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Rase excision repair of DNA and factors that affect DNA incision

2

{n human cells were considered in this study.

Treatment of alkylated HelLa cells with 3-aﬁinohenzamide, an
inhibitor of poly(ADP-ribose) polymerase, increased the number of DNA
strand breaks bué did not slow down their rejoining by DNA repair.

Therefore, an increase in DNA incision, not a decrease in ligation,

results from the fnhibition of pol}(ADP-ribose) polymerase in

alkylated cells. This is consistent with recént findings by others

that suggest that Eépair-patdh fféqﬁency {s increased {n alkylated

cells when polyADP-ribosylation i{s {nhibited.

Apurinic/apyrimidintc (AP) sites were measured in Hela cells by

digestion of cellular NNA with Escherichia coli endonuclease IV, an. -

AP-gpecific endonuclease, prior to alkaline elution. The .ahsence of

nonﬁspeclfié~endonucLegsé_activixy allowed endonuclease IV-sensitive

AP sites to be detected with the sensitivity of conventfonal alRaline

elution. Cells that were alkylated with dtmethylsﬁlféte, but not

benzo{a)pyrene diol epoxide, contained AP sites that were repalred

‘along with DNA single:strand breaks during a post:alkylgtion'recbvery

period. In addition, alkali-labile sites (that hecéme single-gtrand

breaks fn the presence~of alkali) other than AP sites were resolved in

-

dimethylgulfate-treated cells by, comparing the rate of elution of

’ . -

endonuclease IV-digested DNA at pH'12.1 and pH 12.6. Alkall-la%l}e

\
sites were also observed {n benzo(a)pyrene diol epoxide-treated cells.
. - ’ . '

However, these alkali-labilesites were not sensitive to endonuclease

IV, and hence are not AP sites. “

'
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According to the base excision repalr model, the sequential
action of DNA glycosylases and AP endonucleases is thought to lnitiage
the repair of DNA base damage . This moded was tested in y-irradfated
Hela cells by endonuclease fv-coupled alkaline elution. AP sites were
detected as a transient DNA repair intermediate {n y-irradiated cells.
This approach i{lluminated the operation of base excision repair in
human cells by demonstrating the transit of ionizing radiation-induced

base lesions, most of which are unknown, thro:gr this pathway.

L.
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I1f I have learned anything about science,

{t was from 'my friend Kaney Ebisuzaki.
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Chapter 1

GENERAL INTRODUCTION



,1.1 DNA damage

Cells can survive constant threats to thelr genome. Spontaneous
DNA damage as well as damage from chemical and physical agents in the
environment constantly challenge the integrity of cellular DNA.
Consequently, organisms have evolved'processes for the tolerance,
reversal and removal of damage in their DNA (Friedberé, 1985). Studies
of DNA repair mechanisms in bacteria have been greatly alded by the
relati{ve-ease with which mutants.in putative DNA repair genes have béeﬁ
obtained. This luxury has Aﬁt yet been realized with culturgd mammalian

cells. The focus of this study is the removal of damage from DNA in

mammalian cells.

1.1.1 Spontaneous DNA damage

In addition toVDN& damage from externel agen;?, the chemical
instahility of DNA and the cellular eavironment {tself also contribute
to alterations In DNA. Spontaneous hydrolytic reactions such as
deamination, depurination, and depyrimidination occur (Singer any
Kusmlerek, 1982). Deamlnaélon of cytosine ;rbduces urac{l {n DNA, and
similarly, the deamination of adenine and guanine produces hypoxanthine
and xanthine respectively. Ur;cil and hypoxanthine are potentially
mutagenic because they are miscoding lesions whereas x;nthine 1s unable
to form base pairs and thus ;;y block DNA synthesis (Lindahl, 1979). The
rate of deamination of cytosine {s much gxéater than for the purines.
Depurination was calculated to ocgur vith a fréduency inseveral

¢

thousand per mammalian cell per day (Lindahl, 1979). This calculation

.

was wade by extrapolatfon from the observed decay of DNA in vitro at

elevated temperatures (Lindahl and Nyberg, 1972). Similarly, the loss of




ﬁyriéidines {s estimated to occur at apﬁroximately 1/20 the rate of
purine loss (Lindahl and Kagastrom, 1973§. These hydrolytic reactions
oceur at_faster rates {n single-stranded DNA, and thus may’occUr
preferentially at local single-stranded regions such as DNA replication

