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ABSTRACT

In this thesis, horizontal slab gel electrophoresis 1s presented as an

alternative to alkaline sucrose gradlients for the detection and sizing of

Okazaki fragments. When CV~l cells were uniformly labled with l4c-1abeled
tg§midine, pulse-labeled for 30 seconds with [3H]thymidine, lysed and run on
0.7% agarose gels, the largg l4c-1abeled bulk was found ia a peak at the top
of the gel, whereas "the 3H was found in small molecular weight DNA at the
gel bottem. This 31 peak representing Okazaki fragments comigrated with the
bulk l4C iabel after pulse-chasing. Agarose gels thus display the typical
pulse and pulse-chase characteristics of Okazaki fragments and can be used
to separate Okazaki fragmentsufrom bulk following direct 1lysis of cells.
Okazaki fragments released by direet lysis of cells and those obtained by
various methods of purification were compared electrophoretically on 0.7%
agarose gels and found to be similar id migrationm pattern. When the Okazaki
fragments from the purified and crude lysate procedures were sized on
agarose gels using Hind III -digested SV40 as a marker, molecular weights of

2.15 x 105, and 2.3 x 10 were determined for the fragments respectively.
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RESUME
i
Dar}j/kcette thése 1'Electrophordse sur gel horizontal est présentde

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

déte{cter et la déterminer la taille des fragments d'Okazaki. Lorsque les

" cellules CV-l. uniformément marquées sont alors pulsées d la thymidine 3

v
»

pour 30 secondes, puls lysées €t d&posées sur des gels de 0.77% agarose, nous

avons constaté& que la pius grande partie de 14¢ est restde 3 la base du gel,

tandis q{.le le 3H.'est retrouvéd au front, dans 1'ADN 3 fa;ble poids

moléculaire; celui~ci, repré@sentant les fragments d'Okazaki. Aprés le
)

pu-chase tout le mat@rial tritié migre avec le lic - 1es gels d'agarose

montrent ainsi les caractéristiques particuliéres des fragments d'Okazaki

i
lors du pulse et du pulse‘—chase. Les gels peuveut &tre utilisds pour les

fragments d'Okazaki 3 partir d'extraits cellulaires bruts, directement apréds
la lyse des cellules = les fragments d'Okazaki 1solés 3 partir de lysats de
cellules et ceux obtenus par d'autres methodes de purification ont é&té
comparés sur des gels de 0.7% d'aga}rose. Le mode de migration est similaire
- les poids moleculairés, mesurés 3 partir de SV40 digér& par Hind III
utilisé co}ﬁme marqueur, sont de 2.15 x 103 pour les fragments purifiés et de

2.3 x 103 pour les fragments provenant de lysats.
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Fig. 1 - Electrophoresis of crude fysates of DNA on all!aline 0.7% agarose

\
gels after pulse~labeling ifor 30| seconds (Fig. Ja) and pulse-

labling and chasing (Fig. 1b).
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Fig. 2 - Electrophoresis of crude l)‘safes f DNA on neutral 0.7% agarose

gels after pulse-labelhing for

-

30 seconds (Fig. 2a) and pulse-

~labeling and chasing (Fig. 2b). g
9 (
Fig. 3 = Relative electrophoretic usbilities of a crude lysate of DNA

(_Fié. 3a) and DNA purified by a modified Marmur procedure in a

pulge experiment (Fig. 3b). i |
] \
' \

Fig. 4 - Relative electfophoretic mobilities of a crude lysate of DNA

(Fig. 4a) and DNA purified by T'i modified Marmur procedure in a

|
pulse and chase experiment (Fig. 413).

|

1

Fig. 5 - Relative electrophoretic mobillities of a \!crude lysate of DNA
(Fig. 5a) and DNA purified by the method of Gautschi and Clarkson

in a pulse experiment (Fig. 5b).

Fig. 6 - Elution profile of pulse-labeled DNA on a nitrocellulose column

~

in the method of Miyamoto and Denhardt.
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Fig,
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7 - Equilibrium buoyant density gradient centrifugation of pulse~
v 1

labeled DNA i{n the method of Miyampto and Denhard%.

8 - Sedimeqtation velocity centrifugation of pulse-labeled DNA in a

4

neutral sucrose gradient, in the method of Miyamoto hnd Denhardt.
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9 - Velocity centrifugation in alkallne sucrose gradientls of crude DNA

lysate (Fig. 9a) and DNA purified by the Gautschig and Clarkson

method (Fig. 9b) in a pulse experiment.
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The purpose of the experiments in this thesis is the development of a

" INTRODUCTION:

convenient, accurate, and reproducible, teghnique to analyze DNA replication

4, . .
events in mammalian cells’ that can replace alkaline sucrose gradient

analysis. wIn alkaline sucrose gradient analysis, one establis\ges a density
gragient along the length of a centrifuge tube, layers a dilu‘te solution of
DNA on top 9\f the gr;adient, and cent;rifuges the tubes at hi‘gh speeds until
the moleéule:}t of interest have. sedimented part ;Jay along the length of t':he
tube. In this way;m molecules ar; separated according to their rate of

sedimentation, which {s expressed as the sedimentation coefficient s.

%

s = dx/dt, where x is the distance from the centre of
.
wlx

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

seconds, A sedimentation coefficient of 1x10"l13 seconds.is called a

i

Svedberg unit, or Dsimply_ a Svedberg, abbreviated’ S. The sedimentation
coefficient 1s 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 low DNA conééntrations, and a ,

wide variety c;f solvents can be employed (Studier, 1965). DNA labeled by
extremely short pulses of [3H]thymidine is partly in the form of molecules
mich shorter than bulk .DNA, and migrate§ only a short distance 1into the
gradient. This peak represents chains that initiated during the pulse
(Okazaki fragments).

In this thesis, horizontal slab gel electrophoreﬁﬂis is presented as a

ugeful alternative for studies of this type. It offers excellent resolution,

for DNA of molecular weights up to at least 26.5x106, with differences of

e
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less than 10Z molecular weight being readily resolved. Gel electro-
N Y

phoresis separates DNA according to length. The logarithms of known

(McDonell et al., 1977). When compared to the vertical slab gel g¥stenm,

" horizontal slab gel used in these experiments offers greater flex{ibility in

gel handling for drying and staining procedures. Unlike tube ge

permits the comparison of multiple samples on the same gel. Most important,
AP

_gel elctrophoresis overcomes some of the difficulties encountered in

-

alkaline sucrose gradient work. In sucrogse gradient centrifugation, there

is difficulty in separating,.and hence sizing, very small a ts of short

at excess of larger DNA.

chain DNA from the trail
However, with gel eiectr phoresisy, small molecules move fast’e\r than large,
and therefore it should be po‘rssible to separate short DNA chains free,from
contamination by larger molecular weight species even thougt'\-—‘the lattef
\constitute the bulk of the DNA. Also, when cells are lysed on a‘lkaline
sucrose gradients, an artifact 1is seen that mimics the sedwimentation
prope;ties of Okazakl fragments. The artifact is a small fraction‘ of
,unin:c:orporated radioactive precursor which coprecipitates with acid
insoluble contaminating cellular proteins (Edet;berg and Huberman, 1975).

The results- of my experiments show that a gel electrophoresis system
could be used as an altermative to alkaline sucrose gradient analysis for
DNA replication events in mammalian cells. The slab gels display the
conventional pulse and pulse-chase characteristics of Okazaki fragments.

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

i

provide an accurate means of sizing DNA.
&
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of DNA and then present my experimental results.:

.

In this th\esis, I will review the
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Diicontinixous §ynthes“is of DNA
) The mechanism of DNA charin growth at the replication fork has long been ‘
a subject of interest. P%arly work by Meselson and 'Sta’hl (19-58) indicated
that ‘replication of the E. c¢oli bacterial chromosome proceeds sequentially.
This led to the itﬁlference that both daughter strands of chromosomal DNA grow
,continuously, the direction'og synthesis being 5'—) 3' on one strand, and
J'—a3 5 0;1 the other. This l;resents a fulndamental probleml: no known DNA
polymeras"e can synthesiz;e in the 3'— 5 direct‘ion i.e. add nucl‘eotides to

H

the 5' end of the chain (Kormberg, 1960). The work 'of Okazaki (to be

discussed in detail below), ﬁsing a prokaryotic system, provided a model

whereby the above difficulty could be avoided. H&uggested that DNA was

synthesized in vivo by a discontinuous method. This model assumes that in

a

either one or both template strands, short stretches of DNA (generally'
called Okazaki fragments) are synthésized in the 5'—3 3' direction, and

then linked together so that E_ﬁe L‘ovér;all direction of synthesis appears to

il [

be 3'—35°'. : ’

From this model of discontit}uous replication, 2 predictions were made

. which provide the basis for much of the future work done 1in this area.

¢

These are:

3

1) “The most recently repliecated portion of 1 or both daughter strands

can be,isolated after denaturation as short DNA chains distinet from large

* ¥ -

DNA molecules derived from the rest of the chromosomes. No such difference

«dn moletular size would be expected from a mechanism of continuous

synthesis.

’

2) Selective and temporal inhibition of the enzyme’ for the formation,

of phosphodiester linkages between DNA chains will result in a marked *

accumulation of the nascent shott chains. (Okazaki et el., 1968a).

)
N
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.Tao clai‘ify the) mechanism of DNA chain growth (i.e. continuous or dis—~
continuous), it is necessary to determine the strueture of fhe‘most recently
replicated portion of the chromosome; that 1s the portion selectively
labeled by an extremely short radioactive'pulse (Okazaki et al., 1968b).
Sakabe and Okazaki (1966) uniforml;' labeied)E. coli 15T eells with
[U‘C]thyl;lidine f’or several generations, and then, after a brief perio;i of
thynidine starvati;n: pulse-labeled these célls with [3H]thymidine for 10
seconds at 20°C. The extracted DNA.w;s denatured in alkall and subjected to

preparative zone sedimentation in ‘an alkaline suerose gradient. Analysis

of the radiocactivity showed that while l4c-1abeled DNA was found almost
exelusively at the bottom of the cf‘antrifuge tube, most‘: of the JH was
recovered‘ in a slowly sediftenting band. The average sedimentation
coefficients of l4¢ and 3H-labeled DNA in théir denatured conformations were
408 and 7S respectively. When the 10 second pulse-labeiing was followed ‘by
a 2 minute chase with uynlabeled thymidine; the 3H band moved towards the
bottom of ~the tube, and 1little difference was found ‘between the
distributions of 14C and 3H-labeied DNAs after a 20 minute chase.
Therefore, 3H-labeled DNA from ‘the pulse-labeled cells is characteristic of

A

the replicating region of the chromosome. Its sedimentation pattern bears

.

out the first predietion made from the model of discontinuous replication,
whereby short stretches of DNA are synthesized by a 5'—= 3' reaction at the

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

Testing of the second predietion was made possible by "the

identifieation of two- T4 phage mutants, temperature sensitive for the

il

formation of the gniyme polynucleotide ligase. When E. coli B/5 cells,

infeeted at the permissive temperature with mutant T4tsAB80, were shifted to




S

the non permissive temperature, 4nd pulse—labeled with E3H)thymidine for
40 - 60 seconds, the majority of radiloactivity was found in short  DNA
chains, with little 3u appearing in the fast sedimenting material. When the

2

same experiment was performed using wild type phage,” most 0f  the

.radioactivity was in larger DNA chains with a sedimentation coefficient of

greater than 30S. Thus, in the temperature sensitive mutants, the short DNA
chains are- produced but thelr joining 1s {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 sﬁggeéts that a similar process occurs in eukaryotes
(Schandl and Taylor, 1970; Huberman and Horwitz, 1973; Gautschi and

Clarkson, 1975). However, discontinuous replication needs 'ﬁfequent

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

out de novo chain initiation. Pregent evidence suggests the existeﬁce of an
RNA primer that can be extended by a DNA polymerase. Schematically the
succession of events leading té chain growth are: 1) initiation of new
fragments by an RNA polymerase; 2) elongation of the initiating RNA strand
by a DNA polyﬁerase; 3) removal of the RNA, possibly by an RNase-H;
4) elongation of the "old" DNA strand by a -gap~filling ‘DNA polymerase;

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 is necessary

to note other pbdssible mechanisms which could leadﬂ to the fofmation of

r

replication intermediates. These include:

]

¥
1) endonuclease cleavage of newly synthesized DNA during the isolation

.

'
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procedure. The work of ABlumenthal and Clark (1977a), uéing Drgsophila
embryo D&A, does not support this mechanism. ‘Using a variety of stringent
cell lysis econditions, ,they produced the same size—distribution of re-
plication intermediates on sedimentation velocity gradients. They also
assessed endonuclease activity (assayed by the nicking of SV40 form I) and
found it to be negligible un#er their experimental conditions. Ogazaki et
al. (1968a) have also obtained similar results when they used different
experimental procedures in a number of different systems (including an
endoﬂuclease I—deficie;t E. coli strain). It_?w;; aB%o shown that
degradation of large DNA wmolecules is not responsible for the small DNA
molecules isolated. The behaviou; of large DNA moleéules was observed on
alkaline sucrose gradients along with lysates comtaining DNA pulse-lébeled
with [3H]thymidine for 30 seconds. Approximately 11% of the uniformly
labeled 14C DNA sedimented in the 0-10S region along with 60% off the 3H
c&unts- Subjeeting the lysate to higﬁ shear force didn't affect the
percentage of 14¢ DNA molecules in the 0-10S region (Blumenthal and Clark,
1977b). - On the other hand in support of lthe endonuclease hypothesis,

v - «

Lehmann and Ormerod (1969) havixstated that‘there is no need to‘invoke any
special intermediate in DNA replication in order to explain the.small and
intermedi?te sized-DNA observed aft&r a pulse-label. They have shown that
A o
When DNA radioactively labeled at the end(s) (as expected for a pulse-label)
is sheared randomly, the pulse~label apﬁears to be of lower molecular weight
than the bulk of the DNA. This artifaet, created‘when pulse=~labeled DNA is
sheared, would also mimie the behg;iour of the intermediate sized-DNA in

,that the pdise—label would appear to move to bulk size .upon further

incubation or upon chasing.
1

~
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2) Replication intermediates could be formed by a DNA repair process.
Tye et al. (1977) have proposed that incorporation of uracil bases 1into
newly replicated DNA, in plaece of thymine bases, caused the accumulation of

4-58 pleces in bacterial cells. The repair of the ‘incorporated uracil bases

eould result in quonuclease == or alkali-catalyzed cleavage of phosph&*

phosphodiester bonds and in the transient production of fragments from newly

synthesized DNA. Lynech et al. (1972) do not exclude the ‘possibility that
the elongation of DNA chains in their in vitro system 1is a repair, rather
than a replication proeess. They suggested that the DNA which 1s newly
formed, but not the bulk of the DNA, may be susceptible to nucléases(that
act during isolation or inecubation of the nuelel to produce new points of
initiation for deoxyribonucleotide incorporation.

