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ABSTRACT ' ) . . -
‘ \~ : .

.

The study of DNA repair in human cells: has been made
difficult by the limited knowledge available on the
enzymes that work on DNA, and this problem is compouddgd

by the organization of the DNA into complex chromatin
, o ‘ T -

structures. With the exception of the initial incisional,

"event, two or more enzymes have been reported to have the

-

ability to accomplish.each of the other enzymatic steps.
Furtheréorg, the hqmbér of nucleotides that-are replaced

to correct each damage site, and how this extent of

substitution is reguiéted, has beerr an issue of

%

cohtqoversya Because a knowledge of the extent of

nucleétide replacement could shed some-light on the
1) - o

enzymology of DNA rebair in human cells,'a study was made °

of the size of the repair patchrin DQA, and the influence
of inhibitors ormr éhe repair prbcésgés. - "L

| The buoyant denSity shift mephpd was émpleed to
measure DNA repair patch sizes, In this method, DNA was
extracted from cells that we?e treated with either UV-
‘1light or a methylat%ng agept, and allowed to repair their
DNA in the prese;ce of the density label, -
bromodeéxyuridine'(BrdUrd). The QNA was then reduced in
size and qnalyzed ;n a buoyént densit& gradieﬁt. Ihe small
fragmen£ size allowed the repair-incorporated BrdUrd to‘

LY

increase the overall buoyant density of the DNA containing

t .

'vhe_repgir patches. This~¥ncrease in dénsity over that of '

iii

L




‘\

. was no difference in the extent of repair-incorporation of

DNA c¥taining no repdir pagches could be related to the

degree of incorporation of BrdUrd, and the pdtch size ™~ ' : ;

could thus, be derived. s

Tﬁé %éplication of the buoyant dénsity shift.method
to the measurement of repair patch g}zes revealed that
;bout 30-40 nucleotides were repl;ced in the repair of"
each damaged‘Sase, and this éxteht of replacement was
inerendeni of the bNA-damaging agents emﬁioyed:

In the exami;atiod of the role of poly(ADP~
ribosyl)ation in DNA repair, the size of the reﬁa@? patch
Qas not in;reased'by the presence of 3-aminobenzamide (J3-
AB), an inhibitor of.pély(ADP—rib;se) polymerase, as had
been predicted by other investigators ‘ .

An intéresting observation was Agde'when DNA repair

. - ‘

was allowed to occur in the presence of-aphidicoling a

specific inhibitor of DNA polymerdse a. Although there

the labei between cells that performed DNA repéir in the - .
absence or in'phe presence g% aphidicoiin following uv-
1rradfatign, the présence of the inhibitor produced repair
patches that weré aé least twice ‘that of normal. when.'

repair was allowed to occur iniphé presence of‘;phidicolin

.after treatment .of cells with DMS, a decredse in repair- ’ '

incorporation was observed, and again the size of the.

repair patch was increased.
=, :




-

”dellf

On the basis of the study done with aphidicolin,

several cgonclusions were drawn. Firstly, DNA polymerase o
. - <. » - . . 4

is‘involVed in the repair gf'DNA. Secondly, the ngfee of

-t

, incorporation of label‘ into DNA following exposure to

DNA-damaging agents may not always be a reliable way td‘

quantitate repait events in the déll. Finally, it was / A

{

S
proposed that the . size of the repair patch is regulated by

the relative rates of excision and po}ymerization';p‘the.

’\ S

dhe abbve*mentibned findings, along with the known

’

- characteristics of t’ DNA polymerases, led to the

—

o

proposal of a model forethe participation of polymerases o

-and._ 8-in DNA repair. The model suggests that the size of '
* .
the single-stranded gap, produced by the exonuclease

determines the polymerase which fills the gap, ie., a
small gap of about 10 nucleotides in lerfigth is filled in - - o~

by polymerase 8, while a larger gap' of about 30

' nucleoﬂides or motre is filled in by the a enzymé. Because

. .

the a .polymerase cannot. fill géps to completion, éhe B,

enzyme is required to cbmplete the gap-filling process.

v
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Chapter 1

GENERAL INTRODUCTION
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1.1 Repadir of DNA

The DNA in all living cells is constantly qndergoing

. structural changes. The causes of such alterations can be

ghe resull of spontaneous reactions such as hydrolysis or
deamination, or they can be due to agents that react with
the DNA. Spontaneous chemical changes in the DNA in
mammalian cells have been estimated to occur ;tfsurprisingly
high rates. Depurination of DNA can be as high as several
thousand residues‘per genome per da&:(Lindghl, 1979; '
Lindahl, 1982). Moreover, deamination of about one hundred
cy%osiﬂe‘residues, pef genéﬁe per day, into uracil can also
occur under thg same condit}on. Agenté which act on DNA to
effe;t chaqges can come from the e*ternal'or internal

eﬁvi?onment of the cell. Examples of the former are

ultraviolet (UV)-light, x-rays, and various electraphific,

_chemicals. Within the cell, such compounds as s-

[

adenosylmethionine, a weak alkylating agent, can methylate
DNA nonenzymatically. Oxygen radicals produced by

b1
biochemical proceSses within the cell can also react with

and alter the DNA structure.

Alterations in the DNA structure, if left uncorrected,

"have deleterious consequences, such as‘%ethality, mutations,

or, in the case of higher ®rganisms, tumourous growth. A
non-lethal mutation, while allowing the cell to survive,
will be passed on to subsequent ‘generations, and most of

these mutations are harmful rather than beneficial. To

ensure survival, several mechanisms for coping with the

»




-~

presence of the lesions in the DNA have evolved. Anlexample
of this is the error;prone replicabion'bypass system, which
is inducible in bacté}ia, and allows DNA synthesis and cell

survival at the expense of the integrity of genetic

i

information. On the other hand, to ensure that the accuracy
of .the genetic contengjfg preserved, several mechanisms for

the correction of the damaged bases have evolved. The

. . :
simplest one involves the direct conversion of pyrimidine

dimers back to their monomeric form by a photoreactivating

N ’

enzyme which,-when bound to the dimer in the DNA, absorbs
visible light to tatalyze the cleavage of the:joingd bases.
Another important corrective process ig a transfer of the

methyl group from the 06—position of the guaﬁine residue

- ®
.

onto the cystéine residue of a methyléransferase (Waldstein
et al., 1982; Pegg et al., 1982; Hora et al., 1983). This

transfer of the methyl group results in Phe regeneration of
LY . . - ‘

the guanine, with an accompanying inactivation of the

methyltransferage. A third repair‘paghway is'excision_

repair, which entails the enzymatic remowaf.of'damaged bases °

followed by their-replacement using the complementary strand
’ B S . . )
as template. * '
. 1 *
'In human cells, offe of the most important repair
mechanism is the excision repair pathka&, which is the focus

qf this discussion. The importahce‘of-QE}s repair pathway to
humans is demonstrated in the disease xeroderma pigmentosum

(XP), a rare autosoTal recessive hereditary disease. Such

individuals show an unusually high tendency -to develob skin

)

1]
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tumors on areas that have been exposed to sunlight .
' \

(Friedberg et al., 1979; Hanawalt et al., 1979), and, except

for .the XP variants, the'defect was shown to be associated .

with the inability to excise pyrim{dine dimers from DNA. In
. .addition to XP, a number of other hereditary diseases

&

éonferring predisposition to cancer also appear to invoive’
deficiencies in DNA repair (Friedberg et 31.,‘1979). Because
the present study centers around thé excision repair of
damage in human éells, a brief review of currené knowledge

~

on the enzymology of DNA repair is presented.

~
K

1.2 Enzymgs involved in DNA repair
The Qn?ymorogy of the<excision repair pathday.ih
«f%quaryoﬁes is better understood than in euk;ryétés because
of ‘the better defined ggnetic'sy;tem in the formér, and the
" ease of-isolating various mutants. In cdbtra;t;‘xhe M
idéntifiéétion of gene products awd the physiological
functions aof varieus enz&mes involved with bNA repair in

"human cells have been made difficult by the limited ¢ -
afailaLility of mutants. The most studied mutation is the
one’foundrin the cells of indi}%duaié with XP. Skin
fibroblasts cultured fromvsuch individuals have been-fdund
to be hypersensitive to UV-light, and the defect was later,
found to be in the initial endonucleplytic step (Cleaver,
1968; Hanawalt et al., 1979). Since then, eight genefic |

complementation groups have been reparted (Bootsma, 1978;,

Moshell et al., 1983), all being defective in the initiating

[ 3]
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. =

. __Lhe'basé—sugar bonds of d maged nucleosides in DNA, leaving

- ]

+

.. L . ; ’
incisional event. Consequently, at least eight genes are

phY

believed to be associated, either directly or indirectly,
with the first step of excision repgiys The Lantity and
function of " any of'éhe génes have yet to be determined;

demsnstrating‘the compléxity Sf ghe processes of DNA repair

in human ‘cells. ; ) .

i

. . ‘e ~

1.2.1 Endonucleases

To sﬁudy tﬂe ineisibnal,process, attempts have been
méde‘to purify from mammalian cells an endonuclease that
recognizes pyrimidine diﬁérs. £nitial effort§ produceg
enzymes that recognized photoproduété other than pyrimidine
dimers iFriedbePg et al., 1977; 'Nes Eﬁ'éi" 1978 Waldstein

‘gﬁ al., 1979). Waldstein‘éi al. (1979) reéported the partial
purification of an endonucféase, from calf thymus,-wﬁich Jés
claimed to recognize pyr{pidine dimérs specifically. Further
studies of this enzyme were hampered by its lability/pg
freezing. An estimate of the molecular weightrgf this enziyme
wad npt’poésible because it eluted from gel filtratioﬁ
COlﬁMhS%at or near the voia volume, indicative gf a'high
molecular weight protein complex. To date, no further

‘reportslabout this enzyme preparation have ;ppeared.

Enzymes that initiate excision.reégir in mammalian
cells, but recognize adduets other than pyrimidine dimers,

have been isbié@ed more supcessfully. Thesé are the DNA
’ . .

glycosylases: (Lindahl, 1982), which catalyze the cleavage of




. an apyﬁgmldiﬂlc or apurlnlc 51t§ (AP site). Several
¢
glycosylases that have‘been isolated eg. uracil-DNA

glycdsylase; hypo&ﬁnthinefDNA glycosylase, and 3-

-

.“ ~

P methyladenine-DNA glycosylase, have very similar physical

and biochemical properties. They have a low molecular wgigbt

-

of between 18,000 and 31,000 and have no requirements for
’ any cofactors. They act by simple hydrolysis of the glygosyl

bond, and show a strong preference for double stranded DNA.
Each enzyﬁe exhibits very narrow substrate specifici‘z; E

-

Follow1ng depurination or depyrlmldlnatlon, either
enzymatlcally by’ the glycosylaSes or by spontaneous
&
hydrolySLS, gn'endonuclease acts to cleave the DNA to

. ‘ ‘generate a'nick. To date, only one AP endonuclease has been

reported to exiét in mammalian cells (Lindahl, 1979;

x'_ Lindahl, 1982), which incises on the 5'-side of AP sites to

produce 3' hydroxyl nucleotlde and deoxyribose §' -Bhosphate

termini (Moébaugh et al., 1983) Unlike the corresponding

enzyme in E. COll, the mammallan endonuclease does not have

associated,éxénucleasg activity. The endonucleases isolated
from Hela cells (Kane et gi.,.l981) and othe; mampialian
,tissues iLlndahl 1979) ére monomeric proteins‘with a:

R R molecular. welght of about 30,000 daltons, and have a strict 3

requirement fon”Mg +2 for activity. They have no dct1v1tf

.

B -t .,
with intabt:DNA, or DNA containing pyrlmldlne.dlmers or

-

alkylated nucleotides. The nick left by the action of the
L . ’ ' /) ' * ‘

X ' ) . . L 4
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- - .,involved with‘'the removal and replacement of the;dqmaged-. ~
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.1.2.2 ° -Exonucleases . .

-
3

In E. coli’ -the excision and- polymerization Steps can °
—_— . R
be accomplishedgsimultaneously by a single enzyme, DNA
, .‘ * .
polymerase I %Hanawa}t et al., 1979), which has associated
'exonuclease'activitie;T-Reéently, Spudies done on the*uvrABC

-

gene products of E. coli (suggested that they are ‘responsible

‘e

. for the removal of a 12 .to 13 nucleatide ffagmen% containing.
X ' ’ . ) ) : : . o ’
the lesion, leaving & single stranded gap for DNA polym%rase

I to act on (Yeung et al., 1983; Sancar & Rupp, 1983). I
. addition to pyrimidine dimer%, the uvrABC protein comp)fex
has affinity for other adducts that are "bulky", such%as

. . berrzof a Jpyrene-guanine ddducis, acetylaminofLuo‘bne-CSﬁ'.

guanine adducts, thymine-psoralen-thymine crosslinks, and

psoralen-thymine monovadducts. In mammalian .cells, no v

°

. exonuclease activities have been detected in Purified DNA
polymerases. However,.the excision and polymerization ’
.activities were found to‘opeﬁéte closely together as coupled

reactions (Mprte;mans et al.,.1976; Hanawalt et al., 1979;

Mosbaugh et al., 1983),

v

¢

Several mammalian exonuclea§$s, with hidirectional or
unidirectional activities, have been isolated that can’ -

‘ possibly function in the repair of DNA. The two

bidirectional enzymes are the human placenta
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phosphodiester bon@slof duplex.DNA beariﬁg AP sites
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. corréxonuclease,,gﬁd the DNase V from Novikoff hepatoma i <

cells (Grossman, 1981), The correxonuclease shows 4 sllghp
Vv ~
preference for single.stiahded DNA and can act-on"
' . L RN

phoéﬁhodiestef bonds inteérnal to -denatured or UV-irradiated

. - . ' : -
duplex DNA that .has been incised releas}ng pyrimidine

-

dimers from DNA. The DNase V isolated from Nov1koff hepatoma.
o3

a58001ates tightly with p§1ymerase B wlth a st01ch10metry of

) .
1:4, showe a strong preference for double stranded BNA and

-

digests DNA to produce 5'—nucleoside monophosphates

predominantly (Mosbaugh qt al., 1980). Because this enzymé&

ES

cannot liberate thymlne dlmers from UV- lrradlated DNA, its °

role may be restrlcted to AP-sites that have been 1nc1sed: Js'

However, the DNase V isolated from Hela cells‘(Mosbaugh et +
- s a L

v

al., 1983) can act on UVfir%adigted DNA, ahd can 1nteract

with polymerase B to function in ekcision,repalr.

