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. - e A__BéTRACT :

S

by §'- fluorodeoxyurldfgé (FAurd) and the process of DNA

o

(- excision repair in dlfferentlated and subcultured mammalian

N

.., cells. .

L
.

FdUrd was used -to' suppress DNA synthesis in the -

etudy of rgp:ir. Since it depletes the cellular thymidine

By

~ pool, it should stop all DNA synthesis. Yet, after 16h of -
incubationnwith 10” MFdUrd the rate of [ P]-orthophos-
phate uptake 1nto DNA isolated from L—cells amounted to

15% of that of an untreated culture, alﬂhough cell

.
’,

lelSlOn had stopped several hours earller. AXl 4 . -
‘deoxynucleotldes were present 1n this DNA but its, nucleo-
t1de comp051tlon, as measured by enzymatlc digestion and

chronatography, reflected a decreased thymidine precursor

pool in tﬁe FdUrd treated cells. Sedlmentatlon analysis -

' in alkdline sucrose gradlents revealed'that the DNA

. \ ’ >

formed 1n the presence of Fdurd. had a sedlmentatlon,

El &
°

:coefflclent of lOS correspondlng tozé 51ngle—s randed
molecular weight of 5 X 105 daltons. Thls bza could be
L I "'chased’" into a high molecular weight DNA if the FAUra.
hloci was bypaased w1th addedJ?rdUrd ‘or thymidine. Other
analyses failed to detect RNA covalently linked to the
DNA fragments & a 1eVe1 of{mdre than 5% R§§/n!’about 90"

v . A . . )
-+ .ribonucleotides. Since the inhibition of DNA synthesis .
. ’ . . . - . 'J ‘ ‘E ' .. -

.’" oL P ¢ °
-~
r ) ’ o } 3‘1 ) .
"

This study examlnes the lnhlbltlon of ONA synthe51s‘




’

‘by FAulrd is not codplete,.it is not sdrprising’that,'

excision repair of DNA can occur in the presence .of the
S > ) .

é.rug' ' ER S ' ’ . . ~-

{

»

Repair'sy?tﬁesis induced Ey 4-nitroduinoline—l-

ox1de (4NQO& was measured by | H] thymldlne 1nc0rpq;at10n
1nto anepllcated DNA., The - leve&\of repalr synthe51s ln‘
sL myoblasts‘xes reduced after the cells had fused into
myotubes. The. termlnaL addition of radioactive: nucleotxdes
into DNA strands and the dilution of [ H]wthymxd&ne by
intracellular nucleotlde poo}axgere shown not to QE’
\respon51b1e for the observed. decreade. Both the lnltlaf
rate and the overall 1ncorporatlon of [\g} thymldlne were
found to be 50% lower in the myotubes. A 51m11ar reduc-

" tion was obsérved when primary rat fibroblasts'.were

su‘cultﬁred. .On_the 6ther‘hand the low level of reéair

synthesms in normal human lymphocytes~was elevated when

-

t‘a-cells were stxmulated by phytohemagglutlnln.

- b

'4NQO treatmenf“induced-modificatibns in the.DNA
whlch were observed as 51ngle—strand breaks during.
alkallne sucrose sedimentatxon.‘ After the myoblasts were_
allowed a post—tzeatment incubatlon, most of the sxngle-
strand brédaks were no lonéer apparent. In contrast, a .
post-treatment incqbatiée of myotpbes did not;change the

‘extent of aiﬁgle-etrand breakage seen. Both myoblasts .
and myotubes,wer3$egunlly-effedtive in repairing single-'

strand brbaks iadﬁced by anqdiation. It would appear -
N .




that‘&hen myoblééts fuse, a repair enzyme activity is

lost, probably an endonuclease that recognizes one of .the’
. D

r . ] . .
4NQO modifications of DNA. ' The result observed is‘'-a
”» -

)
2

‘partial loss of repair synthetic ahility and a éompleté .,

loss of ability tQ remove the mo 'ficati9ﬁ that' appears

as a single-strand break in.- alkaliw
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The /Carcipogegnicity and mutagenicity of radiation.

en linked to their reactions with

. and chemicals have

<

cellular DNA.

.Whéh cells were exposed to these agents,

-a variety of DNA modifications could be identified. ~Some

-

examples of these modifications are:

1
P

Agents _ ) Modification o
: - X-rays _; ‘ 31ngle-strand breaks and’
LN - altered base (e.g. 5,6~
L ' dlhydroxydlhydrothymlne)
, - s
. " Ultra¥iolet light pyrimidine dimers and
— ) . o . other undefined lesions. .
‘\ _ Alkyiating:agents deletion of bases,
‘ (e.g. methymethane 6-methoxygquanine and -
\ sulfonate) ‘ other derivatives.
4-nitroquinolipe-~ - purine adducts not fully
( e l-oxide . : identified.

» . . s

.

Maq' if not all of the DNA modlflcations llsted above are
. potentlafﬁgenetlc hazards; it is therefore important that

the DNA be testored to its original form This is accom- .
r -~
plxshed by a ser1e€ of reactlons termed DNA repalr, ‘and
L 2 ..

it should not be-surprlsang that an 1mpa1rmen§ of the-

repair reactlon could result\{/ harmful events 1nclud1ng

A

carc1nogenesxs. At least two human diseases, Xeroderma

Pigmentosum aﬁq Atax1a telanqlecta81a, have been causally .
- ) ? . -

linked to a deficiency of repair enzymes -(Cleaver, 1969; <

Paterson et al., 1976 - - ). The present étudy is

almed towards a better’ understandlng of the repair. system

T

in mammalian cells, and the remalnder of this chapter

-

will desgribe the ratid&alé behind the investigation. ,
- L . ) i “

Y

ST e e T )




In biclogical systems, DNA-modifications induced

° . by radiation and chemical agents are dealt with in

several ways. These include photoreactivation, ' exé¢ision
repair, aad post-replication repair. 1In photo— ;‘

-7 reactivation, pyrimidine dlmers céused‘ by ultra-violet

\“'cirradiation (Regan et El'é 1968; Cleaver & Tfosko, 1970)

. . : : o
- are reverted in a single enzyfatic step (Sutherland et al.,

o

<

v ' 11972). . Alternatioely, excision repair involves a multi-
step 'cut and patch' process by_which the modified sequence
is corfectgd (Boyce & ﬁoward-Flanderé} 1964; Setfoﬁls
* :7 Carrier, 1964): ;Post-geplitation repair’, on the other
_han&, accounti for the éXistence of unremoved modifioations.
Apparently, the modlfled seguence is not copLed durlng
o .' normal replication (Howand FL&B&ers et al., 1968, Iyer &
. Rupp, 197}; Smith &<Meun, 1970; ﬁridges & Sedgwick, 1974),
RO ¢ and the gap left in the daughéer strand is fillgd in bf>
e ' the hpmologous stretch of nucleotides derived from the
other éarenfal strépd ipifiall¥ opposite the modification .
(Rupp & quard-Fianoors, 1968). The 'changing dver' is
;; - ; ' gimilar to genetic recombination (Rupp gg‘gl., 1971; Ley,
21974), eXCept:that the seqﬁénce reﬂoved from fhe‘parental
,strgnd has to be resyntheSLzed. 'The modification is not

removed but is eventually diluted out éf the populatlon

(Ganesap,‘1974). Thus, it appears‘that-these mechanisms '

¢ : - - .

]
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[

~ . . \ | 4 ‘ 4

are complementary processes that are employed in maintain-

ing the integrity of genetic information. °

\

At,leaét for procaryotes, the existence of the
above-mentioned processes is supported by a large body of
evidence (Howafﬁ—Flanders, 1968; Grossman, 1974). For

mammalian cells,”° the situation.is less clear.: Photo-

reactivation was thought not to occur in placental mammals -

(Coof? 1970; i?72L until redently.when the photoieactiqﬁ*m

: 5 ' - )
tion of dimers was detected in human leukocytes, E
(Sutherland, 1974; Sutherland &t al., 4975, 1976).

Furthermore, UV-irradiation of mammalian cells causes a

v . “ . *
~ delay ‘in DNA replication (Chiu & Rautﬁ, 1972) .. Newly

synthe51zed DNA in mammallan cells after irradiation has

a lower molecuIar weight than that synthesized by the
control, indicating that gaps are formed in the daughter
strand (Ci;;;er & Thomas, 1969w Meyn & Humphrey, 1971).
It‘appeargiihat these gaps are éﬁentually filled by '

de novo synthesis, (Lehmann, 1977; Buhl et al., 1972; _ -
Buhl & Regén, 1973)’but'the;e is evidence that redombi-. '
national ekchange is alse involved (Mengéhini & Henawalt,
1;76) Thus, the mechahlsm of. post—rei}lcat;on reépair in .
mammallen cells is- not clear. Perhaps, the best studled

repair mechanism in mammallan cells is exc131on repalr.a

0

A brief qummary “of theipresent state of knowledge in this

respect is given- in the following discusslon. .

JAUsing an aﬁtoradibgraphic tecbniquel Rasmussen and

3

[




] J‘ - . , . \ . N l -~ ‘ 5
Painter (1964)robsefved that usually.only 20-30% of the -

nuclei in a culture of human Hela cells were heav1ly
labelled by radloactlve thymldlne. After 1rrédlat10n,
however, a lesser amount of labelling was evident ih the
othe?_non—s~phase nuclei. wThls‘radlatlon—lnduced

"unscheduled synthesis" (D]OIdjEVlC & Tolmach 196%) was

vlnterpreted as a(consequence-of exc1510n repalr. Several

years latng Cleaver (1968) found that cells from humans
w1th the ‘rare genetic disorder+ Xeroderma pigmentosum - (XP)
did not display this phenomenon. . A defective excision

repaif system was thus impli?ated in these cahcer oells'
which were hypersen51t1velto U.v. llght (Cleaver, 1969).."
This link prompted.considerable interest 1n .g0151on .

repalr and this empha51sahas since remained in the study

of mammaliah DNA repair. The experimeﬁts;described in

this volume represent one such study.

s

! .
i ° " ~

1] . - N
The procegs of excision repair is initiated by the

introduction of a nick in the modified strand. This

"

prlmlng step opens up the long chain of esterlfled
3, N 7
deoxynucleotldes and exposes the.sequence which is to be
replaced in_subsequeﬁt steps: Nicks in DNA are made*
- o g, - ¢ ®,

through the action of endonucleases'(8€rauss & Robbins,

l§68; Paterson et al., 1973). These enzymés-recognize

el

local distortions 1nduced 1n the hellcal gtructure by.

pyrlmidlne d;mers vor other bulky DNA adducts (Paterson &

Setlow, 1972, Regan & Setlow,/1974) their action then ‘s
o . . . ’




D

N . L7
iy N <

effects a nick in the strand 5'otp the distortions S -
(Carrier & Setlow, 1970; Kushner gﬁlal.,‘l971)5 Strand"
breaks may also occur non-enzymatically. -for the kind

of damage ty%ified by that caused by ‘X.-rays and the mono-
functlonal alkylating agent methyl methane- sulfonate

o~ , .
j (MMS) , the loss of a single base results in a break in

r,,

&
the sugar—phosphate backbone (Lawley' & Brooks, 1963-

-~

Regan & Setlow, 1973), and the intervention by an endo-*

nuclease is not necessary. Thus, XP cells. whlch are
<

capable of repairing x-ray damage (Kleijer et al., 1970)

L]

but not UV damage (Bootsma et al., '1970) are c0n51dered

to be endonuclease defl¢1th (Creaver, 1974). Noneéthe-

” 1éss, the significance of break formation lies in that it

. - ‘- -~ i ‘ ° LY L] i3 L
i1s the lfhltlng step -for the excision repair, process.