Okazaki Fragment Size

Detection of Okazaki fragments and measurement of their size are
subjeet to many problems. Some studies have failed to detect Okazaki
fragments as intermediates in DNA -synthesis (Lehmann and Ormerod, 1969;
Lyneh et al., 1972). Still others, have detected inecorporation of
pulse—label mostly into DNA stfands much greater in size and longer lived
than the short strands of Okazaki (Hyodo et al., 1970; Berger and Irvin,
1970). However, most recent studies have reported Okazaki fragments in
mh;ﬁéfi;n cells. Some of these have'been condueted in vive (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
HelLa cells, whereas Hershey and Taylor (1974) isolated fragments from S
phasé CHO nuclei. Okazaki fragméhts have also been detected in Polyoma-—

infeeted cells both in vivo and in vitro (Magnussen et al., 1973;
: % )

. el

L
.
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Pigiet et al., 1973; Pigiet et al., 1974; Francke and Hunter, 1974; Hunter
and Francke, 1974), and in SV40 infected cells (Fareed and Salzman, 1972;
Salzman et al., 1973). In the replication of these virhses in infected
cells, only one .DNA function is believed to be virus-specified, the
initiation of synthesis at the genomé origin. All subsequent DNA synthetic
ev;hts,ginpluding Okazaki piece synthesis, most pfobably are the same as in

o

uninfectedfdeils.‘

A great varfaéion in sizes has been reported for Okazaki fragments.
Some have described fragmen&s of 4-58 (Nuzzo et al., 1970; Huberman and
Horwitz, i973; Gautschi and Clarkson, 1975). Others have estimated 5—10S
{(Schandl and Taylor, 1969; Schandl and Taylor, 1970) and 10S (Kidwell and
Mueller, 1969; Goldstein and Rutman, 1973).' There have also beenlreports of
replication intermediates éormed in discrete size classes which eventually
give rise to high molecular weight DNA (Kidwell and Mueller, 1969; Hyodo et
al., 1970). Blu;enthal and Clark (1977b) iscolated 3 discrete size classes
of 61, 125 (3.85) and 240 (4.8S) nucleotides in Drosophila DNA.

Much of the sizing work has been done with Polyoma and SV-40, whose
replicating molecules can isolated and purified. The replication
intermediates consist of/ 1) covalently close parental strands with

—

superhelical turns in the non-replicated regions and 2) ,(linear daugﬁter
strands hydrogen bonde; to the parental strands. DNA replication in beoth
viruses occurs by a discontinuousAmechanism- Chain elongation involves the
synthesis of short fragments (approxim;tely 4S) as intermediages (Magnussen,
\\1973a and 1973b; Pigiet et al., 1973; Salzman and Thoren, 1973). Therefore
ER? size of the viral Okazaki fragments closely agrees’ with the measurements

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

(1925) for mammalian cells. Gautschi and Clarkson (1975) found replication
A

~
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intermediates of 4S whether they pulsed for 15 seeconds at 37°C or 60 seconds

at 25°C, showing that Okazaki fragment size was independent of temperature.
Thus the shortest strands formed during DNA replication in mammalian cells
5x10MW are 10-20 times shorter than Okazaki fragments of prokaryotes, which
are about 5x10°MW (Okazaki et al., 1968a). .

Okazaﬁi Fragments: Kinetics of Synthesis and Ligation

The kinetiecs of synthesis and ligation of Okazaki fragments are
difficult to study. In vivo, Okazaki fragme;ts are synthesized rapidly
eompared to the~;ime to saturate the internal pools of deoxynueleoside tri-
phosphates during very short pulses (Francke and Hunter, 1974). Also, in
vivo studies on mammalian cells have shown extremely rapid 1labeling of
Okazaki fragments. Gautsehi and Clarkson (1975) state-that the longest
incubation time that can be used to 1label fragments only, is about‘,30

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

higher sedimentation values.

When DNA synthesis in SV40 was studied using brief pulses, a bimodal

distribution of the newly synthesized DNA was observed on alkaline sucrose
gradients. There was one well de?ined éS peak and the remaining radio-
activity sedimented in the 6-16S region. After a 2 minute chase, almost no
48 was deteet;ble (Fareed and Salzman, 1972). Blumenthal and Clark (1977a)
showad that a 10 second pulse-label in Drosophila cells resulted in % or
greater of the 34 counts in moelcules greater than 16S. ngng and Goulian
(1975a) estimate that the in v%yo lifetime of Okazaki fragments in human
lymphocytes 1is ab;ut 2-4 seconds, since only 10%Z of the label after 20-40
seconds of labeling is in the Okazaki fragment range.

Many in vivo and in vitro studies have indiecated that the fragments are

ligated to form high moleeular weight DNA (Painter ard Schaeffer, 1969;

y




Hunter and Francke, 1974; Tseng and Goulian, 1975a). Kidwell and Mueller

K

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

bulk in their in vitro system, after a short pulse. Pulse~chase experiments

indicated that the 10S was a precﬁrsor of the 24S product. In vitro studies
have proven useful in this area, since there is rapid equilibration of added

label, and the rate of [3H]thymidine incorporation is about F27% the in vivo

. ’ *
rate (Tseng and Goulian, 1975a). Huberman and Horwitz (1973) showed that

the shortest strands synthesized in a 30 second pulse at 37°C formed a

somewhat heterogeneous but distinet peak of 100 nucleotides. The position

of y-this peak did not vary significantly for times ranging from 10-90 -

seconds. This suggests the existence of a build up of completed fragments
which are subsequentiy joined rapidly onto strands of much greater <length.
Okazaki et ;l. (1968a) infected E. coli cells with fhage T4 mutant,
temperature sensitive for ligase formation. At— the non permissive
temperature, little radiocactivity was found in fast sedimenting material

even after pulse-labeling of up to 60 seconds duration. Magnﬁgéon (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 PFolycma infected cells and
were shown to be intermediates in replication. This acecumulation of short
fragments in the presence of HU might be gaused by a preferential inhibition
of one Bf the reactions involved 1n the joining of the fragments, a gap
filling DNA polymerase being a possible ta£get- Similar findings were
reported ‘by Laipis and Levipe (1973), and Salzman and Thoren (1973), for
SV40 cells treated with HU an; 5~fluorodeoxyuridine (FdUrd) respectively.
Kidvell and Mueller (1969) and Friedman (1974) examined the role of ATP

A ~ »
in DNA synthesis. Both found an accumulation of short fragments when ATP
.
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was omitted from their in vitro system. Its absence may have inhibited the

<

liéation step.

‘

Okazakil Fragments: Seml or Téﬁally Discontinuous Synthesis?

|

Studies to determine whether or not there is discontinuous éynthesis on
one or both strands of DNA have ylelded confliecting results. Two approaches
are generally used for investigation. 1) dggjapproach is a kinetie one. If
synthesis were totally discontinuous (both strands synthesized disconti-
nuously), a kinetie study would sh;w more label in Okazaki fragments than in
longer strands at short pulse-labeling timeé; if semi-discontinuous (only

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

label in both classes at short times. On this basis, many in V%VO and in

vitro studies have been 1interpreted as showing totélly discontinuous.

synthesis, Early work by Okazaki et al. (1968a) showed thag fo; phage
infected E. coli, virtuaiiy all radioactive label was found in short chains
after an' extremely short pulse. Huberman and Horwitz (1973) demonstrated
the same in CHO cells.; Gautschi and Clarkson (1975) have pgesented evi@gnce
using‘both alk;line suerose gradlents and agarose gel eleectrophoresils which
showed that in mouse P-815 cells, all incorporation was into Okazaki frag-

-

ments at the shortest pulse time. Magnussen (1973a and 1973b) and Salzman
and Thoren (1973) treated pulse~labeled Polyoma and SV40 infected cells with
HU\and FdUrd respectively. In both systems, there was an accumulation of
only 45 fragments. In econtrast, Francke and Huntér (1974) demonstrated
semi-discontinuous synfﬁesis in Polyoma. Hershey and Taylor (1974) proposed
semi~discontinuous replication in their 5 phase CHO nuclei. 2) A second
potentially more reliable approach to this question is to determine whether

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

template regions from both sides of each of the twor growing forks.
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If synthesis were totally discontinuous, one should observe either extensive
self annealing of purified Okazaki fragments, or equal hybridization of
Okazaki fragments to regfbns from both siées of the replication forks

depending on the'method used. ,
vt

Both methods have yielded confiicting results. Perlman and Huberman
(1977) hybridized Okaz;ki pieges and intermediate-sized DNA from SV40
infected monkey cells to the separated strands of two SV40 DNA restriction
fragments, one 1lying to either side of the origin of bidirectional DNA
replication. They found that 5 fold more pieces hybridized to EPe 3I—>5
DNA strand than to the 5'— 3' strand. A reverse asymmetry was detected
wi}h respect to the hybridization‘of intermediate—sized DNA. The simplest

”interpretation‘of the results is that SV40 is synthesized semi-disconti-
nuouslxo By comparison, Fa?eed, Khoury and Salzman (1973), using the *method
of self annealment, reported that nascent 4S5 strands isolated from
replicating SV40 self anneal extensively (70-92%Z), indicating discontinuous

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

reported discontinuous synthesis of both strands after witnessing that the

a

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 pieces hybridized to the 3'——3 5' strand, than to the
} -

5'*;ﬁ>3' strand of the Polyoma DNA template.

’

The ambiguities in the above results may be in part attributed to the

-

many difficulties encountered in a study such as this. The kinetic approach

may give misleading results 1f excess Okazaki fragments are synthgsized and
[

‘then destroyed or if the deoxyribonucleoside triphosphate pools on each side
!

of the fork equilibrated- with exogenous nucleosides at different rates

(Edenberg and Huberman, 1975). A source of error in the determination of

-/

o
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self complementarity might be a contamination by degraded Polyoma-specific
mRNA. Such a contamination would probably result in an overes?imation of
the amount of self-complemengarity (Magnusson, 1973a). Also, 1if 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 ané 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 larger Okazaki
fragments than in the smaller ones and 'they argued that this may have been
due to contamination of the Okazaki fragments by ¥hort continuously
synthesized strands.

Okazaki Fragments: Destabilized Nature of the Replicatiofi Fork

I
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

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

[

gradients. This is a propeScy of single-stranded DNA. On neutral sucrose

gradients, however, it separated into 2 fractions. One behaved as répidly
~ .

sed::;pting material, and the other as slowly sedimenting material. Okazaki

et + (1968b) suggested a unique state during repiication to explain these

sedimentation characteristics, - whereby the secondary structure of the

replicating region containing these 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

synthesisg.
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A large but variable proportion of nascent DNA can sometimes be
.extracted 1in single—;tranded \f\um (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 liver
nuclei at 0°C entirely double-stranded. Habener et'al. (197C) extracted DNA
by a variety of methods from intact Hela cells pulse-labeled and examined
for the presence of single and double-strandedness. Like Okazaki, they
suggeSCe§ that a portion of the newly replicated DNA {s present in the
nucleus not as free single strands but In a “destablized” state and that
depending on the conditions of extraction; it can be converted to either the
gingle—stranded or double-strar;ded form. Nuzzo et al. (1970) confirmed this ‘
finding. They found that with mild extract‘ion procedures, there was
extensive degradation of the DNA, as judged by the sédimengation coefficient
of the bulk DNA. When more drastic extraction procedures were used there
was less evidence of\de.gradation.