+ On the basis of substratefspecificipfesy tHEeef‘ ' ‘-

unldlrectlonal exonucleases have been implicated to Eﬁnctlon

- ' .

in DNA repair (Grossman, 1981)., DNase VI, isolated%from’ _' .

rabbit liver,'acts'in the 5'-'»3J direction and??qn extise -
thymine dlmers, relea51ng them In ‘the form of e

ollgonucleotldes. DNase VII and DNase VIII were fouhd ko‘ Y
.co- purlfy as closely aseec1ate¢ proteins from human - ..
placenta, but can pe’ separated ;nto 1nd1V1dua1 enzyMes;

DNase VII dcts in the 3'+ §' direction, hydrolyzing’ te}mdnél

(Grossman, 1981; Hollis et al., 1981). DNase VIII was

mentioned briefly in' two reports by Grossman (Grossman, g

L]
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' complementary sgéhnd.aé a'gemﬁlaée for accurate synthesis.‘

”-
.

-
-

981; Hollis et al., 1981), and was reported to require

hymine:thymidylate mixed dimers for activity, and the

oligonucleotfﬂes were released to generate gaps of

’\.
3,

approximately 10 nucleotides in length in the §'~+ 3'

direction. . . !

-

£.2.3 DNA pblymergses Lo .

After the  generatiom of a gap by the ekpnuclease, a DNA
. . . .

. *

[
A . .,.‘v [y

polymerase folloyé bo;clangthe gap by usiné‘the intact

been isolated andVére well_éﬁaractgrizqufSep&ration !Ld
* ' ~ + .4..."- &

- - B - k.. . . .
_'identification of each.of the fhree’enzymé ,activities is

made possible by their uniqué'resgénsesAtQ Various
inhibitors (Scovassi et al., 1980). For e;hmple, aphidicolin
- - .
only inhibits polymerase a; polymerase 8 is the only one

Y -

.~

pesistant to N-ethylmaleimide; polymerase y can be ”
distinguished from polymerase ¢ by its sensitivity to

dideoxy—TTP, which can also inhibit polymerase 8. Through

.

-

the use of such inhibitors, tentative physfbloéical
functions have been assigned to each of the polymerases. The

cpolymerase is believed to be the major enzyﬁe involved with

.
L]

DNA replication, as replicative synthesis can be inhibited

by aphidicolin -(Scovassi et al., 1980; Weissbach, 1977

DePamphilis et al., 1980; Ciarrocchi Eﬂlﬂl:’ 1978; Pedrali-~

Noy et al., 1980; Berger et al., 1979). Further evidence to

’

substantiate this belief came from observation that

3w

In mammalian cells, three DNA polymetases,..a, 8, and y, have




e

" could {nﬁérveng—to'pomplete:the.gap-fillihg process.

. - .
- N '

polymerase a activity is cell-cycle deépendent (DePamphilis

et al., 1980). However, its role in DNA repair is not quite

L]
-

clear. Most studies have shown ,that repair synthesis can bé
blocked gy aéhidicolin (Hanawalt et al., 4979; Ciarracchi g&
il.,_1979; Berger et al., 1b7g; Miller & Chinault, 1982),
but séme other studiés showed an insensitivity of repair to
the inhibitor (Giulotto et al., 1981; Pedrali—N;yy'e_t_ al.,
L980).‘A recent proposal suégested ﬁhat the involvement of
polymerase o is reiatéd td tbe amount or types of damages
present in the DNA (Miller &_ChI;;L{t, 1982; Cleaver, 19833

Dresler & Lieberman, 1983). Cleaver (1983) further suggested

that if polymerase & is blocked by inhibitors, the B enzyme -

* ]

Work -done on purified polymerase indieated that this

enzyme réquires a gap of 30 to-70-nucleotides in Iengtq‘for

~activity, whereas the | polymerase, although it has >

-

preference for DNA with a gap of about 10 nucleotides,'éan

.

act on a nick (Korn'gi al., 1981}, This led to the'prdposal

that the o polymerase is involved with the, repair of adducts
which lead to the generation of a larger gap, such as UV-
damage, .and the 8 polymerase is involved with the repafr of

adducts that prddupeg nicks, such as methylated bases

(Cleaver, 1983). . ,




o

‘The major role played by polymerase B in the cell is
believéd to be in the repair of DNA (Hanawalt et al., 1979;
Scovassi et al., 1980; Grossman, 1981), either alone or in

conjunction with the w enzyme (Cleaver, 1983). It is a small

enzyme with a molecular weight of 30,000 to 50,000 daltons,
compared with that of polymerase a which has a molecular
weight of 130,000 to 280,000 daltons. This size difference

could be the reason for the ability of the B8 enzyme fo work

on a smaller gap of about 10 nucleotides, and its ability to
~ . .

fiil gaps combletely ‘(Hanawalt et al., 1979; Wang & Korn, “

1980). In contrast with polymerase a, polymerase B activity
in the cell is independent of the cell cycle. More direct

evidence for the ability of polymerase B to function in

repair came from studies on brain and muscle cells (Hanawalt

et al., 1979; Waser et glf, 1979). These cells, being

terminally diffebentihted, have no o polymerase activity,,

. s | v*
but still retain the ability to repair damage in DNA after-

/UV—irradiation. . - ‘

. To date, there is no-evidence for the participation of .

- ' .o
_polymerase in repair (Grossman, 1981; Scovassi et al., 1980; _

Weissbach, 1977). Its.main role appears to be in the ~ "
synthesis of mitochondrial DNA« A fourth polymerase, &, has
been reported to have;associated 3"+ §' exonuclease activi&x

(Hanawakt et al., 1979; Scovassi et él., 1980; Holmes et
al., 1983)J. This enzyme has, yet to be characterized further.

Its physiological role in the cell is unknown. From“its‘

response to inhibitors, which resembles that of polymerase

—

- ) v
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a, it could be another, yet uncharacterised, form of this’

enzyme. {

- . '

1.2.4 , Ligases

The flnal step in the ﬂestoratlon of the 1ntegr1ty of
the duplex DNA 1srthe rejoining of the new syntheSLZed
strand to the pne—ex?s}ing bﬁé by a DNA 1 éase.<The(humber
of ligases present iﬁzﬁammalian cey%s is still an issue of
debate. Irfitial reports claimed that two forms of ligase are

_present in mammalian cells (Soderhall & Lindahl, 1975; B
Soderhall & Lindahl, 1976;‘Cﬁéiss§p-& Shall, 1982). DNA
ligase 1 is the dominant abtiyity in acti?ely dividing cells
and is the bétter'studied one, It has a molecular weight of
between 170, 000.and 220,000, depending on the tlsshe from

] whlch it was isolated. Because this act1v1ty is cell cycle
dependent, its role is beLieved to be in DNA replication.
The other form of llgasé .DNA ligase II, COnstltutes‘only/S

‘to 20% of the total llgase act1v1ty in growing cells,.and

Epngequently, is not as well characterized. It -is separable-

from ligase I on a hydroxyapatite coi#mn, and exhibits
different properties; the ligase I is more stable.to heat,
and to storage at 0°C.than I&gase II; botﬁ have ‘a ;H optimum
of 7 & for ac91v1ty, but ligase I retains 60 to 70% ofjlts
act1v1ty ét .pH 6.4 whlle ligase ‘1i only retalns abouc 10% of
its act1v1ty, there is no cross- reactlv1ty of ligase 1II w1th.

antiserum to ligase I, " Unlike ligase I, the level of' 11gase

II 1n the cell remains unchanged throughout the life cycle

| .

‘e . -
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E)

of the c¢ell, iﬁ?lying a possible role in DNA repair.

e

Additional support for this belief was presented by Creissen
and Shall (1982)'wh6‘demons£;ated a }ive-fold increése in
ligasé IT. activity upon exposure of cells to the DNA
quaging agent, dimethylsulTfate. Abcording to these authofs,
the iécreasé is aptributed to a covalent modification of the
ligase by poly(ADPeriQOSyl)ation. -

The existence of a second ligase in mammalian cells was
questioﬂed by Teraoka g& al. (i979 & 1982)‘and Ohashi et al.
(1983). When these authors “included the: protease inhibijitor,
phenylmethylsulfonylfluoride (PMSF), in the extraction

E ]

buffer auring the purification of the ligase, the minor form
® ' :
of the enzyme, ligase II, was not detected. In this context,

they have presented evidence suggesting that DNA ligase "II

may be a ‘proteolytic fragment of a single species of DNA
- .
‘ .

_ligase. Furtber purification of the enzyme to homogeneity

S . : N
revealed a single polypeptide with a molecular weight of

' . <« 5
130,000 (Teraoka & Tsukada, '1982). They, went on to show that

-
«

any increase in enzyme activity during the cell cycle is due
LY P R b

‘to an increase in the amount of enzyme in the cell, rather

than an 'increase in catalytic efficiency.
Addigional eVidence, forcflsingle ligase in eukarybtic'
cells was prdvided by a study using conditional lethal

mutants of feast that lack DNA ligase activity (Nasmyth,

1979). Such cells are defective in their ability to undergo

-

%
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DNA replicatign and repair synthesis when incubated at the

non—permissive temperature, suggesting that the single form

of the enzyme is responsible for both processes.
In.suéﬁary,’the‘only enzymes that have b%én isolated

which'are known with certainty to participate in excision

repair in DNA ;re the glycosylages.qFor each of the other

steps of the exq}sioﬂ repair pathway‘in'mammalian cells,

several enzymes have been isolated, but it is not known o

which of tﬁese participates in the repair.ﬁrocess. Because

there are no mutants that are defective in any of these

enzymes, definite assignment of roles to .these enzymes 1is

not possible.

1.3 Repair of DNA in chromatin

N

'An incomplete knowledge of the organization. of DNA and
\\’/’/ﬁ}oteins in chromatin, !nd the effect this packaging has on

enzymes that work on DNA, has fhrther complicated the study
. .
v of DNA repair in mammalian cells. Wilkins and Hart (1974)
L] . [
L]

showed that pyrimidine ?imers in chromatin were less

-

accessible to dimer-specific endonuclease than in purified

L3

DNA. Upon exposure to high concentrationd of NaCl, more

sites were made accessible to the endonuclease. Mortelmans ’

»

et al. (1976) confirmed the possible interference with the

~ ’

action of repair enzymes by chromatin structure through the
use of cell extracts made from repair-deficient XP cells.

XP-cell extracts from complementabioﬂ group A were able to

¢

excise dimers from purified DNA to the same extent as - . *

~

.

L9 3




{
1
v
i

'

extracts made from normal cells. However, when the DNA was
’ . 5 A E
in the form of chromatin, extracts from these XP cells could

o

not excise the dimers, whereas the extracts of normal cells

~

N retained the ability to excise dimers from chromatin. This

observation indicated ' that the lesiohs in chromatin were not

.

accessible to DNA repair‘enzymeg in XP cells.™~ano and

Fujiwara (1983) recently qubétantiate this finding that_XP
cells of complementation group A, alo

not deficient in the dimer-specific endonitTease, but are

lacking in certain factors which could be required for <

accessibility of dimers to nucleases. Furthermore, Oha3hi et ’

al. (1983) observed -an inhibition/éf;bNA ligase activity. by,

up to 80% when histones are presentxwith DNA, or when the

DNA and histones are in the form of chromatin. .They then

. )
went on to show that the inhibition could.be alleviated by .
poly (ADP-ribose&) polymerase that had itself been pely(ADP-

ribosyl)ated. . °

[
- 1.3.1- Distribution of repair patches in chromatin
The,DNA'in eukaryotes is organized as a-complex with
histones. In mammalian cells, DNA'segmenﬁs of 145 base pairs

form a nucleosomal core by winding around octomets$ of .

~ . . .
’ histones which, in turn, are joined to adjacent’ nucleosome
cores by a stretch of linker DNA about 50 nucleotides in

= 1 length. The linker DNA is more susceptible to cleavage by

nuc easeslﬁhanlthé nucleosomal core DNA, and digestion by

[4
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such Auclea;es liberates nucleosomes containiﬁg the histone
octomer and the 145 base pair stretchﬂof DNA, still wound -
around the core.

Initial studies of repair in chromatin showed that soon

. ’

) after treatment of cells witqéDNA damaging agents, most‘of

the repair incorporated label was more semsitive to

nucleases than DNA as a whole "(Lieberman, 1982}. It;was

v ‘ felt, at that time, that this was due to the presence of the
repa}r—incorporated nucleotides primérily in the linker
regions of the chromatin. Then, with prolonged incubation, a
rearrangement pﬁocess occurred to distribute the repair
.. patches réndomly between nuclease-sensitive and nuclease-

résiétant regions. The explanation of a biased distribution
of repair patches in chromatin could be possiblé‘fgr agents
that react with linker DNA, preferentially, such as N-
acetoxy-2-acetylaminofluorene (AAAF), psoralens plus long
- | wavelength UVflight, and some methyléting agents. However,
.whén the study was done with UV-light or 7-
bromomethylbenz[a]anthracene which reacts with DNA in both,
the linker and core DNA, the repair-incorporated nucleotides
displayed the same initlal nuclease sénsitivit; (Oleson et
al., 1979; Lieberman, 1982). Although these agents do not
discriminate bétweeh the regions of the chromatin that th?
DNA is in, 80 to 85% of the lesions are associated with the
core DNA‘becauge more DNA is in this region thgn in the

linker region. The assembly of DNA into nucleosome

structures was found to have very little effect on thé rate
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of removal of the adducts from core DNA. In all cases the

L

repair-incorporated nucleotides were more sensitive .to - = .

nuclease digestion than ‘total DNA at the earlx stages of DNA

repair. Subsequent events occur to retdistribute these

<

repaired regions throughout the. chromatin (Oleson et al.,

1979; Zolan et al., 1982a; Lieberman, 1982).