N, ,

' forks,

"Indtgenous ce}lular compounds may also contribute to DNA danmage.
Free raalcal specles arising from pormal aergbic metabolisa may react
with DNA (Ames, 1983; Cerutti, 1985}, and re;émble the oxidative damage
caused by fonizing (X-ray or [-ray) radiation. Non-en;ymatic alkylation

. \
of DNA by cellular S~-adenosyl methionine acting as a weak alkylating
agent has been demonstz:ted (Rydberg and Lindahl, 1982; Barrows and

Magee p 1982). Alkylnitrosamines are synthesized in mammalian cells from

nitrite and secondary and tertiary amines and upon further metabolic

. act{vation {nto a carhbonium cation, are capable of covalent interaction

with DNA (Taylor and L{ijinsky, 1975). The spectrum of DNA damage

produced from nitrosamines includes the mutagenic lesions

4
06—methylguanine (O6mG) and Ob-mebhylthymine (0 mT) SSinger 1985).

.
-

Phogphotriesters are also produced, but they are removed very slowly

from cellular DNA (Singer, 1985). There are too fey data to comment on
. .

the bhiological slgnlficanée of the phosphotriesters.

.

P .

1.1.2 Chemical damage |

Alkylation of cellular PNA by electrophilic chemicals {s mutagenic
and carcinogenic and haas heen efltensively reviewed by sdnger and
associates (Singer, 1979; Singer and KufSaferek, 1982; Singer, 1985). All

nitrogens and oxygens {n DNA have been shown to be targets of‘alkylation




.

. < e srvee

and the relative amounts of nitrogen and~9xygen damage depends on the
given chem{cal. For example dimethylsulfate (DMS) reacts almost entirely
with ring nitrogens of the DNA bages, whereas N-nitroso compounds such
as Q—methyl-ﬂ-nitros;urea (MN1'), N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG) and dialkylnitrosamines are more reactive with oxvgen in the
bases and phosphodiester bonds. Ethylating agents, although less
reactive overall, are more reactive with oxygens than are the analogous
methylating agents. More complex aikylac{ng agents may require
activation {nto their ultimate reactive form. Fbdr example, the
unreactive nonpolar compound benzo(a)pyrene (BP) is activated by
cytochrome P-450 complexes into a diol epoxide (BPDES that 1s thought to
Le the ultimate carcinogen of BP that reacts directly with DNA (Singer

.
and KuSmferek, 1982). Studies of the effects of BP and other potentlial
carcinogens are complicated by the need for metadbolic activation into a
reacti{ve form. To circumvent this problem, studies of these alkylation

reactions with DNA have.-Been performed using simple alkylating agents

that do not require metabolic activation. DMS and ¥NNG are examples of
" L

such agentg.

1.1.3 Physical damage

The study af UV radfatfon damage inftiated studies of DNA repafir

(Kelner, 1949; Dulbeéco, 1949). v light 1s an efff{cient DNA damaging

.

agent due to the preferentfal absorption of 260 nm radiation by NDNA. The
. ’

most {atensely studied UV ‘lesi{on 1is the cyclebutane pyrimidine dimer,

and thymine dimers (PD) in particular. PD result from saturation across’

tﬁe 5-6 double bonds of ad jacent thymines (Setlow, 1966) and block the

progression of DNA polywmerases (Haseltine, 1983). Another {intrastrand
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DNA cross-1ink, the (6-4) phoioproduct, {s alkali-labile and i{avalves
cross-linking between the C6 of a pvrimidine base and the c” of {ts S’
neighbouring pvrimidine (usually a cvtosine) (Varghese and Wang, 196R8; !

Lippke et al., 1981; Franklin and Haselgine, 1986). The sequence

)

speciflclty ;f nonsense éﬁuations in W-1irradiated F. coll suggested
that tﬁe (6-4) leslions are mutagenic (ﬁaselttne. 1983:. Brash and
Haseltine, 1982). Kvdrated pyrimldtneq'(3,6;dihydro-6—hydroxy thvmidine)
and thvmine glycol (‘3,6-dihydroxydlhydro‘thymine) are also minor

productg of W~ {rradiation and the former can spontaneously dehvdrate
. ' . :
to form reform thymine (Friedberg, 1985).
Unlike the preferential absetption of "V radiation by DWA,.
AY
lonizing radiation will interact with all components qf a cell depending

on the mass fraction of a given target (Ward, 1975).. DNA damage by
fonizing radlation includes the direct fonlzation of DNA as wéll as

indirect damage from hydroxyl radicals generated by water radlolysis

(Ward, 1975). Water makes up 70-90% of a cells mass (Lehninger, 1975),

_ consequently water radiolysis {s‘a ma jor result of lonizing irradiation.