The significance of these findings is not clear. Some single-stranded
DNA 1s expected at the replicat”ion fork where Okazaki fragments have not yet
been syt}thesized. Blum:anthal and Clark (1977b) showed this with electron
mic"ccscopic studies of replication forks in Drosophila DNA. ' /
Okazaki Fragments: RNA Priming S //////

. " //
Discontinuous feplication needs frequent Indtiation of synthesis of new

chains. As mentioned, the known mammalian DNA polymerases cannot c;rry out
de novo chain initiatiom. However, they can extend certain synthe
primers, and the o4& —polymerase can extend natural primers (Spq
Weissbach, 1975). Therefore, one solution to the problem of initiating
Okazaki fragments is for an RNA polymerase to synth

ze a short stretech of

RNA that serves as a primer for a DNA polymerase (Sugino et al., 1972).
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In this area of study there have also been eonflicﬂting results. Evidence
consistent with the idea that RNA primes Okazaki. fragments has been reported
in Polyoma. Short fragments of DNA {isclated from Polyoma replication-
intermediates pulse—labeled in vitro were shown “to have RNA covalently
- attached i>y 3 c;rit:eria: 1) Sueh fragments were slightly denser than bulk )
viral DNA. Isolated lsolyoma replication—intermediates banded at densities
slightly higher than DNA in neutral CsyS0, gradients. " Sueh a shift didn't ‘
occur after treatment with alkall (Magnusson et al., 1973; Hunter and
Francke, 1974). The 4-5S pieees as opposed ta the longer pleces were mainly

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

labeled with ¢ 32p labeled ribotriphosphates, thereby demonstrating the

presence of RNA directly. This frdetion of 32p radioaetivity is repro-

dueably found at DNA density opCspSO; gradients (Hunter a;x\d Franecke, 1974;

-

Tseng and Goulian, 197 3) A modified nearest neighbor analysis (

experiment showe hat when Okazakl fragments were labeled with =<~ 32p
deoxyribon eoside triphosphates, purified and treated wit_h alkali to
rt the RNA to 2'(3') ribonucleoside monophosphates, a small proportion

of the ineorporated 32p yas transferred to the ribonueleotides, indicating

the presence of covalent phosphodiester linkages between ribonueleotides and - N
d/eoxyribonucleotides.v, The 32p transfer oeceurred primarily from Okazaki
fragmentsﬂ with a frec;uency consistent with one RNA-DNA link at the 5' end of
the DNA. When the link was examined for base speeifieity, all 4 common
ribo- and deoxyribonueleotides were present with cllose to (eqrt.\al frequeney

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

1975b and 1977).
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Kaufmann et al., (1977) examined nascent DNA chains of less than 200

nucleotides 4n the cell free SV40 DNA replication system. They identified

RNA-DNA covalent linkages using 32p transfer experiments, as defined
. e . :

above. Potassium iodide gradient centrifugation showed that only a portion

¥
-

of the Okazaki pieces appea‘red to' contain RNA, whereas the remaining pleces -

contained ofAly DNA. They éstimated the size of the RNA to be at least 7

-

residﬁes. In further experiments with this sy;tem, analysis of Okazaki
pieces reco-vc'ared from hybrids with various Hind II and Hind III re§triction
fragments of SV40 DNA showed that ¢N-P-dN . sequences were uniformly
distributed around SV40 (RI) DNA. Therefore,. most if not all of the RNA:

primer\s served to Initiate Okazakil pieces rather than DNA replication at the

1
2

origin of the genome. '

There 1s other evidence implicating an RNA primer. Alkaline sucrose
i f
gradient centrifugation revealed that. ribonucleoside _triphosphate

specifically increased the formation of short chains after five' minutes of

incufaation. This suggests that ribonuleotides are involved in thé formation

v

of short chains (Magnusson et al., 1973). Tseng and Goulian (1975a) have

» L4

also witnessed, this stimulatory effect. Similarly, the RNA-DNA junctions

were lost during chases at a rate similar to the chasing of Okazaki
fragments into DNA (Tseng and Goulian, 1977). Magnusson et al. (1973) have
also witnessed this transient association of RNA with nascent DNA. ;

Neubort and Bases (1974) demonstrated covalently linked RNA-DNA

]

complexes in HeLa cell cultures. In mouSeDP-BIS cells, no evidence for
ribonucleotides at the 5 end of -Okazaki fragments was obtained either in
isopyenic CsCl or Cs»SO4 gradients or after ‘incubation with polynucleotide

kinase and [Y~32P} ATP (Gautschi and Clarkson,” 1975). 4

”
\

+
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Reichard et al. (1974) and Tseng and Goulian (1977) further
characterized the 5' ends of' growing Erogeny strands of replica;:ing
Polyoma. Reichard found that the RNA started with either ATP or GTP. Also,
digestion of progeny strands with pancreatic DNase released labeled RNA that
on gel electrophoresis gave a Jdistinet peak in the position expeeted for a
decanueleotide. Tseng and Goulian (1977) isolated an oligonucleotide 8-11
nucleotides in length with a tripho’sphaté group at the 5' end and 2 or 3
deoxynucleotides at the 3' end that were not removed by DNase.

Reichard called the decanucleotide "initiator RNA™. -~ It was quite
homogen;aous‘ in size, but had no unique base sequence. He proposed that the
switch from i{NA t:on DNA synthesis during chain elongation may thus depend on
the size of initiator RNA, rather than a specific base sequence.

Okazaki Fragments: Gap Filling

Tﬁere is some evidence that two DNA polymerases and a ligase are
required to permit DNA chain growth\ (Salzman and Thorem, 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 J:t al., (1970 and 1971) described a PNA polymerase I
deficient mutant of E. coliﬁlin which newly replicated short DNA is joined at
about 10% of the rate of Willd-type strains. Since DNA synthesis ocecurs, but
there is very little jo\i}ling of the fragments, he suggested a gap filling
function for this en'::yﬁe.

Accumulatigns™of” short fragments (45) were also seen in SV40 or Polyoma
treated with either HU or FdUrd {(Magnusson, 1973a and 1973b; Laipis and
Levine;, 197 ;W\Salzman and T;xoren, 1973). Addition of HU to the medium gives

"
a very rapididepletion of the intracellular dGTP pool followed by a_slower

decrease of /the dATP pool, whereas FdUrd reduces the pool of dTTP in the
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”
cell. Berause the &' and ,6’ DNA‘polymerases have a lesser affinity\. for
adeoxyribonucleoside triphosphates than does the ¥ -polymerase (§padari and
Welssbach, 19740), and the drugs mentioned affected these pools, it would
appear that the ®< and / polymerase are more affected by them. This would
imply that o< and & are the gap filling enzymes, and ¢ , the enzyme that
synthesizes the Okazaki fragment. Others have suggested that it isk the
o{ polymerase which synthesizes the Okazaki fragments since it shows
quantitati;e alterations with stages of the cell cycle, and with the cell
growth rate (Laipis and Levine, 1973). In support of this, is that =< is
the only polymerase found capable of extending a natural RNA primer (Spadari
and Weissbach, 1975). Hunter a:nd Francke /(»’1’975) tested the effects of
1-,3 =D arabinofuranosyl CIP (ara—-CTP) on 1/1 vitro Polyoma DNA synthesis.
Two effects were found: 1) predoml/ht labeling of short chains with
reduced amounts of; radlioactivity in the longer growing viral DNA strands;
2) a 1/3 to % reduction in size for short*DNA chains. Since the polymerase
is more sensitive to ara-CIP, they postulated that o< is the gap filling
enzyme, and that it may also bé‘xggponsible for continu;)us extension of the .
Okazakil fragment, since there is a reduction in the size of the fragment.

Further elucidation of these points 1s needed.

OKazaki Fragments: Nucleosomes as a Signal for their Initiation

The chromosomal material or chromatin, contains five proteins called
histones, that are complexed with DNA\ in a repeating patéern- T‘ne‘ repeat
ut{it’ o( the pattern 1s termed a nucleosome. The nucleosome contains a core
of 140 base pairs (bp) surrounding a histone octamer and a spacer or lioker
of about 60 bp of DNA less intimately assoctated with the octamer. The
octamer contains two copies each of the slightly lysine-rich histones H2A

and H2B, and the arginine~rich histones H3 and H4. HI is not part of the

[
.
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nucleosome, bt is associated with it. The amount of DNA per histone
, .

octamer can var$7 between 140;andd 240 bp, depending upon the organism and
tissue from which the nucleosomes are isolat;d. The evidence for thid
variability comes from studies in which nuclei are digested briefly with
staphylococcal nuclease. The variability of tl}e length of ONA in the

4

nucleosome repeat derives from variation in the length of the spacer
region. Physical studies conducted on the nucleoéome have concluded that it
is a cylindrical structure of about 100 A in diameter, and 50 1:. in height,'
with the DNA wrappgd around it to form a pair of rings at the top and bottom
(Kornberg, 1977; Felsenfeld, 1978).

The DNA of the nucleosome 1is susceptible to {internal cleavage by
ntu:leases;~ Although the spacer DNA is the preferred target, the nuc leosome
core is also attacked but at a slower rate (A:;el, 1974). Hewish (1976) and
Rosenberg (1976) suggested that nuclease accessibility 1s a measure of
accessibility to cellular factors involved in DNA functions (e.g.
polymerases, regulatory proteins). There 1s thus a regular alternation of
DNA regions which are eithex.‘ readily accessible or inaccessible.

Hewish (1976) and Rosenberg (1976) have suggested that the 'periodic
structure of chromatin has two basic biologic;al functions. These are:

1) It may play an important role in determining the initiation of a
function which\ is not coded by a specific base sequence: the synthesis of
Okazaki p}eces during DNA replication;

2) Substaatial reduct;ion of the amount of DNA which must be scanned by
agents which interact at coded sites on the DNA, thereby decreasing errors
and - enabling ) the cell to produce lower concen;:rations of required

transcriptional and replicational factors. A corollary of this, is that
L3

because of the lack of specificity in nucleosome location, coded control
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sequences in DNA must be redundant to ensure their accessibility.
Several experimental results are consistent with the idea that the
nucleosome provides the signal for initiation of Okazaki fragments.

4
Firstly, the RNA primer of Okazaki fragments is not specific. The DNA

1 4
intermediates in eukaryotes are 1;\itiated'by the synthesis of short RNA
primers (Edenberg and Huberman,” 1975), the base sequence of which is not
specific (Reichard et al., 1974). Alsé, there is no base specificity at the
RNA-DNA junction (Reichard et al, 1974; Tseng and Goulian, 1975). This non
specificitj} supports the above model which postulates that accessibility of
the RNA polymerase to the template 1is determined solely by the association
of the DNA with chromatin proteins. Secondly, it has been shown that newly
synthesized histones form completely new nucleosomes, and there 1is
preferential association of new synthesized histones with nascent DNA
{Freedlender et al., 1977, Felsenfeld, 1978). This 1is consistent with
Hewish's (1976) prediction that only one of the two template strands remains \
agsociated with parental chromatin ana it is this association that specifies
the linker DNA as the initation site of Okazaki plece synthesis. Thirdly,
there 1is evidence that the Aeukaryotic DNA is probably synthesized‘
semi-discontinuocusly (Perlman aand Huberman, 1977; Hunter et al., 1977).
This is consistent with Hewish's (1976) statement that nucleosomes segregate
asymmetrically. , '

Kaufmann et al. (1977) support the above model for tnitiation of
Okazaki ‘fragments. However, there is some evidence against this hypothesis.
These have been reviewed by Hand (1978). Nucleggome DNA has been estimated
to range from 154-241 bp (Kornberg, 1977), If Okazaki fragment size is

determined by the length of nucleosome DNA, then some of the most recent

estimates of less than 150 bp'(Perlman and Huberman, 1977) aré too small to

0
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be accounted for by the hypothesis. Blumenthal ar‘1d Clark (1977a) have
provided evi‘denc_e for the existence of three discrete size classes of
replication ﬁintermediates in Drosophila cells. A Dr:)sophila nucleosome
contains abouf 200 nucleotides of DNA, 60 in the spacer and 140 in the core
particle. Their 61 nucleotide intermediate corresponds to the spacer
region, but none of the other replication intermediate lengths can be
correlated with the parameters of the nucleosome structures

In conclusion, there remains much to be explained concerning events at
the replication fork, since even the existence of Okazak& fragments as a
replication intermediate is still in question. Be::ause of the 3'—y 5'
polarity of one of the daughter strands and the 5'-——3 3' direction of all
known polymerases, there is a need to invoke some mechanism which accounts
for how DNA 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 gubsequently joined onto longer intermediate strands. The fact
that these short fragments have been isolated, and that they are consistent

with our most plausible explanation of DNA synthesis, lends support to these

fragments beisng Okazakl pleces or intermediates in ‘replication. Other

hypotheses such as endonuclease cleavage of newly synthesized DNA or an
excision repair mechanism of incorporgted uracll bases‘have not, in my
opinion, satisfactorily explained this consistent finding. Even if Okazaki
f-ragments do exist, there still‘ are many other questions which still remain:
How many fragments are there per fork? Is there senml o£ totally discon-
tinuous ‘synthesis? What are the kineties of synthesis and ligation? Is

there an RNA primer? To help answer these questions, gpod <consistent

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

—_ .
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Materials and Methods

The line derived from African green monkey kidney cells, CV-1, was used
for all experiments. The cells were grown in P;agle's minimal essential
medium (MEM) with 10% fetal calf serum (F€S), supplemented with 0.25 ug/ml
amphotericin B, 50 ug/ml gentamicin, and 60 ug/x;ul tylocine. Cells o;ere

\

grown in 75 cm? tissue culture flasks at 37°C until confluent, at which

Irl

point 2 x 102 cells were transferred to fresh flasks.

(3H)Thymidine Labeling and Cell Lysis

Fqr experiments, unsynchronized cells In logarithmic growth were used.
Forty~eight hours before the experiment, Petri dishes were seeded at a
density of 6‘ X 103 cells/dish. Thegfollowing day,ﬁ they were labeled with
klaC)thymidine (0.1 uCi/ml; 40 - 60 mCi/mmol), for approximately 24 hours.
On the day of the experimént, the radioactive medium was ;emoved, the cells

)

were washed with prewarmed phosphate buffered saline (PBS) and Were sub—

sequently incubated in fresh MEM foﬂr 2 hours. FdUrd 2 x 107® ¥ was then
added for 1 hgur, after which the cells were either pulse-labeled, or
pulse-labeled and chased with MEM. Pulse-labeling was done using

(3H)thymidine (100 ‘uc/ml; 40 - 60 Ci/mﬁl) for 30 seconds at 37°C. The
pulse was stopped by placing’ﬁthe Petri d‘ishes ;Jn ice, and then washiné twice
with 1ce~cold PBS. Cells were trypsinized immediately, centrifuged and the
pellet resuspended 1in 0.3 m-ls of cold ‘PBS. Cells wer;a lysed in 0.5 M NaCl,
0.015 M sodium citrate, 1%. s‘arcosyl for 1 hour at room temp;erat:ure, and the
lysates then lyophilized and dissoclved in a small volume of electrophoresis
buffer. This preparation served as the crude lysate” of DNA used for
subsequent agarose gel electrophoresis experiments. Cr/ude lysates were

f
stored for not longer than 24 hours at -20°C so as to avoid DNA degrada-—

tion. Cells which were pulsed and chased, were pulsed with (3H)thymidine




as described above and chased for 1 hour at 37°C with MEM, 10% FCS which
contained 2 x 1076 M FdUrd .and 2 x 10:‘6 M thymidine. They were then
trypsinized as described. Cell density at the timje of pulse-labeling was
approxiﬁately \1.5 x 106 cells/d\ish as determined by h;mocytomete}' counting.

i

Preparation of Purified DNA

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

5

DNA preparat ons described above. Two procedures, one based on that

described by Gautschi and Clarkson (1975), and the other, a modified Marmur"

\

DNA »extraction: (Britten et al., 1974) were used for subsequent agarose gel
electrophoresis experiments. - A third procedére, based on that oé Miyamoto
and Denhardt (1977) was also performed. The DNA isolated by this stringent
method <;f purification was'compared with t};at obtained 1in 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 dur}ng lysis reduced
viscosity. To the cell lysate, a solution of 5 M NaCl was added to a final
concentration of 1 M NaCl, and left overnight at 4°C. The precipitate was
removed by centrifugation for 15 minutes at 20,000 revelutions per minute
(rpm) at 10°C in an SW 56 rotor of the Beckman L65B centrifuge. With this
procedure, approximately 90% 3y cpm were recovered in the supernatant.
After NaCl extraction, samples were; incubated for 30 minutes at 37°C with
pronase (250 ug/ml, self digested beforehand for 30'm1nutes' at 37°C) and the
remain%ng proteins were removed by 2 rounds of extraction with chloroform=
isoamyl aleohol (24:1 v/v) that Had been equilibrated with standard saline
citrate, 10m M Tris, 10m EDTA, pH 7.5. The deproteinated lsample 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 S$834 rotor, of the Sofvall RC3

4

&
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centrifuge. The resulting pellet was well dried and sdspended in the
appropriate buffer. .