Ay
1.3.2 - Models for nu?ﬁeosome rearrangement
From studies on the distribution of repair patches in
chromatin, two models for excision repair -in chromatin were

»

proposed (Lieberman, 1982). The first involves a sliding.of

M L]

nucleosome core proteins along the DNA during repair
synthesis., Accord}ng to thiéfmodél, removal of adducts’occur
primarily along linker DNA, rende?;ng the newly—incorpofated
nucléotides nuclease—sengitive. A constitutive, or induced, .
sliding of nucleosomai cores along the DNA then occurs\and
eventually, thewrepaired regioﬁé become nucieaseAresistant,
The second .model sugg;sts that an unfolding-refolding
process occurs during repair. The DNA in this model unfolds
and becomes partially dissociated from core histones,
allowing répair enzymes to have access to the damage, and'
also causing the repaiﬁed regions to become nuclease
sensitive. Following the repai; synthesis, a refolding of .
éhé DNA and histones into its originai conférhation occurs
to render the repa}red regions resistant to nucleases. This
unfolding-refolding phenomenon wq;ld occur for damage in the

core regions, but may not have to take place for lesions in



%

the linker regions. Available data seem to imply that

rearrangement occurs regardless of whether the damage is in
?

the linker or core regions. No direct evidence-is available ’
to'support either the sliding or the'unfolding—refolding ' ' N

‘models that explain the rearrangement of.chrpmatin

)

v

"undergoing repair.

1.4 Aim of the study

The approach I h?§e taken to*study the repair of DNA in
N T
human cells was to look at the extent of. excision and
i .
reincorporation of nucleotides into the DNA after treatment

with DNA-damaging agents, ie. the size of DNA repair

patches. The repair patch is the final product of a series

of events that occurs ‘during DNA repair, and by studying the

circumstances that give rise to the defined patch size, one
, .

would be looking at the enzymology of.DNA repair indirectly,

especially the exonuclease and-polymerasé activities. The

-

basic questions that were asked were: (i) How many

+

. N , ‘ .
nucleotides are utilized to repair a single damage site?
i .

(ii) What controls, or regulates, the extent ofiexcision and

reingorboration processes? One would e%pect that. by

replacing more nucleotides than are required for the repair

of each d&magé'gité, the cell could increase the chance of’
miéincorporation of nucleotides by the DNA polymerases.

Studies done on the fidelity of DNA polymerases in human ‘
cells showed that they Copy synthetic templates with gre;t Gt

accuracy (Krauss & Linn, 1980 & 1982). However, when these

»’
N

~
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workers used celis with a finite life span, like human
diploid fibroblasts, that were grown to high populafion
aoubling levels, th; fidelities‘of their polymerases .
decreased; and the level of ‘the o polymerase activity
declined. When diploid fibroblasts of relatively low
population dodbling levéls aré(kept at a confluent state,

not ;nly do=the DNA polymerase activitiesndecliﬁe, bdt these
polymerases incorporate wrong.nucleotides to a higher dsgrée

-

than cells that are growing rapidly. —
To date, two factors have been proposed thag could g&\
influente DNA repair patch sizes. The first was the DNA- ;
‘ damaging agent. It was proposed by Reéan and Setlow (1974),
that simple‘alkylating agents such as ethylmethanesulfonate
(EMS),'mé:hylﬁethanesdifonate (MMS;, and propanesultone, as
well.aﬁ-ionizing‘radiation; induce short patch repair L.
id%olving the rembval ané reinsertién of only 1 66'4
nucleotides. A second class of DNA damagiﬁg agent, eg., UV-

light and NAécetéxyacetylaminofluorene,-produces a long
repair'pagch resulting in the removal and insertion. of 100

to 140 n;cleotides per patch. Hence, according to this

proposal, repair of DNA damaged by &ifferent agents utilizes
either a different set of enzymes, or different regulatiné
factors, and will result in tAe fo?mation of differeA£ :

repair patch sizes. . . .
. Q

A second f;cto¥ that could control the size of the

repair- patch involves the intervention by DNA ligase II in

the excision and polymerization processes. Creissen and

- L4 -

@
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Shall (1982) suggesfed that the Strand'&reaks induced by the
lesion act to stimulate,poly(ADE—riBbéyl) transferase which

then,  add poly{ADP-ribose) units onto DNA ligase TII. This -

. v

¢ I P . .4 " - .
covalent modification of the, ligase functions to increase
- -t R :

the enzyme éctiviﬁy by several fold, and this ligase will
compete.with the e;onucleése and polymerase to réjoin the

newly synthesized strand to the pre-existing one to

terminate the repair process.‘if the inﬁibitor of lhe
pq%y(ADP—ribosyl) transfergse,‘3—aminobenzamide; is present

'gn the cells, the activation of the'DNA Iigase is blocked; .

and the excision-reinsertion processes continue further to

produce: a larger patch size.
A consideration of the.ideas\discussed above led me to
investigate the influence of the factors described above on

the size of the repair pétch. In add fion; éphidicolin was
\ . -

used to examine the role of polymerase in Tepair function

-

in human cells.
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Chapter 2

MEASUREMENT OF REPAIR PATCH SIZES

21



2.1 Ihtroduq&ion

At the-outset of thé study, the dhmper of nuclebtides
inserted to repair each damage site in human DNA was in .°
question.- Several independent measuremeﬁts using diff;ﬁqﬁ;
methods produced patch sizes ranging from about 1 teo 4:
nucleotides up tg 170 nucleotides,idepending on the DNA-
damaging agenpllsed. Regann and Setlow (1974), :sing the
bromodéoxyuriaine (BrdUrd)-photolysis method, arrived at the

conclusion that two classes of repdir, determined by the

c¢lass of DNA-damaging agents used, occur in human cells. The

firét was 'short‘patch' repair, induced by simple alkylating
ag;nts like ethylAmethanesuifsnate (EMS) and methyl
methanesulfonate (MMS), and ionizing, radiation, and involved
an- insertion of 1 to 4 nucleotides per repaired site. Thé
second, 'léng patch' repair, involved'insertion of 100 to
140, and'up‘to 170 (Rosenstein et 95;, 1980) nucl;tzides per
repair patch, and resylted from treatments of cells with
UV-light or AAAF. - ' R
. When measurements were made using the buoyant density
.-shift method, *developed by Edenberg and Hanawalt (i97é), a
patch size of 30 nucleotides was obtained after exposure of
HeLa cells to UV-light. A patch size-of" about 35 nucleotides
was also obtained when an in vitro repair system,ﬁusiné
isolated nuclei, was studied (Smith & Hanaw;lt, L978)H
. Regan an&ﬁsetlow based tpeiy conclusion pﬂat‘alkylating
‘agents were répa%red by a 'short patch'’ mechanism on the
‘linear' relat-i:,‘énship that they observed between éir;gie—

y

J
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. stranded breaks and fluence of 313 nanometer light.

E#aminagion of their data spggested that the small value_for
the patoh size that they obtained with these agents could be
the result of the low doses employed. Furthermore, they
sﬁowed that when low doses of.AAAF, a 'long patch' agen®-,
were used, the rglationship between single strand.breaks and

-

fluence was linear. In essence, the small number of repaired

-

tf}tes, resulting from the few damaged sites, could have been
v
erroneously translated into a small patch size value through
the€ir method of measurement.
Beéause very little'ié known about the details of the
“gpzymoloéy of'DNX';epair in human cells,’it appeared -to be.
of fundamental impo;tance to détermine whether repair of
UV-light damage and alkylating agent damage proceeded by
sufficiently different pathways to yield significantly
different patch sizes.
To study this question further, the buoyant density __

A

shift ‘method was used to investigate the 'long patch' and
. .

'short patch' rgpair ;henomena in human cells. This method
was chosen because the laBoratory was equipped for it,
whereas ﬁhe BrdUrd-photolysis method requires a specialized
-high intensity irradiation unit. |

In the buoyant density shift'method, cells are allowed
?o repair the damage in the DNA in the presence of‘the
densipy label, BrdUrd. The DNA is then isolated and broken

down to a small fragment. size, followed by analysis in a

buoyant density gradient. The small'fragment size allows the
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repair-incorporated éﬁdUrd to increase.the overall buoyant
density of the DNA containing the repair'patches; over that
of normal DNA containing no.BrdUrd. This increase in density
is related directly to the degree of incorporation.of
BrdUrd, and the patch gize caﬁ, thus, be derived.

-

2.2 Materials and Methods

2.2.1 Cells and culture conditions

.

KB cells, a strain of Hela célls (Nelson-Rees & ‘
Flandermyer, 1976), were donated by.Dr.ﬂK.B. Freeman, .
( McMaster University, Ontario. T98G cells of éliobiasﬁoma‘
origig were obtéined from Dr.‘P.C. Hanawalt, Stanford
Univ;rsity, Cal. All cells were growh in Alpha modified
Minimum Essential Medium (Fng laboratories, Rockville, MD),
supplemented'with 10% (v/vi fepél calf serum (Flow
Laboratories, Rockvillé, MD), peniéillin (100 Iu/m;),
streptomycin_(loo gg/hl), ahd tylocine (60 pg/ml). All cells

were grown at 37°C in humidified 5% C0, in air. -,

2.2.2 - Treatment of cells and repaié synthesis

All chemicals used were of reagent gfade and were
purchased from Sigma Chemicals, St. Louis, MO., unless
otherwise specified. All radioactive compounds were
purchased frém New England‘Nuclear, Boston, MA, or from

Amersham,nArlington Hts. IL.

L




The method of Smith et al. (1981) was employed with
slight modifications. Cell cultures containing § x 106 ceqﬂs
were incubated overnight in medium containing [14C]thymidine

(0.0025 uti/ml, 60 mCi/mmol), in 75 cmZ plastic pebtri dishes

to prelabel DNA for use as a normal,K density marker. An hour

[ ]

prior to tﬁeatment,\the medium was changed - to one containing .

.

{G‘ﬁM BrddUrd and.l uM FdUrd.»This is done so thét DNA
replicating units that are alm;sﬁ completed will not be
labelled. For treatment with UV-light, the mgdium was |
nepléced by 1 ml of phospﬁate—buffered saline (PBS), |
follgwed by exposure to 20 J/m2 of UV-light. The source of
the UV-light was a General ElecbridﬁGISTB germicidal lamp
emitting light primarily with a wavelengﬁg/of 254 nm. The

dose of tHeIUV—liéht was determined with a Blak-Ray -

Ultraviolet Meter. Irradiation was given for 13 seconds at a
" gistancé of 12 inéhes with a dose rate of 1.54 J/mz/sec.&

- Other KB cellé,'sihilarly prelabglled were exbosed to 200

.ug/mf of the DNA-damaging agent, methyl mebhanesulfo;;te ’

(MMS), made up in methanoll for 1 hr. in medium containing .
BrdUrd and FdUrd. After these treatments, the cells were

incubated in medium co;iaining 16 uM BrdUrd, 1 ;M FdUrd, and

10 mM hydrbxyurea for 0.5 ht; before the addition of a
',trACer amount of [3H]bhymidine (10‘uCi/m1, 20 Ci/mmole),'gnd \\///
incubégioJ was allowed to proceed for a fﬁéther 3 hrs. for

UV-light, or 6 hrs. for MMS. Following the repair period, a

chase period was applied by incubating the cells overnight’

[}
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in regular medium containing BrdUrd and FdUrd beforee the DNA

was extracted for analysls. This was done to chase arny newly
‘ rd

3 . 3

replicated DNA 1nto the hybrld den51ty reglon

6

T98G cells, although derlved from a’ glloblastoma,

‘exhibit contact lphlBlﬁlon (Stein, 1979). These cells were
grown to confluence in 75 sz petri dishes, after. which the

-
medium was changed to one cog§é1n1ng 1%- fetal calf serum,

bl

and incubation was contanued for a further 48 hrs. Treatmént
of cells wigh UV-light (20 J/m ) and conditlonsdfor repair
synthesis were ag described for KB cellé, with %he'exception
that a 6 hr. repalr period was used after all treatments.
Repair synthesis was allowed to proceed elther in the
presence - of 5[6—3H]BrdUrd (10 pCi/ml, 20,C1/mmole) or .
[Bﬁ]thymidine (10 uCi/ml, 20 Ci/mmole); Dimethylsulfate
(DMS), agother DNA-damaging ageng,'w;s madé up to‘S'mg/ml in «
mebhanpl, aqd when désired, was-éﬂded to the médium to a
concentration of 50 pg/ml. After 0.5 hr. incubation, a 6 hr.
repair incubation and chase was applied as deégribed. To
Provide a normal dehsity DNA marker, T98G cells ,were érowa
separately in medium containlng‘o.l uC{/ml
[32P]orthophosphate for 48 hrs. These cells were then
harvested and pooled'wifh thg UV-treated or'DMSftreated

cells for isolation of nuclei. - 2

-~ -

=y
.
-



Ay

Rl

2.2.3 Isolation of total DNA

For each analysis with KB cells, 3 plates of cell; were
usedf DNA was isolated by a modifiedr procedure of Kirby
(1968). The cells we;e scraped &ff the plates with a rubbe?
peliceman and collécted by a standard centriﬁggafion

‘procedure. The resulting pellet was resuspended in 20 ml of-

5% {w/v) sodium p-aminosalicylate and lysed With 1% (w/v) -

SPS. The lysate was extracted twice with an equal volume of .

phenol reagent (950 ml liquified phenol from Fisher

<

Scientific cempany, 140 ml of m-cresol, and 1.0 g of 8-

: hydroxyquinoline). The resulting DNA was precipitated by the

addition of 2 volumes of ethoxyethanol, spooled onto-a glass

rod, washed twice with 70% (v/v) ethoxyethanol, and

redissolved in 10 ml of SSC/10 (15 mM NaCl, 1.5 mM sodium

\fgﬁrate). ) =

- . D> ! "

©
4

2.2.4 Isolation of nuclei and nuclease treatment

For analysis of nucleosomal DNA, 10 plates of confluent

. e N
T98G cellg,were employed for dMch treatment with eWther UV
- T~ -
ettt
or DMS. The cells were trypsinized off the plates and

» ’

collected -by ceqtrifugation.sIsolation of nuclei 'was
,qccording to the method of Smerdon et als:, (1979). After one

wash with cold PBS; the cell pellet.wasf;esuspehded in co{’
- - ! ’

Nuclei huffer (0.25 M sucrose, 10 mM Trig, pH 8.0, 1 mM’

CgClz), containing 0.5% (v/v) Triton X-100, and homogenized

with about 10 strokes in a Dounce homogenizer, to release

" "the nuclei. The nuclei were collected by centrifugation at

-

»
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3000 x g for 10 mins., and resuspended:in Nuclei buffer

containing Triton X-100, and repelléted. The resulting

¢

nuclear pellet was washed once with cold Nuclei buffer,
without Triton X-100, recentrifuged, and was then
resuspended in § ml of Nuclei buffer.