Onge the nick is made, a S' + 31 exonuclease

< *

pgoceeds to’ remove the modlflcation a&nd nelghbourlng
nucleotldes (kaplan et al., 1971; _Kushner et al.. 1973)

The extent of cleavage ranges ﬁéom one or a few nucleo—
tides in the caseﬁof x—ray or MMS induced damage (Painter

& Young, 1972; ‘Fox & Fox, 1973; Regan & Setlow, 1973), to
uas much as 40-100 in the case of UV mod1f1cat10n8 (Cooper

& .Hanawalt, 1972; Regan EE-EL-' 1971). Cleavage is
immediately ﬁollowed b& resxqebesis.of the missing seqnence.
' £n E. coli, excléion and synthesiS‘mayabe simultaneonsly'
carried ont“by DNA'poly@erase I which also contains a

5' + 3¢ exonuciease (Kelly et al., 1969). Finally, the

—



e 'w,;w“ R S A S
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’ renewed sequence is welded back into the stlil severed
¥ I'4

strand by polynﬂd!eotlde ligase, the same enzyme that

‘catalyses the jolining éf Okazaki's fragments in normal ';
feplicatiop (Segev et al., 1973; Hariharan & Cerutti, B .

1974). ¢ 'L
- LJ

, Based on the above working. model, many methods

have been desdribed for studying excision repair.' In the

==

-

present qthdy,‘4—nitquuincliﬁe-l-o¥ide (4NQO) was used
to 'induce repair.’ ?anooka et al. (1975) reported that.
the active form 5f 4NQO ~in microorganisms i a serylated
derivative ofl4nﬁ?droxylaminoquinoliﬁe—l—oxide which can 1{

. %1- s} ' !
react with DNA, -@NA or protein, but-. the exact reaction’

\h/) products are pnknown. Notylthetandlng, 4NQO is an
iﬁteresting compourid because of its mutagenicity and
carc1nogenic1ty and th#{ it mimics ultravxolet 11ght in
its helghtened lethality for XP cells, relatlve‘to normal

g cells (Stich & San, 1971). It is also comparatively easy

' to handle. - ‘s . 9 .

- 2
' >

~
*

-The replacement of nucbeotldes during excision .
repalr was measured by using. a deneity label and the

i ' technique of 1sopycn1c centrlfugatlon (Pettxjohn_&

‘ . * -

- «

Hanawalt, 1964; Roberts et al., 1968).. The incorporation
~ ﬁradloactlve 5'-bromouracil into repllcatl.ng DNA .

. _increases the buoyant den81ty of the molecule whlch is '
then'separable from unreplicated DNA by centrifugation in |

S . o - & . .
y Lo a CsCl solution. The small.amount of bromouracil °*

-

)




U~1neorporatlon durlng repalr, however, does not 1ncrease et

~ the ambunt éf label in the parental DNA glves an eSt mate

cells has a maximum sedimentation coefficient of 160-165S

\
.
a 8.

, ;

»

=

smgqg@fcantﬁ& the buoyant den51ty of DNA. Consequently,

1)

of the €xtent of repa1r. Another method-used to study

“ M , . ‘.

repair was alkaline sucrose gradient sedimentation

vy

(McGrath & William, 1966; Lett et al., 1967), This method

involves'flrst . the incubation of labelled cells in

PP

an alkallne detergent solutlon that 4s layered on top of

a preformed sucrose gradlent. After 6~ 12 hours of ly51sr

the gradlent 1s centrlfuged at low speed (15 QOO rpm) for
\, A

a, few hours‘(Palclc & Skarsgard, 1972). Under;éhs§e> .
c;;d}tlons,-single-stranded DNA neleétédhfromlnormal

S -

(Lett et al., 1970); sedimentatiofi at a lower rate woﬁld /.

. .

indicate that strand bre&kage has occurred,' Thus, the

<o -~

induction and ‘rejoining of strand breaks ‘can be followed

wlth this procedure whlch, when used 1n‘con3unct10n with

-

the denSLty labelllnq méthod, provxdes an overvxew of

L] ' ‘ «

the éxcision repair process. ' o
7

’/ ~ -
L4

AAs‘caiculated by Cleavei, "unscheduled synthesis"

amounts.to,atrmost alfew perceht of the tota%_DNA

synthesis in an’unSynchrogﬁzed population of cells

i
f

(Cleaver, 1974). It is therefore‘ﬁesirable to subpreséﬁ

normal repllcatlon if repalr is to be quhntltated in.

terms of nucleotide incorporatlgﬁ. inlke procaryotes,

mutants t%ét are impaired iﬁ’their DNA synthetic ability-
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'.be effected by less than 10

(e.g. ”poiA_ of E. coli) are not évailablé in mammalienri

-~

stra1ns°r~Thus, metabollcglnhlbltors are usually used to
v w8 -

prevent DNA“repllcatlon. In this respect, hydroxyurea s

4

and 5'-f1uorodeoxyurld1ne (FdUrd) are used most often
(Regan et El" 1971-‘Brandt et al., 19723 scudiero &
Strauss, 1974). _ Cleaver (1969) claime@ that these agents

are spec1f1c inhibitoxs of repllcatlon, hav1ng no effect

\ b )

on repair synthesis. closer examlnatlon of their modes
le

of action, howéver, ves one in doubt. Hydroxyunea
- VL e ’ .

inhibits the enzyme ribonucleotide reductase"which‘con- -

-

verts ribonucleoside’ dlphosphates into deoxyrlbonucle051de

g

diphasphates (Young. et al., 1967). Fluoﬁodeoxyurldlne,

being a thymidine analogue, inhibits the enzyme thymldylate

synthetase (Santi et al., b974) which dis respon31ble for

'5the conversion of deoxyuridylate to thymldylate, and

ultlmately the production of 4TTP. Both agents, eSSentlally
inhibit the formatlon of deoxynucleotide trlphosphates.

the immediate precursors of DNA replication:. Yet, there

is, no apparent reason why repeir synthesis is not influenced.
Repair also requires deoxynucleotldes. Earlier studies
showed that almost complete inhibition, of thymldylate
synthetase and . over % J,nhlbltlon of DNA synthesis could

7M_FdUrd (Hartman & Heldelberger;

1961 Mukherjee & Heidelberger, 1962). More recent studies,‘“'
hcweVér, showed that FdUrd did not inhibit DNA synthe31s
completely (Amaldi et al., 1972) and although the level of

thymldylate synthetase dropped 1n1t1a11y when cells were

-
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treated with FdUrd, it returned to'théfgontrbl value

- w oo -

within twelve hours (Conard & Ruddle, %9723. In the

s

present stuéy, when tbe incorporationhpf [?2P4}phosphate

. -7
into DNA was measured in the presence of lO—GM“FdU as

much as 15% incorporation, compared to an untrééﬁed

¥ ‘@‘
control, was evident. This observation led to a
reexamination of the action of FAUrd. It was §»bséquently

cbserved that the 15% incorporation was due to de novo

" DNA sthhesis_that was incomplete resulting in the _

accumulation of intermediary fnagmenﬁb. It has been
suggested that when the cellular nucleotide pool is

depleted, or sevérely reduced, the rate of repliqonf

initiation supercedes that of chain elongation (Olivera
’ ¢ ’

et al., 1973),. and the intermediary fragments gre somehow

left unjoined. This notion is also supported by similar

. results reported for hydroxyurea (Coyle & Strauss, 1970;

-

Ben-Hur & Ben-Ishai, 1971). Details of the experifients

with FdUrd are described in Chapter 2 of this volume.

[

The study with FdUrd shows that q}thdugh khe;

cellular ATTP pool is reduced, the amount of nucleotide

-

left is still sufficient for a small amount of DNA

L

synthesis, but, for the study of‘repair synthesis, it was

desireq to stop normal replication.: Here, the use of
differentiated cell types emerges as a possible alterna-

tive. One example is the human peripheral blood ' :-

lymphocytes. Normal lymphocytes are usually in a resting

!




successfully carried’in tissue culture (Richler & Yaffe,

11

state and dovnop'replicate their DNAe(Darzynkiewicz,
1969). The lack of semicopServative synthesis in these‘
cells is a propetty whi could XYel| yped to advantage. A
similar phenomenon is observed when\myogenic eelle fuse

to formvmyotubes (vyaffe, 1968). That the latter are

-

*1970) further prompted/their use in our study

In addition, the relationShipibetWeen differentia-
tion and excision repair is itself an interesting subject
of study.' It is possible that enzyme changes that usually

»

accompany diffeientiatién,(Shainbé&g, 1971) may have an
influence on eicision repair.. From the scheme of excision
repair eariier described, the inva}vement of enzymes is
obvious. But; the use of pycldheximide has failed to show
a dependency of the process on protefn synthesis (Gautschi
et al., 1973). of course, the enzymes that catalyse
repalr nay have been the long—llved kfﬁd which are turned
over slowly (Poyellv~%9621. On the other hand, rather
'permanent’ geﬁetic repression is presumably responsible
for-the altered enzyme profiles in differentiated cells.
Thetefore, measurement of repair in dlfferenqlatlng cellel

E

might provide 1nformat10n about the enzyme requlrement of

. excision repair as well as the influeqce of diﬁferentiation'
© -~

on repdir. Toward this end, excision repair was studied

in Yaffefe L6 myobiasts (Yaffe, 1968) before,ahd after

cellular fusion. ) ¢ -
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In the context above, the action of mitogens on .

lymphocytes is intéresting. "Urider the influence of

“

mitogen, small 1ympﬁ5cytes undergo blastic transformation
that is Characterized by a flood of enzyme production and’
DNA synthesis (Douglas, 1972; Pauli & Strauss, 1973). It
is teghnically almégt a reversal of the phenomena exhibited
during the fusion of myoblasté. Thus,' it is possible '
’that DNA repair in lymphocytes is influenced by the’
addition of mitogens. In this study, repair synthesis Wwas
meagﬁéed in. human lymphocytes before and after they were

treaEsd w;ph\Phytohemagglutin (PHA). This serves as an

interesting comparison to the rat myogenic .system.

Up to this point, excision repair has been discﬁssed
as the dominant repair progfss in mammalian cells. This
may be true ﬁor-humanDCells but there ’is. room for doubt
in the case of rodentfceils. In)studies which measure
the”rem&val of pyrimidine dimers, mouseﬂggd hamster‘cells
in culture, with few exceptions, alway;'perforﬁ poorly
(Painter & Cleéveﬁ, 1969;-Trosko & ChL, L97§a. This means .
either that the dama@é iiiexéised in forms other than the
one assayed fof, or that angther form of/DNA rééair
(e.g; post-repliéation repair) is more iméortant'fo;4
these cells. Interestingly , Primary mouse 'is are
éompetent in removing thymine dimers, bht'thg ab;lzty‘is ‘

lost when the cells are subcultured (Benelsﬁai & Peleg,

1975). In contrast, human cells.dp not dispiay this

5
’
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phenomenon. Freshdy explantéd.ﬁumqn tfibroblasts and the.

established lines ‘Hela and WI38 all have the same ability

Q

to excise thymine dimers and pgrform DNA repair " (Cleaver,

1974). It was asked to which pf these‘categpriés rat

+# .

. ‘ 5
cells belong, and hew general among species is ﬁpis '

phenomehon. Since rat cells (LG) were uged in this study,

knéwledge of their potential for repair, and in which way

rat cells are iriffluenced by subculturing would Se helpful.