In t:he; modified Marmur procédure, CV-1 cells were pulsed with
[3H]thymidine and lysed aé outlined above. To the resulting pellet, 2 mls
of Tris 0.05M, NaCl 0.15 M, EDTA 0.05M, pH8 (TNE),and 2, mls of protease B
(Sigma Chémical Co. 10 mg/ml in TNE, self digested for 3 hours at-37°C) was~
added for 3 hours at 37°C. To t~his, 1/10 volume 5M sodium perchlorate
(NaC104) ‘was added and the solution mixed. Proteins were then removed with
2 rounds of extraction with phenol that had been equilibrated with 0.05M
Tris pH8 and chloroform-iscamyl alcohol (24:1 v/v). To the deproteinated
sample, 1/10 v;:lume of RNage was added, incu'bation for 3 minutes at 37°C
carried cout an;l a final chloroformisocamyl al.cohol‘ (247:1 v/v) extraction
done. The DNA was precipitated with 2 volumes of gthanol at -20°C
overnight, and centrifuged at 15,000 rpm for 1 hour at 4°C in the S5 34
rotor of “the Sorvall RC3 centrifuge. The pellet was dried and suspended in
the appropriate buffer. \ Recovery of 34 and l4c cpm approached 85% and 50%
respectively.

In the procedure of Miyamoto and Denhardt, CV=l cells were grown in
Petri dishes and‘ pulse-labeled with [3H]thymidine as outlined above. The
pulse was stopped by pouring out the radiocactive media and adding 10 ml of a
boiling solution containing 2% sodium dodecyl sulfate (SDS), 37 distilled
phenol and 10m M EDTA, pH 7.0. Each plate was then scraped with a rubber
policeman containing 3.3 ml of the same boiling solution. Each solution was
heated until 1t  just returned to boil and then chilled on 1ice for about
30 minutes. This\stopping procedure is considered very important since it

should inactivate all the cellular enzymes, and denature the DNA. Abou}‘.

2 wminutes elapsed from the point of pulse—labeling until chilling.
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Centri‘fugation 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 léc cpm. The supernatant was extracted with one half volume of
phenol=chloroform (l:1) which has been previously equilibrated with 50m M
borate pH 9.2, The mixture v;as shaken vigorously on the vortex for about 3
minutes at room temperature, and then centrifuged to attain separation of
the phases. The aqueous phase was collected, leavingiﬁhe 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 .\acetate pH 5.5,' 2 volumes of isopropanol and left overnight at
-20°C. The nucleic acids were then precipitated in an RC3 centrifuge for

1 hour at 5°C at 5000 rpm. The pellet was ;dried and prepared for reprecipi-

tation with cetyltrimethylammonium bromide (CTAB), a cationic detergent

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

\volumes of 0.025 M Tris ~ Hel -~ 0.025 M NaCl pH 7.6, 2.5 M KPO, pH 8 and

2-methyoxyethanol (ethylene glycol monoethyl eéher). It was then vortexed
intermittently for 3 minutes at 0°C and centrifuged at 10,000 rpm for {0
minutes in the Sorvall HB-4 rotor. The upper phase was aspirated, and an
equal volume of 0.2 M sodium ﬂacetate pH 5.5 added. One half volume of 1%
CTAB (W/V) was added slowly, and after 60 minutes at 0°C, the sample was
ca:ntrifuged at 10,000 rpm for 30 minutes in the Sorvall HB-4 rotor. The
pellet was dried, washed with 10 ml 70%Z ethanol containing 0.1 N sodium
acetate pH 5.5 and centrifuged‘at 10,000 rpm for 20 minutes in the Sorvall
HB-4 rotor. This process was repeated using 95% ethanol. The 34 recovery

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

~ 10 mM Tris - Hel pH 8.1, 0.1 M EDTA, heated to 100°C for 1 minute, combined

IS

-t




~

s 25

with 1/5 volume of 3 M ﬁGl and then applie& to a nitrocellulose column of
approximately 3 ml bed volu&é. A "high salt” solution (0.5 M KCI, 10m M
Tris - HCl, O.lm M EDTA, pH 7.4) followed by a "low salt”™ solution (10m M
Tris - HCI, O.lm M EDTA, pH 7.4) was passed through the column.
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 were
loaded and eluted using gravity-induced flow. Fractions were collected and
assayed for radiocactivity. The recovery of 3H~-labeled DNA in the low salt
fraction was usually about 80% of the DNA t?at was applied. The DNA in the
low salt fraction was recovered by isopropanol precipitation and centrifuged
to equilibrium in CsCl gradient. The nuclelc acid was dissolved in 50m M
Tris-HCl pH 5.6, and 5m M EDTA to yield alfinal solution weighing 5.7 grams;
it was then heated (100°C, 30 seconds) and added to a polypropylene ultra-
centrifuge tube containing 7.3 grams CsCl. The refractive index was
rverifled Fb be 1.3996 for CsCl (density l.7qgrams/ml). Centrifugation was
performed at 40,000 rpm for about 60 hours at 10°C in the A-321 rotor of the
IEC B60 ultracentrifuge. Fractions of 0.3 ﬁl were collected from the top
with a Buchler Auto Densi Flow apparatus. Fractions from the CsCl gradient
containing the DNA were diluted five~fold with 50m M Tris - HCl pH 8.l ana
precipitated with isop;opanol and sodium acetate. The bellet was suspended
in 0.05 M Tris -~ HCl-pH 8.1, heated.for 30 seconds‘gt 100°C and layered on.
top of a 5 ml 5 - 207 sucrose gradient containing 1 M NaCl, lm M EDTA and
30m M Tris ~ HC1 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 Tritom -

toluene scintillation f£luid '(Triton x~100 (Sigma) and tolueme in a 1:2 v/v




ratio with 4 grams of 2,5-diphenoxazole per litre). Single-stranded RF II

PX—-174 was used as a sedimentation marker.

Agarose Gel Electrophoresis °

.

A horizontal slab gel system for electrophoresis on agarose gels, as
described by McDonnell 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, 0.00l M EDTA). To prepare gels, l.4% agarose

in water (SeaKem, Marine Colloids Inc.) was melted, mixed thoroughly and
cooled at 50°C. An equal volume of twice concentrated Buffqer E warmed to
50°C was then added, giving a final agarose gel concentration of 0.7%.
Samples containing 1 x 109 cells were lys?d as described above, and the
final lyophilized sample suspended in 25 ul of Buffer E. They were then
heated for 5 mlnutes in boiling water and applied to-the gel. 0.025% bromo-
phenol blue (BPB) was rum in a separate well as a marker dye. 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. Afir electro-

phoresis, the gels were soaked in 10% trichloroacetic acid (ICA) - 0.5%

sodium pyrophosphate (NaPPy) for 1 hourtf to precipitate th;e DNA and to
complex free unincorporated 3H. The gel was cut i'nto’l mm slices using
}

stacked razor blades. Slices were placed into scintillation vials
containing 0.5 ml of distilled water, autoclaved for 3 minutes to dissolve
the agarose and analyzed for radioactivity by scintillation‘ counting.

For alkaline gel electrophoresis, the gel buffer consisted of 30m M
NaOH, 2m M EDTA 12.2 (McDor(nell et al., 1977). Samples were dissolved in

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

Velocity Sedimentation in Alkaline Sucrose 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 M in EDTA

' (Sheinin, 1976). Samples of | x 10° cells (25-4l1) in 0.3 ml of 0.2-M NaOH -

0.01 M EDTA were layered carefully over the gradients. Whe wpurified DNA

samples were run, 4 x 104 3y cpm (approximately 100 ul) were used. Cell
lysis and DNA denaturation were allowed to proceed at 4°C for 8 to 12
hours. Centrifugation was carried out in an SW 50.1 rotor oé the Beckman L
65B- centrifuge at 26,000 rpm for 16 hours at 4°C. Fractions of 0.2 ml were
collected by gravity from the bottom of the tube using a constart voluu;e'
fractionator (MRA éorp. Boston, Mass.), and were analyzed for radioactivity‘

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

marker. It sediments at 16 S under these conditions.

Y

Preparation of SV40 DNA

Confluem': MA-134 monolayers in 100 mm plastic Petri dishes were
infected with SV40 at a multiplicity of 5 plaque forming units (PFU) per
cell. The innocuium was allowed to adsorb to the cells for 90 minutes. At
22 hours after infecti;on, (3H)thymidine was added (10 }_1C/ml; 40 - 60
Ci/mmol). Cell lysis and extraction of DNA was performed at approximately
70 hours after infection according to the method of Hirt (1 9%7). The Hirt
supernatant was extracted twice with chloroform-iscamyl alcohol (24:1). To
the resulting aqueous phase 1/10 volume of O.S‘mg/ml. RNase was added and
‘the tube put at' 37°C for 30 minutes. A final chloroform—isoamyl alcohol
(24:1) extraction was then performed, 2.5 volumes of 95% ethanol added, and
the preparation kept at —20°C overnight. The sample was then centrifuged
for 1:} hours at ;20°C at 17,000 rpm in the SS-34 rotor of the Sorvall RCB
centrifuge. The pellet was dried, suspended irY*—"I:NE pH 7.4, and then
centrifuged to equilibrium in TsCl-ethidium bromides Centrifugation was at

38,000 rpm, at 4°C in a 40.2 rotor of the Beckman L265B ultracentrifuge.
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'I‘he.fractiogls “containing virus were pooled, an equal volume of CsCl

saturated iéopropanol added, and the upper phase containing the ethidium

' ’
bromide was discarded. -This wa$ repeated once, the final sample was

A

dissolved in TNE and 2 volumes of 95% ethanol, and le;ft: ovefnight at -20°C.
It was centrifuged at 15,000 rpm for 1 hour at -20°C in an S$5-34 rotor of
the Sorvall RC3 centrifuge. The final ;;ellet was dried, dissolved in twice
concentrated 0.0i M Tris pH 7.5, 50m M NaCl, 0.5m M EDTA and | volume of
glycerol. The specific activity c;f [3H]thymidine—labeled closed, ciorcular

SV40 DNA was approximately 5 x 104 cpm/ug.\

Cleavage of SV40 DNA with H. Influenza Restriction Endonuclease

s -

Hind III enzyme prep;ration 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 1 hour at 37°C. For
. i .

preparation of complete digests, SV40 covalently closed circular DNA was

incubated with Hind III restriction endonuclease

. . .
mixture containing SOm}M NaCI: 6m M Tris-HCI pH,7.5, 6m M MgClp, and 5 ug

at 37°C in a reaction

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

1 unit of Hind IIT in a volume of 0.05 mh for 3 hdurs at 37°C gave complete

>

digestion, giving 6 DNA fragments as determined by electrophoresis on

agarose gels of the products. The fragments ranged in size from 1.3 x 102

to l.1. x 100 -Mw (Danna et al., 1973). All rea; tions were terminated by

Ed

‘addition of EDTA to 0.025 M. For agarose gel electrobhoresis, when SV40 DNA

was labeled with (3H)thymidine, the gel was assayed for radioactivity by gel

e

=slic:[ng and scintallation cour\;tsing as described above. When 1t was

_unlabeled, the gel was soaked in electrode buffer, made 0.4 ug/ml in

ethidiun bromide and visualized under UV light. )
. 2

s
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Results “

' The first experiment was conducted to see whether or not an agarose gel
electxy'ophoresis system could beoused as an alternative to alkaline sucrose
gradlents for _the detection of Okazaki fragments. CV-1 cells were
prelabeled with [“‘C]thymidine for 24 hours and then pulsed for 30 seconds,
pulse-chased for 1 hour and lysed. Samples were applied to 0.7% agarose
gels, which were pr*ar_ed in an alkaliné buffer in order to maintain the
denatured conformation of the DNA. The resulting . radioactivit\y profile
showing incorporated 3 and l4c cpm versus migration distance (mm) is shown
in Fig. 1. 1In Fig. la, the lic prelabel, (65% of total l4c cpm) mi%rates as
a smooth peak at the top of the gel,ll indicating its presence 1in large
molecular weight or bulk DNA. ;i.fter a 30 second pulse at 37°C, 37% of the
3H label is seen to migrate at the bottom of the gel, corresponding to DNA

of low molecular weight and 12%Z of counts comigrate with the lac peak in

bulk DNA. The remaining counts are incorporated into intermediate sized

o v

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

-

from the l4c-DNA profile. Denatured SV40-DNA, used as,a marker, migrates
behind the 3},1\\ peak. A 30 second pulse of [3H] thymidine at 37°C followed by
al hou1t chase is shown in Fig. lb. As before, approximately 74% lag cpm
migrates as a distinct peak at the top of the gel, with the remaining 35% in
progressively smaller sized DNA. The 3 peak in smaller molecular weight
DNA i\s no longer seen at an equivalenltl area at the bot»tc;m of the gel.