To digest chromatin, Staphylococcal nuclease

(Boehringer-Mannheim) was added to the suspension of nuclei

-

to a final concentration of 15 units per OD unit. The

260

nuclei were digested for 90 mins. on ice to obtain limited

© -

digestion, or were digested for 30 mins. at 37°C160 achieve

. complete digestian of chromatin. The reaction was halted by

the addition of EDTA to a concentration of 10 mM, and kept
. Al ot ' /‘v)
on ice for 30 mins. {;\
-

pl
-

f.ZfS . ° Preparation of nucleosomal DNA

\

To the § ml suspension of nuclease-treated nuclei, SDS -
*P . <

" was added to a final conggntration of 0.2% (w/v), and

proteipase K (Boehringer-Mannheim) was added to a
concentration of 100 ug/ml,'followéd by an overnight
incubation at 37°C according to a modification of the
procedure'of Smith et al., ®981). The digest was then
extracted once with an equal ;olumé of the phenol reagent
tﬁat had been saturated with TE buffer (10 mM Tris, pH'S.B,
1 mM EDTA). Thq DNA was precipitated by the addition of 0.1
vol. of 3 M sodium acetate, fo}loﬁed by 2 vol. of ethanol,
and Kept at -ZOdC.overnight. Tﬁis DNA was redissolved in 0.5

. . & . .
ml of TE buffer and loaded onto a 6% péiyacrylamide gel, and

o ’



eletrophoresis was carried out until the bromocresol greem

[}
£ * -

marker had just run off the gel.” DNA bands were visualized
by ethidium bromide staining, and the nucleosomal DNA bands
—were cut out amd eluted from the gel according to the method

of Maxam gnd Gilbert (1980). The DNA eluted from the gel was

ethanol precipitated and redissolved in 2.5 ml of TE buffer.

2.2.6 Sizes of DNA fragments

For mechanical shearing, DNA of nor@al density, in, .
SSC/10 or TE buff;r, was broight up to a volume of 10 ml,
'and.passed through aﬁ Amincq shear press twice at 48,000
ps;. The sheared DNA fragments were concentrated by ethanol
precipitation, and were shown to have sizes ranging from -

- about 200 to &Q@'base pairs, but with an overall average
size of 400 base ﬁai;s,dps judged from their electrophoretic
migration in 1.25% (w/y) agarose gel. Refefence markers used’

/ 'wgre preparea;by the Bam HI, Hind II, and Hind III diéestion

ofqthe plasmid pBR322, for which' the fragment si;es are 277,
346, 483 and 3256 base pairs (Sutcliffe, 1978). Refeqenqe
markers used for nucleosomél DNA were digestion products of

pBR322 by Hinf I, producing fragﬁents of 154, 220,.298, 344,

o 396, 506 and 1631 base pairs. Limited digestionwof_chromatin

produced DNA fragments of 160 and 320 nucleétide'pairs.in

length, whereas fragﬁents of 145 nﬂfleotidé pairs were
L . . b

. obtained"frOm'cdmplete—diggskion with the nucléase.

L
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2.2.7 Buoyant density centrifugation _ ' .

To 4.5 ml of DNA solution, 5.9lg of cesium chlqridq
(CsCl) (BDH Chemidals, Toronto, Ont.) was added, mixed, the
refractive index adjusted to 1.3965, and centrifuged in a ‘C
Ti50 rotor of a Spinco centrifugé.at 37,000 rpm for 40 hr. -
at 20°C. The density gradient was fractionated by pumping‘
from the top, and collecting the .39 fractions from the
bottom, with a volume of 0.16 ml per fraction. A 20 ul
sample was taken from each fraction, mixed with 0.5 ml
"water, and assayed for radioactivity by liquid s?intillation

counting. Fractions contaiding normal density DNA (1.7

gm/cms) were pooled and rebanded i a secbnq 3eutral CsCl

F

gradlent. The resulting’ DNA was dlq}yzed oVernlght at 4 °c
against SSC/10, or TE buffer, to remove CsCl, before
fragmentation.

To enhance the 1nfluence of the repélr incorporated
BrdUrd on the buoyant density of the DNA fragments, the, DNA .
was analysed as 51ngle-stranded molecules by centrlfugatlyn
in an alkaline density gradient. To prepare such a gradient,
2.5 ml oé fragmented DNA, or nucieosomal DNA was ' mixed with
an equal volume of double strength alkallne phosphate -
buffer, pH 12.5 (27. 2 ml of 1.0° N NaOH 100 ml of 0.2 M
Na HPO4, made up to 250 ml) A 4 5 ml portion of this . j.'
-':alkallne DNA solution was mlxed w;th 6.2 g of CsCl and

v centrifuged for 72 hr. as before. The fractions were

ollected directly into scintillation vialg, neutfalized




~

with a drop of glacial acetic aeid, and diluted with' t ml of
water before assaying for radioactivity by liquid

scintillation counting.

2.2.8 BrdUrd-induced shift in alkaline CsCl

To determine the relation between the increase in
buoyan% density of unsubstituted and BrdUrd-substituted DNA,
DNA samples containing §, 10, 15 andQZO% BrdUrd were
prepared as follows. Mixtures of BrdUrd plus [14C]thymidine
wére prepared by.mixing appropriate’ volumes of 1 mM
nucleosides to make up the desired percentages. For
instance, iigl of 1 mM BrdUrd was added.to‘9 ml of 1 mM
[}4C]thymidine to make a solution containiné BrdUrd and
thymidine in a ratio of 1 to 9. KB cells which had been
incubated overnight with 0.1 yM FdUrd were released inte S
pha;e by the add%tion of 0.0 volume of the appropriate
BrdUrd/thymidine mixture. Following a 3 hr. incubation, the
cells were harvested and Qh@,bNA‘extraqted és described
earlier. These BrdUrd;suS;tituted DNA samples were
centrifuged to equilibrium‘iq an alkaline CsCl'solution

.- .

along with 100 ug 6f unlabelled, normal density DNA to act
as normal density markers. Centrifugation and ;ractionatioh
Pf £he §radient were as described pseviouslyJ To each
~f?action, 1 ml of water'was added, and the OD260 readings
were taken to determine the banding position-of normal
density DNA, before assaying for radioactiyity by liquid

scintillation counting.
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'incorpQrated by semi-conservative synthesis of DNA,

-synthesis, as shown by the

2.3 Results

2.3.1 Replicative .synthesis after DNA damage

Exa@ples of'neutral buoyant density profiles.of DNA -
obtained from KB cells treated with UV-light or MMS are
shown in Figs. 1A and 1B, respectively. In each.caSe, two
DNA peaks are present; the unreplicated DNA of normal.
density, and the replicated DNA of higher density contéin%ng

[}

one normal strand and one BrdUrd-substituted strand. In this
figure, as. with all others hereafter, the higher density
region of the gradient is on the left side of the graph.

. Although a substantial amount of [3H]thymidine was

-
-

treatment of the cells with DNA-damaging agents, along with
thé presenée of hydroxyurea, act to suppress replicative
14C-brofi£e. The smaller amount
of semi-conservatively repli;ation seen aféer treatment with
MMS, as cémpared with UV-treatment, is due to the higher
dose of the DNA-damaging agent employed. The breseqce'of
tritium in the_unreplicgted DNA is the operational
defiﬁition of repair replication.

When T9&8G cells we;e grown to confl;ence and kept in -
mediungontaininé.l% serum, the amount of replicative
syntﬁesis was negligible after exposure to UV—light (Fié.
2). For this analysis, a sample of bﬁA tﬁaé had undergone
repair synthesis was subjected ‘directly to an.alkalin; ‘~

buoyant density analysis. All the tritium label was found



2

Figure 1.

— - £
-

~

Ne;tral buoyant—deésity profiles of
DNA from KB cells'allowed to repair
their DNA followihg treatment with 20
J/m% UV-light (panel A), or 200 pg/ml
of MMS for 1 hr. (panél B). The
brackets show the fractions at normal °
DNA'd;nsity'that were taken'for
re;anding: O, '.3H-r'epair- label ; @,
14C—pﬁélabel:

A ~
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Alkaline CsCl centrifugation of high
molecular weight DNA from UV-
irradiated «confluent T98G cells.. @,

3H—repair label; O, 32P—pr‘elabel.
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associated with normal density DNA, indicating that all the

label incorporated }nto the DNA was associated with repair
replication. Hence, a preliminary centrifugation in neutral
CsCl to separate r%pair labelled DNA from any DNA labelled
by sémi—cqnservative replicatiog'was not necessary. This is
important pgcause,the small fragment size of the nucleosomal
DNA does not allow easy-quaration'of‘semi—conservatively—

synthesized DNA from repair-synshesized DNA in a neutral

“
i

CsCl gradient.

2.3.2. 'ngpir patch size measurements
DNA from KB cells-that were treated with UV-lighﬁ or
MMS and contained the repair-incorporated BrdUrd was
separaﬁed from DNA that was substituted with BrdUrd, and
reduced to an éverage frééﬁent’size of 400 nucleotide pairs
before banding in an alkaline CsCl gfadient. The N
‘sedimentation profiles are shown in Fig. 3. The centre’off

mass of each peak was determinéd by totalling the

radioactive counts in each fraction, and then locating *he

s -
-

point where 50% of the total radioactivity was reached. The
‘density shifts due to the repair incorporation of BrdUrd
were 2.5 fractions for UV-light treatment, and 3 fractions
éor MMS treqtmeng.

The banding positions of DNA containing 5, 10, 15,'énd
20% BrdUrd, relative to normal density DNA, were determined

(?ig. 4), and a straight-line relationship between banding

position and BrdUrd-contdht was obtained. This gave - a




ir

Figure 3. Alkaline buoyant-density profiles of -
. M & 0
sheared DNA from normal density
fractions. Panel A, UV-light; Panel

B, MMS. O, JH-repair label; @, ‘4c-

prelabel.
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Figure 4.

Banding positions in an alkaline

cesium chloride gradient of DNA
. N o
samplésgy&?h different :degrees of -
| ) ' .
BrdUrd substitution. The optical

density profiles in each case .
represenﬁAunsubstituted DNA. The
14C-profiles represent BrdUrd-

substituted DNA.

-,
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'dgnsity shift of 0.3 fractions for each percentége
substitution by BrdUrd. The density shift of 2.5 to 3

" fractions for repaired DNA indicaées that 8.3 to 10% of the
thymidine in the DNA fragments was replaced. by BrdUrq/ The

average single-strand fragment size is presumably 400
nucleotides, and, thus, the average'repéir patch contains 34

to 40 nucleotides. '

LY ”
. ! N
. .

-

2.3.3 Influence of DNA fraghent size on density shift
‘Limited digestion of éhé chromatin of confluent T98G
cells by S. nuclease produced DNA fragments éf different,
but narrowly defined sizes (Fig. 5) from.whibh.the 1@0 and
320 nuéLeotide pair fragmeﬂts were isolated. When these )
fragments, containing the repair;inco'$;réted BrdUrd, were
gubjected to buoya?t density shift’'analysis, 'a shift of 2
fractions was obéerved with the 160,nucleotide pair
fragmentz as detefmined by the comparison of the centreé-éf
masses of the DNA- profiles, while a shiftAof 1 fraction was

.obtained ‘'with the 320 base pair fragment (Fig. 6). This

pr?vides a pleéSing v;lidation of the anticipated linear
increase¢ inm density of repaired DNA, due to the BrdUrd
content, as the fragment size is decreased. Unfortunately; a
patch size.eét;;;te cannot be made f;om thesé data because
‘confluent %986 cells discriminate between thymidine and‘
BrdUrd; in favour oé the former_(émith et al., 1981), And
the extent‘éf the substitution by BrdUrd into the repair

’ ‘

patch is not known.




over BrdUrd, repair of DNA in T98G cells after UV-light

.

2.3.4 Analysis of . reépair in nucleosomal DNA

In the attempt ﬁo overcome the selecti?iﬁy of thymidine

treatment was allowed to occur in the presence of

[3H]BrdUrd, rather than the [SH]thymidine/BrdUrd mixture, to

_label the repair patch. Total digestion of chromatin

producéd DNA fragments of 145 base pairs, and when thi% was
subjected to alkaline buoyant densdity analysis, a density
shift of 4 fractions was obtained. This translates intq a
patch size.of 20 nucleotides (Fig. 7). The same patch size
of 20 nucleotiﬂés was~obtained‘wﬁen T9&G cells were treated
with DMS (Fig. &8), aliowed to repair in [3H]BrdUrd, aﬁd
analyzed\with nucleosomal DNA.

g  Smifhl has récently found that in confluent T98G celfé,
aqd in African,green.monkey cells, but not in diploid human
fibroblasts, repair incorgoration of [3H]BrdUrd increases

)

with the concentration of BrdUrd in the medium and he has

established an empirical relationship between these values.

.