~

'-:‘;Ihe’?xéerimejgz réported in Chapter 3 depict the

study on“DNAwfepairlin°fat Le myoblasts, human lymphocytes

afd primary rat fibroblasts. The immediate ‘goal is to

its

. : ’ . C e )
determine %ow the process of excision repair is influenced
- 5 5

»

9 ~

by differentiation and subculturing.

o




Chapter 2
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DNA&YNTH’ESIS_ IN L~CELLS

IN THE PRESENCE OF

\
5' ~-FLUORODEOXYURIDINE
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2.ls’iNTRODUCTION o :

he mechanism by which FdUrdtinhibits the synthesis

of DNA is by & prlor lnhlbltlon of the enzyme thymldylate

) >

synthetase with a consequent depletlon of the cellular ;’
. pool of ATTP. After mammallan cells have been exposed to

- . (’ .
FdUrd for a few hours, inhibition of DNA synthesis appears

S

to be complete because cell division has ceased. The
‘e o .

addition of exqbenous thymidine to the blocked cultures

~ . . - - .
results in a prompt resumptioh of DNA>synthe31s and cell

<,

division follows after a time dlctated by the cell cycle_

characterlstlcs.‘ A very careful analy51s of ‘these events
. < .

in L—celLs le Tlll et al. (1963) to conclude that "the

probable distrib\tion of cells in the c¥cle after 16h of
unbalanced growth in the presence of FAUrd was 'as follows:
cells that were in S-p&ase'aé the timé of addition of

FdUrd were randomly distributed through S, and-addition of

FdUrd simbly Erevented further prqgress of the ‘cells

.l' N A

thrdugh as soOn as the 1ntrace11u1ar pbols of thymldlnek

had bee depleted...the cells not in S at the time FdUrd
was added proceeded around the .cycle untils they reach thg

beginning of=S,.whereupon ;€5y-§ere prevented ¥rom'enter-
“ing s". The renewed 1n;brest in thisg questlon s temmed
from & desire to be able to- deplete completely the A4TTP
‘pool ir cultured mammallan ‘cells as part of a’study of

;\‘,

% -
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- found that even after a 16h exposure tJ +10

repair synthesis of DNA. But, when the inhibition by -

FdUrd<3fDN§ synthesis in L-rcells was'measured, it was

-6 - N -
M FAUrd, the .

%

rate of DNA synthesis was about 15% of the control value

Ed

although cell division has ceased several hours before.
. » £
However, much of the DNR that was made in the presence of
v

FdUrd had. a sungle stranded molecplar welght of about -
5 x lO5 haltons (108) « §;\Ce these small DNA moleCule%
could be chased lntohmuch }ékqer DNA moleculesl they j' o
probably'representea one of the,lntermedlateyﬁorms that
are joirned to make the final highﬁhggecular weight product.
. \ ) . !
14 ' . . ' ; ' ' AN
. % 2.2 MATERIALS AND METHODS

Cells and Labelling . > ‘ o :

po

Strain L mouse cells, were'maintained in thymidine-. »

free 1066 medium containing 7% horse serum, K streptomycin
. * . .

2

and'penicillin (Tiil-et al., 1963). Suspension cultures
in 3p1nner flasks were @ncubated at. 37°C ard measurements

with a Coulter counter (Coulter Electronlcs, Hlaleah,

Florida, U s.a.} lndlcated that the generatlon tlme was

-

about 18 to 20 hodrs. Cultures in the logarlthmlc phase g

of growth were used and cell denszty was aajusted to:.

approxlmately 2 x. 10S célls/ml at the beglnnlng !E every .
experiment. . a ] C-
. ) .. — . . a
¢ For:pulse_labelling, Eulturef eont?ining 6 x 107_ —p
o "o - ' —
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<

A

‘cells were centrifuged and resuspended in 20.ml of medium.

- .

Redioaétive materials were added, and the concentrated

cultures were further incubated for the desired length
54 ’ ) ! ) w " T
of time before the cells were collected. ‘ -7

Extraction of; nucleic acids . : ' )

f

"Cell pellets obtainéd by centrifugation were dis-

©
L 4

persed in 16.2, ml of 5% sodium,Efaminosalicylafb\and

éhéken with ansedditioﬂal 1.8 . m1 of 10% sodiuﬁ‘dodecylsul* .

fate. Nucleic acids were then extracted by two changes of‘

-

a-miﬁture of phenol, cresoh, and 8—hyaroxy—quinqline. .The

‘Gésulting agqueous layer was mixed with 1.5 volumes of -

2 . - . ) * ‘ T © -
cold ethokxyethantl. The precipitate was dissolved in
e ! A ,

-1

SSC x° 10 (lS_mM_Nalegl.S mM sodium citrate), treated

5 - . a T

with ribonuclease, and reextracted (Walker & quft, 1973a).

v ’ [»}

“ For extraction of the DNA-RNA m@x?u;é“to be later
sepaggteﬁ by c;zso; ceﬁtrifuga@ion, the aqheous layer
reeulting after the first Ewo extrhctions w;?h pheﬁol

reggent wag- prec191tated by two vélumes of 1ce-cold

~absolute alcohol. The prec1p1tate was spooled on & .glass

;Base composlt;on analysis —

rod and dissolved ln‘SSC x f%‘l . . " ]

(o/‘ 3 . . o - - o .
I . ‘ )

-

,Dlgestion of DNA samples with deoxyrlbonuclease and °

phosphodlesterase, and chromatography were carried out as ,

-

prev1busly reported (Walke; _5 al., 1973), except that

-

-
?
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incubations with enzymes were malntalnéd for twice the ,
length of‘tlme. ' s .

[

Equilibrium“centrifugation

Centrifugation in CsCl and,colleétion-of fractions
® LI . ‘ ’ .
were done as described previously (Walker et al., 1973) ' .

‘] then each fraction was neutralized with 2 ml of 2 x 10—4N

"HCl. After édding 50 ug of salmon sperm DNA as -carrier,
2 ml of 10% trichloroacetic acid was used to precipitate
“ the DNA which was then caught on glass fibre filters

(GelRan Instr¥ment Co., Ann Arbor, Michigan)* and assayed

,by liquid scintillation counting.
- I3 - e ;
For Cs,SO, centrifugation, a mixture of 2.2 ml
_\' 3 solution (p=2.06 g/cc),0.5 ml dimethyl

; st foxide, 0.5 ml buffer (1.0M Tris-HCl, 0.1M EDTA, pH 7.6),

‘saturated .Cs,80,

\ . : - - ’
and 1.3 ml heat-denatured, labelled nucleic acid sample
. were placed in a cellulose nitrate tube, covered w1th

[

mlnera’ 011, and centrlfuged in a T:.LSO rotor at 36,000

rpm and 15°C for 45h. Carrler DNA was added to the S, .

[}

. fractlons collected, and the acid lnsoluble rad10act1v1ty

‘ : trapped on membrane fllters was'’ measured by . llquld . #
" , . o, :
scintillation countlng. ' ’ ’

\>\ o . ' ] -, ] R L . ) u -
N A i - o ) o . 5 §
SN

\ . . © P
[ s ° . N , - - @
- - -

Sucrose gradient tentrifugation . . o

a > ;
4. 2 ml sucrose gradients (5-20%) in a solutlon
‘b

' ‘ -
! S contalnlng 0.3M NaOH, 0. 01% sodzdg’doaecylsulfate, and

> . - 4




insoluble radioactivity in_each fraction was agsayed as

- S C o : N .o
0.001M EDTA were made -by an ISCO 570 gradient former o

[

(Inetrumentation Specialties Co., Lincoln, gzbras§e),
and §.3 ml of a lysing solution containing Q.SM NaoH; -
0l2§ SDS and 0.01M EDTA was- layered carefully on top of
each gradient. Cells cultured and treated on 60 mm

plastic petri&dishes'were collected by trypsinizatioﬁ apd ~”

20 pl of the resulting cell-suspension was deljve;ed inpto’

the leing solutijon. .The gradients were allowed to stand

-

at room temperature for 6-7h before centrifugation was

carried out at 30,000 rpm and 20°C for'2h in a SW 50.1

rotor. ‘Fraotions (0.2 ml) were collected from the top

us{ngran ISCO 640 fraction collector; and the acid ,
s ’ -

before. - . .

<

. 2.3 RESULTS

Ty

Fig. 1 shows the effects of F4Urd on the growth of
L-cells. Béfore growth ceased'there was an approxrmately
40% increasé¢ in cell den81ty@wh1ch was due presumably to
the ﬁreexisting population of ézrcells plus some. cells
in S—phase which had suff1c1ent amounts of DNA precursors.
avalldb}e to allow completion of S-phase. The figure_
shows that 1nh1b1t10n of cell dlvislon persista until at

least the 35th hour aﬁter adding FAUrd or until the-

. addition of thymidine whlch bypasses the metabollc blockade.

a2

-

The incorporation ofg[ 2p}<orthophosphate into DNA was o“”




Fig. 1. Effect of FdU;a on growth -of L-cells. .
Celi depsitie; Qere determiﬁed periodiéally with
a Coulter counter. D-0-0, Control, no FdUrd.
o—-q——; ' 10_'6

o

M FdUrd at Oh, thymidine (1lOpg/ml)

at 19h. 0—o0—o0 , 107 'M FdUrd .at Oh, no thymidine.

~2-
by
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of Faurd (107°M) to a culture (Table ). Compared to
control cells the FduUrd treated cells 1ncorporated about
. 15% aS~much 1 P] ipto DNA. I!To ensure. that the [T"°P] was

indeed incorporated inte DNA and not present as .contami-

. C 22

measured from the 16th to the 17th hour- following addition

nating RNA, orthophosphate or btper phosphorus cohtaining
compounds, samplés of the DNA were treated with NaOH er

were dialysed against an orthophosphate sélution. These

- treatments did not change the specific activity & the DNA.

o

-

When incorporation measurements were made at 5, 15 and 20h ‘

after adding FdUrd,(10-§M) it was found that the inhibition

of DNA synthesis was virtually the same at all times. The

effectivenéés of different concentrations of FdUrd were
compared. It was found that the specific activity of the

DNA-synthgsized after a 16 hour exposure to FAUrd at

-7 -6

concentrations of 10 'M, 10 °M and'lo-su were 19%, 13%

and 10% respectively. In subsequent experiments the,

-7

concentration of FdUrd used was 10 'M because it was

effective’ in blocking cell division and was not excessively -

P

toxic (Till et al., 1963) .

Ty

The [ P] 1abe11ed nucleotlde proflle of the DNA

7M FAUrd was determlned

‘synthesized ip the presence of 10
by adding [ P]—orthosyhosphate to.a ‘culture B/hours after
adding the FdUrd. DNA was isolated 12 hoLrs later, and

_degraded enzymatically to nunleotxdes. ‘Chromatographic

' analysis revealed that all fofir nucleotides were present

'
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DNA

v \

eatment : ] Spec1flc Activity . t. '
of. 32p) cpM/pg DNA)

Solutjen '
tc'l‘ o Control 107 Faurd

Triehloroacetic acid
A prec1p1tat10n, membrane '
o * filtration 373 - 58,0 ¥
. Overnight treatment with Lt &
0.1N NaOH, prec1p1tated _— '
as above 370 56.9 ”r
Dialysed overnight against ’ . s
precipitated as above 371 57.1 %
? w
TABLE 1. Incorporation [32§]—0rthophosphate into DNA - ,

of L-Cells with or without FdUrd Treatment.

-

Cells were incubated for l6h in medium
containing 10-6M Fdurd, [32p]-orthophosphate
(25 uCi/ml) was added and incubation was
continued for lh. DNA was isoclated as
described in the text and was dissolved in
SSC x 10-1l, 1Its concentration was deter-
mined by measuring absorbance at 260 nm.
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. bility was excluded by the results of thé following

24

ke

" but the proportigns, based on [32P] content wene not those

expected for L-cell DNA. The proportions found were

<

dAMP=21%, dTMP=41%, dGMP=16% and dCMP=22%. L-cell DNA .
has a melar nucleotlde comp051t10n in which dAMP dTMP 28%
and dGMP=dCMP= 22% (Walker et al., 1973). The nucleotide
proflle of the DNA synthesﬁzed under'these condition;’in
the presence of FAdUrd is hq& a valid measure of the
composition of the DNA and its pecullarlty is 51mply a
reflection of the size of the unlabelled precursor pools
at the time of adding [JZP]—orthophosghate. Thus, the
small pool size of unlabelled thymine’nuelebtides»would
result iﬂ the formation pf [32P]—labe11ed thymidylate | K

with a high specific activity. The specific activity of

the'other'nuqleotides would be correspondingly smaller.

.