The SH cpm previously in the peak at the gel bottom and in intermediate

-

size DNA appear as a peak of 3y comigrating with the ldg peak, and

representing 72% of total 34 cpm. . The remaining 3H counts are seen in

“

intermediate sizes as before. The 3u peak at the gel bottom present after
4

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

7

N
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Figure Legend

v

Fig. 1I: Electrophorgsis of crude lysates of DNA on alkaiine 0.7% agarose
gels, |

Exponentially growing CV-1 cells. were uniformly labeled with [IAC]
thymidine for 24 hours, washed with prewarmed PBS, incubated with FdUrd for
l hour, and then pulse-labeled with [3H]thymiéine (Fig, la) orﬂpulse—labeled
and chased (Fig. 1b). Cells were lysed, lyophilized and dissolved in\buffer
as in Materials and Methods. The position of i?éwsvao DNA marker is shown.

Migration was from left to right ®

gels.
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replication, which are later ligated into larger DNA pieces (Okazaki ‘et al.,

. \ .
1968a) and not seen after a 1 hour chase. Therefore, thé slab gels

aCCurétgly display the typical pulse and pulée-chase characteristics of
Okazaki fragments. They can be used to separate Okdzaki fragments from bulk
DNA following direct lysis of the cells.

Fig. 2 shows neutral 0.7% agarose gels which were run using identical
pulse“and pulse-chase saﬁples to those in alkaline gel experiments. The

. s
meth&Q\ff sample denatuyration consisted of boiling for 5 minutes at 100°C,

\followed by rapid cooling on ice, and .lmmediate electrophoresis on neutral

~

gels.,
¥

In the pulse éxperiment, Fig. 2a, 67% of the total lag cpm migrate as a
distinct- peak at the top of the gel. The 35 cpm have a wider range of
distribution, 45% are present in a peak at the bottom of the gel in small
molecular weight DNA and the rewmaining counts are p;esent in intermediate
sized DNA.

In the pulse and chase experiment profile, Fig. 2b, DNA prelabeled with
lag migrates as a smooth peak at\the top of\the gel, containing 65% of the
total léc cpme The 3y peak present at the gel bottom after pulsing 1s no
longer seen. The 34 is fodud in a peak at the gel fbp comigrating with the
14¢ -and reﬁresents small MW;DNA which has been chased into large size. The
chase, however{ was not complete, since thé small MW peak contained 90,000
cpm and only half of these appear to be represented in the large MEF3H peak
(60,000 cpm). That is, chasing has taken place, but some -loss of %H cpm hds
occurred and 1s not represented in the chase peak. Please note differeﬁtr
scales on axis. .

Therefore, between 63 - 75% of total l4g cpm are present in 1 peak of

1arge molecular weight DN4A, in pulse and pulse—chase experiments, in both

. "
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Figure Legend / '

e

ke

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

a

gels,

Logarithmically growing CV-1 cells were uniformly labeled with [14C]

thymidine for 24‘hours, washeé with prewarmed PBS, incubated with FdUrd for
1 hngr, and then pulse-labeled with [3H]thymidine (Fig. 2a) or pulse-labeled
and chased (Fig. 2b). Cells 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 ice. The position of the
SV40 DNA marker is fhown. Migration was from left to right ° , 3H;

N

Qo 14C.
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alk;line and neutral gel systems. Similarly, for 34 in pulse experiments,
between 37 - 45% of SH cpm co&stitute thé\bkazaki peak in both gel systems
and after chasing most of 3y cpm comigrate with bulk. Both the radio-
activity profiles and proportion of counts presént in each peak are similar,
showing that simple boiling of DNA followed by immediate electrophoresis is
sufficient to separate the small fragments from bulk DNA.

Okazaki fragments were isolated using 2 methods of DNA burification and
their electrophoretic beh;viours were  examined on neutral 0.7% agarose gels
(Fig. 3, 4 and 5). Crude lysates were compared with these to see if
purified Okazakl fragments had similar mobility in the gels to the fragments
released by direct lysis. .

The radioactivity 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. Please note differing
scales on axis. These profiles are similar. fhe\l4c cpm afe predominently
found ;n bulk sized DNA fn a peak at the top of the gel. The peak 'migrates
similarly in beth the crude and purified,preparations, approximately 1 - 2
mm migration distance into the gel. The 3u profiles are also similar. 10%
of 3H cpm comigrate with the l4c bulk peak at 1 mm distaﬁce into the gel in
both samples. A 3y peak at the bottom of the gel represeﬁting Okazaki
fragments 1s found in both preparations, at similar migration distances.
The ‘proportion of counts found in these peaks are 35% and 20% in the crude
lysate and purified sample, respectively. In the purified preparation, thi§
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 3u cpm is found

in intermediate sized DNA. A small proportion of these counts wmay be
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Figure Legend N

. \

Fig, 3: Relative electrophoretic mobilities of a crude lysate of DNA and
DNA purified by a modified Marmur procedure in a pulse experiment.

Crude lysate was prepared by uniformly labeling exponentially growing
CV-1 cells with [14C]thymidine for 24 hours, washing with prewarmed PBS,
incubating with FdUrd for 1  hour, and\ then pulse-labeling with
‘[3H]thymidine. Cells were lysed, lyophilized and dissolved in buffer as
described in Mat.erials and Methods (Fig. 3a). For the purified sam\ples,
cells were pulse-labeled and lysed as in crude lysate. The sampl® was
treated with protease, ‘extracted with phenol, treated with RNase, then
extra‘gted with chloroformisoamyl alcohol as éescribed "in Mater\ialsr and

Methéds (Fig. 3b). The position of SV40 marker is indicated. Migration is'

from left to right e , 3m; o , lig,
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accounted for by breakdown of bulk DNA during purification as shown by the
presence of 14¢ label. For the pulse experiments therefore, the l4c angd M
in bulk DNA show‘identnical migration patterns. The 3y cpm found in small
molecular weight DNA show similar migration in terms of the total span of
the peak, although the absolute peak differs by 5 mm between the two. Also,
there is some loss of the Okazaki fragmer{ts in the p;'ification procedure as
evidenced by the lesser proportion of 3 cpm in the smal‘l molecular weight
DNA peak at the gel bottom (20% versus 35% in the crude lysate); Fig. 4a
and 4b show the same compérison of crude lysate versus DNA purified by a
modified Marmur procedure in a pulse and chase experiment. As in Fig. 3,
the p;'ofiles are similar. lég cpm are found to label bulk DNA and the peak
of both samples falls at 1 mm migration distance into the gel. Similarly,
31 cpmﬂ migrates with the lag peak, at migration distances of approximately !
= 2 mm” into the .gel in pure and crude lysate preparations. In this
experiment, the peak of 3y representing the Okazaki fragments appears to
have been chased into the first 10 fractions of the gel. Please note
differing scales on axis. Fig. 5a shows the radioactivity profiles of a
crude lysate of DNA compared with that of DNA purified by:;the method of
Gautschi and Clarkson (1975) in a pulse experiment. In this case, profi:les
of crude lysate and purified sample are almost identical. The 3n peaks at
the bottom of the gel show a wide spread in both cases, 36 - 70 mm migration
distance into 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 3u cpm found in this peak is About
60% in both cases. In both cases, there is also a peak of .BH migrating at
the top of the gel in gel in large mole'cular weight DNA. The proportion of

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

Fig, 4;: Relat\ive electro;;horetic mobilitied of a crude lysate of DNA and
g

DNA b};rified by a modified Marmur procedure in a pulse and’chase experiment.

.Crude lysate was prepared by vuniforn‘lly labeling e;(ponenti‘ally growing
CV-1 cells with [“‘C]thymidine for 24 hours, washing with prewarmed PBS,
incubating ‘with FdUrd for 1 hour, then pulse-labeling with [3H]thymidine
and chasing. Cell's were lysed, 1lyophilized and dissolved in buffer as
described in Materials and Methods (Fig. 4a). For Athe purified samples,
cells were pulse-labeled and chased, and lysed as in the crude lysate. The
sample was treated with protease, éxtracted with phenol, treated with RNase,
then extracted with chloroformiscamyl aicohol as described in Ma‘terials and
Methods (Fig. 4b). The position of SV40 marker is indicated. Migration is

from left to right o, 3H; o , lac,

N
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Figu&re Legend
3

Fig. 3: Relative electrc;phoretic\mobilities of a cnllde‘ 1;7sate of DNA and
DNA purified b)} the method of Gautschi and Clarkson in a pulse experiment.

Crude lysate was prepared by uniformly labeling exponentially growing
CV-1 cells with [l%#C]thymidine for 24 hours, washing with prewarmed PBS,
incubating with FdUrd for 1 hour, and then pulse-labeling with',[3H]1thymi—-
dine. Cells were l\ysed, lyophilized and dissolved in buffer as described in
Materi;lls and Methods (Fig. 5a). For the purified sample, cells were
pulse-labeled and lysed as in crude lysate. To the lysate, 5M NaCl was
added, and centrifugation performed. The supernatant was treated with
plidnase and extracted witl{ chloroformrisoamyl alcohol (Fig. 5b), Logarithm
molecula?weiéht of éV40 digested with Hind III restriction endonuclease i:.s

shown plotted against migration distance. ‘Migraf:ion is_from left to right

o, 3 o , lé4c, 1 '

e
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o

SVAQ\ digested with Hingi III restriction endonuclease was run on the
same gel as a ‘marker for sizing the small molecular weight or Okazaki
fragment. peak 1in both tk}e purified and crude lysate samples. The 1log
molecular weight of the resulting SV40 fragments are plotted versus
migration distance on agarose gels (see Fig‘. 5). . For the purified sample,
using 52 mmw as migration distance peak, corresponds to a molecular weight of
2.15 x 102 for the Okazaki f;—agments, Whereas for the crude lysate, using 5l
mm as. peak, a, molecular weight of 2.3 x 105 is obtained. Please note
differing scales on axis.

3
A stringent method ‘of DNA purification based on that of Miyamoto and

-

Denhardt (19]8) yielded a purified DNA sample whose size was determined on a
sucrose gradient. Included in this procedure, was purification of DNA by

nitrocellulose column chromatography, the elution profiles of which are

" shown in Fig. 6. With this’ method, single stranded DNA should adhere to the

«

nitrocellulose in high salt, whereas RNA and most proteins should pass
through. -The DNA elutes in low salt. Accordingly, approximately 80% of the.
applied 3y cpm were isolated in the low salt fraction and almost all the
radioactivity isolated in the high salt fraction was alkali labile. Next,
the low salt fractions from the nitf.rocellulos‘e column, containing tpe

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 peNH) DNA was at a density of 1.7 g/cce

To fractionate the DNA Ji—according to its size, it was ‘heated (too°c, 30
seconds) and centrifuged on a 5 - 20% neutral sucrose gradientu, containing
1M NaCl, lmM EDTA and 50 wM Tris ~ Nel pH®. Using single stranded RF IL OX
174 DNA as a sedimentation marker, the'(3H) DNA was estima'ted to be

2.8 x 10° molecular weight as shown in Fig. 8.
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Figure Legend

Fig. 6: Elution profile of DNA on nitrocellulose column.

CV-1 cells w;ere pulse~-labeled and the DNA extracted and treated as
described in the method of Miyamoto and Denhardt (1978) in Materials ‘and
Methods. The pellets from the isopropanol ‘precipitation of the
phencl-chloroform extract was dried and prepared for reprecipitation with
CTAB, a catonic detergént, as described in Materials and Methods. The
pellet was reprecipitated with 70%Z ethanol, then 95% ethanol, dissolved in
10 mM Tris-HCl pH 8.1 0.1 M EDTA, heat‘:ed 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 KCl, 10 mM’Tris—HCl 0.1 mM EDTA pH 7.4)
followed by a "low salt” solutiAon ‘?10 mM Tris-HCl, O.l mM EDTA pH 7.4) was
passed through the columvn.' The DNA was eluted in the low salt fraction, and

was about 807 of the DNA that was applied. The DNA in the low salt fraction

o , .

LY

was recovered by isopr&ganol precipjtation. ‘ 9 , 3H,
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Figure Legend

Fig., 7: Equilibrium buoyant density gradient centrifugation of DNA,

The low saltlfractions from the nitrocellulose column containing the
3-1abeled DNA were pooled and the DNA precipitated with isopropanol. The
precipitate was dissolved in 50 mM Tris™HCl pH 7.6 5 mM EDTA, heated at
100°C for 30 sedonds and made up to a density of a 1.7 g/ml with CsCl,
Centrifugation was performed at \40,000 rpm for approximately 60 hours at
\10°C_ in the A321 rotor of‘ the 1EC B60 ultracentrifuge, Fraction 0.3 ml
were collected from the top with a Buchigr Auto Deﬁsi Flow apparatus.
Aliquots of the fractions were assayed for 3y Ias described in Materials and

Methods. o, 34.
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Alkaline sucrose gradients (5-20%) were run to compare the results of
Okazaki fragments purified by the Gautschi and Clarkson method (Fig. 9a)
with those obtained by direct iysis of pulsellabeled cells on the ‘gradients
(Fig. 9;:). The signifi‘cant result here is that in' both cases, there is a
peak éf 3y cpm at the top of the gradient, present at the second fractién
from the top. The [}4C]~labeled bulk in contrast has migrated to the bottom
of the gradient. ‘ An SV40 ma'ricer, which is 16 S under these conditions,
migrates 5 fractions into the gradient. A size estimate of approximately
6.5 S - 7 8 (1.6 = 2.3 x 105) {s thus obtained for the small molecular

s

weight DNA.
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Figure Legend

Fig. 8: Sedimentation velocity centrifugation of DNA molecules in a neutral
sucrose gradient.

Fractions from the CsCl gradient containing the DNA were dilpted S-fold
with 50 mM Tris—HCl pH 8.1 and precipitated with isopropanol. The pellet
was suspendeci in 0.05 M Tr£s—HCl pH 8.1, heated for 30 seconds at 100°C, and
\layered on _tQp of a'5 ml 5-20% sucrose gradient cont;‘aining IM NaCl, 1 mM
EDTA and 50 mM; Tris-HCl pHS. \I‘he\bNA was centrifuged in the Beckman SW 50.1
rotor at 50,000 rpm for 3 ho‘g‘ns- at 20°C. Fractions of 0.3 ml were ‘collected

from the bottom of the t«iﬁ(b_e“\._and assayed as described in Materials and

[

Methods, Si,ngle—strande"'d RF 11 0X-174 used as a sedimentation marker is

4
shown. o, 3u; O, lac, 2

~

&

™
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Figure Legend

. ~ LY . .
Fig. 9: Velocity centrifugation in alkaline sucrose gradients of crude DNA !