At the BrdUrd concentration used in this study, 16 uM, the

incorporation is 45% of the maximum. The repair patch size

values reported for the T98G cells are, therefore,

L]

‘ underestimated by a factor of ~'2. After correction, the

patch size value of 40 nucleotides' is the same as that

found for KB cells that were treated with UV-light or MMS.

1 \ e s ' :
Personal communication, C.A. Smith, Department of-
L]

Biological Stiences, Stanford University, Stanford, CA.
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Size analysis of DNA fragments'
obtaihed by diéestiop of nuclei with
Staphylococcal: nuclease at 0°C. The
DNA* fragments eluted from the é% ‘
polyacrylamide gel were analysed in'a
1.25% agérosé gel. Lane 12 HinfI
digestion fr;gments of pBR322 with
their sizes given in.béée pairs. Lane
2; Staphylococcal nuclease digest of
total nuclear DNA: Lanes 3 and 4; the
320 bp and“160 bp fragmenés obtained
by elution from the polyacrylamidé

gel, . .
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Figure 6.

Alkaline CsCl centrifugatién of 160
and 320 bp DNA fragments prepared by
nuclease digestiodlof.nuclei'from
UV-irradiated confluent T98G cells.
Repair took place in medium

containing a mixture of [3H1— .

‘thymidine plus BrdUrd. @, 3H—repair

label; -0, 32P-prelabel.,In panel A -

the size of the DNA-fragments is 160

-nucleotideéi‘in pénel B the size is

320 nucleotides.
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Alkaline CsCl centrifugation of 145 -
\

bp DNA‘%ragments'prepared byingclease, ’
digqstioﬂ~of_nuclei f}pm uv- ) -
irradiatea conflggﬁt T98G-cells.-

Rgpa;r toég place'iﬁ-medium ) ; . :
coritaining L}HJdeUrd. The s{}e‘of’

the DNA fragments is 14535 nucleotides.

.,- 3H-}'epair‘_lal_)el; o, 32P-
R

prelabel,

-
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Figure §.

Alkaline CsCl centrifugation of
nuclease prepared DNA fragments from
confluent T98G cells that had been

treated with 0.4 mM DMS. Repair took

place in medium containing -

. [3H]BrdUrd. The size of the DNA

fragments is 145 nucleotides. @,

3H-r'epair' label; O, 32P—prelabel.
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2.4 Discussion

The buoyant density shift method of Edenberg and
Hanawalt (1972) wasiused to measure the size of DNA repair
patches -after treatment of cells with DNA damaging agents,
and to stud& the 'short patch' and 'long patch' repair
mechanisms proposed by Regan and Setlow (1974). Expoéﬁ}e of
KB cells to UV-light or MMS produced a patch size of between
35 and 40 base pair;. The short~patch'repair pathway
postulated to be involvéd with the repair of methylating ‘
agents was mot observed. If present in the cell, the ;hort
patch repair system, .involving 1-3 base pairs, may not be
detectable in the presence of the larger repair patch system
involving 35-40 base pairs. The application of.the buoyant
density shift method by others to measure ;epair patch size
after treatment with other agents, eg. anéeiicin and black
light irradiation (Kay et al., 1980), methoxypforalen plus -
black light irradiation (Kay et al., 1980), acetoxysafrole
(Phillips et al., 1981), AAAF (Zolan et al., 1982b), and
furocoumaﬁ@ns and long wavelength UV-light (Zelan et al.,
1982b), produced sizes of between 20 and 25 nucleotides. In

v

all the above mentioned studies, no evidence for a small

patch size repair mechdnism was £hown. ]

Reassessment of the patch size induced by MMS and EMS :
using the BrdUrd-photolysis method produced .values of K
between 40 and 25 nucleotides'(Spfder & Regan, 1982; Francis

et al., 1981). However, these authors ‘did not rule out the ~

¢



existence of a short-patch component. Nevertheless, these
newer findings tgrow some doubt on the existence of a short
patch repair pathway.

Earlier application of the BrdUrd-phofolysis technique
generélly yielded higher estimates for the size of the
repair patch, induced in mammglian cells by UV-light -or AAAF
(Regan & Setlow, 1974; Rosenstein et al., 1980), ranging
from 100 to 170 base pairs. However, more recent
applications of the BrdUr@—photolysis technique have yielded

. /
patch size estimations in the range of 40 to 69)ﬁucl¢otides
for the repair of UV—light damage {Fran;is et al., 1981;
Snyder & Regan, 82). | .

The estimation the repair patch size using the
buoyant densi@y method is based on the maximal incorp;ration
of BrdUrd into the repaired region, and the small size of
the fragﬁented DNA. Sonication (Smith et al., 1981) and
mechanical shearing, used in this study, were used to reduce
-the size of the DNA. Because the resulting DNA fragments
have a beterogeneous size distribution, the patch size
estimate is based on th:/iyé?aée fragment éize. Hence, it
would Qe anticipated th&t a more accurate{patch'size
estimate would be obtained by using DNA fragments with a
narrowly defined size, and the sensitivity could~ber;
increased with a smaller fragment size. Treatment of %ffican
green monkey DNA with the restriction endonuclease éfﬁd 111

-

produces a homogenous population of DNA, called o DNA, with-

L3

a fragment size of 172 base bairé (Zolan et al., 1982b), but

v

$3



it comprises only iSiﬁo 20% of the monkey cell genoﬁe and is
*not transcribed. Repair of cértain adducts in a DNA was _
found to occur at a lower level than—in buik DNA, eg. repair
in a,DNAlgfter treatment with furocoum;rins and long
wavelength UV-light was only 30% of that in bulk DNA, whilen
;epair of' DNA treated with AAAF was 60% of that ih-bulk DNA.
In spite of this characteriétic, the rep;ir patch size was

found to be around 20 nucleotides in length.

An alternate-method for pr;ducing DNA fragments with a
homogeneous size distribution, and small fragmént size, ‘is
to digest chromatin witﬁ Staphylococcal nuclease. The p;tch
size eétimape made on these 145 base pair fragments was_the -
same as that made on sonicélly produced fragm?nts and on -
DNA, which is about Zoﬁnucleotides.

%he question of whetheﬁ repair occurs primarily in the
linker.position éf the chrom;£in, or in the core region as
well, is still under investigation (Lieﬁetman, 1982). In the
protocol of repair patch size stud;es, a ;épa;r pe;iod of 6
h?s., followed by an overnight chase in non-radioactive

-

medium was employed. Rearrangements of the chromatin tuo

L4
a2

distribute repair—inc@réiﬁ%téd nucleotides throﬁghout the *
chromatin (Olesen et gl.,{ig79; Zolan et éil,‘19823;
‘Lieberman, 1982) would ha;e-oecured, arid patch size
measuheméhts using éopé DNA would be representative -of

‘5 repair in total chrgmﬁtin. The fact that the patch size

obtained was similar to that. obtained when bulk Dinwas
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analysed after they were sonicated to give a fragment size

of 200 base pairs (Smith et al., 1981), would indicate that

no bias was intyoduced by aqflyzing the core DNA only.

Recently, PFeadon et al-, (1983) reported that the

-répair éatch size in 7DNA after treatment of African green

monkey -cells with aflatoxin B, or MMS was about 10 -

nucleotides, while that in bulk DNA was about 20

: hublebtides. This smaller patch size with ¢ DNA was not

observed when these cells were treated with some ‘other
dam?ging.égenés'iike-UVrnght. The }qult,suggests that
different r;éaif pathways function in'the two DNA specieQT‘
. _ | :

altaough'the sh%rter repair patches are not mandéteé.by the

e

Structure of DNA and could represent two or more size
- ' . . ™)

’

dlés§;s of repaiq:patches.\Whether-these two classes exist

in Human cells remains to be determined..

_'To date, the factor., or faetors,?tha£ regulate the size
. . , g
.'?f repair patches is not known. One possibility is the
-étructurai orgahizatidn’of cpromatin which cculd.limﬁg the
fgpair.incorporatioq,uor the restriction could be';laced by

the inherent .limitation’df the repair enzymes, as suggested

by the studies of Wang and Korn (1980).
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v .Chapter 3

POLY(A PJRIBOSFL)ATIdN AND DNA REPAIR

e
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3.1 Introduction

]

One aspect of DNA repair that has generated much
interest has eeen the involvement of polY(ADP—rlbosyl)atio?
in repair. boly(&DP—ribose),is a homopolymer of repeating
ADP-ribose units linked through ribose-ribose (1"-
2')glycosidic bonds (Mandel et al., 1982). The polymer is
the result of ehe enzymatic transfer of the ADP-ribose
moieties of NAD, with the concomitant release of the.
nicopinamide ﬁoieties, to a groyihg.chafn of ADP-ribose‘
unite, and is. catalyzed by poly(ADP r1bose) synthetase, or
polymerase. This reactlon occurs in the nucleus and the -
acceptors for this homopolymer are various nuclear proteins.

Several hypothesis have been formuléted regarding the

<

roles of poly(ADP-ribosyl)ation in eukaryotes, including'an,

involvement in DNA repllcation,<cell proliferation and

. chromatin structure. A substantial number of reports .on the

stimulation of. poly(ADP-ribose) polymerése by‘DNA-damaging
agents have also implicated a role in the repair of DNA
(Mandel et al., 1982). A number of such seudies have
employed the nicotinamide analog, 3-aminobenzamide (3-ABJ),
which inhibiﬁs polykADP—riBoseL polymerase. An observ&tion
from these studies was that repair synthesis in celle

treated with dimethylsulfete (DMS) ‘'was enhanced by the

presence of 3-AB (Durkacz et gl.,'l98l; James & Lehmann, °

1982). Durkacz et al. (1980) and James and Lehmann (19§2)
?lso measured the rate of repaieuof alkali-labile lesions in

DNA following treatment of cells with DMS, and showea that

¢
[}
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& conclusion from these observations was th

~ »

the repair of such lesions was.suppressed by 3-AB. The

the ligation

n

step in the excision repair process wag somehow inhibited.
Creissen and Sha}l (1982) sub;equently providea direct
evidence for the hypothesis by,showiné haf, following - o
treatment of L1210 cells with:DMS,.the activity of partialdy
purified DNA lig;;e II was increased 5-f¢ld over that in |
untreated célls,‘and that this increase was prevented'by 3-
AB. Frém'such findings, they proposed thét poly(ADé—

ribosyl)ation was necessary for the stimulation of DNA

ligase II in the repair of DNA, and that in the presence of

‘* 3-AB, ligation was inefficient and the .repair site would be

held open for more nucleotides to be inserted, resulting in
a larger patch sizé; Hgnce, acco;ging to this proposal the
size of the repair patch is negulated by the ingervention of
the .DNA ligas? to termi;ate the excision—polymerizatio;"
process. " |

To test thiﬁ hyﬁothesis,'l have applied the buoyant
PN ) .'

density shift method to sfudy the influence of 3-AB on the

size of the repair patch that results from the treatment of

cells with DMS. : : ‘ ’
3.2 Materials and Methods . ' ) ‘ ‘
3.2.1 éélls and culth£e conditions

v
L
.

T98G cells were used and conditions for growtli were .

" described in Chapter 2 (section 2.2.1).
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3.2.2 Measurement of repaif synthesis and patch size
'The method employed is'desgrEbed in Chapter 2 (section
’ . v, ‘
2.2.2), with slight modifications.* Fg

studied, three, 100-mm Petri dishe exe tised.
\Briefly, T98G cells were prelabelled by g?owth medium _
. . v

. The

cells were then allowed to grow in isotope-free

24 hr. when confluence had been reached. The medium was
changed to ane containing l%'feta} bovine serum (FBS) and

- incubation was.continued for 48 hr. One hour prior to™= .«

tredtment, BrdUrd (16 wM) and FdUrd (i uM) were added to the
cultures. When:desired, 3-AB was present with the BrdUrd and

FdUrd at a concentration of 5 mM. This pre-incubation with

3-AB is to .ensure that its effects in the cell is maximal —_

when repair is initfated. DMS dissolved in, methanol was
. N

added to the cultures to a final concentration of 0.4 mM.

Fifteen minutes later, [3H]—BrdUrd (10 ud’/ml, 20 Ci/mmol)

was added along with hydrbxyurea to 10 mM, repair was

allowed to proceed for 6 hr.,.then an overnight chase in

isotope-free medium kl% FBS, 16 uM BrdUrd, 1 uM fdUrd) was -

2

allobed. Irradiation of T98G cells with 20 J.m™% of UV-light

and repair incubation were‘as.describgd in section 2.2.2,
and [3H]—BrdUrd (10 pCi/ml? 20 Ci/mmol) was employed to
‘label the repair patches.

DNA was extracted as described in sectjon 2.2.3 and -

PR

processed by neutral buoyant density centrifugation as in

section 2.2%7. The normal density DNA was then sheared,



- counts that* banded at the bottom of the density gradicent is
this increased repair incorporation was due to an ingrease

:direct.measurement of repair patch size was made by the

centrifuged in an alkaline CsCl gradient, and the size {f

the repa%r éatch was determined as ,described in:sectioﬁ
2.2.7 and 2.2.8. : a - R N
-

3.3 Results

Confluent T98G cells were treated with DMS and were
allo@ed to repair their DNA in the presenge or absencé of
3-AB. DNA was isolated from these cells and was banded in s
neutral ce§iuﬁ chloride (Fig. 9) iﬁ order t? separate DNA ,}h__

3

containing “H-BrdUrd-as-a result of semiconservative
synthesis from that labelled by repair synthesis. The figure
shows ‘that the amount of nehly synthesized DNA with a hybrid .

density and banding at fraction 10 is negligible whether ji

-~

AB was present or not. However, the extent of ‘répair

replication occurring in the presence of 3-AB was 1.6 times

that occurring in the absence of '3-AB. The peak oﬁ'frp—

-

due to RNA that had been labelled With 32?. Tq determine if

-

‘ 2 . s
in the number of nucleotides ‘inserted per repair site, a

4 .

buhyant density shift method. DNA from the repair peak from

each gradient shown:ﬁ{F&g. 9 was pooled, sheared to an

-

average‘fragment size of 400 bp and banded in an alkaline

Y

cesium chloride gradient (Fig. 10). From the data presented ’ ‘

in Fig. 10A and 10B it was calculated ‘that the size of the
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Neutral cesium chlaride gradient

analysis’ of DNA from DMS-treated T9&G

‘cells. T98G cells, prelabelled with

32?, were exposed to DMS and allowed
to repair for 6 hr. in the absence

(Banél'A) or p}eéénce (Panel B) of ~

ES

3-AB. O, 3H—.r*epair label; @, 32p_

prelabel.
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Figure 10.