Hydroxyl radicals ate responsible for the {ndirect effects of fonizing

.

“radtation ahd account for 60~70% of both the cell killing (Chapman
) - [ N

et él., 1973; ﬁoots and Okada, 1975) and the DNA strand breskage (Roots
and Okada, 1972).assocla:ed with fonizing lrradiaélon, while the direct
fonization of DNA may account for the remaining 30-40%, The DNA damape
inciudes mostly damage to the heterocyclic bases as well as single- and
double-strand breaks (Cerutti, 1976; Ward, 1986; Wallace, 1983).
Hydroxyl radical attack of the 5-6 double bond may bé the {nitfal

reaction leading to many different pyrimidine derivatives (Sgholes )

.
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et al., 1960), of which thymine glycol (TG) is the most abundant s
(Briemer and Lindahl, 1985). Purines are less susceptibie to damage by
hydroxyl radicals with formamidopyrimidine (FaPy) derivatives being a

relat{vely minor product (Bonicel et al., 1980; Briemer, 1984). Based on
model systems, a vast gpectrum of lonlzing radiati{on-induced base
lesions in DNA {s expected (Scholes, 1976; Teoule et al., 1977). At
least 21 different thymine radiation products alone were observed, and a
similar number of cytosine derivatives proPably exists (Teoule et al.,
1977). The multitude of |—ray—1nduceé DNA lesions, many of which may
be minor and/or unstable products, has made the assignment of biological
end pointg difficult {Cerutti, 1976). Base damage was dstimated to
account for more than 857 ofqthe biological inacttvation of
{-irradiated PM2 bacteriophage DNA (van der Schans et al., 1973), and
Moran and Wallace (1985) found that alkali-labile lesions and the
saturated thymine lesfons contributed equaliy to the loss of bilological
activity of frradiated PM2 DNA. Genetic data-from'EL coli s;ggest that
' .

radiation-induced base damage leading to base substitutions may be a

common mutdtional event (Glickman et al., 1980).
= .

l.1.4 . Different origins of common lestons
- T ,

*
It 1s apparent that many chemical and physical DNA damaging agents.

produce lesions that are similar to those that arlse‘naturélly tn tells.

Alkylatfon of purines by simple alkylating agents is similar to the

- alkylation cauged by cellular S-adenosyl methionine, and alkylatfon by

theée agents and possibly such carcinogens as‘PPDE (King et i%‘, 1979),
N-acetoxy-2-acetylaminofluorene (AAAF) (Brookes, 1977) and aflatoxin Bl

(Wang andsberutti, 1980) all enhance depurination which also occurs

*

’

e s = e
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-

spontancously. The deamination of cytosine to generate uracil {n DNA is

weid (Singer and Kusmierek, 1982). The oxidative damage produced by
{onizing radiati{on may be similar to the damage arising from the
¢ e

production of reactive oxygen specles by normal aerobic metabolism

(Ames, 1983;-Cerutti, 1985). Thus, many diverse DNA damaging agents

cellular environment.

-~
‘ /

4

1.2 Reversal of DNA damage

Reversal_gf DNA damage refers to the restoration of the préper DN
sequence without the removal of damaged nucleogldes or incorporation of
new nucleotides. Enzynatlc'photoreactivatién of cyclobﬁtane pyrimidise
dimers occurs in mostxb?$anisms analyzed, including mammalian cells
(éutherland, 19?8). This proce;s i; dependent onrvisible Tight (Rélne},
19?9; Dulbecco, 1949) and i3 catalyzed by a‘chromophore-coﬁﬁé{ning-
enzyme (DNA photolyase) that breaks -the cyclobutane ring of the dtmét'
aﬁd resQore; the §-6 double -Honds {n th; adjacent pyrimidines (Rupert,
1975). | ‘ |

Alkyla;ion of DNA at the 66 position of guanine by alkylaflng
agents is corrected by the direct transfer of the methyl groué go a
cysteine residue on an acceptor protein. The #e;sistence:of 06mc incDNA

' N
is well correlated with tumor formation ¢Pegg, 1984; Singer, 1984). The

,mechanism of repair of 06uc Is similar in botﬁ_g; coli (Demple et al.,

1982), rodent (Pegg et al., M98Y) and human cells (Pegg et al., 1982).

