous. These are both future considerations. 

Lastly, it is valuable to consider how this system can be applied to or 

integrated with the work done by o~hers in the field of DNA replication. 

Southern (1975) has described an interesting method for the detection of 

• 
specifie sequences among DNA fragments separated by agarose gel electro-

phoresis. In this system DNA fragments are transferred from agarose gels to 

cellulose nitrate filters and then hybridized to radioactive RNA. The 

hybrids are detected by radioautography or fluorography. S'imilarly, Okazaki 

fragments isolated by agarose gel electrophoresis cou Id be investigated for 

RNA primers using such a system. 

T • 
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Conc!us1on 
"1 

The results indicate that an agarose gel 'electrophores1s system 1s a 

useful alternative ta e,lkaline sucrose gradients for the isolation and 

sizing of Okazaki fragments. The slab gels accurately d1splay the ,typica1 

pulse and pulse-chase characteristics of Okazaki fragments. They can he 

used ta separate Okazaki fragments from bulk DNA following direct 1yais of 

the cells. Also, the purified Okazaki Jragments have similar mobllity in 

gels ta the fragmen,ts re1eased by direct lysis. Lastly." Hind III digested 

SV4Q resu1ted in six fragments whose log molecular weight versus mobility in 

gels gave a linear plot enabling accurate sizing ,of the Okazaki fragments. 

In conclusion, this system is of value since it would permit better 

resolution and more precise sizing of Okazaki fragments ofhan the 

conventional alkaline sucrose gradient. In gels, the low molecular weight 

fragments migra te to the gel bottom, whereas in gradients they are found at , , 
the top along with cell proteins, unincorporated radioactive precursors and 

other cell debris. The estimates of Okazaki fragment aize, using this 

method, are 2.3 x 105 and 2.1 x j05 molecular weight for the crude lysate 

and purified DNA preparations, respectfvely. 

-
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The US'e of Agarose Gel E:!.=::.::!:'ophoresis to ~!easuLe the Size of D~;A 
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Running title: AGAROSE GELS l') ~':::~U!tE D~à SIn: IN CEU LYSATES 

We have used "agarose gel electrophoresis to measure the Size of D:-lA 

moiecules taken directly frow c~Jde celi lysates. Pulse-labeled D~A fram 

CV-l cells that o;.;as denat\lr~d :::ù~rated 2S 50a11 tlolecules the size of 

Okazaki pieces when it · ... as subject:ed tq electraphoresis on o. 7'Z agarose gels 

under alkaline anè. ~autral conditions. The g~ls also displayed the incor-' 

poration of the Okazaki pieces i:!to bull<. DNA iolhen the DNA was labeled by 

pulse-chase techniques. rne -.n~ation of the D~A fram crude œll lysates 

was ideutical ta D~A purified hy chlorofor=risoamyl alcohol extractio~, and 

estimates of the size of the puls~-labeled l:101ecules were similar by elec-

trophoresis and by alltaline suc::-ose gradient ceutri~ugation. These results 

indicate that, in these expe=i~en~al conditions, agarose gel electrophoresis 

- can be used in the same manner as alkaline sucrose gradient centrifugation 
..... 

tp analyze replicating DNA fro:l crude cell lysates. 
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[INTRODUCTION J 

Agarose gel electiophoresis has beéti a valuable technique for sizing 

D~A lllolecules. lt has bean used ta analyze Okazaki pieces (l) io. 

exper1!:1enrs on DNA replication in malI!Dalian cells and important 

observations 00 size aod structure of the gieces have be@n made (2-4)~ ln 

these analyses, the Okazaki pieces have been purlfÙd from' cell lysates -
, --;~ 

before they wêre subjected to electrophoresis. The extraction procedures 
1 

• 
aimed at purlfying nascent DNA from ma1!IlDalian cells cause some loss of 

~11 mole cules and may aIs a cause breakdown of large DNA,molecules. 