,.Alkalinercesium chlorigde reband of

$

bl

‘normaiqdensity DNA which was

E

mecanically sheared to an average
%

fragment size of 400 bp. Panel A, DNA

“ .
from DMS-treated cells which were

allowed to repair in regular medium.

Panel B, DNA from DMS-treated cells, -

which were allowed to repair in

Y

‘medium containing'3-AB. Panel C, .DNA

-~ v

from UV-irraHiated.cells that were

2

allowed to repair ih regular medium.
O, 3H-r‘epair label; @, 32?-

prelabel,

r
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repair patch formed in thé absence of 3-AB was- 35

- —

ﬂpucleotideéhwhile that in the presence of 3-AB was 27

%,
.

nﬁblegtides (see section 2.3.2).

- z

As parﬂ of this same experiment, and as a kind of

- ~

i internal rtontrol, the size=ofvthe repair patch féfmedmdgying
repair of UV-light damage was d;termined. The alkaline
cesium chloride sedimentation profile for this measurement
is shown in Fig. 10C. The pagch size calculation gave a
value of 44 nucleotides,

3.4 'Discussion

Direct measurements of the size of the repair patch

-

synthesized in the presence of 3-AB did not show any
increase in the number of nucleotides incorporated, as
predicted by James and Lehmann (19§2), ;lthough an increase
in repair replication was observed. Hence, another
explanation of the phenomenon was needed. A reasonable

alternative is that the number of repair sites was

increased. However, since it was found by Walker et al.

TR T R T T e RS

(1984) that, the removal of the methylation products in the 6
E‘ hr. period, during which repair replication and patch size
measurements were made, was not altered by 3-AB, this

possibility must also be discarded.

In a recent study, Jacobson et al. (1983) found that

ARETATERRL R Che wan a ol

repair replication of UV-light damage was-inhibited by

-~

deroxyurea, but in the simulbanequs presénce of hydroxyurea

and 3-AB, there was no- inhibition. Thus, when the latter

P Rwrete M RS

1
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result was compared to the former, an apparent increase in
L . -

repair replication was obtained. All of the investigations,
including ours, which reported an increased repair. -
‘replication due to~3-RB have employed hydroxyurea to

suppress residual\§?miconservative synthesis, and this

appeared to offer a clue to the explanation of the 3-AB

effect,

Howe;er, when repair incorporation after treatment with
ADﬁS was measured in the presence and absence df'both
hydroxyurea and 3-AB, either singly or in combinaﬁ;;;, it
was observed that the presence of S;AB iﬁcreased repair
incorporation regardless of the preseﬁcg‘or ébseﬁ;; of
hydrox&ufea (Walker et al., 1984). Hydrox&urea alone caused“
a decrease in repair incorporation. .

These curious results strongly suggested that the'
enhancing effect of 3-AB on repair incorporation observed
here and by gther investigators can be explained by some
kind.of nucleotide pool phenoﬁenon. Sims et al., (1983) have

-

reported that when cells are treated with a methylating

[

agént, ATP levels as well as NAD levels fall dramatically.
The presence of 3—Aé prevents the faill in levels of both
metaboliﬁes. It is, therefore, reasonable to suspect'that
the levels of DNA precursors woula b;xbiﬁﬁggent in DMS-
treated cells in.the presence or absence of 3-AB and'this
would affect the amount of labelled precursbr'incorporated
durigg DNA repair. This idea could also explain the sﬁaller.

;
repair patch size that was consistently obtained for DMS-

”




treated cells that have repaired their DNA in the presence

»

nf 3-AB,‘ie., a value of about 30 nucleotides in the

presencg of 3-AB and of about 40 nucleoti@es in the-absenig_‘_
9f 3-AB. However, the method is not sufficiently sensitive

fo distinguish unequivocally betweenlthese two‘values.

Cleaver et al. (1983)‘have}neported that 3-AB did not

. , -
alter the rate at which 7-methylguanine and 3-methyladenine

were removed frnm the DNA of CHO and.HéLa cells. Howgﬁfr, -

3-AB inhibited de novo synthesls of purlne and pyrlmldmne

nucleothFs from the 1- carbon pathWay. This flndlng was
cons1dered\to reflect a more genefal disturbance of
nucleotldé metabollsn’whlbh wouldlegplaLn the apparent ‘L
. stlmulatxon of répalr re;llCatloh by 3-AB. f!'c |

More gecently,'MlLan qnd tleaver (1984) éhowed that 3—
y ..

AB not only 1nhLb1ted boly(ADB rlbose)-polymerase, but also

‘N : ey :
affected cell. yuablllty, glucose métabollsm, and: DNA & ;j’y
\ ; . . -5 )
synthesxs"ﬂenééq any effect of 3 AB en DNA repalr coq d - '1
’l, }'q 4 I ’I ’1

very well 3% the:ﬁesulb oE lndr%ect effects of the.. N

A .
. i d L4 'ny

inhibition on othér cellukar process;s_ T \ \_v
.. :‘r i / . '
The repart by Crélﬁ&&ﬂ and/Shpll (1982} that DNA ligase
? ‘ *
IT could be ley(ADP rlbole)ated and actlvated 5n DNA-:
\ - : l,

damaged cells was not supported by ‘the fihd1n%s of Ohashi et
al. (1983) The presence of the llgase Iﬁ in the cell was

\
not observed by the latter authors; A.b w&s it found by

Teraoka et al. (1982), thereby casting gome doubt on 1tE\
existence (gee also section 1.2.4). To further characterize

the role of poly(ADP-ribose) in DNA repair, Ohashi ég al.

-



'4

ya

—~—

" reaction mixture alleviated the inhibition. .Almost total

athe poly(ADP-ribose) pokyme;asé. Similar results were

. polymerase, “arid ‘that this enzyme-Bound polymer was the

little stimulatory effect on the DNA ligase.

‘-
2

> - e y ‘ N v
(1983) studied the enzymatic act1v1ty of DNA ligase in Qhe

presence of ‘histones a?? chromatlg, and the influence of the

poly (ADP-ribose) polymer on the, enzyme activity.-The '~

L]

—~

'presenze of histones ih the reaction mixture resulted %n the
_inhibition of DNA ligase agtivity, eg., 7.5 pug/mf cf histone
H1l - or whole histones led to. an inhibition of activity of 80%
or 40%, respectlvel;, and almost compiete 1nh1b1tré:x2¥ ‘
llgase ‘activity was observed with 10 ng/ml histone Hl or 25
pg/ml total hlstones This 1nh1b1€10n was .dependent on the L

relative concentrations of hlstone and DNA. Addition of freq. 4

long-chain (average of 25 residues) poly(ADP—ribose) to the

recovery of the ligase activity was obtained when the
concentration of the long—Qhéih polymef was IO:times_that of
histones. This stimulation of the activity of DNA“ligase -was

also obtained when the pélymer wa5rsynthesfzed in sNtu by

obtained when reconstituted chromatin was used as the

substrate for DNA ligase. °

-
e

The intengsting’obserQation was made that the long- '

chain poly(ADP-ribLse),‘thé activator of DNA ligase, was

found to be exclqsivef} bound to pbly(ADP—ribose) - ’

;ctaal form’of.the activator. Short-chain (ADP-ribose)

.polymers, either in monomeric or 6ligqmeric forms, were
~ . - . -. ’ . .,
found ®o be mostly'associated with histones, and had very

2
LY
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« On the basis\%f this work,'Ohashi et al. (1983)

proposed a model in which the poly (ADP-ribose)’ polymerase,,

. in-response to the strand-break in DNA, synthesizes the

logg-ch&in poly(QDP—ribese) on itself af the site of the
.‘ ’ . + —_\
‘breakage. Because of its afflnlty for strand breaks, the,

poly(ADFLrlbose) polymerase would link the DNA llgase to the

damage 31te5 and the activator-function. of the enzyme -bound
-~ -

polymer would- allev1ate the 1nh1b1t10n of the DNA llgase-
o

act1v1ty.by the histones. It was further proposed that-
"$,poly(ADP—ribosej:fbeing a polyanion, could also act by

'locally neuf}aliziﬁg the_positive cherée of the histones,
- R

v .

.and thus,. Joosenjng ;he_DyA-histonejiqperactions.

Relaxation “of the'eﬁrom&tin structure by poly (ADP-
. * . L]
ribosyl)ation.ha; been demonstrated by Poirier et al.

. (f982) '$hrough‘the‘use of electron microscgpy, these -— .
° . -

authors showed that under high ionic strength condltlons (75

mM NaCl), nucleosomes take .on -a cqndensed and comge_te

‘ \'structure. However, polynucleosomes ‘that were poly(AD
rlbpsyl)ated remalnéd relaxed and extended It was ¥ -
suggeéted 'on the ba51s oflgheqe observatlons, thatn s .

> .
poly(ADP rlbosyl)a‘.bn could prodube a relaxatlpn of the

‘chromatln organlzatlon, render1hg the damaged DNA more’

L ]
\

accbsslble tb repair enzyme o u > ‘*. o
pir_onzyasry o

LY

\. In CODClUSlOﬂ, dlrecﬁfreagupements of the-

. & Q B

(1982) that1the présence of% AB in tpe cell wo,ld pﬁbduce a*
L AN .
larger repq}r patcﬁ Furﬁhermohe, removdl of Jesiong was not
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itor, suggesting that.

. > ' ’ -
: * enhanced in the presence of the inhib

- . : . - . [] r ’
. . the  observed: increase in repair replication could be the€

resilt of altered endogenous nucleotide pools.
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- DNA ﬁEPAIR IN THE PRESENCE OF APHIDICOLIN
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:played by polymerases Gand B. The commonly used 1nh1b1tors

1979). Thd use ‘of 8phld10011n to examine the role of

4.1 Introduction

» * -

~ . . - ,
Inhibitors of.DNA polymeragse have been employed in the r

study of the‘'enzymology of DNA repair in human cells;, and

‘ ) ) . ' . ‘
the results have created a controversy concerning the roles

v : -

have been aphldlcolln and cytosine arabbn051de, both
inhibitors of m polymerase and, dldeoxythymld;ne, the only

inhibitor of polymerase 8 avallable (Scova551 et al 1980)
) A Y o

DNA polymerase B has been reported with greater consistenqy

to-have a role in the repair of“DNA (Cleaver, 1983; Dresler

& 3 C

& Llebermany,L983 Giulotto -& Mondello 19&1; Hardt g& al.,

1981, Ml@'rr & Chinault, '1982; Pedrali-Noy & Spadari, 1980;
Seki et al., 1980; Spadari et al., 1982; Wase:« et al., -
polymerase a in DNA repair has produced confllctlng results.
Several studies have 1mp11cated polymerase ain qhe repagr

process_by demonstrating a sensitivity of DNA repair'to

aphldlcollﬂb(Bergen et al.; 1979; ClaFS!CChl et aI., 1979, o0

‘ Cleaver, 1983,1kﬂ11ns et al., 19825 Dresler & L1eberman,

-~

1983; Hanaoka et al., 1979, Snyder & Regan,'1981 Snyoer &
Regan, 1982). However, -other studies have sh0wn an =~ o B
c Py . y) bk

.-1nsen31t1vxty of DNA’ repaim to aphldlcolln (Glulotto &-, . .

Mondello, 1981 Hardt ét 9& R 1981 Pedrali-Noy & Spadari,
1980; Sek} et al., 1980; Sbadarl et al., 1982),s implying .

that the main repalr enzyme is.a non- polxmerase probably

- [ -

‘ More receht studies using aph1d1col1a, cytosine -




" Lieberman, "1983; Miller & Chinault, 1982).‘

£

‘ . Cad - l' 3 * : ll . ’
. results obtained fromZwork done in vitro and in vivo.

A Y

, arabinoside, and dideoxythymidine, gither .individually or in
combination, ylelded results that suégz:t the participation
P

of Sbth polymerases in DNA repair, de
used; and the dosage*® applied (Cleaver, 1983; Dresler &
s N

ding on the agent

’ P ]

e 2
. . - L "
EnzYmatic studies, done on purified o and B polymerases

revealed that the Eormer enzyme requires single-stranded

gaps of 30- 60 nucleotldes in length for optlmal act1v1ty,

. - &

but ‘can only polymerize fragments ‘of 20—40 nucleotides in -
length (Korn et al., fgﬁlji'Unlike a polymerase, the 8 o

.

enzymé can work on nicked DNA to incorporate about 15

. . ] .
nucleotides per nick., but is most-active on gaps of about 10
nucleotides in length, and is capable of filling gaps to |

completion. ) :

The reported findings on the effects of inhibitors on
DNA régair in the cell, and the iﬁ vitro data on purifieg
DNA polymerases, prompted me to,investigéte,the size of the

repair patch in DNA in human cells in the presence of

- LR '
~aphifticolin to see if there was agreement between the

o }x [ ] . -

* A

’
-

4 .2 Materlals and Methodé -"‘ ) CAC

» ~

~ - . . . e

KB cells were used *in this study, and were ma1ntalned“~v

as described in septlon 2.2.1. Repa1r synthesis was.
performed'hs déscrfbed'iﬁ section 2.2. i; with slight

modlfxcablons. Br1ef1y,'ﬁB cqlls were prelabelled by growth

&
_in medium contalnlng 0.4" uC1/m1 32 P orthophosphate for 48
. +

[} > ’
4




T P4 ) o . 0’ ' .
.