It seemed pos31ble that‘the sourc¢e of the thymldylate

. for DNA synthe51s in the presence of FdUrd was from a

degradation and récycling‘of'preegis;ing DNA. This po%si-
eiberimept. Cellulaf‘DNA was ldbeileé by grewing the cells £
in medium contain;ng‘[3H]—thymidine; tye'oelis were
transferred to}ﬁedium containing FdUrd and after 16h, -
§romodeoxyuridineA(B;dUrd) Qas added and incugation wa¥
continued for 3h: BrdUrd released the'FdUrd;inhibition
and because the DNA sérands so formed had abgreater

density than the parental strands, the two kinds of DNA -

were readily separated by density gradiept centrifugation.

»




~ The

~N
~would have acquired some label.

replicative intermediate?

C25

If parental DNA contributed labelled thymidine to a pre-
cursor pool the DNA‘synthesized after BrdUrd was added

‘Fig. 2eshows that this

did not occur; the newly. synthesized, BrdUrd—coﬁtaining

DNA at the bottom of the gradient, contains no label.

next question asked was, was the DNA synthesized in 3

© . 4 »
presence of FdUrd complete, or was it some kind of

-~

the

The experimental results shown

. ‘
[ o . . c

in Fig. 3 demonstrate the latter-alternative to be correct.
After a culture was treated with Fdurd for 1léh, the cells

were labelled for 3h 'with [32P]—orthophpsphate. The cells

.

were washed thorougkly and resuspended in fresh medium.

One half of the culture received.BrdUrd, the otheg half

received thymidine and both were incubated for 3h.

-Control- cultures were treated similarly but did not

reéeive tﬁa Fdurd. DNA'was isolated from the cells‘in

a&l 4 cultures and it was analysed by 1sopycn1c centrifu-

o
gation. Flg.,3A shows that after BrdUrd was added to the

»

~

FAUrd treatkd cells, P] was found at

about 75% of the [
a density corresponding to a DNA virtuaIly fully substi-

tuted with Brdurd. This iﬁdicates‘that at -least 75% of

[y

‘the DNA formed in the presence of FdUrd was in the form

" ponding control (Fig. 3B), only about 30% af the [32

.0f Fdurd4,

s

of a fragment that could become part o

hence larger BrdUrd-contalnlng fragment.

; a ﬁuch denger and
In the. corres-

P] was
found .in the dense fractions. . Therefore, in the preséngé

In

v

DNA fragménts - ; accumulated.
L] . .

\ a N -

-




Fig. 2. Stability of preformed DNA during incubation with

FdUrd. A culture labelled for 20h with't3H]-

thymidine (3pCi/ml was centrifuged, washed in |
saline, resuspended in medium and then divided

into two parts and to one of these, Fdﬁrd was

added to a final concentration of 10"'M. . The
. { .

'incubafion was oontinued for 16h when Brdurd
(5pg/ml) was added and,the incubation continued
for 3h. DNA was then extraeted, purified and
centrifuged in alkaline CsCl at 37,000 rpm and

.\ 25°C ‘for 36h. Successive fractions were collec-
ted from the bottom of the tube and thesg\were ‘
each .neutralized by 2 ml of 2.4 x 10;9N‘Hé1. =
Optical densities were read at 260 ;; then the

S

DNA was precipithted with 5% trichloro;cetic
~acid and caught on;membrane filters .for liquid
scintillétion counting. If the [351 thymidine
| resulted from th; break-down of 1§be1£éd DNA -
was not diluted by the intracellular thymidine _ :
pool before it was reused the recycllgg of

less than ]:; of labelled DNA would have 'been !

detected.
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Fig.

3

Convers%on of small DNA molecules formed in the

[

presence of FdUrd into large DNA molecules.

lgells were incubated for 16h in medium chtéin-

7 32

ing 10 ‘M FdUrd then [”“P]-orthophosphate

(10pCi/ml) was added and incubation was continued

for 3h. The cells were wj'ﬂ%d and resuspended in

6

medium containing 10 °M FdUrd and either Brdurd

o

(5pg/ml) or‘fhymidine (10ug]ml). After a 3h

4 .o -
incubation DNA was isolated ang analysed by
density gradient centrifugation in alkaline

cesium chloride solutiont Control cultures were

not treated with Fdurd before the 3h incubation

-with (32P]—orthophospha£e. Successive fractions

"were collected from the bottom of the tube. The
e

4 . .
DNA in each was pr€cipitated with 5% trichloro-

- - \
acetic acigyand caught on membrane filters: for -

}iquid'écintillationuﬁpuﬁting.‘

13
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ethanol. -Another portion of the cells was washed

¥

o
—_—

‘the experiment with tbymldlne there was, naturally* no

change ﬁn the density when the incomplete fragments' of :

DNA became large. However, the thymidine profiles should

be compared w1th the correspondlng BrdUrd proflles (3A
with 3C and 3B with 3D) to conflrm the conc1u51on that
DNA fragments were converted into larger pieces. That

-

is, DNA appeared in the dense fractlons at the expense of

'DNA in the fractions of 23rmal density.

A

» . : .
A further demoniffgpidﬁ/;;fthe small size of the

4 )
DNA that acc@mulates.in the presence of %dUrd was provided

during initial attempts to isolate this DNA. In the

experiment illustrated by Fig. 4, L-cells were prelabelled ¢

1th [3H] Ehymldlne befdre- an - lncubatlon in FdUrd for
/

16h and then the cells were pulse-labelled for 2h with

]

[32P]-orthophosphate. From dne portion total nucleic
' ’ -

acids were extracted with phenol and precipitated with

+
L}

thoroughly to remove non-incorporated [ P] and then was

incubated’for lh in medium containing thymidine. Total

nuclelc ac1ds were then isolated. The nucleic acids from
q

both portions of cells were heat-denatured and centrifuged

R 2
in neutral cesium sulfate solution. The fijhre shows -

that much mgrezfazpl-DNA, which was synthesized . in the

ey, M

¥presence of Fdurd, waszlegzzzea after the Fdyrd block had

been bypassed by adding thymldlne. The [3H]-pre1abelle&

DNA provides an 1nternal.contrpl to’ show that similar

Lol

e



- for 24h) were 1ncubated w1th 10

Q

Y
.,

Y

Effect of a thyfiidine chase on the extraction of
nucleic acids formed in the presence of Favrd. Y
Cells prelabelied with [3H}—thymidine (lpéi/ﬁl
“™MFaurd for 1eh,
and then [ P] orthophosphate (lOpCl/ml) was
added and the incubation continued for 2h.

After washing the cells thoroughly a po;tion of
‘these wa; incubated.-in thymidine (10pg/ml)
containind medium .for lh. From both grbups of
cells nucleic acids were'rhen extracted

denatured and centrlfuged to equilibrium 1n

neutral ce51umisulfate as described in the -

-

methods section. Successive fractions Wwere %:ﬁ

collected from the bottom of the tube. The DNA’

in each was prec1p1tated wi 5% tr1chldroacet1c

acid-and caught on membrane filter ~for liguid"

scintilkgtion counttfy.

L 2
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amounts of bre-formed DNA were isolated in either-case.
Presumably, small pieces of DNA syutpesized ithhe C
presence of FdUrd were .not isolated by the phehol
procedure. However, after thymidine was added, %hé small
pieces of DNA were "chased" into larger pieces which were

»

isolated readil§. This, notioh was again supported by

<

the results shown in Flg.'5. In. this experiment cells

e - PITT aa  ao

5 were incubated w1th Fdvurd for 16h and. then labelled for

L 3

2h with Sf H]- deoxycytldlne. The cells were lysed‘on top

P

of an alkallne‘sucrose gradlent (5=~ 20%) and centrlfuged

-~

' for 2h at 30,000 rpm. A substantlal amount of acid
'l prec1p1table 1ab?l ‘from FdUrd treated cells was recovered’

near the top. of. the gr dlen but thlS same materlal was\
%

¢

- ‘diminished' after a 1h chase with thymidine. A corres-
ponding increase in radioactivity was then found ‘Ear the‘
position where high'moiecular weight DNA sedimented. -

Bl

In order to characterlze the small DNA fragments

g formed in the presence of FdUrd, cells were cultured on .
N 3 .

plastic petri dishes, treated with FdUrd for l6h and

i ' '‘labelled with [°H]-deoxycytidine for 2h. After
R
trypsinization, the resulting cell. suspension was lysed
. ~
The lysate ‘was centrlfuged at high speed to sedlment the

g . thgh molecular weight DNA (Fox et al., 1973)’/and the

o @ . i

‘supernatant was poured off for further analyses. A }

o _‘ portion‘of the supernatant was layered on a 5-20% alkaline

sucrose‘gradient and centrifuged. After 3h and Sh of

33
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Fig. '5. Sédimentation pattern of DNA formed in the
présende of FdUrd. Upper panel; cells (1‘3 106)
cultured on plastic petri dishes were incubated

with or without F?Urd (10—7M)~for'l6h Beforg

A34]-deoxycytidine (21.2 Ci/mmol) was added to
a final concentration of 20 nCi/ml. After 2h
of lapeliiﬁg, the m?polayers were washed . and ' . //, ’
' trypéinized. Cells were lysed on tép of 5-20%
glkaline sucrose gradients for 6h before ﬂ
v, 'céntrifug;tion’and precipitation ware carried
oﬁtias de;cribed in the methodé section.
iy (o) DNA from contro}\cells. \ (¢) DNA froﬁrderd
| treated cells. Lower panei; the protocol was
the same as that above but after 2h labelling
N . period the cells wefé washed and incubated for , v
1h in,mediﬁm containing }pg/ml‘of thymidiﬁe. '

’ ,Syhbols as in uppef panel. -

;J v
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centrifugat%on'at'45,000 rpm, the Yadioactivity was found
at 7.42 cm';nd 9.03 cm respectively ffom tge center éf
rotation. The meniscus was 6.33 cm from the centre.
Utilizing thé sedimentation equation log x = wgs-t + c,
a plot of lagof dis£anc€ sedimented against time Yieldédi
-a sedimestétion coefficient of 10S. This value, admittedly
just a* rough eséimateipfobably corresponds to awmolecular
. welght of approximately 5 x 10° daltons.
The dlscovery of RNA-linked DNA fragments as synthetlc
. intermediates (M nusson et él., 1970; Sugino et al., 1972;
Pigiet et al...19f3; Fox et al., 1973; Sadoff & Cheevers,
"1973) prdmpteﬁ”gn examination of whether the DNA fragmenmts
aisoléted above'aiso'ﬁere éttached‘to_a stretch of ribo-
. nucleotides. Tﬁe cell lysate obtained earlier was
centfifuéed to equilibrium in neutral cesium sﬁ%fate
after .it was heated for 5 min. ét 180°C with or without
the addition of NaOH to a concentration 2f 0.3M.. Should
,these.DNAnfragments be linked to RNA, they would be
expected to equilibrate at a slightly higher density than
normal DNA in a neutral 032804 gradient. Treatment with
alkall would r;;ove the RNA and the fraghents would have
| A buoyant density like that,of normal DNA. As will be {
seen in Fig. 6, the RNA peak and the DNA peak are

separated by 22 fractlons and a shift of 1 fraction in

the pOSltlon of the DNA peak to the left would correspond

to a DNA-RNA molecule contalnzng 5% RNA. The size of the

o




Fig. 6. 1Isopycnic ceﬁtrifugation of DNA formed in cells
iﬂ the presence of Fdurd. Cells on 2 petri )
dishes. (} x 106/p;ate) treated and#labelled as
in‘Fig. 6 were pooled aftef washing and
trypsinization. They were diiuted into 4 B
volumes of a solution containing 0.5% sodium
"dodecylsufate, 0.5mM EDTA, lmM Tris-HC1l (pH 7.5).
This i&sq#e was then/xéntrifuged at 45,000 rpm
- . for 2h iA’the SW50.1 rotor of a Spinco centrifuge
to sediment the high molecular weight DNA.5 )
A portion of the suﬁernatant was heated for
5 min. at i00°b (#) and centrifuged to equilibrium
in ﬁeutral Csst4 golutionI(Methods). A second
portion was heated similarly in 0;3M NaOH,
neutralized wit? HCY and centg}fuged (o).
Successive ﬁ;actions were collectéd from the

/ bottom of the tube. The DNA in each was

. precipitafgd with 58 trichloroacetic acid and

‘caught on membfane filters for liquid

scintillation couﬂtinq.-
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.DNA belng examined is about 5 x lO5 daltons or 1800 ;

‘nucleotides in length. Slnce no shift 1n the p051tlon of
— i sb% DNA peak was observed, it is concluded that if a
+ stretch of ribonucleotides. is present\there‘must\be less

than about 90 of them (5% of 1800). .