° .

lysate (Fig. 9a) and DNA purified by the Gautschi and Clarkson method (Fig.
9b)o - o

CVﬂcell; were pulsed as in the crude lysate preparation in Materials
and Methods. Samples of 1 x 109 cells (25 ul) in 0.3 ml of 0.2 M NaOH -
0.01 M EDTA were layered over 5 ml of 5-20% alkaiine sucrose gradients.
Gradients were 0.9 M in NaCl, 0.3 M in Na0H, and 0.001 M in EDTA. Cell
lysis and DNA denaturation were allowed to proceed at 4°C for 8-12 hours.
THe purified samples were prepared according to the method based on that of
Gautschi and Clarkson described in Materials and‘ Methods. . Approximately 4
‘4 x 104 3" cpm (approximately 100 ul) were used. ﬁ Centrifugation was E\
“carried out in an SW 501./1- rotor of the Beckman L65B centrifﬁge at 26,000 rpm

for 16 hours at 4°C%. Fractions were collected and analyzed as described in

Ma{:}ials and Methods. [3H]—labeled SV40 DNA used as sedimentation marker
3q.

’

is shown. Qo , o, Lac,

«
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Discussion

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-1 cells were brelabeled with [14C]thymidine, pulse-labeled
with [3H]thymidine for 30 seconds at 37°C, then lysed and run on 0.7%
agarose gels, the large [140]~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'}AC cpm comigratiné at
the gel top. The 3y 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
could be used to separate Okazakl fragments from 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
boiling for 5 minutes, the eletrophoretic mobili;y pattern was the same.
Thus, simple bolling immeaiately 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 aﬁd Clarkson (1975)
had similar mdbility in gels to the fragments released by direct lysis.
This same relationship was shown on alkaline sucrose gradients;

4) When the Okazakl fragments from the purified and crude lysate

procedure were sized on agarose gels, using Hind III digested SY4O as a

st

7
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marker, molecular weights of 2.15 x 102 and 2.3 x 105 were determined for
the fragments respectively. ejA very stringent method of purification based
on that of Miyamoto and Denhardt (1977) produced a ;imlar molecular weight
of 2.8 x 103 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 Okazakl fragments. The results also infer that for the purposes

~

of sizing, one need not perforu\l extensi‘ve purification of DNA before
electrophoresis as has been done inx the past, since similar sizes were found
in both crude ané purified samples. This is useful since any purification
will cause a loss of pulse~labeled DNA, an important point considering the
size .of the DNA dealt with and the short pulse-labeling times needed to
genefate them. Friedman and Mueller (1968) stated that replicating DNA
could be lost' because of 1its partition to the interphase fraction during
extraction with phenol and chloroform, a prominent step in any purification
procedure.

Agarose gel electrophoresis is also useful in that it overcomes some of
the technical difficulties encountered in alkaline sucrose gradients. On
gra;iients, low moleculaﬁ/weight DNA will migrate only a short distance into
the gradient. It remairfs at the top along with cell proteins and othér
debris, which may interfere with gpod resoclution of the fragments. Also,
sizing the fragments presents a px.:oblem in that there 1is a lack of precisely
characterized marker of small molecula\r weights. In gels, there is better
detection of small molecular weight DNA as it migrates to the gel bottom

away from non migratory bulk. Since migration is an exponential funetion,

there is potential for large separation of low molecular weight DNA.

Another difficulty was encountered by Horwi#tz (Edenberg and Huberman, 1975),
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who found that when whole cells were lysed on alkaline sucrose gradlents,an
artifact was seen whose behaviour mimicked the sediment;ation properties of
true Okazaki fx:agments. This artifact consisted of a small fraction :)f
uninco&:porate\z\i radioactivel precursor which céprecipitated with contaminating
cellular prot{eins that were acid prec;ipit:able. Partial pu;:ificaéion of DNA
prior to rurmi\ng alkaline sucrose gradients was necessary to eliminate this
artifact. Apart from the fact that agarose gel electrophoresié eliminates a
number of difficulties eﬁ;;untered 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 18 a smooth function of the length of the DNA. It is common practice
to plot the logarithm of known molecular weights against° relative mobility,
and obtain a linear plot by which to ‘estimate ot‘ne;’r molecular weights.
Excellent resolution can be obtained for DNAs of moleculé;t“k,‘weights up to at
least 26.5 x 106” a difference of less than 10% being readily resolved even

.

for molecules of this size. \Also, gel electrophoresis can provide
inf-ormahtion about conformation as well as size of DNA. Testing electro-—
phoretic mobility relative to standard DNAs over a wide range of ilonic
strength, pH, g:al concentration, ‘and voltage gradient should readily
distinguis‘h among native, single-stranded, linear and circular DNAs.
Multiple samples can be compared on the same slab at a fraction of the time,
effort, and expense of alkaline sucrose gradients‘- Also, large sample wells

L4 t -
and thick gels can be used for preparative separations. An advantage of the

t‘\rizontal system of slab gels used in these\experiments, is that gels of
"very low concentration are adequately supported and do not distort during

electrophoresis. This makes it possible to measure accurately relative

mobilities of large DNAs. This horizontai system makes easy removal of the

®
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gel possible for drying and autoradiography or for stain'ing. Lastly, if

v

ethidium bromide 1is present during elecirophoresis, DNAs can be visualized
A

and photagraphed without removing the supporting medium from the apparatus

~ +

or disturbiny it in any “way. Alkali\ne sucrose gradients are not this
l, i .
ir handling (McDonnell et al., 1977).

flexible

Aside from the use of gel electrophoresis, there are a number of other

Dy ,

technical refinements possible in th.ese experiments which cc;uld‘provi&e a
basis for future worlg; Firstly, ‘the DNA prepar'ations were of nécessity
double-labeled, the bulk DNA and small molecular weikht DNA being identified
by [14C]thymidine and ,[3.1-1]thyu‘11dine respective'lil. This necessitated the use
of gel slicing and scintillation courﬁing to. determine radioact‘ivity
profiles rather than fluorography, which 1s a less tedious, higher
resolution technique for the detection of radioactivity. It s also
advaqt'égebus in that it does not destroy the sample (Bori%lér and iaskey,
19‘74). Funture work should adapt this technique toafluorography, perhaps by
using a well established system, where bulk DNA need not be labeled, and

¢ !

only pulse-labeling 1s necessary. ‘The present experiments demanded double

label to establish the presence of a working agarose gel system for Okazaki |

fragment detection and sizing. Se;::ondly, because of the short pulse times
- -
necessary to isolate Okazaki fragments, the absolute number of cpm present

[y

- 4
Mm_m sample was low. Lyophilization of the--sample was performed to

concén’thtg the radioactivity for gel electrophoresis. This is undesirable,—

in that it represents a form of DNA manipulation and shear, which 1Is best

avoided in studiesdlike this (Lehmann and Ormerod, 1969). It is unlik'ely,

however, that bulk DNA would be sheared to Okazaki fragment size and alter

the proportion of 3y cpm found in that peak (Blumenthal and Clark, 1977a).

Conditions which increase the specific activity of the sample, perhaps by

\
>

el - )
14

R .
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! /,l 1
. .
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} favouriné greater incorporation of isotope, or by use of a higher emission
energy isotope, should be investigated. ~

It 1is valuable to cc;mpare the data obtained here for Okazaki fragment
size, with the estimates derived from other eukaryotic cell systems, It has

o

been mentioned that there exist many difficulties in studies of this type,

both in the detection of Okazaki ‘fragments using alkaline sucrose gradients
and in the experimental conditions needed to generate them. First, Okazaki
fragm.ents'are short=1lived. Although readily detected after a 30 second
pulse (37°C) of [‘3H]thymidine, they are almost impossible to see after a 2
minute pulse (Huberman and Horwitz, 1973). A second difficulty involves the

Q{‘_?
inabiljzty' 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, et;d labeling of partially replicated molecules obscures the
presence of an} true DNA intermediates. Kurek and Taylor°(1977) attempted
t'o overcomedthis problem by establcishing a block in the cell «cycle at the
Gl1/8 bgund.ary using FdUrd. They showed that at 10 uM FdUrd, there was no
synthesis of TdR via the de nova pa{:ﬁway and that the cells ability to
synthesize DNA was primarily limited by the availability of fre‘e TdR from
the medium. Additional difficulties which concern the use of alkaline

o

sucrose gradients, 'have been discussed above. ' Therefore, it is not
’

surprising that so much variation.exists in the reported sizes for Okazaki

fragments. Table I illustrates some 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 }04 - 1 x 103 (4=58),
(Magnusson et al., 1973; Francke and Hunter, 1974; Gautschi and Clarkson,
N

. 1 ;
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1975). In the cv-1 system, the smal;est replication intermediates have been
sized at 2.3 x 109 \(6.5—7 S) and 2.15 x 105 (6.5-7 S) f‘or the crude and
purifled samples  respectively. These sizes compare favourably ,to but are
éoggwhat larger thaﬁ the currently accepted value of 5 x 104°- 1 x 105
(4=58). This may be due to the fact that pulse-labeliélg was done for 30
seconds at 37°C. Sho}ter pulses may have resulted in the isolation of a

smaller replication intermediate.




Table I

Organism

Human

(heteroploid cell line EUE )

Human

(HeLa)

_Human , B
(lymphoeyte cell line 8866)
Chinese Hamster

(Bl4 FAF 28-G3)

Chinese Hamster

(CHO)

Mouse

(P-815)
Drosophila
SV@O

Polyona

Replication

Intermediate Size

(Molecular Weight)

Sedimentation

Coefficient in Alkaline

Sucrose Gradients

Reference

3.3

105

102

104

109

104

104

104

104

10

Nuzzo et al., 1970

Kidwell and Mueller, 1969

Tseng and Gouliart, 1975

A}

Schandl and Taylor, 1969

Hubermann and Horwitz, 1973

Gautschi and Clarkson, 1975
e

Blumenthal and Clark, 1977

Salzman and Thoren, 1973

Pigiet et alﬁf 1973

29
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,"3 . .
"It is also interesting to speculate whether or not synthesis is semi -~

or totally discontinuous in the CV-1 system. - The results have shown that
after La 30 second pulse, approximately 37 - 45% of 3y cpm migrates as low
molecular weight DNA or the Okazaki fragment peak at the bottom of the gel,
whereas the remaining 3ﬁ cpm are found in larger molecular weight DNA. The
kinetic appfggch of determining whether synthesis at thg.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—discontinuous. A very tentative observation for our system, therefore,
is that synthesis appears to be semi-discontinuous. Shorter pulse times or
lower 1incubation temperatures at the time of pulse-labeling would help
clarify this situation, since it would increase the likelihood of isolat}_ng
Okazaki fragments and decrease the time availab%e for ligation of smaii
féagments. A more certain approach to this question would be to determine
whether the Okazaki fragments can anneal to each other, annealing of the
fragments from one fork would be proof that synthesis at that’ 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 others in the field of DNA replication.
Southern (1975) has described an interesting qethod for the detection of
specific sequences among DNA fragments separated by agarose gel électro-
phoresis. In this system DNA fragments are transferred from agaro;e gels to
cellulose nitrate filters and then hybridized to 'radioactive RNA. The
hybrids are detected by radiocautography or fluorography. 'Similarly, Okazaki

fragments isolated by agérose gel electrophoresis could be investigated for

RNA primers using such a system. :

-

™




‘and purified DNA preparations, respectively.

Conclusion

The results indicate that an agarose gel “electrophoresis system is a
useful alternative to alkaline sucrose g:"adients for the 1solation and
sizing of Okazaki fragments. The slab gels accurately display the typical
pulse and pulse-chase characteristics of Okazaki fragments. They can be
used to separate Okazakl fragments fr[om bulk DNA following direct lysis of
the cells. Also, the purified Okazaki fragments have similar mobility in
gels to the fragments released by direct lysis. Lastly,- Hind III digested
SV40 resulted 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 va]:ue since it w‘ould permit better
resolution and more precise sizing of Okazaki fragments gghthan the
conventional alkaline sucrose gradient. Inogels, the low molecular weight
fragments migrate to the gel bottom, wpereas in gradients they are four}d at

the top along with cell proteins, unincorporated radiocactive precursors and

other cell debris. The estimates of Okazaki fragment size, wusing this

method, are 2.3 x 107 and 2.1 x }05 molecular weight for the crude lysate -

L g
B




I Y P o . L o N ¢ - - o -

References

Berger, H., Jr. and Irvin, J.L. (1970). Changes in the physical state of
DNA during replication in regenerating- liver of the rat. Proc. Nat.

Acad. Sci. 65: 152-159, 4

L]

Blumenthal, A.B. and Clark, E.J. (1977a). Discrete sizes of replication
intermediates in Drosophila cells. Cell 12: 183-189,
Blumenthal, A.B. and Clark, E:J. (1977b). Replication sybunits in the
A
synthesis of Drosophila DNA. Exp. Cell Res. 105: 15-26.
Bonner, W.M. and Laskey, R.A. (1974). A film detection method for Tritium-
labeled proteins and nucleic acids in polyacrylamide gels. Eur. J.

Biochem. 46: 83-88.

Britteﬁ, ﬁ.J., Graham, D.E. and Neufield, B.R. (19742: . Analysis of

+ replicating DNA sequences by reassociation. In: Methods in Enzymoloéy

29: 363-408,

Danna, K.J., Sack, G.H. and Nathans, D. (1973). Studies of Simlan Virus 40

DNA. VII. A cleavage map of the SV40 genome. J. Mol. Biol. 78:

363-376, 3
Edenberg, H.J. and Huberman, J.A. (1975). Eukaryotic chromosome
Y
replication. Annu. Rev. Genet. 9: 245-284.
I -
‘!‘
~



Fareed, G.C., Khoury, G. and Salzman, N.P. (1973). Self-annealing of 4 S
strands from replicating Simian Virus 40 DNA. J. Mol. Biol. 77: ,

457462, . ’

Fareed, G.C. and Salzman, N.P. (1972). Intermediate in SV40 DNA chain N
\

growth. Nat. New Biol. 238i 274-277. S
Felsenfeld, G. (1978). Chromatin. Nature 271: 115-122,

Fox, R.M., Mendelsohn, J., Barbosa, E. and Goulian, M. (1973). RNA ,in
nascent DNA from cultured human lymghocytes. Nat. New Biol. 245:
234-237. | ‘

’ -

Francke, B. and Hu‘;lter, T. (1974). In vitro Polyoma DbfA' synthesis:
Discontinuous chain growth. J. Mol. Biol. 83: 99-121.

|

Francke, B. and Vog.t, M. (1975). In vitro Polyoma DNA synthesis: Self-
annealing properties of st;ort DNA chains. Cell 5: 205-211.