The methyl group is transfered to an acceptor protein that is

e

- also caused by sinmple nonalkylating agents such as, bisulfite and nitcous

-\\ might simply enhance or mimic the reacrions that naturally occur in the

A

3
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inactivated as a result. In E. coli the ada gene product,‘a 39,000

molecular veight ptotetﬁ, is- the 06mG methyl transferase that can also
repair‘oamT and phosphotriesters (Demple et al., 1985). A protequtic
fragment of the ada p%;tein with a molecular weight of 19,000 {s also
present f{n E;fggli and has lost the ability to tépair phospﬁotries:ers

v

(Margison et al., 1985; McCarthy and lindahl, 1985). In various

mammallan cell extracts both OGmG and OémT were repaired (Becker and

Montesano, 1985), but a partially purified 06T§£ mett;yl cransfer‘se

preparation from rat liver was unabla to repair oamT suggesting that the

two activities are catalyzed by different enzymes (Dolan et al., 1984).
In E. coli the methylated ada protein positively controls the
expression of DNA repair genes, {ncluding ada {tself (also alkA, alks

and aidB), involved in the adaptive response to alkylating agents (Teo

'23 al., 1986). The methyltransferase can be induced several hundred fold

in F. coli by prior challenge with a low dose of alkylating agent.
Inductfon of this ﬁagnltude in mammalian cells has not been demonstated.
Some virally transformed human cell lines and some cell lines derived P

from hupan tumors are unable to reactivate MNNG-treated adenaiérus

(Yarosh et al., 1983). This phenotype s designated as Mer- (methyl

.repair) and seems to correlate with another phenotype, Mex- (methyl

exclsiod),‘ﬁhich is characterized by the {nabllity of cells to remove

Osmc from their DNA (Strauss, 1985).

Recéntly Chetsanga and Grigdiﬁan (1985) have fsolated an acttvity \
féom E .coli that {s able to catalyze the clo@yre of imfidazole fing- -
opened purines in ;-irradiated DNA. This purine imidazole-ring cyclage,

requires no cofactors and will not close the FaPy féwhed from

7-methylguanine in alkylated DNA. ’
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Mammalian cells are repor‘ed to contain a DNA hinding protein (Hr
120,080) capable of directly inserting the appropriate purines {nto
apu}inic sites in duélex DNA (beutsch and Linn 1979z, 1979b). Apparently
the for;atioh of the N-glycosyl bond did not require an energy source
such as a nucleotide triphosphate. but it was suggested that the
resulZlng base paliring and base stacking might drive the reaction
(Deutsch and Linn, 1979a). It has been suggested that the presumed
covalent insergion might actually be very strong noncovalent binding
between free guanine and DNA due to the insolubility of free guanine {n
deutral aqueous solut{ons (Lindahl, 1982).

ey .

1.3 Excision of DNA damage

Excision repair of damage from DNA is generally classified into
two model pathways: base excision vepair and nucleotide excision }epair
SFr}edberé, 1985). Nucleotide excisfon repair is initiated by the direct
incisiqn of DNA by a damage-specific endonuclease such as the uvrABC

complex of E .coli. This enzyme is the product of the uvrA, uvrB and

Ld

uvrC genes (Howard-Flanders et al., 1966) and s involved in the

excision of thymine dimers and also bulky adducts formed hy’éhemicals

quch~a§ A-nltquulngllnerl-oxide (4-NQO), BP and AAAF (Murray, 1979).

Thé enzyme 13 made -up of three different polypeptides and requires Mg%f
and 'ATP (Seeberg, 19783 Rupp et al., 1982). This enzyme presumably
recognizes genérgl distortiona in DNA and incises DNA both S' and 3' to
tg; damaged site generating a gap of 12 nucleotides after excision of

the 12- nucleotideﬁiong oltgonucleotlde (Sancar and Rupp, 1983)

sim(lar type of btoadkapecificity activity s thought to be defective {n

the human’d;aorder xaroderma Eixpentosum (XP) (Cleaver, 1968). XP
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patien{s are sensitive to !V radiation, AAAF and other bulky adduct-

3
forming chemicals 4dd suffer a high {ncidence of skin cancets on areas

exposed to sunlight (Setlow, 1978; Friedberg et al., 1979). XP cells in

. culture.uere shown to be defective in the i{ncision step of excision

repair (Formace et al., 1976). When purified T4 PD-DNA glycosylase was

introduced into UV-irradiated XP cells, DNA repair synthesis was
restored, thus demonstrating the defect {n the excision of PD in XP
cells (Tanaka et al., 1975). The demonstr;tlbn of the DNA repair defect
in XP cells {llustrates the critical role of DNA repair tﬁ
carclnogenesis. At least eight different XP complementation groups have'
been identified from cell fusion experiments {mplying that a multi-
érotein complex might be'invoived in a uvrABC-1like damage-specific
ehdonucleage activity in hung‘cells. The molecular defects in the
var{ous XP éell lines have not been identified, but damage-specific DNNA
binding activities have heen identified from various humqn sources
(Feldberg and Grossman, 1976; Tsang and Kuhnlefin, 1982). In addition,
there are variant complementation groups oé XP and affl;cted lngividuals
appear phenotypically similar to the classical XP paf{enta, but their
derived cultured fibroblasts are proficient in the excision of thymine
dimers (Friedberg et al., 1979). ,