HE

o {0
MR

~
»

2.4 'DISCUSSION

It has beenshown that DNA synthesis persists in L-cells
p expdged‘to a concentration of FdUrd that completely
blocks cell division. Much of the DNA formed. under this N

, !

COndltlon is small wlth a 51ngle stranded molecular
welght of about T 5 x lO5 daltons (108) . The rate of its
syntpesls relatlve to the rate in control cells was found
to Se about,l?%. The estimatedfsize of this DNA'aHd the
.;fact that it could be "chased" into a high molecular
. weight b&A by releasing'the block Oof DNA sjnthesis,‘leads
‘ » Oée}I>believe that it is a DNA unit that i§ formed in the

normal course of synthesis and is lig*ted to similar units -

»

. to form eventually the giant.DNA moleoules found in

hromosomes (Kldwell & Mueller, '1969;. Schandl & Taylorby

1969 Nuzzo et al., :;70 Cheevers et al., 1972 Fox,et al., .
1973) ‘G6ldstein and Rutman (1973) have descrlbed'& —
’ assembly process in Ehrlich ascxzea cells as follows . e
) ' ‘dNTP' $ x(99) k. "y (308) 9 44s whereup is ‘DNA, polymerase,

b DNA ligase, x = 20 and y = 3.. The 44S unit is the size

:atgained by parehtal DNA under ,the eondit;oné employed by

@

.




' _exposure to FUAdR, DNA 1

( ‘ 490
Goldstein and Rutman. The DNA actually becomes much
larger, at least 1658, but the\size found in the centri-

fuge depends on the techhique (Palcic % Skarsgard, 1972).

Theg accumulation of 10S DNA units in the presence
of FAUrd is puzzling. Since the units were formed‘at all,

there was obviously a pool of all 4 deoxynucleoside

trlphosphates. Why then did not }be unlts become joined

togethex’ Obviously a poftlon og tﬁém did as evidenced by?
the results shown in Flgs 3 and 4 which showed that some
of the DNA formed in the presenc¢e of FAUrd had & high
molecular weigpt before the block was released. TheTre
appears therefore, to have been an inbibition of, or a
delay in the joining process during the prolonged exposure

4 -~

to FAUrd. The mere presence of FdUrd cannot be the cause

"however, because when thymidine or BrduUrd is added to the

inhibited culture without removing Fdurd, DN#®*of a large
size is rapiﬂly,madetvizlso, dur{ng the initial hours of

made normally. A similar

'phenomenpn was noted_by»Coyle and Strauss (1970) when

1

~ HEp-2 cells were treated with hydroxyurea. A small

moleculary weLth DNA accumulated in the bresence of

hydroxygrea but when the hydroxyurea dhs\removed, the

. small DNA fragments were "chased" into I%rge pieces.

Hydroxyurea exerts its effect by decrea§1ng‘theideoxynu-

cleoside tr{phoephate'bool by preventing -the reductive

_Caneision of ribqnﬁcleoside diphosphates to o e

¢

L
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deoxyriﬁonucleoside diphosphates (Young et al., 1967).

Thus in the case of both hydroxyurea and derd, associated

with a decréése in the precursor pool thg‘e is an unexpec-
ted inhibition of a late step concerned with formation
of the final éiant sized DNA molecule. In fact,uit was
shown recently by autoradlography that both hydroxyurea

and FdUrd could 1n§3?1t DNA chaln elongatlon {Hand & Tamm,
’ -

1973). One explanatlon for this effect is that in the

presence of limiting precufsor pool the rate of DNA chain

initidtion is greater than the rate of chafn elo;gation.

An analogous situation has been described by Olivera et al.

(1973) for the in vitro synthesis of DNA w1th limiting

amounts of deoxynucleds/de trlphosphates.

It has been suggested by Baumunk and Friedman (19;1)

that FdUrqd does not in }ach decrease the level of dTTP‘in
HeLa cells, however thei; findings were questioned by
Tattersall and“Harrop (1973) who criticized gheir method
of analyzing for 4TTP. 1In this study it.is certain .
that FdUrd decreases the dTTP pool size, first,.because of
3 ) the results of the radloactlve nucleotide analy51s per-
; ’ : > formed on DNA synthesxzed in the pres nce oﬁ FdUrd. The. -
' ’ ' exce331;e rad10act1v1ty of the thymldyllc acid fractlon

of DNA reflected a decreased pool size of dTTP in the
P presence of Fdurd. Second 1n a prev1ous gtudy using -

L—cells, it was found that the incorporatlon -of BrdUrd - .

lnto DNA was great{y,enhanced in the presence of FdUrd

.
. S B {
< L) o -

. R , . -
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(Walker & Ewart, 1973a). This would not have been the .

case if FAUrd had not decreased tﬁe dTTP pool size.

It was asked whether the small DNA molecules synthe-
sized in the'gresence of FdUrd would be joined covalently
to RNA as was firs% reported by Sugino et al. (1972) for
E; coli and later by“others for mammalian cells (Fox et al.,
1975; Pigier et al:, 1973) and polyoma virus (Sadoff &
Cheevers; 1973). What@as loocked for was material thar in

-

a neutral cesium sulfate gradient would have a slightly

-

~greater density than singie stranded DNA and which would .

revert to the density of single strandga DNA after treat- .
ment with alkali (Suginéet al., 1972; Fox et al., 1973),
No such material was seen.‘ However, it is likely thet'in
mammalian cell; tﬁe RNA-DNA .species J;s a size of 4s

(Fog\g& al., 1973) and that when this unit has been con-

verted to the 10S unit, the RNA has been removed.

This study has clarified a feature of repeir
synthes1s of DNA that has long been a puzzle. Cleaver( ‘
(1969) reported that FdUrd 1nh1b1ted seml-conservatlve DNA
synthe31s but not repa;r synthesrs. Since both/precesses

presumably utilize ATTP as one of the precursors(the

r .
flndlng ‘of Cleaver did not make,sense. The explanation |

now is, that 'in the presence of FdUrd the poql of AQTTP- =
is dihinished but is sufficient for, a ' normal rate of repair
synthesis but not for seml—cdhservatlve synthests. A

similar explanatlon could apply’ td the effect of hydroxyurea

0
/

»




which also'inhibits- semi-conservative but not repair
- ‘r*: R

synthesis of DNA (Rasmussen et al., 1970). The use of

, ) | e

»

these agents in the study. of repair is illustrated by .

the experiments described iA the;following chapter. f
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3.1 INTRODUCTION

\ ¢

.

During the differentistion of muscle cells, a

number of enzyme act1v1t1es rise and others fall TShalnbelgh
2

1971). In the lister category is- an enzyme Or enzymes
7“ .:
" associated with the repais of DNA. Thus, Hahnwgi gl. (1971)

reported that %ethyl methanesulfonate-stimuleted unscheduled
DNAisynthesis was readiiy apparent fﬁ freshly.oultured rat
embryo myoblasts, but this‘actibity declined considerably

as the myoblssts fuseo Stockdale (1971) compared ultra-.

violet llght stlmulaléd,unscheduled DNA synthesis in cloned

v chick embryo myoblasts and the multlnucleated myotubes _
. : derlved from ﬂﬁem. The former were 2-4 tlmes more actlve.

In a subsequent paper, Stoc_kdale énd O'Neill (1972) showed

'that the unscheduled DNA syntheSLS was due Eo repair ‘
synthesis. The isolation by Yaffe (1968) of Ly cells,”an “
'stabllshed'line of mydblasts which hss retained the ability

to fuse and form myotuofs, has provxded a’ promising system A
fdr studylng t dlfferentlatlon of muscle cells. These

cells display :;L same characterlstlc changes 1n biochemigtry
J v ) as freshly explanted embryonic muscle cells In culture

(Shainberg, 1971), but are more amenable to experlmental (

N

manlpulatlon. It was dec1ded therefore to examine the ,
abiljty of cultured LG muscle cells, in the,undifferentiated

myoblast form'and the differentiated myotube form, to repair

v, -




In the same vein, repair synthesis was measurea
in human lymphocytesﬂ‘ Lymphoeytes are able to remove .
chemical modifications from tﬁeir DNA (Lieberman et al
1971; Lieberman & Dlpple, 1972) and to perferﬁ unscheduled
synthesis (Spiegler & Norman, 1969,4Clarkson & Evans,
19713 slor, 1973). LMore interesting is that the level’of
repair incorporation in these cells is elevated after
treatment with mitodens such as phytohemagglutlnln
(Darzynkiewicz, 1971 Jacobs et al., 1972) or concanavalin
A (Scudiero et 3&.,;19761. Slnce the lymphocyte 1s a very
speeialized cell type and the ectlon of mitogen in‘ these
cells is essentially a re-lnitiation of'DNA.sfnthesis and
cell growth, the:increase in repair reciprocates the -
decrease seen duting the'éifferentiation of the mﬁoblestSu
‘Thus, by measuring | 1 repait;synthesis~ﬁn
‘lymphocytes before and after they were stimulated by PEA,‘
4it’was intended to illustrate further the effect of
differentiatioh on DNA repair. . ”( ,
\The influenee of cellular changes.on DNA repai;

vl 13
was studied in a third system, that of subcultured

Y
=

fibrquists.' Ben—Ishai:and Peleg"(1974)have reported

that' although prlmagr mouse embryo cells are  competent
in removing uv —1nduced thymlne dlmers from their DNA,

“the ability was *st after the cells were subcultured

§

several times.‘”It is.- also known that the established line

-
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of mouse L-cells and certain hamster lines are unable to
N ~
excise thymine dimers (Trosko et al., 1965; Klimek, 1966).
. Al ' ' N - %
This, phenomenon of loss.of repair after subculturing or

after formatibn of an establishéd line does not seem.to\\\\

apply to_huﬁan cells (Painter et al., 1973; Clarkson &
Painter, 1974). It was considered’therefore that a study

with primary rat fibroblasts would answer whqther or pot |

“the effect oé subculturingjoh repair could be observed in \
another species. ; The study would possibly also /

provide helpful information for interpréting the results

obtained with the L. rat muscle cells.

<

: Repair synthesis-was measured by the incorporation
of [3H]—thymidine into unreplicated BPNA, and the repair
of DNA strand breaks was examinea by sedimentation iﬂ an
alkaline sucrose gradiept. To induce repair,

= 4-nitroquinoline-l-oxide (4NQO) was used. This compounhd
is mutagenic and carcinog?nic, and its effect on_
biological systems is similar<to that‘df‘ultraviolet

light (Stich & San, 1973).
7 , -

J . -

. 3.2 -MATERIALS AND METHODS

rd

+

Cell-Cultures ,

'The'LG line of rat.myoblast was‘ci;ried as a mono-
N . . . ' - . .
layer culture in Dulbecco Modified Eagle's mgdium

' supplemented by 10% horse. serum and gentamycin (50 ug/ml).