, 
To avoid lasses and to reduce the chance of breakdown of large 

l:Olecules. =any researchers lyse cells and denature the DNA directly atop 

alkaline sucrase gradients. This kee?s manipulation of the moJ.ecules ta a 

lrinimum. Subsequent analysis by velocity centrifugation givés 

"-
:eproduci~2.a sedi:::tantation rates of the DNA molec.ules that cau Ile used to 

estimate their molecular waights. Although useful, the procedure has so~e 

dravbacks. Ta prepare and analyze many 'gradients is tedious and 

"time-consuming. Equipment used for the analyses, such as ult'racentrifuges 

and scintillation couaters, are expensive • Compared ta ultracentri-
.. _ ~: .!'"=";";;'''J~:.:f:.r.~ _ -
-,~~,~~.~"{g;"fùgation. gel electrophoresis 15 simple,' 1aexpensive and fast • 

• ~ ·~1:";-j-!\'-~~ .. ~ -;~ ~ ,.. ... "",: _~,~_ 

: -"--- :~_f.~.:,,~ I~ the e~p~~iments in this paper, we examined 'the possibility of 

-~ '-#' - . - .- • " -':--, ~'. ;t-/:;-;ui~g agarase gel i!lectt'ophoresis to analyze DN! frolll crude lysates of 
• :_ :"" :_ .. :;..... • .... . .B A

_:- __ _ 

- - :'---' .:-. 'malllllfalian cells.-- Our results show that it can be substituted for alkaline 
~ - '!...... -

. -'_::;' sucrase gradients in the experirnental conditions we have used. " 
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, l, 

1 
CeUs. CV-l , ceIIs, a li:le èèrlVed froül African gr,een monkey kidney 

ceIls, were grown and œ<U:rtai:le d h m::li..=al es seutial mediuGl (~Œ:l) l w i th 

57. fetal calf serum (FCS) as des::ribed previously (5). The cells were 

gro'Wtl in 75 c.;z. cell culture ilasks a.t: 37°C until confluent, at which 

[3gJthYTJÎi.dine labeling a:ld caU 17515. Cells that had been seeded 

'the day before ar 6 x 105 cel2.s per 60 GlIll plastic culture dish were 

labeled with [14C] thymidice (0.1 uCi/nl; 50 mCi/mlnol), for approximately , 

24 h. The radioactive meditO -;.;"25 tg en ra=oved and the cells were T,oIashed 

and incubated in fresh ~~i for 2 h. FcfGrd (2 x 10-6 ~1) was then added for 

1 h, after which the ce113 ':la=e eithe= pulse-labeled with [3 Hl thynidine 

(100 pei/ml, 50 Ci/mmol) for 3'J sec at 37 ~C, or pulse-labeled and chasad 

for l h in mediUCl eontai~ng 2 x 10-5 M nonradioactive thymidine. The 

FdUrd was used to'..allo;..r J:"ap~d l~b=ling af :1-.e Okazaki pieces byexogenous 

[3H]thymidine and to increa5~ t~~ lilCOC?o=ation of the isotope. Aftec the 

cells were washed with cold phos!,hate-~u:=ered saline (PBS), they wace 

trypsinized immediately a;ld sus?a:lded i::J. cold PHS. They ware then lysed 

in 0.3 H NaCl J 0.015 M sçdiUZl ci;;a::e and 17. sarcosyl for 1 h at room tec:-~' 

pelt'atu~e, and tbe lysates 7are IYO~h1lized and dissolved in smaU v(umes 

of .electrophoresis buf=er. 7"c.e ~;aCl :::o:!cantration of the resuspended 

lysate was 2.0 M. These pre~a=ations, :;ohlch had been concentrated -five-

fold by lyophilization, serv~d as-the crude lysates of DNA for subsequent 

electrophoresis and gradi.a!lt :::el:::rifugat:~on experiments. Crude l~sates 
1 

were stored for not longar t:ha::. 24 h 
8 

at: -20~C 50 as to keep the cfegrada-
" 

tion of t~~ DNA ta a miai~. 



Pre'Jaration of purified DN.:\.. This was a modification of the method 

, 1 
described by Gautschi and Clarkson (6).. The concentration of NaCl in th~ 

cell lysate was adjusted ta l a and the lysate was leU overnight at 4 oC. 

The prec:!.pitate was removed by centrifugation. The supernatants were 

incubated for 30 min at, 37°C with pronase and the remaining protein was 

removed by 2 rounds of extraction with '\chlorof orm-isoamyl alcohol (24: l 
-------------------------~ , 

v/v) • The deproteinatèd; sample was then precipitated with ethanol and 

prepared for electrophoresis. 