- , hr. For each condition studied, §, lbO—mm Petri dishes of .
/ .
cells were used. After prelabelling, -the cells were grown
' ‘ t v
for a further 24 hr. in isotope-free medium. One hour prior

to treatment, BrdUrd (16 uM) and FdUrd (1 uM) were added to

-

p the culture. Following ‘an incubation period of 45 min.,
. - aphidicolinl, dissolved in DMSO, was added to give a final

concentration.of 3 ug/ml. This pre-incubation with
. -

aphidicolin is to ensure that the Polymeraée a in the cell

"is maximally inhibited wh&n‘repair processes are initiated

—

. after DNA-damage. Control cells received an equal amount of

. DMso ﬂfihal concentration of 0.3%). Treatment of cells with

s,

20 .J/m? of UV-light or dimethylsulfate (DMS) were as

. . described in section 2.2.'2. Repair incubation was performed
. . \- ) . , . e v
with growth medium containing 16 uM ®rdUrd, 1 M FdUrd, and

- - [3H]thymidine (10 wCi/ ml, 20 Ci/mmole) for 6 h#. and in the
absence of hydroxyurea, Hydroxyurea was 6hit§ed to eliminate

‘aﬁy influence of altered nucleotide pools on the repéir-

" incorporation. At the end of the'repai; period, BrdUrdeés\i\\
added t; a concentration of lbo‘uM to.ﬂildté t;e enddgeéous

. vpoblléf [SH];hymidine; and incubation waS'prtihued for a

1 e

further 30°min. An overnight chase period -was allowed in’

isotope-free medium containing 80 wM BrdUrd and- 1 #M FdUrd.

v

+

. o L The aphidicoljn was a generous gift of fhpefialfCﬁeq;cél ST

’ Industries, Macclesfield, Cheshire, SKI0 4TG, Englandi - . -
‘ o : SR ’ . - :
L / . [} - ' ) - .“ : ) . " ‘ - "

. - : - s 7 -
: - r - S .
~ . . . - '§ . ) -




- .

size.

s

" The DNA was isolated and banded in a neutral,cesiﬁm. " -
cRloride gradient (gection i.Z.3 and 22217). Fractions .

contaiﬁing ‘unreplicated DNA {vere pooled and sonicated, at
a .
_setting T,'wiéh } Branson model W-350 sonifier equipped with

a micro-probe. The -DNA solution was cooled ‘in an ice bath

A

and was sonicated for 10, 2-minute intervals, with a | .
minute pause in between. This treatment\reduéga the fragment
size to an average of 350 nucleotide pairs, as judged by - -

electrophoretic mobility in an agarose gel (section 2.2.6).

‘The fragmented DNA was then rebanded in an alkaline cesium

£

Qghlpride gradient for the detérminatién of repair patch ..

’*

-

Four platé§ df KB cells were used for the untreated
controls.-The_cells_Qere prelabelled as described for the e
treated cells. They were then preihcpbated for'45 min in

medium coikaiding 16 M BrdUrd &nd 1 uM FdUrd, after which 3.

aphidicolin in DMSO was added to 2 of the plates (3 ug/m}

final concentration), and DMSO was added to the oether 2

(0:3% v/v final cqncenbbaﬁion), and incubation was allowed

to. proceed for a further 15‘min/ [3H]thymidiﬁe (1 pyCi/ml, ZOZ!
A ; ’ . 2

Ci/mmol) was éhen added, andrhfﬁer a 6 hr. ipcubation
pepio?,.ﬂuof the piatesvof cells, one with aﬁhidrcolin and
orie witﬁouth were subjeqfed‘go aﬁ ofeéh{gﬂt chase périod,-;s
dpscribéd'previgﬁsly.'The othef'ﬁwyéplaﬁes of ceilé.;;re .
iﬁ&édia;ely'harﬁesfed, ;nd'the DNA‘éitr;c;ed.'Ih;'Qﬁx from -
all four samﬁ;e;‘ﬁas:suﬁjéctedfﬁo a s%pglé neutrai.ésCI o

, gradient analysis;' . ‘ a..‘

. ‘. . ) .
' hd . . a. ‘ N - . * N M /
. - A ’ ' » - . .
- El .
[
'



4.3 Results

- substituted DNA with a hybrid density: However, in® the
- P . .

4.3.1 Synthesis of DNA in the presence of aphidicolin
Neptrél buoyant density profiles of DNA synthesized in
N
the absence or presence of aphidicolin are shown in Figs.

11A and 11B, respectively. When DNA synthesized in the

‘absence of aphidicolin was°isol§téd immediately aftér.thelé

\
¥

Hr..incubation period, it sedimented in the denser region of
the gradient (Fi%. llA),'indiéatiﬁg that, replicative

syn%@ésié had éccurred-normally to produce deUrd—

»

presence of aphidicolin, replicative synthesis was partially
v T . . - L

.

inhibitgd, and the BrdUrd that Qas ‘ificorporated was only

sufficient to pﬁoduce a snfall increasé in buoyant'density
(Fig.. 11B). | : L

M v, o . P . - y

= When an overnight chase period wa's employed following

the % hr. labelliﬁg,period' ﬁhe tritium that, was

1ncorporated in the presence of aphldlcolln sedlmented at

the hybrid dens1ty reg1on of the gradient (Fag. 12). When no

FE. . 3

aph1d1collp\was present, the majority of the tritium label -

S

‘ R » . . . i
: ‘ * 4 woes e
.

was found at the hybrid dbnsity region, -and the rest at a

-greater density, indiéating that a. second round df DNA'

synthe51s in BrdUrd had begun. These results obtalned with

»

aphldlcolln show that in a repair expgrlment@,unless an

overnight chase period .was allowed,"some of the tritium

found in the normal density peak could have resulted from

- .

incorporation intb nascent DNA. T . '

.
e,

76
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e ra
v N '

Eﬁggct AE éphiaicolin on replicative
synthesis._KB.ceils that were |
.érelabelleg withlgzP were‘incubatgd
for-§ hf;'ig-[3u]thymidine and BrdUrd’
in the'absenég (panel A) or presence’
}(pane1,§3'95ﬂ3 ug/ml aphidicolin,
after“&hich'the DNA.was e¥::acted'and
subjeétéd gp neutral 'CsCl gradieat

analysis. @), SH-repair label; O, .

( ?szprelabel.

-

LY
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Under the conditions employed, 3 pg/ml of aphidicolin

-'was effective in reducing the incorporation of tritium by

about 95% (Figs. 11 and 12), in agreement with‘previously

reported~findings (Hanaoka et al., 1979; Ikegami et -al., - .
1978; Spadari et al., 1982). When the aphidicolin wés o
removed, and DNA s&nthesis re§umed during the overnight
chase periéd, there was no further increase in the‘amount of
label incprporatedlinto hybrid density DNA. This indicated
that the 30 min. incubation period with 160 uM BrdUrd just

prio! to the rémoval of the aphidicolin, followed by a chase

.in *80 uM BrdUrd, had diluted the [3H]thymidine pool in the -

cells sufficiently so that no further incorporation of label

" occurred dpon the removal of the inhibitor.

32

(- . '
As illustrated in Fig. 11A, the P distribution shows

e

"that about 15% of the DNA had undergone replicative

synthesis in the 6 hr. period. This proportion of replicated

.
14

DNA increased to about 80% when the cells were allowed to

incubate overnight in the presence of BrdUrd (Fig. 12A). In

. 2

- the presence of aphidicolin, the 3P distribution shows that

no significant amount of DNA was replicated in.the 6 hr.
incubation pefioﬂ (Fig: llB).'However, upon the redioval of
‘ - b - —

the inhibitor, followed by an overnight chase, apout 65% of

the total DNA was found in the region of the density

]
H

' gradient which corresponds to hybrid DNA (Fig, .i2B).

Flnally, exposure of KB cells to DMSO or aphidicolin
plus’ DMSO did not, of themselves,'produce any damage 1n the

\
DNA s& as to induce repair 1ncorporation.

79
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Figufe 12. Eff;ct of a chase period on cells that
""had synthésized Dﬁe';n the pré;gnge 9%
| aphidicolia. KB cells wer; treéted as

- ~ in Fig. .1, an8§indgbatea further

overnight in the absence of

[3H)thymidine and aphidicolin. The DNA
was extracted and centrifuged ig

" neutral CsCl. ", 3H—r‘epair label;

. é), 32P-pr‘e-label. Parel A,$n6 .

. aphidicolin; Panel B, with

aphidicolin.
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4.3.2 ' Repair; of UV-dight-damaged DNA in the presence of

aphiéfcolin

.
A

- Neutral buoyant den51ty gradlent proflles of DNA.

-obtalned\from KB cells that were treated w1th UV—llght, and o

L

allowed to perform DNA repair in tge presence of

s aphldlcolln, are presented in F1g 13. The 32P ‘profile

indicates that irradiation’ w1th UV~11ght reduced the levels
of replicative syhthesis from about 80% (Fig. 12A) to about
13% (Fig. 13A). The amount of replicated DNA was reduced .

further, to about 5% when repair synthesis was pecfbrmeﬁ in

the presence of aphidicolin (Q}g.,l3B) A’farthen indication
P

of the 1nh1b1tory effect of aphldlcolln is that tlhre amount

of trltlum 1ncorporated into hyhgid dens1ty DNA was reduced

- .

. by about 90%. From these observations, we ‘know that the 'f

aphidicoiin was enteringdthe cell‘eﬁd'affecting the cellular -

replicating systems: _ . ' 0T —

- . .- R
When repair incorporatiaon was examlned .aphidicolin- dld ‘

L]

!
not* affect the amount"f tritium incorporated into tﬁe

normal density DNA, as ‘illustrated in Figs. 13A apd.l3B'
(note the different scales). The ratios of 3H‘cpm to 32? cb;

- were 0.56 and 0.55 for the DNA repaired ig the absence.and -
presefce of the 1nh1b1tqn, cespecglvely.,‘ . o

' 1

K

The fragmentation of the DNA down.to an average .size of

L

©

<

%350 base pairs allowed the repair—incorborated,BrdUra tio’

. L . . a

increase the buoyant density of the DNA ffagménte containing -

the repa;; patches, and from these data, tHe rebalr patch .

[
P

é
. size can be derived (sectlon 2.3.2). Flguref lﬁb and. 148

R .
. .
' o . .
- ’ N . .

-
q
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1 * Figure 13, -Neutral CsCl' gradient profiles of BNA R
e ’ from KB cells that were treated with

20 J/m? UV-light, and allowed to
. '{/ .. repair their DNA in the absence (panel

A) or presence (panel B) of 3 ug/ml

aphidicolin. The DNA was extracted ¢\

‘ . ~

after an overn}ght chase period. @,

, “H-repair label, (O, ““P-prelabel.
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show the sedimentation profiles of repaired DNA relative to*
normal density DNA in an alkaline buoyant deﬁEIby\gradient.

In the absence of aphidacolin, the difference between the
) e .

centres of mass for normal density DNA and repaired DNA is

2.2 fractions; for repair in the presence of aphidicolin,

the difference is 4.5 fractions. These values translate into
Jrepair patch sizes of 26 nucleotides, for reépair done in the
absence of aphidicolin, and 53 nucleotides, for repair ddne?

in the presence of aphidicolin.

A

+4.3.3 - Repair of DMS-damaged DNA in the presence of

-

aphidicolin . , \

<

.+ When DMS was uéed-as“the damaging agent, aphidicolin
again caused‘an'increase in the size of the repair- patch
(Figs. 15A and 15B). These density shifts translate into
repair patch.sizes of 29 and 70 nucieotides in the absence
and presence of‘aphidicolin,.respectivély.a

Thé incorporation;hy replicative s&nthesis of 3H into
hybrid density DNA, in the presence éf aphidicolin,
following tﬁe exposuﬁe of ceils to DMS was suppfgssed by 90%
(data not shown){'as'had been observed with UV-treatment.’
Repélr synthesié following_DMS treatment was also aepressed
by aphidicolin. The rétios of 3H cpm. to 32? cpm in the
normal gensity DNA Eeaks were/l.55 and 1.14 in the absence
and presence of the/{ﬁhibitgiﬂ'respegtiyely, which
corresponds to a reduction in repair inéofporation of about

30% (data not showﬁ).
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Figure 14. ‘Alkaline buoyant-density profile:of
sonicated DNA from KB cells phat:weré

exposed to UV-light and allowed to .
repéir their DNA in the absence (panel
A} or presence (panel B)‘oﬁ' .
’ . aphidicolin (3 ng/ml). Arrows iﬁdicate'
the centres of mass of'e;cﬁ popuiation

of the fragment DNA. @, 3H-repair'

‘ label; Q, 32P—prelabel.
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Figure 15.

.

-

Alkaline buoyant-density profile of
’ - 2
sonicated DNA from KB cells that were

)

exposed to DMS and allowed to repair
[ 4

their DNA in the:absence'(panel A) or
v ) L . : )
presernice (panel '‘B) of aphidicolin (3

pg/ml). Arrows indicate the centres of .
mass of -each poﬁdlafiéhao? fragmented . ’ ///
DNA. @, 3H-repair label; O, SZp-

prelabel. .
/ o



59

H3IEWNN,NOILOVY 4

oc- . ol
A

dae(0) Hg(e) WD IN30N3d




L LR e A

i L elh o G LY

2y

4.4 Discdssion \\

L3 ’
The observation that repair of DNA lesions in the
- e ]

‘presence of aphidicolin yielded patch sizes that are about

twice those formed in the~ab3ence of the inhibitor was

unexpected. It was anticlpated‘that the a polymerase would

be -inhibited by the.presenoe of aphidicolin, snd whatever

repair synthesis that was present in the DNA would have been

performed by polymerase B8. Because the 8 enzyme can

polymerize a stretch of 10-15 nucleotides (Korn et al.,

'1981:), the resulting repair patch in the presence of

aphi‘olin, was expected to be of. that size.
An .explanation for a larger patch size when repalr was

performed in the presence of aphidicolin could be

formulated based on the report of Pedrali-Noy and Spadar1

(1979) These authors, using purified enzymes demonstrated

that the polymerlzlng rate of the @ enzyme was decreased by

the presence of aphldicolfn, whereas the B polymerase was

-’

immune to this inhibition. Hence, with a slower rate of
- [ 4 .

polymerizatiqﬂ }& the presence of the iphibitor, the .

exonuclease could continue to excise the DNA beyond its

v

usual limit,. to generate a larger gap which could be filled

1n by the g polymerase, eventually, as suggested by €leaver .