, &8

A

Cells were subculturea.at.l x 106 per culture flash’

(75cm2; Falcon Plastics,-Oxnard, Ca., U.S.A.) or at
1 x lOS per Petri dish (60 x 10 mm, Falcon),;and 2-3-day-

0ld cultures were used as myoblasts. On day 6, when
"fusion was well in progress, the cultures were treated

P - \“
with 10 7M Fdurd for 24 hours whereby non-~fused myoblasts

became detached and were removéB (Coleman & Cdleman,.1968).
The remaining myotubes were used on day 7. All experimenté
were done in Eiége's minimal essential medium supplemented "'

by 10% fetpl-calf serbm and antibiotis;f_fgis second

medium did not alter the growth of the cells”

Newborn rats (Wistar strainf were used - for the’

preparation of fibroblasts. The inner abdominal walls of

4 to 6 rats were dlssected, minced, and then.stlrred for

30 minutes in a solution containing-0.5% trypsin in 0.015M
‘ sodium citrate and 0.135M KCl (pH'= 7.8). After passageu

through surg1ca1 gauze, the preparatlon was centrlfuged

The pellet thus obtained was dlspersed in Mlnlmal Essential

Medlum to a dens1ty of 1I"x 105 eells per ml. The medlum

Eiffupplemented by penlclllln, streptomyc1n, tyloc1n,f

and 10% fetal-calﬁ serum. Portions of this cell suspension

(30 ml) were then placed in 400 ml medicinejbotties and L .
i | incubated at 37°C in 5% CO,, 95% air. Under these con:’d/?>l
"ditions, the cells doubled 1n 20-24. hours. Cells in

confluent monolayers thus generated were retrieved by s ,

scraping with a rubber policeman. Dilution in halves with

1%

.
. ¥ -
{‘ e |
3
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time was lengthened to approximately 36 houfs.

(PHA) was added to a final' concentration of 0.4% (v/v), and

| 59 .
‘ -
fresh medium then was followed by transfer into clean

bottles. Aftér twelve such transfers, the generation

~

To ispléte_lympﬁocytes,‘human blood was obtained
from healfhy aduli\ﬁales. Tbé lower one-third of the
plasma layer was collected after.the heparinized blood was ‘
centrifuged at 1,200 rpm for 10 min., and the plasma was
diluted -with an egual volume of Balanced Salt Solution
(BSS: Favour, 1964). A 5 ml sample of this diluted
plasma was then layered on top of ml of Lyﬁphoprep
(Nyegaard and CO. Aé. 0slo.) a;éuéentrifuged at 1,700 rpm ¢
for 30 min. (ﬁoyum; 1968). The resulting lymphocyte layer - _
at interface was resuspénded and centrifuged twice in |
BSS before the final péllet was suspended-at a density of
1 x 10 1s/ml in medium supplemented as desc;iﬁed.

. , o o

.- , \ ! . . TR )
earlier, 'and maintained in 25 cm” tissue cupture flasks
% L

¢

(Faldon). For mitogen stimulation, ﬁhytdhemagglutinin

the culture was ihcubated at 37°C for 72 hours before each\f
experiment. To preveﬁt clumping,&ZO% sepum was uéed

during the incubation with PHA. Medium supplemented by o

10% serum, however, was used in the repair experiments.

- ‘/ .

_Measurement of-neggir Synthesis

i. Using [°H]-thymidine
‘ / R - i
The méthod used to measuregrepair synthesis was

»

T ey




similar to that of Roberts et al. (1968). Each flask of
cells cpntaining lp“ml'of mediufm was incubatéd at 37°C
with FdUrd (10" ®M) and Brdurd (5 pg/ml) for orde half

-5

hour, fdlowed by 10 °M 4NQO for one hour. Controls

received saiine instead of 4NQO solution. The medium was
. :
"then changed to one contaihing FdUrd and BrdUrd as before
’ N
plus hydroxyurea (lO-ZM) and [BH]—thymidine (5pCi/ml, :

& .
sp.act. = 21.2 Ci/mmol). The effect of using [BH]-thymidigz\\

and BrdUrd simultaneously is eqﬁivalént to that of using - \\
[3H]—BrdUrd and incorporation of [%H] would éssentially
indicate substitution by Brdurd. Hy@roxyurea was present t
to suppress semi-conservative DNA synthesis and the protocol
was'designed to minimize® terminal labelling of incomplete ,

DNA fragments. The incorporation of BrdUrd into replicating

DNA increases the buoyant’density‘of the molecule which

then, is distinguishable from Unrepllcated DNA in a CsCl
gradlent. Since repair syntheé?g lnvolves th!"ncorporatlon

of ohly very small amounts of nuileotlde precursors,

-

incorporation of BrdUrd during repair -is not sufficient

a

to alter significantly the buoyant density of the DNA

- *
(Edenberg & Hanawalt, 1972). In other words, radioactivity
recovered in DNA of normal density would indicate the .

repair phenomenon.

r
-

v

The method for isolating DNA was essentially that

of Flamm et al. (1969). Two identicallyrtreateé flask-

w

cultures were pooled for each experiment. After a 3 hour
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elling period, the cells yere washed’, scqeped off, and

¢mpe23/' ip 0.5 ml of a solution containing 80 mM EDTA
1ng, 1n addltlon, 1% trlton X- 106 (Sigma,‘St Louis, Mo.
U.S.A. ) was added q@d the -samples were kept in ice fo;/

i 10 mln. These broken cell preparatlons were gentrifuged
at 1000xg For 10 min., and thefhuq;ei in the‘peliet were

lysed in 0.4 ml of 1 mM Tris-HCl, 0.5 mM EDTA, 0.5% SDS

and 20 NaCl. Then, 5 ml of the same solution contain-~

11
-

(pH 7.6). This lysate/;as‘mixed with 4 ml of CsCl solution

“{1.44 g CsCl per ml of bufferlcontaiﬁing 10mM Tris-Hecl,

ImM WpTA, pH 8, density =.1.77 g/cc), and centrifuged at

10,000 rpﬁvfor 30 min. The protein éhichxprecibitated

- from the lysate formed a thin layer at thg té% of the tube.

4.0 ml of the c}ear solution {(p = 1.71 g/cc) was carefully

" transferred into a cellulose nitrate.tﬁbe, covered with
oil and centrifugei)at 45,000 rpm and 20°C for 24 hours.

Fradtions measuring 0.25 ml were collecked and on some of

&>

these, refractive indices were measured in order to deter-

. am—

P

ml of Aquasol (NEN, Boston, Mass., U.S.A.) for liqu”id~
. scintillation counting.
‘ s

- ii. Using~ [ P]-orthophosphate .

ey

Zéé;iy as descrlbed above except that carrle;—free

. .

The measurement of repair synthes;s was carrxed out.

mine the density. Té; fractieps were then diluted to .1 ml
with water and their opticel densities were read at 260 nm.

A 0.2 ml sample of each diluted fraction was mixed with 10

S o A RN S S SN
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~~-£€8Cl-thé parental DNA fractions gdénsity = 1.70-1.71 g/cc)

‘Na_HPO

\

e
Y’

(32p]-phosphate (20uCi/ml of medium) and [3H]-thymidine

(10uCi/ml) were ‘used for nucleotide labelling during the

.

SO

post treatment incubation period. After centrifugation in

-

from myoblasts and myotubes were diq}ysed Aagainst a-
solution containing 0.0015M sodium citrate, 0.015M NacCl,
and then mixéd with 2 ml of a buffer containing 0.08M

2 4,’0.1?h NaOH (pH 12.5) and enough distilled water
to give a final volume of 4.5 ml. These preparations were
added to 6.5g CsCi and the solutions w;rg centrifuged in.
a Ti50 rotor at 37,000 r,p.m. and 20°C for 36 hours.
Fractipns of 0.35 ml wére collected and each was neutralized
by 0.7 _ml of 0.005N HCl. Opéical densities were measu;ed
at 260 nm. An equal volume of 10% trichloroacetic acid
was added to .the fractions. The'precipitafe was caught on
‘}ibre glass filters prior to liquid scibtilla;iog/tounting.

’

Phosphodiesterase digestion

After céntrifugation in CsCl, the fraction contain-

ing parental DNA (density = 1.70-1.71 .g/cc) of the 4NQO . .-

1

treated culture were pooled and dialysed. The sample was

mixed wath buffer such that the final preparation.contained -
30mM Tris-HCl, 70mM MgCl, (pH 8.5). It was then mixed

with purified [°?P]-DNA and heated for 15 min. at 90°C7"

432

The {~“P]-DNA was isdlated from BHK cells which had been

grown for 24 hours in medium éoq;;}ning [32P]4orthqphbsphate

e

(0.2 uCi carrier free radiophosphate added per ml of medium) .

Vs

A ~ &




-
Venom phosphodiesterase (Worthington Biochemical Corp.)

’

was dissolved in the above mentioned buffer and added to
the DNA to a final concentration of golpg/ml. The ‘
‘?éaction mixture was %pcubatéd at 37°C. AliquQts measur-,.
lng 0.5 ml were remoéed at'intervals and mixed with an
equal volume of bovine serum albumin (1 mg/ml) . After
preéipitation with trichiofoacefig acid, radioabtivlty

in the supernatént was counted in Aquasol.‘

{

o
Incorporation of Thymidine into Total DNA - -

. Separate cultures in pétri dishes were treated with.
1 x 10_§M4NQO or salinevﬁor 1 hour before Being incubated
with[3HFthymidine (10 uCi/nﬂ) and hydroxyurea (10;2M) .
for 1,3, and 8.hours. The cells were retrieved by scraping,
counted, and then frozen in 2 ml of a buffer containing
30 mM Tris-~HC1l, 70 mM MgCl2 (pH 8.5). The number of

myotube cells was taken to be equal to the number of

myoblést cells medsured in a replicate culture on the C -

previous da&. The cell suspensions were thawed and bovine

. . Y 2
serum albumin was added to a final concent;Ztion of 1 mg/ml.
An equal volume of 10% trichloroacetic acid was used for

Qfecipitation. After filtration, the filters (25mm,
Type A giass fibre, Gelman 'Instrument Co., Ann ArboE, -

Michigan,.U.S.A:) were counted in Aquasol. - -

13 ’
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Alkaline §uc£ose Gradient Sedimentation Analysis

de—da;\:}§ cultures in petfi dishes were incubated’
with [H]-thymidine (0.5 pCi/ml) for 24 hours, washed
and replenished with fresh medium. They were used either

immediately (myoblasts) or after fusion had occurred

(myotubes). Singie-strana breaks in DNA were proaucgd by

treating the cultures with 1 x IO—Sﬁb4NQO for 1 hour or

by exposing them to 6 Krad of gamma- radiation. The ‘S
60

latter was_delivered by-é Cobalt Gamma Cell (Atomic
Energy Qf Canada Ltd.) at a dose rate of 12 Krad/min.

The cell samples were analysed then or after a post-
treatment‘beriod of 3 or 5 hours .in fresh medium.
Sedimentation anélysis was carried out as previously
described (Walker & Ewart, 1973b). Briefly, 4.7 ml
sucrose érgdients'(é-ZO%) in a s@l:tion containing 0.3M
NaOH, 0.01% sodium dodecylsulfate, and 0.001M EDTA were,
made by an ISCO 570 gradient former (Instrumeptatign
Spec}alties Co., Lincoln, Nebraska), and 0.3 ml of a
lysing 5013§;pn containing 0.5M NaOH, 0.2% SPS an§ O.OlMV
EDTA was layered on top of eébh gradieni. \Abproximatély

1l x 104 cells wefg delivered. onto each gfadient. The
?radients weﬂ{ allo#éd to stand at room temperature for
10-12 hours before bhéy were*centrifuged at 15,000 rpm

énd 20°C for l.é hours in a SW 50.1 rotor. Fractions
(0.2'ml) were collected from the top using an ISCO %40
fraction collector, and neutralized by Epl: Radioactivity
in each fraction Qas then mqash;éd by liquid sciﬁtil}ag}on

. .
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counting.