"­
Agarose gel electrophoresis. A horizontal slab gel system for elec" 

trophoresis (7) was used in these experiments. The buffer for neutral gel 

e1:ectrophorasis was 0.04 M Tris, pH 7.8, 0.005M sodiuCl acetate, 0.001 11 

EDTA. To pr~?are gels. l'.4%; melted agarose (SeaKem, Harine Colloids Inc.) 

i~ distille.è -..later was mixed with an equai volume of twice-concentrated 

neutrai elec:rophoresis buffer to give a final agarose concentration or 

o. n. Sa=?:es of l'ysatè derived from 105 cells in a volume of 25 pl were 

heated for 5 min at 100°C and -applied to the gel. Bromophenol blue (BPB) 

." 
\.las run in a separate weIl as a ctarke.r dye. Eleetrophoresis was carried 

out at rOOm temperature until the BPR had migrated to a distance of 5-8 

c::l, generally a period of 5 h at 40 millivolts. After electrophoresis, 
~ 

tha gels "er~ soaked in 10% trichloroacetic acid - 0.5% sodium pyrophos:­

phatt.e for 1 h ta precipitate the DNA and to complex unincorparated 3 H • 

The gel colu:nns were eut fram the slabs and sliced into 1 mm fractions 

using stack.ed ~or blades. 'SUce.s were 
l'tA. JI 

analyzed for· radioaetivity by 

liquid scintillation counting. 

For alkaline gel electrophoresis, the gel buffer consisted of 30 1:01 

:SaDH and 2 c.'1 EDTA, pH 12.2 (7). The ~enatured s3cples were dissolved in 

neutral electrophoresis buffer rather than in alkali. We used a neutral 



t. 

btt • 

buff~r hare ta rec!uce the chance of breakdown of the small DN1\. fragments, 

since these samples were aiso heated for 5 min at 100°C to match the 
r J 

conditions us"'ed' for 
, 

sa::1ple pre'pa ration for neutrai gels. 

Elec"trophoresis and 'subsequent processing of the alkaline gels ~.e,re t.he 

" same as out:lll1ed above. With both neutral and alkaline g€ÜS, more than 

751. of :::i:::.a 3ij coy.nts loaded onto the gels were recovered àfter electro-

phoresis. 

Velocitv sedi~entation in alkaline sucrose gradients. Gradients of 5 

1 

ml of 5-20% sucrose in alkali (pH 12.2) were formed over a cushion of 70i. 

s~crose . (8) 'aid centrifugation wâ~ car~ied ~ut as descri bed by Zannis­

Had39Poulos et al. (9). 3H-labeled SV40 ~~A form II was used as a marker. 

Pre~aration of SV40 DNA and its cleavage by Hind ~II restriction 

endonuclease. Viral DNA was prepared fron CV-l cells ~nfected with SV40. 

The Hirt s~~ernatant (10) was puri:ied ani subjected to CsGl-ethidiut:l 

~ro~de cen:=ifugation. Forn l DNA ~as digested with Rind III restriction 

endonucleasa as descnbed by Danna et al. (lI). 

.: 



- . 

~SL1.TS .\SD DISCCSSI@ 

Pulse-labeled and pulsa-c:-:ase labeled ~~rA from crude lysates of C'.'-l 

celis was subjected to agarose gel ele'c:::'i:"ophoresis. For teehnical 

reasons, ;.ra could not lyse the cells directIy on the gels. We we Le unable 

ta load sufficient amounts of radioactivit:y in the required smail volumes 

on the gels to a.llow analysis. We resorted ta lysing the cells in neutral 

buffer containing sarkosyl and then lyophilizing the' 1ysate ta concentra te 

it. We c'hose lyophilization as tha cêthod for concentrating our samples 

since the purpose of these experiments '.las ta examine whether D::lA from 

unpurified samples could be a:1alyzed by electrophoresis. Other concen-

tration procedures such as et'MOlol precipitation might have introduced 

some degree of purification. The dried lysate was resuspended in eIec­
<1 

trophoresis buffer and the D~A .,as de:latured by heating it ta lOO"C 

immediatel~t beIore it was applied ta the gel. The patterns displayed on 

'-

electrophoroesis by pulse-labe:~:! and ?'.l:!.:;~-::1ase labeled DNA prepared b 

this way are shown in Fig. 1. 