— =

Freedlender, E.F., Taichman, L. and Smithies, 0. (1977). Non random
. .
‘distribution of chromosomal proteins during <cell replication.

- Biochem. 16: 1802-1808.
Fx:;{edman, D.L. (1974). On the mechanism of DNA replication in isolated

nuclei from Hela cells. Biochim. Biophys. Acta. 353: 447-462.

!




Y

{fﬂ'#’, . , 67

” ’ LR *

s
Friedman,‘ D.L. and Mueller, G.C. (1965). A nuclear system for DNA
M ]

replication from synchronizeg Hela cells. Biochim. Biophys. Acta.

~ 4,

161% 455-468. ‘

4 Gautschi, J.R. and Clarkson, J.M. (1975). Discontinuous DNA replication

in mouse P-815 cells. Eur. J. Biochem. 50: 403=412.

i

" Goldstein, N.O. and Rutman, R.J. (1973). In vivo discontinuous DNA

synthesis in Ehrlich ascites tumors. Nature London New Biol. 244:

267~-271. \ ‘

/s
t

Habener, ¢J.F.: Bynum, B.S. and Shack, J. (1970). Destabilized secondary

structure of newly replicated HeLa DNA. J. Mol. Biol. 49: 157-170.

*
Hand, 'R. (1978). Eukaryotic DNA: Organization of the genome for

Y

replication. Cell 15: 317-325. :

Hershey,& H.V. and Taylor, J.H. (1974). DNA replication in eukaryotic

nuclei. Exp. Cell Res. 85: 79-88.

» Hewish, D.R. _(1976). DNA replication in eukaryotes: A model for the

specific involvement of chromatin subunits. Nucleic Acids Res.
4

3: 69_78 .




o,

68

- -~

Hirt, B. (1967). Selective extraction of Polyoma DNA from infected
mouse cell cultures. J. Mol. Biol. 26: 365-369,
N .
Huberman, J.A. and Horwitz, H. (1973). Discontinuous DNA synthesis
in mammalian cells. Cold Spring Harbor Symp. Quant. Biol, 38:

233-238.

Hunter, T. and Francke, B. (1974). In vitro Polyoma DNA synthesis:

Involvement of RNA in discontinuous chain growth. J. Mol. Biol. 83:

123-130.

Hunter, T. and Francke, B. (1975). In vitro Polyoma DNA synthesis:

Inhibition by 1- =D-arabinofuranosyl CTP. J. Virol. 15: 75%-775.
Hunter, T. Francke, B. and Bacheler, L. (1977). In ‘vitro Polyom; DNA™

synthesis: Asymmetry of short DNA chains. Cell 12: 1021-1028.

Hyodo, M, Koyama, H. and Ono, T. (1970). Intermediate fragments of the

newly replicated DNA. in mammalian cells. Biochem. Biophys. 'Res.

Commun. 38: 513-519,

«

Kaufwann, G., Anderson, S. and DePamphlis, M.L. (1977). RNA primers in

N
Simian Virus 40 DNA replicationm. II. Distribution of 5' terminal

. »
oligoribonucleotides in nascent DNA. J. Mol. Biol. 116: 549-567.




69

Kidwell, W.R. and Mueller, G.C. (1969). The synthesis and assembly of DNA

~

subunits in isolated Heka cell nuclei. Biochem. Biophys. Res. Commun,

/

36: 756-763.

Kornberg, A. (1960). Biologic synthesis of deoxyribonucleic a%id. Science

131: 1503-1508.

s

Kornberg, R.D. .(1977). Structure of chromatin, Ann. "Rev. Biochem. 46:

931-954,

-
Kurek, M.P, "and Taylor, J.H. (1977). Replication of DNA in mammalian

~

chromosomes. IV. Partial characterization of DNA fragments released

from replicating DNA of CHO cells. Exp. Cell Res. 104: 7-14.

-

Laipis, P.J. and Levine, A.J. (1973). DNA replication in SV40-infected
.

The inhibition of a gap-filling step during discontinuous
>

cells, IX,
synthesis of S5V40 DNA. Virol. 56: 580~594,

Lehmann, A.R. and Ormerod, M.G. (1969). Artifact in the measurement of the
molecular weight of pulse-laﬁéled DNA. Nature 221: 1053-1056.

Y

Lynch, W.E., Umeda, T. Uyeda, M. and Lieberman, I. (1972). Nature, of the

by 1isolated 1liver nuclei. Biochinm.

deoxyribonucleic ' acid made

Biophys. Acta. 287: 28-37,

41




70

Magnusson, G. (1973a). Hydroxyurea-induced accumulation of short fragments
v during Polyoma DNA replication. I, Characdterization of fragments,
J. Virol..12: 600-608,

™~

Magnusson, G. (1973b). Hydroxyurea-induced accumulation of short fragments

'\
during Polyoma DNA replication. II. Behaviour during incubation of
isolated nuclei. J. Virol. 12: 609-615.
Magnusson, G., Pigiet, V., Winnacker, E.L. and Abrams, R. (1973)., RNA-
linked short DNA fragments during Polyoma replication. Proc., Nat.
Acado SCi. 70: [512_415.
’ 8

McDonnell, M.W., Simon,  M.N. and Studier, F.W. (1977). Analysis of

a

restriction fragments of T7 DNA and determination of molecular weights

3

by electrophoresis in neutral and alkaline -gels.‘ J. Mol. Biol. 110:
LY

119-146, ’ y

* Miyamoto, C. and Denhardt, D.T. (1977). Evidence for the presence of
ribonucleotides at the 5! termini of some DNA molecules isolated from

Escherichia coli pol Aex 2. J. Mol. Biol, 116: 681-707.

Neubort, S. and Bases, R, (1974). RNA-DNA covalent complexes in Hela

cells. Biochim. Biophys. Acta. 340: 31-39,

7




Nuzzo, F., Brega, A. and Falaschi, A. (1970). DNA replication in mammalian

cells. I. The size of newly synthesized helices. Proc. Nat. Acad.

Sci. 65: 1017-1024.

Okazaki, R., Akisawa, M. and Sugino, A. (1971). Slow joining of newly
replicated DNA chains in DNA polymerase I - deficient Escherichia coli
mutants. Proc. Nat. Acad. Sei. 68: 2954-2957,

Okazaki, R., Okazaki, T., Sakabe, K., Sugimoto, K., Kainuma, R., Sugino, A.
and Iwatsuki, N. (1968a). Cold Spring Harbor Symp. Quant. Biol. 33:

129-1430

\
> QOkazaki, R., Okazaki, T., Sakabe, K., Sugimoto, K. and Sugino, A. (1968b).

Mechanism of DNA chain growth. I. Possible discontinuity and unusual

secondary structure of newly synthesized chains. Proc. Nat. Acad.

IS

Sci. USA 59: 598-605.

4 [
Ll

Okazaki, R., Sugimoto, K., Okazaki, T., Imae, Y. and Sugino, A. (1970).
"DNA chain growth: In vivo and in vitro synthesls in a DNA polymerase -=

negative mutant of E. coli. Nature 228: 223-226.

Painter, R.B. and Schaefer, A. (1969). State of newly synthesized HeLa
. ‘ ,

DNA. Nature London New Biol. 221: 1215-1217. |

Perlman, D. and Huberman, J.A. (1977). Asymmetric Okazaki p%ecf synthesis

during .replication of Simian Virus 40 DNA in viveo. Cell 12: 1029-1043.




72

Pigiet, V., Eliasson, R. and Reichard, P. (1974). Replication of Polyoma
DNA in isolated nuclei. III. The nucleotide sequence at the RNA-DNA

Junction of nascent strands. J. Mol. Bigl. 84: 197-216.

Piglet, V., Winnacker, E.L., Eliasson, R. and Reichard, P. (1973).
™

Discontinuous elongation of both strands at the replication forks in
- L}

Polyoma DNA replication. Nat. New Biol. 245: 203-205,.

Reichard, P., Eliasson, R. and Sd6derman, G. (1974;. Initiator RNA 1in
i
discontinuous Polyoma DNA synthesis. Proc. Nat. Acad. Sci. USA 71:

T 4901-4905.

Rosenberg, B.H. (1976). The periodic structure of chromatin: Implications

[

for DNA function. Biochem. Biophys. Res. Comm. 72: 1384-1391.

o~ ¢

Sakabe, K. and Okazaki, R. (1966). A unique property of thF replicating

region of chromosomal DNA. Biochim. Biophys. Acta. 129: 651-654.

Salzman, N.P., Fareed, G.C., Sebring, E.C. and Thoren, M.M. (1973). The
mechanism of SV40 DNA replication. Cold Spring Harbor Symp. Quant.
Biol. 38: 257-265.

Salzman, N.P. and Thoren, M.M. (1973). Inhibition in the joining of DNA
intermediates to growing Simian Virus 40 chains. J. Vireol. 11,

721-729. , o~

o




73

kX
Schandl, E.K. and Taylor, J.H. (1969). Early events in the replitatiaon and

integration of DNA 1into mammalian chromosomes. Bioche. Biophys. Res.

Gommun. 34: 291-300.

a

" Schandl, E.K." and Taylor, J.H. (1970). Oligodeoxyribonucleotides from

pulse~labeled mammalian cells. Biochim. Biophys. Acta. 228: 595-609.

Sheinin, R. (1976). Preliminary cﬁaracterization of the temperature
. .
sensitive defect ih DNA replication in a mutant mouse L cell. Cell 7:

B

49-57.

v

Southern, E.M. (1975). Detection of Specific Sequences :among DNA Fragments

Separated by Gel Electrophoresis. J. Mol. Biol. 98: 503-517.
a

¥ .

Spadari, S. and Welssbach, A. (1974). HeLa cell R-deoxyribonucleic acid

polymerases. J. Biol. Chem. 249: 5809-5815,

b

. »
Spadari, S. and Weissbach, A. (1975). RNA primed DNA synthesis: Specific

catalysis by HeLa cell DNA polymérase. Proc. Nat. Acdd. Sel. 72:
. .
503-507. .

L
s

(1965). Sedimentation studies of the size and éhape of DNA. -

<

S:l@dier) F.W.

. L
Je« Mol

ol. 11: 373-390.

»

¥

Sugino, A.gﬂnd Okazaki, R. (1972). ‘Mechanism of DNA chain growth. J. Mol.
' 4

: 61-85. VII. Direction and rate' of growth of T4 nascent‘short

e

* Biol.

DNA chainst



Tseng, B.Y. and Goulian, M. (1975).

Intermediates in DNA synthesis in vitypo and vivo. J. Mol. Biol. 99

317-337.

Tseng, B.Y. and Goulian, M. (1975b). Evidence for covalent association of

RNA with nascent DNA in human lymphocytes. J. Mol. Bilol. 99: 339-346,

3

v
o
v
4

Tsqu, B.Y. and Goulian, M.  (1977). Initiator RNA .of discontinuous DNA
synthesis in human lymphocytes. Cell 12: 483—-489, 4

13
’

i

Tsukada, X., Moriyama, T., Lynch, W.E. and Lieberman, I. (1968). Poly- "

deoxynucleotide in intermediates DNA re‘policatién in regenerating

liver. Nature 220: 162;—1‘64.

‘Tye, B.K., Nyman, P.O., Lehman, I.R., Hochhauser, S. and Weiss, B. (1977).

A4

Transient accumulation of Okazaki fragments as a result of uracil
S .

Incorporation into nascent DNA. Proc. Nat. Acad. Sci. 74: 154-157.

-

e

DNA synthesis in human lymphocytes:




./\ T

I

APPENDIX I

’
;
4
: 4




« N
The lUge of Agarcse Gel Zlaccrophoresis to Measure the Size of DNA '
Molecules iﬁQCrude Cell Lysates
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Running title: AGARQSE GELS T2 ZaSURE DNA SIZE IN CELL LYSATES

- I 43STRACT]
We have used .agarose gel elactrophorzsis to measure the §ize of DNA
molecules taken directly fron cruda cell lysates. Pulse-labeled DNA from
CV-1 cells that was denaturad nigrated 2s small molecules the size of

~

Okazaki pieces when it was subjactad tqg elactrophoresis on 0.7% agarase gels

under alkalina and nautral conditions. The z2ls also displayed the incor-—’

poration of the Okazaki piecas izto }:ulk. ENA when the DNA was labeled by
pulse—chase techniques. The =igration of the DNA from crude celi lysates
was identical to DNA. purified by chloroforz-isocamyl alcohol extraction, and
est;.mates of the size of the pulsaz-labeled molecules were similar by elec-
trophoresis and by alkaline sucrose gradient centrifugation. These ras;.zlts
indicate that, in these expe:i.:.eu:al condirioas, agarose gel electraphorasis
can be used in t;he same manner as alkalipe sucrose gradient centrifugationm
~

to analyze replicating DNA froa crude cell lysates.
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[ INTRODLCTION]

Agarose gel electrophoresis has beeli a valuable technique for sizing
. DNA molecules. It has been used to analyze Okazaki pieces (1) im

experizents on DNA replication in mammalian c¢ells and important

observatiouns on size aud structura of the pieces have been made (2-4). In .

~

these analyses, the Okazaki pieces have been purified from cell lysar.es

oy
Y

before they wére subjected to electrophcres:.s- The extract:.og procedures
aimed at purifying nascenf: DNA from mammalian cells cause some loss of 1‘ v
small molecules and may also cause breakdown of large DNA molecules.