2 ‘ , ‘ ’
p . I 3.3 RESULTS "

- Q

The ability of the'L6 line of myoblasts and myotubes

Egr repair synthesis ?f DNA was compared using‘the method _/{\‘ v
6f isopycnic cent;iﬁugation to separate the newly repli-

cated DNA( fwom the repaired but not replicated DNA. The

profides in Figure 7 show the banding positigns of the

DNA in the CsCl gradients. Theé®position of parental DNA ) p
is marked by the large peak of O.D.260.absorb$ng material
'occurring at a.buoyant density of 1.70-1.71 g/cc. Newl [

synthesized DNA, containing one Uracil substituted’

strand and one ordinary strand has a density of 1.73-1.74
g/cc as indicated by the radioactivity in this region.’
The radioactivity associated with parental DNA is indica-

tive of repair synthesis. The specifié activity of this

2

/
- ) DNA was measured after the appropridte fractions were -

. pooled and the CsCl removed by dialysis. In the control
r~ /
cultures not treatéd with 4NQO.(top panel), these jlues

" in cpm/pg DNA were 2.6 for the mﬁloblasts and 8.8 £ the

myotubes. - In the 4NQO-treated cultures (middle panel), N
» : ‘
the values were 112 and 66.5.respectively. The myotubes

exhibited about one half the repair activity of the’

. 2

myoblasts. The.small amount of incorporation in the
@

~ .
o, controls was probably d(é to incomplete resolution of

» '

semi-conservatively synthesized DNA although h);droxyurea\v
S . p

.




Fig. 7.

5

Isopycnic centrifugatioﬁ of DNA in neutral CsCl.
éradient profiles of DNA isolated from control
cultures (top panel) and from. treated cells
cﬁiddle panel). In two samples (bottom panel},
hydroxyurea was omitted during the incofp?ration

period. ‘Numbers and.vertical bars in the

diagram represent the densities of the corres-

ponding fractions in g/c.c. ’
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was used to inhibit normal DNA spnthesis. Similar results

-

were obtained without the use of hydroxyurea (lower pénel)

but in this ;asg{ the fractions consainiqg parental DNA
had to be rec ntrifuged in\aikaline CsCl in order to
effect”a sufficiently clean separation of newly synthe-
'sized DNA from parental DNA. The results shown in the
) .
lower panel‘éf Fig. 7 also inéicafe that the myotube ‘ e

culture contained only a few dividing myoblasts because

the amount of semiconservatite synthesis in the myotube

culture was small reldtive towthat in the myoblast culture.

‘One explanation for the lower specific activity
obtained with the myotubes‘was that  -the l1l3belled thymidine
was diluted by a larger nucleot%ﬁe pool in the myotube. ‘_q

*{Tﬁis possibility was checked by following the rebair
< : €
32p1.

* process with an additional label, [ Assuming [32PJ

l ) labelled all four nycleotide triphosphates uniformly, the

32

* ) [3H];[ P] ratio in the repaired DNA would be directly

proportiocnal to the specific activity of \?H]-;hymidine
+

after it was eéuilibrated with the intracellular nucleotide.

pool. When the experiment was done (see materials and

» methods section) the [ H]:[G?P] ratios for myoblasts and

»,R;’f" v §/nw6tubes were found to "2.60 and 2.26 respectively.
- That is, the dilution of [3H]—thymidine, by .iteelf, cannot

\/ . . account for the difference in repair activity -observed.
. ’ o ' ’ ; : » ’
An error .in- tphe measuqﬁ%ent, however, could ' result

l

- from the pfesence of replicating DNA molecules which have

Al

A




~ " not completed making a new strand at the time of addition \
. . . . A . ' .o
of [3H]-thymidine. End-addition of radioactive nucleo-

-

tides to pre-existing DNA would give exaggerated wvalues

for repair synthesis. Although the probability thét the

)

parental DNA fraction did contain some of .these molecules

was reduced by the incubation with BrdUrd before 4NQO

treatment, possible contamination must be evaluated.

Therefcré, the rate at which radioactive nucleotldes were

]
.was examined. Arental DNA fractions obtained from the

4 L

released from ﬁyjengal DNA by snake venom’ phosphodlesterase

_4NQO-treated cultures were deénatured by heét~beforq -
digestion. For comparison, the digestion mixturebalso'
. contained DNa that was uniforﬁiy‘labelled with [32P].
Fig. 8 shows the time course 6f release of\acid-soluble " .
‘radioac£f3ity. Clearly, the‘nubleotidé; incorpérated by : .
. " the 4NQO-treated cells were not more suéceptib%e to the o
exonucleolytic attack than those in uniformly labelled.
1?2 ' -

incorporated after 4NQ9 treatﬁent were located internally

P]1-DN This indicates that the labelled nucleotides

¥

‘rather than at the ends of DNA strands. Thus, the repair

A ]
-

O 'activity in the myoblasts is unlikely an artefact

o effected by end-addition..
S : |

]
The preceding results indicate that the initial

‘. - rate of repalr synthe51s‘In‘nyotubes was about one half
of thit in myoblasts, but it seemed possible that in.

myotubes the repalr process might persist forJP 1dnger

1




Fig.

Release of acid-soluble radioactivity after
phosphodiesterase digestion of uniformly

labelled [32P]-DNA. and repaired [3H ] -DNA

- from myobla§té and myotubes. Tregtment of

cellﬁ.and digestioh by phosphodiesterase were
as described in the methods section.
Duplicated~samp1és were used'for-repaired
DNA. The curve obtained wi;h [32P]—DNA
represents the mean of four samples, with }
o

variations included in the error bars. }/

: \
' Total [32P] per sample,= 3,500 cpm; total -

[3H] per sample = 400-800 cpm. The enzyme:
substrate ratio by weight was about 4:1 in

all samples.
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¢
period of time and eventlUally give the same total éxten}
of repair. This poss@bility was investigated through a
stuéy of the kineﬁ&cs of dincorporation of [3H]-phymidine o
into the DNA éf 4NQO-treated myotubes and myoblasts in
f{ke“presence of hyd}oxyurea (Fig. 9). The use of
hydroxyurea has effectively inhibiked'semi—cqnservative
DNA syntﬁesis as judged by the slight incorporation ef
y [3H]-thymidine in the cqntrol cells. Treatment with,4§QO
hés stimulated a considerable further incorporatién. o '
The privious results indicated that Fhis incorpq£ation
was‘due to repair synthesis. It is apparent from the
results shown in Eig. 9 that't§e initial rate gf repair

N - ‘ .
synthesis was greater in the myoblasts. In agdition, at

<

the end of an elght hour post—treatment‘incubaﬁibn; when

&Te incorporafion~wa§ reaching a plateau, the respéqge . .
to 4NQO by tﬁe myotubes';emained at about 50% of that of

’ the mygbiasts. 'Tﬁe fusion‘of myoblasts has led ta a
reduction in both ;the rateéand thé total amount of repair

synthesis. ’ .-

That repair synthesis is influenced by the state

‘ -
of differentiation of a cell i% further illustrated by the:
gexperiments with human lymphocytes. ,Eig. 10 shows the

results obtained in thié case. The préparatibn of unstimu-

lated lymphocytes showed ‘{:BNA,synthesis buxt after the PHA

treatment, DNA éynthesié>was evident in the culture not .

- . .




Figﬂ 9. ,Kinetics of 4NQO stimulated incorporation of
[3H]—thymidine‘into‘BNA of myoblasts and
myotubes in thelpresence of hxdroxyurea.'
The number of cells in the fused cultures
was estimated separately from confluent

: plates j&st before fusion oct¢urred. Each

point in the figure is the average of

.

results obtained from duplicated samples.
e
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Repair ‘synthesis in human lymphocyte.

v
<

Isolation of lymphocyges and treatment with
phytohemagglutinin (PHA) were as described

in section 2.2. Measurement of repair

synthesis followed the procedures described

for myoblaé%s and myotubes} except that

.
susSpension cultudres were used’in this case.

»

'3
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~  Repdir synthesis in
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after (right panel) -
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.treated with hydroxyurea, resulting in the formation of o
bromouracil-hybrid DNA which has a buoyant density of ®
4c165e to 1.75 g/cc. (upper right panel of Fig.,lO)(
Suppreséion of this replication reveals the ﬁNQO—induced
incorpoggtiOn of ?ad;oactive thymidine into unreplicated
DNA (middle and lowdr panels), and as shown in Table II,

. the specific activity in this fraction was elevated almost

-

three~-fold by the PHA trkatment. This observation

‘e

¥eciprocates that of the myogenic-system. A logical

-
<

explanation would be that PHA hag. prompted the production

of sogz\begfir enzyme which is present only at a low

o -

level in noﬁ@al resting lymphocytes. Accordingly, it

seems possible the reduction in repair synthesis during

the fusion of myoblasts is due to a degfease of the . .

level of enzyme which .is required for, the répair .
. - ¢
process. - T

As a further means of charécterizing the DNA-damage -

4 and repair proéess in myoplasts and myotubes the tech- #

nigue of'sediﬁentation in an alkaline éucrose gradient

wés employed. It haé previously been sbown with thisu

| technique (Walker & Sridhar, 1976) that 4NQO treaﬁment of

" HeLa and L-celi;‘led to thé appearance of single-strand

fbreakg in the DNA from these cells. 'This\damage was seen -
to be repaired by Hela bu£ not L-cells. The sedimentatio;'

patterns for the de'from the 4NQO treated myoblasts and

myotubes are shown in Fig. 11. The effect of the 4NQO

¢




X
5 Repair Synthesis .
(cpm/ug DNA)
ol 4NQO
Controls Treated

Cells

Rat L Myoblasts:

-

112.0

non fused . 2.6

fused 8.8 -~ 66.5
Human Lymphocyte: ) .

resting , 8.1 44.0

PHA-stimulated 12.5 114.0

TABLE II. Effects of fusion in myoblast and
of PHA stimulation in human

~ lymphocytes on repair synthesis.

- The parental DNA fractions from
Fig. 7 and 10 were dialysed against
standard saline citrate before
their specific activities were
measured. DNA contents of the
dialysed fractions were calculated

- from absorbance measurements at
260 nm and radioactivity was
assayed by scintillation counting.




L Y - (' - °
Fig. 11. Sedimentation patterns of DNA in alkaline
*
. \ -sucrose gradients after 4NQO treatment.

5

. The 4ﬁQO (1 x ld_ M) treatment of prelabelled

o

celils was carried out for 1 hour, and medium

was replaced for further incubations. .The .

L controls recéived no 4NQO. -Each _gradient

‘ .

contained 10-14 x lO3 cpm. " i S

a
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treatment was the same for both cell types, namely, a

'\w

reduction in the sedimentation coefficient of the DNA

'from a control value of approximately 160 S to a value ’
. & >
of approximately 30 S. Whep the cells were incubated for
.~ :,\ i

’

. ' .
' 3 hpufs in fresh medium after the 4NQO tfeatment and then

b ’,, - layered onto the- gradlénth?a?\ly51s -and centrlfugatlon,
the DNA of the myoblasts had 1ncreased in Slze, whereas

, — that of thé myotubes remained unchanged. " An additional

’ ’ “ . PR

» 2 hours post-treatment incubation ﬁrdduced no further
<hange in either case. Thus, after myoprsts the fused,

there is a complete loss of the ablllty to repair a form
: >

° of‘damage that is seen as S 51ngle -strand break in alkall

. and yet there is only partlal loss of ability for repalr

synthesis.L Cne explanation of these fendlngs 1s that the

'.repalr syhthesis observed is 1ncomp1ete and the rejoining
hd ’

step ;s-left~uhdone by the myotubes, but the 1nternal ‘ ,
- - . . : - . ‘ L i 4"‘ o‘ *
s - ) location of the nucleotides inaorporatéﬁ?&hringArepair ,

(Rig-. 8) diséroves the presence of gpen-ended regpired
regions in the-DNA. Rather, . it seems that the nature of

‘f ) , T the/breaks induced by 4NQO 1s the underlylng caus; of our

N o Aobservatlonu That a furﬁhep»Z Hours ‘post-treatment T e

P \

.1nqpbatlon of @yoblasts dld notqelter the. $izes of the

v . DNA indicates ‘that some breaks -were never rejoihsd.