On gels prepared and ruu fu alkaline buffet (Fig. la, b), 60% o~ the 

pulse-labeled DNA migrated faster t:can E'hU 174 DNA teplicative Z'OCtl." Tnè 
r j/ 

rest of the puls';-labeled DNA nizrated oore slowly and Hs distribution 

overlapped the distribution of bulk DNA that had been uniformly 1abeL~d 

... ith [ 14CJ thY1Ilidine. The pulse-ehase-la~led DNA migrated ~xclusi vely as 

large D:-IA molecules the size of bulk DNA. If the gels were prepared and 

rttrr under neutral conditions, identical results were obtalned exce;lt that 

s.nall discrete peaks in the a.iddle of the gels were found ',.,ith pulse-

la.beled, pulse-chase-Iabeled 2.:Jd unirot':llY labeled DNA (Fig- le, cl) • ... . 
These inten:tediata peaks cont:ain high ::.olecular -,.,raight Di'lA. He do not 

,know the reason for the cul.ti;Jle p.ea~s 0: :-J.gh-colecular-..tleight Claterial 



in the neutral gels, but 'Hnatever che caL!se of these artifacts, they see::l 

to be less evident in alkaline gels. We obtained identical patterns or: 

nigration vhen puriiied D~IA ',.;as subjected ta electrophoresis (data UClt 

shown). Thus, gel electrophoresis gives qualitatively the same sort or 

analysis as alkaline sucrase grad~ent centrifugation. Furthermore, the 

denatured D~.\ displays essE'!1tially the sa:::e migration pattern in al;.ç,àline 

and neut~ gels. App~rently, the D~A cao he maintained in the denatured 

state during elect:rop~oresis despite neutral pH. The gels prepared in 

neutral bu.ffer were much easier to sUce and prepare for scintillation 

couoting. 

To exa:1i.ne further whether electrophoresis could be substituted, for 

alkaline sucrose gradient centrifugation, we directly compared pulse-

labeled D}iA sa:nples subjected to the t',.;o ;lrocedures. As shawn in Fig. 2, 

erude and ?urified_ pulse-labeled D~IA. rrigrated as low-molecular weight 

s;:>ecies on gels anch gradients. In order to obtain a more accurate es ti-

r::ate of the molecular we"ight of the pulse-labeled D:.IA, Iole cOü1pared i::s 

oigration to that of marker D;.IAs prepared by digesting purified SV40 D~A 

.... ith restriction enzyt:l!! Hlnd III. The markers ,were run on the sallle gel 

and the positions of the ~ lar6est SV40 rragt:1ents are plotted in Fig. 2a. 

Th@ range or lIlo1ecular w@ights is large. From fractions 36 to 63 (that 

15, those fractions vithln the peak that: bave al: least SOi. of the counts 

of the peak. fraction») the molecular weights range from l x 105 .<323 

nucleotides) ta 6.8 x 105 (2200 nucleotldes). The peak fractions. from 

44 to 56. contaio.ing 60% of the counts. range in malecular weight from 

1.6 x 10 5 (516 nuc.leotides) to 3.1 x 105 (1000 nuc.leotides). The range of 

molecular ",eights for the purifled Okazaki pleces 15 similar. These 1Il0le-

cula.lt weight5 are three to six til!les larger than those obtained when 
,r 

- . 



puri.fleJ O~azakl Ïragcents sym:lte"izt!d lu VJ.tro art:! SlZCJ by ;~el eleclro-

phoresis (4). Because the D:jA. '''''as la'oeleà in vivo, 1 ligation oE the 

Okazaki pieces was unimpaired, 2!1.:! we D.a/ ~ lookin~ at DNA fragcnents 

composed of three ta six ligated Ok<!zaki pieces. On the other hand, ';le 

cannot: cO!:l?leteIy exclude tne ~.Jssi.Jl.ll.ty t2.::!t O~aza;u p:i!ec8s synthesiZf~ct 

in vivo in oammalian celis dore la.:ger tha:l. those syntheslzed on papova-

virus D~1 templaces in vitro (4) or in vivo (2). The D:-IA mole.cules are 

replication inter:::.ediates siùc'!. as sho'..rn iù ?ig. 1, they can be chased 

into bulk ma. Tne molecules ::lOst probably did not ari,se as a resuit of 

incorporation ahd subsequent excision of u:-acil-containing nucieotides, 

since this oechanis1l1 of generati!lg small D~rA 801ecules is not significant 

in mamnalia:l. celis (12, 13). In our haùds, the small DNA molecules from 

erude lysates had the sallle siz<! è:'s ~=i bu::i0:l as purified Okazaki pieces. 