To avoid losses and to reduce the chance of breakdown of large
wolecules, —any researchers lyse cells and denature the DNA directly ato;':
alkaline sucrose gradients. This keeps manipulation of the molecules to a

minimum. Subsequent analysis by velocity centrifugation givés

IR I

S
reproducibia sedimentation rates of the DNA molecules that can be used to
estimate their molecular weights. Although useful, the procedure has soce

drawbacks. To prepare and analyze wmany -gradients is tedious and
N .
time—~consuming. Equipment used for the analyses, such as ultracentrifuges

and sc:.ntillation counters, are expensive. Compared to ultracentri-

N
T e e B -‘*e—- N - z - - . ¢ - I

;-.-z - s e - -

n\

o) '%fugation, gel electrophore315 is simple, inexpensive and fast. ~
AR L s sy el — az N .
"%k In the experiments in this paper, we examined ‘the pOSSiblllty of
- = e i
YLD ju.sing agarose gel electrophoresis to analyze DNA from crude lysates “of
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73 sucrose gradients 1u. the expenmental conditions we have used. |
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MATERTALS AND !STHODS
|
Cells. (V-1 cells, a lize darived froam African green monkey kidney

cells, were grown and maistaized ia miai-zal essential medfum eEDL with

5% fetal calf serum (FCS) as desscribed previously (5). The cells were

grown ian 73 e cell cultura flasks a2t 37°C until confluent, at which

~

point 2 x 109 cells wera tramsfarred to naw flasks.

{3H)thymidine labelinz 22d call 1lvsis. Cells that had been seeded

the day before at 6 z 107 c21ls per 60 om plastic culture dish were
labeled with [l4C]thymidice (9.1 uCi/al; 30 m=Ci/mmol), for approximately
24 h. The radicactive mediim was then re:ovewd and the cells were washed
and incubated in fresh MEM fo\r 2 h. FdCrd (2 x 1076 M) was then added for
1 h, after which the cells war2 either pulse—lal;eled with [3H]thymidine
(100 }JCi/Iﬁl; 50 Ci/mmol) for 35 s=c at 37°C, or pulse-labeled and chasad

for 1 h in medium contaiaing 2 x 103 M nonradioactive thymidine. The

FdUrd was used to‘allow rapld labaling of :he Okazaki pieces by exogenous

1=

[3H]thymidine and to increzse tza2 1ncorporation of the isotope. After the
cells were washed with cold phoséhate-buffered saline (PBS), they were
trypsinized immediately and sussaaded ia cold PBS. They were then lysed
in 0.3 M NaCl,0.015 M sodiua citate and 1% sarcosyl for 1 h at room tem
perature, and the lysates wera lyophilized and dissolved in small vgluaes
of eléctrophoresis butffer. To2 YaCl zoacentration of the resuspended
lysate was 2.0 M. These prepa-ations, =which had been concentrated “five—
fold by lyop;lilization, servad as-the crude lysates of DNA for subsequent
electrophoresis and gradient :e::rifuga:?’_on experiments. Crude lysates

. . { e
were stored for not loagar chzz 24 h a2t —-20°C so as to keep the degrada-
N ~

tion of the DNA to a minizun.

5
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Prenaration of purified DVA. This was a modification of the method

. i - ‘
described by Gautschi and Clarkson (6). The concentration of NaCl in tha
cell lysate was adjusted to 1 M and the lysate was left overnighi: at 4°C.
The precipitate was removed by centrifugation. The supernatants wers

incubatad for 30 min at 37°C with pronase and the remaining protein was

removed Dy 2 rounds of extracticn with\chloroform—isoamyﬁl alcohol (24:1

~

v/v). The deproteinatéd;

prepared for electrophoresis.

sample was then precipitated with ethanol and

<

Agarosa gel electrophoresis. A horizontal slab gel system for \elec-
trophoresis (7) wasr'used in these experiments. The buffer for neutral gel
electrophorasis was 0.04 M Tris, pH 7.8, 0.005 M sodium acetate, 0.001 M
EDTA. To prapare gels, 1.4% melted agarose (SeaKem, Marine Colloids Inc.)
in' distilled water was mixed with an equal volume of twice-concentrated
neutral electrophoresis buffer to give‘a final :;garose concentration of
0.7%. Sazples of lysate derived from 103 cells in a volume of 25 l}Jl wera

heated for 5 min at 100°C and ‘applied to the gel. Bromophenol blue (BPB)
,

was run in a separate well as a marker dye. Electr:aphoresis was carried
out at room temperature until the BPB had‘ migrated to a distance of 5*5
cm, generally a period of 5 h at 40 millivolts. Afbter electrophoresis,
the gels werk soaked in 10Z trichloroacetic acid — 0.57% sodium pyrophos-~
phate for | h to precipitate the DNA and to complex unincorporated 34.
The gel columns were cut from the slabs and sliced into 1 mm frac'tions
using stack.ed\ Bazor blades. Slices were analyzed for-radioac’gi‘\;ity by
liquid scintillation counting.

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

NaOH and 2 oM EDTA, pH 12.2 (7). The denatured samples were dissolved in

aeutral electrophoresis buffer rather than in alkali. We used a neutral
4 .




buffer hare to reduce the chance of breakdown of the small DNA fragments,

since these samples were also heated for 5 min at 100°C to match the
s
Ve

conditions we used' for sample preparation for meutral gels.

LY
Electrophorasis and ‘'subsequent processing of the alkaline gels were the

~ +
sam2 as ouvilined above. With both neutral and alkaline gels, more than

/5% of tka “H counts loaded onto the gels were recovered dfter electro—

phoresis.

\

Velocitv sedimentation in alkaline sucrose gradients. Gradiemts of 5

ml of 5-20% s,ucrose in alkali (pH 12.2) were formed over a cushion of 70Z

>

sucrose (8)\agd centrifugation was carried out as described by Zaamis—

Hadjopoulos et al. (9). 3H~labeled SV40 §a form II was used as a marker.
J

Preparation of SV40 DNA and its cleavage by Hind IIT restriction

endonucleas=. Viral DNA was prepared from CV-l cells infected with SV40.

The Hirt sup‘/fernatant (10) was purified and subjected to CsCl-ethidium
bronide cenzrifugation. Forn I DNA was digested with Hind III restriction

endonuclease as described by Danna et al. (11).




RESCLTS AND DISCUSSION

Pulse—labeled and pulse—chase labeled DMA from crude lysatés of CV-1
cells was subjected to agarose gel electrophoresis. For technical
reasons, we could not lyse Ithg cells directly on the gels. We were unablas
to load sufficient amounts of radioactivity in the required small volumes
on the gzels to allow analysis. We resorted to lysing the cells in neutral
buffer containing s.ax:kosyl and then lyophilizing the lysate to concentrate
it. We chc;se lyophilization as the method for conceuntrating our samples
since tha purpose of these experiments was to examine whether DNA from
ungurified samples could be analyzed by electrophoresis. Other concen-
tration procedures such as ethanol precipitation might have introduced
some dedgree of purification. The driad lysate was resuspended in elec-
trophoresis buffer and thne DNA was denatured by heating it to 100°C
immediately before it was applied to the gel. The patterns displayed on
electrophoresis by\pulse-labeled and oulsz—chase labeled DNA prepared in
this way are shown in Fig. l.

On gels prepared and rum in alkaline buffer (Fig. la, b), 60% of the

pulse-labeled DNA migrated faster than PhiX 174 DNA replicative ‘f:orm.‘ The

rest of the pulsg—labeled DNA nmigrated more slowly and its distributiom

overlapped the distribution of bulk D¥A that had been uniformly labelad

with [“"C]thymidine. The pulse-chase-labeled DNA migrated exclusively as

large DNA molecules the size of bulk DNA. If the gels were prepared and
rorr under neutral conditions, identical results were obtained except that
small discrete peaks in the niddle of the gels were found with pulse-
labeled, pulse—chase-labeled =234 uniforaly labeled DNA (Fig. le, d).

«® -

These intermediate peak%s contain high molecular weight DNA. We do not

. know the reason for the multiple peaks of high-molecular—+eight material




b e

in the neutral gels, but whatever the causas of these artifacts, they seen

to be less evident in alkaline gels. We obtained identical patterns ol
nigration when purified DNA was subjected to electrophoresis (data not
shown). Thus, gel electrophoresis gives qualitatively the same sort of
analysis as alkaline sucrose gradient ce\ntrifugation. Furthermore, the
denaturad DNA displays essentially the saze migration pattern in alkdline

and neuiral gels. Apparently, the DNA can be maintained in the denatured

state during elactroph{o’resis daspite neutral pH. The‘ gels prepared in
neutral buffer were much easier to slice and prepare for scintillation i
counting.

To exazine further whether electrophoresis could be substituted, for
alkaline sucrose gradieant centrifugation, we directly compared pulse—
labaled DNA samples subjected to the two procedures. As shown in Fig. 2,
crude and purified pulse—labeled DNA nmigrated as 'low-mc;lecular weight
spacies on gels and. gradieants. 1In order to obtain a more accurate esti-
zate of the molécular weight of the pulsa-labaled DNA, we compar.:ed izs
nigratioa to that of marker DNAs prepared by digesting purified SVA0 DNA
with restriction enzyme Hind III. The markers were run on the same gel
and the positions of the 4 lar}gest SV40 fragments are plotted in Fig. 2a.
The range of molecular weights is large. From fractions 36 to 63 (that
is, those fractionas within thea peak that have at least 507 of the counts
of the peak fraction), the molacular weights range from 1 x 102 (323
nucleotides) ta 6.8 x 103 (2200 aucleotides). The peak fractions, from
44 to 56, containing 60% of the counts, range in molecular weight from
1.6 x 105 (516 nucleotides) to 3.1 x 10° (1000 nucleotides). The ramge of
molecular welghts for the purified Okazaki pieces is similar. These mole-~

culay’ weights ars three to six times larger than those obtained when

iy




:
purifired Okazaki ifragments synthesized 1a vitro are sizal by yel electro-
phoresis (4). Because tne DiA was labalec:t in vivo,, ligation of the
Okazaki pieces was wunimpaired, and ws na; be looking' at DNA fragments
composed of three to six ligatad Okdzaki piec=s. On the other hand, we
cannot completely exclude tne 2ossibility that Okazaki pleces synthesized
in vivo in mammalian cells "sra larger thaa those synthesized on papova-
virus D¥A templates in vitro (4) or in vivo (2). The DNA molecules are
replication intermediates siac2, as shown in Fig. 1, they can be chased
into bulk DNA. The molecules =ost probably did not arise as a result of
iucbrporatioa and subsequent excision of uracil-containing nucleotides,
since this mechanism of generating small DNA molecules is not signirficant
in mammaliaz cells (12, 13). 1In our hands, the small DNA molecules from
crude lysates had the same sizes distribuzien as purified Okazakil pieces.
This indicates that purification is not necessary for size determination,
aad that thz losses in yield frs= :arificaziocn =ay be avoided, as they aras
in analyses of these molaculaes oa alkaline sucrose gradients. Electro-
phoresis offers seaveral advantagss over gradisnt centrifugation. Multiple
samples may be run under identical conditioms in the same gel and markers
can be incorporated inte the gzl. This can give a marked increase in
accuracy of molecular weight deterainations and also allow precise com~
paroisous of DNAJsubjectad to differeat experimental manipulations. The
speed and simplicity of electrodhoresis has already been alluded to. In
éeneral, the resolution of eléc::cpho;‘esis is higher than that of gradient
centrifugation, but we have not exa:ir;ed rhat here.

We used DNA labeled with both lég aad 3H in these experiments in

é

order to examine the size of 2%azzki piecas and bulk DNA in the sape

samples. In future experimeats, it should be possible to label the




Okazakl pleces with a single isotope such as 3. The distribution of bulk
DNA could be determined by its fluorescence after staining with a dye such
. - i

as Hoechst 33258. After dastainimg, the gzel could be subjected to £luo-

rography to agalyze the distribution of the Okazzki pieces.
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- Fig. 1. Gel electrophorasis of denatured DNA from lysates of CV-l

. cells. The DNA was uniforaly labeled with (14C)thymidine, and then pulse-'
labeled with [3d)thymidine for 30 sec (a, ¢) or pulse-labeled for 30 sec
and then subjected to chase conditions with unlabeled thymidine for | h
(b, d). The labeled cells were lysed and lyophilized. The crude lysates
from 103 cells ware placed in electrophoresis buffer and heated to 100°C
for 5 minutes. The heated preparations were appliad to alkaline agarc.ase
gels (a, b) or neutral gels (c, d) and subjecli:ed to eiectrophores{s.

(®), [3H]D¥A; ( © ), [l4C]DNA. The arrow in each panel marks the posi-

»

tion of PhiX 174 DNA rum in the sace slab gel as a marker.

~
#

Fig. 2. Comparison of gel electrophoresis and alkaline sucrose

~
gradient =znalysis of DNA. Cellular DNA wz2s uniformly labeled -with [U‘C}
thymidine and subjecked to pulse labeling 'with [3H]thymidine for 30 sec.

» The cells were lysed and the extracts analyzed directly after Llyophili-

L]
zation (a, ¢) or the DNA from the extracts was purified (b, d). The

-

samples were denatured by heating and subjected to elect:rophorésis on

neutra} agarase gels {a, b) or laye:;.a Jéﬁ;i%,?!ctly on alkaline sucrose gra-

-

. » dients and centrifuged {(c, d). ( 0»~.§,.‘,[‘H—3]DNA; ( ‘o ); [14cipNa; ( A ),
molecular weight markers derived by 'digeqtioﬁ of SV40 DNA with restrit:cion
enzyme Hind IIT. The ordfuate oa the right {a panel a indicates the logjg
molecular weight of these markers and the positions of the 4 largest SV40
fragments are shown. The arrpws in padels ¢ and d show the poéition of

SV40 DNA centrifuged at the saze time in a separate gradient. * Sedimenta-

o tion is from right to left in the gradients..

~
°
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{FOOTNOTES)
N ’ [

=M, minimal essential medium;'FCS, fetal calf

M

l Abbreviations usad:
, T .
serum; PBS, phosphate-buffered salinme;  TNE, Tris 0.03 M, NaCl 0.15 M, EDTA

P

0.05 M, pE 8; BPB, brodophemol blue; SV40, simian virus 40.
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