’
[}

' ;G,‘ o ¢.  To further investigate’the rejoining step, .
. \H.’ -
ﬂ__ .- x-irradlated cellsﬁ?ere examlned. X-rays can dlrect N é

]

- . _ * . induce ‘sin—strand breaks.which are thought to be

Y
-

PR

.
- - -
. - - N ‘ .
] . . . ; PR S 5 - .
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L

of breaks. These were rejoined after post-treatment

o

. N P 2
repaired by the insertion of only one or a few bases per

‘lesion followed by :ejdining (Painter & Young, l§72;

P
«

Fox & Fox, 1973; Regan & Setlow, 1974Y. The use of X-rays
then, in effect, allows the rejoiningostep to be viewed
b9 itself. The sedlmen;aéﬁon patterns in Fig. 12 were

.
obtalned with Xrirradiated my;oblasts and myotubes before

and after a 5 hour recovery‘perlod. A decrease in the

size of the DNA after irradiation signalled the induction
)

recovery, leading to a restitution of the size of DNA
" LY
’
comparable to that of the control cells. More important:

f -

is that the myotubes are also able to repair X-ray. induced

breaks. It appears that they do possess'the enzyme'or
- N L)

cofactors required for rejoining. This observation,
il 0 -

besides providingoadditional evidence against an-incomplete

-

rebair process, further implies that the lack of rejoining:

.of 4NQO—1neuced breaks is 11kely a consequence of some

.

pecullarlty assoc1ated w1th 4NQO.

The apparently paradoxlcal effect of 4NQO was‘q&so

evidént in the subtultured fibroblasts. In response to’

4NQO, brimafy\fibroblasts inco;porated Fadﬂbactive

S

. s - R R
thymidine into their parental DNA (Fig:-13). The &mount
’ : [

of repair incorporation, egsayedens beforg, decreased as

'

the cells were subcultured (Table III), although a sig-
. » ) .
nificant amount ‘'of repair was still evident after the cell

were subcultured se:en tifnes. On the other hand, the.

&8

»



Fig. 12.

- .

Repair of X-ray induced breaks. Prejabelled

cells were irradiated with a dose of 6 krad
and their DNA was ' analysed before and after

a 5h recovery in fresh medium. The control

'

Each gradient i

cultures were not irradiated.
contained 10-15 x 10} cp®. . ) &
¢
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Fig. 13. Repair synthesis in rat fibroblasts.
_NeutralJCsC1 gradient profiles of DNA isoldted
", from thg primary culture (top panel), the
\\) second subculture (middle panel), and the

—

fourth subculture (bottom panel) with or
without 4NQO. treatment and repair. Hydroxyurea
w7€‘présent in all cultufes fo the~éuration |
of the expérimeht. Isoiatién\:; DNA ,and
centrifugation procedure were identical tO’!

‘that described for myoblasts and myotubes.

_/-\
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& .
T . Repair Synthesis
. . (gpm/ug DNA)
Cells . 4NQO
. .t ' Controls Treated
. - ﬂ
'_Rat Fibroblasts:
Prlmary ® 1.9 89.1 ~
[
2nd subculture 3.5 91.0
4th subculture 7.7 31.2
7th subcu}ture 5.9 14.2

,TABLE III. Effect of subculturlng on
C - repaiz- synthesis in prlmary
rat fibroblasts.. The specific
activities of jparental DNA
(Fig. 13) were assayed as
. ‘ descriked in the legend of
; . Table II.
‘ '

3
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»

su?chltured fibroblasts have apparentlx lqg%?their aﬁility
to rejoin breaks in their DNA. As demonstrated by the

y : \ "
\\ sedimentation patterns in Fig. 14, a slow sedimenting

DNA resulted after 4NQO treatment. A post-treatment
: - -
. . & . .
incubation effected an increase in the molecular we!hht

of this DN& fr@m the first subculture, but the same

'

procedure did hot alter the sedimentation patterns of ‘6
R - .

the 4NQO-treated -DNA from later’gubculiures. This result
resembles that obtained with the.m;SXubes; the ability of ;

the subcultured cells to perform repair synthesis is not

©

reflected by their ability to }ejoin strgnd breaks,¥
& although repair inclﬁdes & rejoining step. 'It is1»ho&ever,
likely that the 4NQO-iﬁducéd decrease in moleculdr weight
)/ . of DNA is not the result of a.ﬁirectly produced sinéle-

strand break, but is the regﬁit of the cleavage of an f\\
‘alkali-labile modification. 4NQO mogified DNA could baye J
- .

been acted upoﬁ by alkali when the cells were lysed before .

L

S centrifugation.
.4 'D
»”
i ‘ .
' 3.4 DISCUSSION - # .
. Th*ﬁ study has shown that the permanent line of >
; . . ‘ »
g » Wyoblasts, 6" behaves like. primary myoblast cells in its’ -
loss of‘q?pacity for repair synthesis after'fus;on;to P
.1” ” L . * /

» . N’ . I
myotubes“hasﬂoccurred. The‘}oss represented a redchloa/ .-

in both the rate -and the’ extent of reéé;r synthesia.
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Fig. 14. Sedimentation patterns of rat fibroblast

3 ,
' ‘ DNA in alkaline sucrose gradients. ,
. RN [N .
‘ Prelabelled cells (® ) were treated wigh : > ‘
) ! ) o A.l

1% 10 °M 4NQO for lh (o) and the medium

* . ‘ was reﬁlaced fo:.post»treétmeqt incubatipn

{a&). Each gradient confaingdKth>9 X lO3 cpm.
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In contrast there ie a marked increase iﬁ repair
synthesis in iymphocytes stimulated by PHA.  Thus,
differentiation is concomitant Qith a reduction in DNA
repair. Admittedly, however, the gquantitation of repair
synthesis by incorporation of radioactive thymidine is
not without‘possible fault. Intracellula®Bucleotide
pools inevitably dilute the specific ectivity of the

label supplled and the amount of repair incorporation

assayed is consequently affected, especial;y=if;tie pool

size alers during differentiatign. This source of efror
had’not been eliminated in earlier studies where
differentiéeed cells were compared with their counterparts
(Hahn et al., 1971; Stockdale & O'Neill, 1972). Our
attempt to evaluate this effect with the doublé-label

32

experiment shows that the [ H] ["°P) .ratio is approx1matély
# .

15¢% h}gher in ‘the hyoblasts. This observation indicates

either that the nucleotide pool is about 15% greater in
the myotube or that there is a slight preference for
thymidine over BrdUrd after kusion has 6ccurred. The’ -
latter,however,ﬂwas minimized by the use of FAUrd and a
relatively large supply of BrdUrd (Walker & Ewart, 1973a).
Notwithstanding, the dilution effect is small compared to
the chaege in repair synthesis. For lymphocytes, ' :‘
Scudiero et al. (}976) reported a change in the thymidine.
pool size during ConcanavaIin A‘stimulation, but even

¥

after correctlng for this change, DNA repair, as measured

by BND-cellulose (benzoylated naphthoyla;ed DEAE cellulose)
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chromatography, was ten times higher in the stimulated
-]

cellg. Thus, it'seems reasonable to conclude that although
our results may not be absolutely quantitatiye, there is
a real reduction in repair synthesis in differentiated !
céilst

duf data also indicate that the reduction in rgggir
is due to a limitation of repair enzymeg. In this reépéct,
the myotubes and the lymphocytes are similar to XP cells

and other non-dividing systems in which repair is absent

or greatly delayed (Cleaver, 1971; Robbins & Kraemer, 1972;

o
[

™~

Nicoll et al., 1972; Goth & Pajewsky, 1974; Byfield et al.,

1974) . From the sucrose gradient sedimentation study,

it appeared that thé fused ‘muscle cells were no longer
. .
able to rejoin single-strand bmeaks induced in their DNA-

o

by 4NQO, although they wefe still capable of rejoiniﬁg
single-sprand breaks inducedfﬁ; X-irradiation. This
résult‘can be interpretée tqQ mean that the myotubes lack
an enzyme that is requiréd for'£he reéair o§‘4NQO damage

but not for the repair of X-ray damage, posSibly an

J * » 3 -
endonuclease. The question which needs answering then is:

why is there still a significant level of repair synthesis “__

présent in the myotubes? It should be recalled that the
aption‘of 4NQO on mammalijan cells mimics that of UV-light
rather than %:%rradiation;(gtich & San, 1973)"and it is.

likely therefore tha£~4NQO does not .induce the formation

- of single-strand breaks in yivo. Rather, the breaks seen

- -
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\
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are the-result of the action of alkali on the 4NQO !

modified DNA.” Qur results can be explained as f;llOWS:
4NQO induces at least 2 kinds of modifiégiion in DNA which
can be removed by an enzymatic repair process. - When the
modf%gcations are not remo?ed, they ého& up as single?
strand breaks during alkaline suc;ose seaimenﬁation.'
The two modificat%éns are recognized by separat§ endo- -
hucleases; myoblasts contain both but myotubes contain
only one. Thus, in the myotubesﬁ repair‘synthesis is~ . -3 'l'
.reduced and the unreéaifed modification is obser;éd as a
pensisting single-strand break in alkali. 4NQO also

o indﬁces a third modification which is observed as an
irreparaﬁle strand break in alkali; its presenée accounts

‘t. for the incomplete rejoining seen in the myoblasts. A"

scheme of, this model is shown in Fig. 15.

, o .
. Evidence in favour of the above ingerpretation'is

again provided by the experiments with rat fibroblasts:
Initially, primary fibroglasts were studied tJ determine

- -~ : if subcd}turing has any effect on DNA repéir in the rat ' »
cells, and the results indicated.;hat in this respect

. ¢ b )
they behaved more lik& mouse cells than human cells.

[

The ability to perform repair synthesis and the ability

to remove 4NQO modifications from their DNA were both
v ) .
diminished in the subcultured fibroblasts. - For the

- «

diploid human‘ fib last WI-38, a decline in repair was

\
/—\/’/’\

only observed in ag€d cultures just before cell death or

o




Fig.

15.

.

-

\ .
| .
-

Schematic representation’ of 4NQO damage and 4 ,

its ‘-repair. 4NQO causes, 3 kinds of modifi-
cationjmn Db‘.' The first modification (A)

.o ]
is r red by the cell before and after

fusion, and is apparently'alkali—resis'tant. . s
) B A ‘

The second modification (o) is not repaired

by the myotubés probably becal¥® of the loss

- - ~

of an enzyme. The un.removgd damage leads

to strand breakage in alkali. The third’

. f t
L

modificatgon (@) is irreparable and alkali
. ) ' . N g
Iabll{e. e . . ’ . . .
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senedcepce occurred (Painter et al., 1973; Clarkson & f
M v - *» ' , T 1
Painter, 1974; Mattern & Cerutti, 1975). Data presen?ed here;,-

=]

howeyer, are not likely a consequence of cell death;' the

[
-

decline in .xepair was evident prior ég the deéceleration

of cell growth. When Ben-Ishai ‘and Peleg (1975) mﬁésured”
;ﬁyhine dimer excision in mouse ceiis, ana noticed a .
cessation of the activity in the subcultures, they
suggested that DNA repair was one of the properties that
was lost or altered dﬁring passage in culture. One might
even speculate that this alteration prevailed during the
emergence of a cell line, resulting in poof repair
performance in permanently cuiturea mouse cells (Klimek,
1966; "Walker @ Ewart, 1973a). Ngvertheless, fh view of

i . oy
the.similarity between subcultured and differentiated rat

' 5

ce}ls, the. loss of some repalir enzyme during these
processes is a logical conciusion. It is not knowh,
however, whether the loss represents a determined

repression or just a chance occurrence.
. .
In summary,this study reiterates and validates the

notion that cellular differentiation is correlated with ,a

reduction in DNA excision repair. Furthermore, it shows

a parallel between differentiation and cellular aging in

. culture. Based on the centrifugation anéﬂyses, é model is -
J

proposed " by which the repair of 4NQO-modified DNA
N
in the myogenic c€lls could be explained; the lack of an

endonuclease in the myotubes seems justified. Definite

5



* proof, however, must await the identitication and

fication of the responsible_enzymes. o
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