This 1ndicates that purificatio:l i5 not Ge~essary for size detemination. 
~ 

a~d that t~~ lasses in Yleli f~~~ ~2=lfica::o~ =ay he avoided. as they are 

in analyses of these molecules 0:1 alkali:J.e sucrose grad.ients. Electro-

phoresis offers several advantages over gradient centrifugation. Hultiple 

samples may be run under identi~l conditioas in the same gel and oarkers 

can be incorporated into the gti. This C3n gi ve a marked increase in 

accurac7 of molecular weight deter::rlnations and also allow precise corn-

o. 
pansons or DNA subjected to differe:lt e.x?e::i.::!ental mani;mlations - The 

speed and simplidty of eleetro?ooresis has already been alluded to. In 

.. general, the resolutlon of ele"c:::,o;ùoresi~ is hlgher than that of gradient 

centrifugation, but we have not exa~ned that here. 

\.le used DNA labeled with ;,oth 14C an.d 3H in t;.hese experiments in 
f}. 

order to exa::line the size of 'J'<azaki piec~s and bulk DNA in the sar:le 

samples. In future exped::e:lô.:s. it s""ouli be possible ta label the_ 

.. 



Ok.:!zaki pieces with a single isotope sucn as 3!i. The distribution of buJ:,. 

DXA could be determined by i ts fluorescence after staining wich a dye such 

as Hoechst 33258. After d~staiûiBg, the gel could be subjected to fluo-

rography ta adalyze the distribution of the Okazaki pi~ces. 
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.. Fig. 1. 

[FIGüRE u:r;~:mS) 

, 
Cel electrophoresis Qf danatured D~A from lysates of CV-l 

cells. The DNA was unifclr:ùy labeled w~th [14C]thymidine, and then pulse­

labeled vith [3a] thymidine for 3,0 sec (a» c) or tlulse-tabeled fGt' 30 .;ee. 

and the-n subje.cted ta Clhase conditions wicn unlabeled thymj dine for l h 

(b, ci). tha' labeled caUs were lysed and lyophi11zed. The crude lysates 

from 105 cells -were placed in electrophoresis buffer and heated to lOO"C 

for 5 minutes. The heated preparations tJere applied "to alkaline agarose 

\ 

gels (a, p) or neutral gels- (c, d) aad I>ubjected ta electrophoresis. 

(e), [3aIDNA; (0 ), [14C1DNA~ The arrow in each panel. marks the posi-
.. 

tion of Phi! 174 DNA run in the saoe slab gel as a marker. 

" 
Fig. 2. Comparison of gel ele<:trophoresis and alkaline sucrase 

" gradient e:!dy~is of miA. Celbl3.r D~A ':Yas u:tiformly labeled -owi.th [ 14C] 

thynddine and subjecJ'ed t~ puls~ le.be1i:l.6' 't.:ith [3H'Jthymidinefor 30 sec • 

The caUs were lysed and the extracts a:taly:z:ed directly after lyopbiU-.. 
zar10n Ca, e) or "the DNA froo the extracts was purified (b, cl). :Lhe 

samples were Qeuatured by heat:ing and. 'subjected to electropboresis ml 
>- , , , , 

neutra~ agarose gels (<1., b) or layet'eêl JtU.t~tly on alkaline suerose ~a-- - ' 

. ~ ê1.ents and eentrl,fuged (e, d). (.",';',{S3]DNA; ( ~)~ r14C]DN:.'\j ( Â h 

moleeular weight: Ularkers derived by -d,1gesti.<m of SV40 DNA w1l:h restriction 

enzyme H;ind ur. The ordinat.e on' the rl.g!tt: in panel a indicates tbe 10810 

molecular we1ght of chese ~rkers and the positions of the 4 1argest SV40 

fragments are' shotom. 
< 

'the arro.s in partels c. and d show the POSit,iOD af 

SV40 DN'A centrtfuged at the sa:te cime ,in a separace gradient. 'Sedimenta­

tion 19 trom right to ~eft in t~e gradients. ' 

, , 

" . 

• 

, " 
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, 
l Abbreviatioa.s usad: }r.::~!» !llinimal essential mediul1l; Fes. fetal calf 

, l tr 
serum; pas. phosphate-buffered saline;' n.'"E, Tris 0 ~05 M, ~bCl 0.15 H, EnTA 

> 

0.0.5 M, pH B; BP.s, brociophenol, blue; SV40, si:!xian virus 40. 
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