(1983), or by a polymerase, followed.hy B polymerase. The

repair process is then terminated. by the 1ntervent10n of the
]

DNA ligase. - . , ' - :

80
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According to'this model, and under the conditions used

for damaglng the DNA :in " the cells, the o polymerase plays a .

~ prominent role in repair functlons, as suggested by Dresler -

and Lieberman (1983) who showed that the level of
participation of polymerase a increased with increasing

doses of Uy-light. Th{s model further suggests that the size

of the repair patch in DNA is determined by the relative

rates of the excision and polymerization process:, ie, after
L)

the generation of a gap, the DNA polyﬁerase will fill in the
gap and catch up to the slower-acting exonuclease to

terminate excision. A factor that could act to slow down the

. :
action of the exonuclease could be the requirement fqr the

DNA to unwind and unfold from the chromatin beﬁore repair
can écpur (Liebermph,.f982).

In contrast'to,fhe findings reported by others (Snyder
& Regan, 1982;_Cleawér, 1983; Dre§le; & Lieberman; 1983),

. . ]

aphidicolin did not cause any reguction in repair

~

iqcorbdration of label after exposure to UV-light. This

- »°

could be erroneously interpreted to mean that the

saphidicolin-sensitive polymerase a is not involved in the
‘ -

-

répair of DNA. However,. the finding that aphidicolin caused

" an increase in tHhe repair patch size, And knowing that the
. ,

.Ainhibitor is specific for o polymerase, suggests that « .
polymerase wés involved. An~implicat§pn‘from tHis study is ,

v .
that the extent of incorporation of label 1nto .DNA may not

‘always be an'accurate reflectzon of repair events in the -

‘presence of inhibitors.
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"repair patch size, after UV-treatment and in the presence'oﬁ

-

The lack of an observed incrgpse in the level of

repair incorporation to correspond with the increase in

. . ~
aphidicolin, could be explained by the finding of‘Snyder‘and

Regan (1981). These authors reported thaﬁ aphidicolin blocks
v ! ! . « .
the removal of pyrimidine dimers in cells that were exposeJ.

to UV-light. Thus, the number of reﬁair events could be

.decreased in the presence of aphidicolin to compensate

- numerically for the increased incorporation into each repair
. . - . LR ]

patch. In a similar vein, the number of repair events.
following DMS-treatment could be suppressed to a greater

degree by aphi&icolin to produce the observed 30%.decrease

4

.in repair incorporation’. ' )

Collins (1983) presented a model for the action of
aphidicolin in which ‘the inhibited polymerase o acts more
slowly, and allows the exonuclease to produce a largeﬁ gap

than usual. He predicted that a larger'repai% patch would be

formed, and the experimental results described in sect}ons

4.3.2 and 4.3.3 bear out his prediction.. The model described  -%
id this’discussion, although an elaboration of Collin's
model , was formuiatéd on the basis of actual repair patch
size measurements. '

Finally; whgthe; the K% celis\were treated wiéh pV— :
light'or.DMS, the sizes of ‘the repair patches formed were
practically the same, ie. 26 nudleotides and‘29 nucleotides,

respectively. This suggests that, apart from the initjial

incisional event which is known to be catalyzed by




* | v ' . ) ’ as

. M "l ' ‘ ) -
different enzymes 2 43 UV-damage and methylation damaéét\éhy’///’——\\\\_

{

.t . o . : 7,
enzymatic g#frocesses involved 'in the repair of various

lesions are the same. This concept is further strengthened
by the finding that aphidicolin induces similar inc¢reases in
. .

the size of the repair patch for both DMS and UV-damage.
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\ ' .o ' . *
The buoyant..density gradient method of Smith et al. .

)

(1981) has prévidéd a way to study the enzymology of DNA

! ’ )

. ‘..
‘repair and its regulation in human cells. .It was first
proposed by Regan and Setlow (1974) that the size of the
repair patdh in DNA was dependanf on the DNA-damaging agent

used (see section .2.1), implyiﬁg.the participation &f

different enzymes in the repair of les'io‘n,! produced by
different DNA damaging agents. As discussed in sections 2.4

and 4.4, the application of the buoyant density gradient
. "

technique in thi's study has shown that the repair patch size
. . ~ . ’
is indepentient of the agent used to produce the lesion.

Another factor whiqﬁ could }egulate the size of the

3

repair patch size waé proposed by James and Léhmann~(1983).
. . , .
' These_ authors suggested that the intervention of ligasé 11

in the excisfon‘and”polymeﬁization,ﬁrocesses determined the

N -

%rtent of the-replacement of ducleot%des during excision
repair. They further éugéested that in the presencé of 3{AB;_

;an inﬁibito; of pol;*ADP—rfbose),polyﬁerase, the DNA ligase~
would ‘remain inactive, due to the absencé'éf poly(ADP- ,..
ribosyl)ation, and the resultifg patch size would inérease

. . . . ) e )
.because -the e;cision—pélymerization eventé could continue.

uninterruptedly (see section 3.1). Once again, 'the use of
. / o * .
the buoyant density, gradient method to measure the size of

the rEpair'bétcﬁ directly has disproved.this'hfbothesis (as

discussed in section 3.4). The repair’ patch size produced in’
. . -
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the presence-df 3-AB followiqg‘treatment‘of the cells with

DMS was the same as that found when -repair was performed in
the ‘absence of the inhibitor. '

-

The use of aphidicolin, a specific inhibitor of DNA
polymerase: «, has providéd é clue to the regﬁlation of the
excision repair prdgess.(seé\section 4.4). I; the presence
of this inhibitor, a larger repair patch size was found,

suggesting that the decreased rate of polymerization allowed

the exonuclease to generate a larger gap than usual, which

. 1

‘ was filled eventually by DNA polymerase d and/or B. Hence,

the extent of replacement of the nucleotides during excision

repair depends on the relative rates o6f excision and
. \ N

polymerization {as discussed in ‘sectibrn.4.4).

s

The application of DNA polymerase inhibitors to the
study of DNA frepair in mammalian cells has resulted in d

several slightly different proposals on the roles of

-

polymerases «a and B in DNA répair. Miller ,and Chinault
L .
(1982) reported that polymerase B was the primary enzyme
. .
utilized for the repair of damage induced by bleomycin or

- . (
neocarzinostatin, while the a enzyme functioned more

. -

prominently on damage resulting from N-methyl,N'-nitro, N-

nitrosogqfnidine or N-nitrosomethyl urea. Cleaver (19§3)

suggested that polymerase o worked mainly on bulky . adducts

.

in DNA. In the presence of inhibitors, the a polymerase
could terminate synthesis prematurely, and the resulting
siﬁgle:stranded gap could then become the substrate for the 8 ’ .

enzyBeé. Cleaver further suggested that DNA polymerase B8




could be the more prominent enzyme in,the repair of

"alkylated bases, producing shorter ;epair,patches. However, \ o
Dresler ;nd Liebermad (1983) proposed that the B polymerase

was the major.repaif enzyme when the doéagg of DNA damaging

agent applied.is low. With increasing doses.of the DNA

damaging agent, the level of participation of polymerase «a
. , .

- -

would increase.

- The finding that aphidicolin increases the repair patch
size, and knowing that this inhLbitor is specific for‘
polymerase a (Spadari et al., 1982; Lonn & Lonn, 1983), | :
shggests‘that_tﬁé a énzyme is involved in the repair of DNA. *
On the basis of this obsefvation, and those of Cleaver
(1983) and Dresler and Lieberman (1983), and along with the
studies of Korn et al. (1981) who have delineated the
substrate tequirements for polymerases & and B, an alternate
model onh the roles of the o and 8 polyﬁerases in DNA repair
is presented.‘Ihmédiately.afteﬁ treatment of cells'with low
doses of UV-light or DMS, a damage-specific endonuclease =~ * -
w@il prodiice a nicg at the éite of the leéion. This then

becomes the substrate for an exonuclease which will pr&%eed

;}o generate a single-stranded gap. As soon as a gap of about

.

10 nucleotides is produced, this becomes the optimal -

substrate for lymerase B which could fill the gap to : -
. / . N

completion (Korn et gl.,71981) and displace the exonuclease.

The whole process is then terminated by the rejoining of the "

newly synthesized DNA to the pre-existing strand by a DNA

ligage. However, if the dose éf DNA-damaging agent applied
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produced a large number of lesions and hence, more single--
stranded éaps than can be handled by the 8 ;nzydé, the
exonuclease could continue excising without fntebruption.
Eventually, a gép s%;e of about 30 nucleotides will result,
and thfs in turn becomes the optimal substrate for
polymerase a (Korn et al., 19él). Because the enzyme lacks
the ability to fill gaps* to completion, a gap of about 10
nucleotides is left which then becomes the ideal substrate
for 8 polymerase. Th; 8 enzyme completes the polymerization,
and the ligase terminates the repqiﬁ propess.'Supqort for
this contention has come from the report of Mosbaugh and
Linn (1983;, who used a reconstituted system to show that

.large gags produced by DNaseg V could not be filled to
complétion by polymerase o alone, but could be if‘the_B-
polymerasé was added to -the reaction. Hence, at high doses
of DNA damaging agents the m;jor role‘of polymer;se B would
be to complete the filling in of gaps’that were initiated by
the « polymeqase: Tge B8 enzyme would probably not initiate
polymeriZation at many of the gaps génerated by the.
exonuclease bedause of the greater polymerase & activity in
cycling'cells (Falaschi % Spadari, 1977), and alsq,}tsh
decreased affinity for gaps of 30‘nuc1e6tides in length .
(Korn et gl.,’1981). This proposal can.explain the dose-
dependent pqrticipation of polymerases o and B in repair as
suggested by.Dreslér and Liebgrmaﬁ {1983).' The events that
occur beyond the iqcision step, comprising ex;ision,

polymerization catalysed'by the a and B enzymes, ard -
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ligation, must be rapid because it is difficult to detect
;zséif—related strand breaks by centrifugafion (Snyder &
Regan, 1981) or enzymatic techniques (Cleaver, 1983). This

rapidity is further emphasized by the fact that the

exonuclease would have ‘about a 30 nucleotide head start on

the a polymerase, yet the size -of the repair patch is close
to 30 nucleotides.

This model agrees with that of Dresle; and Lieberman
(1983) - in that the 8 énzyme is the maj§£ repaif polyﬁerase
under conditions where the dose of DNA daméging agent is

low, and with increasing dosage, the level of participation

-of a polymerase increases. The model presented here differs

in that it calls for the participation of the 8 enzyme to
¢

- complete the repair patch that was initiated by the a

polymerase. This model also predicts that‘with a small
number of ‘damage sites and the soie-participation of
pblymerase B, the size of the repair patch will be smaller
than’when o polymerase is required to repair a larger number
of‘damage sites.

One feature of the model is that the B polymerase takes
over to complete the gap-filling process froﬁ the ©
polymerase and still dées not leave a single-stranded region
that can beée" readily detected. To achieve éuch cloge
cooperativity, it could be poésible that the two enzymes
exist ;s part of a dissociable multienzyme.complex, similar
to the replitase complex desc;ibed by Reddy and Pardee
(1980, 1983). It would, thus, be of interest to see if a

-try
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similar. complex, or even the replitas®e complex, is involved '
in the repair of DNA in human cells. It whould be of further

interest to determine if polymerase B is required to take-

over the synthesis of the nascent DNA from polymerase o
during cellular replicative synthesis, as in vitro studies
of the & enzyme would indicate (Korn et al., 1981; Ikeda et

al., 1980). iu .

It has been Qoted by Chan gﬁ al.. (1976) that the'level
of repair replication declined as myoblast cells ..
differentiaped into myotubes. It was further obsefved that
lymﬁhocytes exhibited increases’in repair funqtions when
they were stimulated to andergo proliferation by stimulation
with phytohaemagglutinin (SQudlero et al., 1976). These‘
nobserva?ions suggest some corrélation exists betwéen-the
abiljty of a cell to perform DNA repair and its ability to
carfy out replicati;e synthesis. This cogld be due to the

. ‘ !
decreased level of activity of the a polymerase in resting
S . .

cells (Falaschi & Sbad@ri, 1Q?7). If so, whatever repair

. , synthesis that océurg in these terminally différentiated
- 4

cells would have to be méiniy carried out by the 8.
. . : f

4 R - v .
polymerase, along with the residual level of the ¢ enzyme.

The a, polymerase could be present in different forms as was '

reported by Krauss and Linn (1982). A possible consequence
of this limited rgpair'capability is that the cell would

have to leave -a portion of the lesions unexcised in the

-

genomg . Presumaﬁly, for the cell to survive, these lesions

would have to be in the part of the genome that 'is not

) | :
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‘it eould equally be more\accessiblé to DNA repair enzymes

‘the DNA in eukaryotes, is required. ’

' ) « . .

transcribed into functional proteins. This allows the - “
AY . . N < \
enzymes involved with DNA repair to concentrate on the o

removal of adducts from the regions of the genomefthét are

.y

- Nt - -
essential for the production of proteinssw The finding that.
. . 3

. i o
the organization of the chromatin is different’between
actively transcribing and non-transcribing regions

¥

(Weisbrod, 1982) could facilitate this selective excision of

adducts. Because the structural organization of  the,

chromatin of actively transcribed genes is more susceptible

to digestion by pancreatic DNase I than is bulk chromatin, =

[

than bulk chromatin. As discussed in section 1.3, the

masking effect of lesions in DNA b;-the structural

3
>

organization of the chromatin has been reported~by various

L3

investigators.
For the above-mentioned preppsals to be elucidated, a
better understanding of chromatin structure and , ‘>

organization, along with that of the enzymes that work-on

”

~ ,
a S
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