The post-incision reactfons are thought to be similar for both.
base excis{on repair and nucleotide excision repair. An exondclease
might remove neighbouring nucleotide; or dgoxyrlbose. followed by gap-
filling by DﬁA polymerases ?nd finally llgatl;n. The enzymology of these
late functions has heen extensively desctibed fn the context of DNA:

)

replication (Kornberg, 1980) and the focus of the ensuing discussion

10




will be on base excision repair {n mammalian cells.

|

1.3.1 Base excision repair and DNA glycosylases

Base excision repair is i{nitlated by breaking the N-glycosyl bond
between a base and deokvribose in DNA elther by DNA glycosylase or
spontaneously to generate an AP site. The DNA i§ then nicked at the AP .
site py an AP-sbeclfic endonucleasev(fig. 1). Both the DNA glycosylases
and AP endonucleases have been found ubiquitolsy throughout nature
(Lindahl, 1979). DNA glycosylases were discovered by Lindahl (1974) who
later suggested thelr potential role in base excision by combined actlon
of DNA glycosylase and AP endonucleage (Lindahl, 1976). The reactions of
base excision repair have been demonétrated with puri{fied enzymes
in vitro (Evans and Linn, 1984; Mosbaugh and‘L{nn, 1984; Goffin and
Verly, 1984), but in the absence of conclusive genetic evidence this ’
pathway remalins speculative.

The NDNA glycosylases are relatively small (18,000-30,000 molecular
weight) single polypeptide proteins without any cofactor réquirements.

These enzymes catalyze the hydrolysis of the N-glycosyl bond that links
a base to deoxyribose in DNA, and there are some DNA glycosylases that

have an assocliated AP endonuclease activity (Duncan, 1981). Enzymes

]

specific for the removal of fhapproprlate bages arfising from

misincorporation 2h1the case of uracil) or deamination of Qormal hages
fnclude uracil-DNA glycosylage tﬁét has been found In bacteria (Lindahl,
1974), yeast (Croeby et al., 1981) and Qammallan tissue (Borle et al.,
1979) and hypoxanthine-DNA glycosylase that has been ldentifi{ed in

‘

E. coli (Karran and Lindahl, 1978), HeLa cells (Myrnes et al., l9é2) and -

calf thymus (Karran and Lindahl, 1980). Two different 3}-methyladenine

)
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Figure 1.

(A) Tv§ model pathways of excision repair. The left
sequence depicts nucleotide excision repalir initiated by an
endonuclease that incises DNA at or near the lesion. Base
excision repair i{s shown on the right: a DNA glycosylage
first removes an {nappropriate base generating an AP site.
The sugar-phosphate backbone of DNA is then broken at the
AP site by an AP endonuclease. Subsequent exonuclease
activity might remove neighbouring nucleotides folikewed by
DNA syntﬁesis and ligation to close the single-stranded
gap. (B) AP endonucleases are classified as class I .
({'-APendo) or class 11 (5'-AP endo) depending on which
side of the AP s{ite they incise. (Reproduced from Linn_

1982) ‘
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. (3mA)-DNA glycosylases are aLesent in E. coli and are products of the

‘

tag and alkA genes. E. coll tag- and alkA strains are sensitive to
.

eglkylation (Karran et al., 1980; Evensen and Seeberg, 1982). The tag

protein (3mA~-DNA glycosylase I) catalyzes the release of 3mA from DNA

and {s inhibited by free 3ImA (Riszuddin and Lindahl, 1978). 3mA-DNA
glycosylase T might recognize methyl groups extending into the minor
groove ;f DNA (Lindahl, 1982). The alkA gene product is not inhibited by
JmA and is inducible 20-fold in E. coli as part of the adaptive response
" to alkylating agents (Nakabeppu and Sekiguchi, 1985). The alkA protein
(3mA-DNA glycosylase I1) recognizes other N-alkyi;urines in addiction to
3mA including 7-wmethylguanine (7=G), 3-methylguanihe and 7-methyladenine
(Thomas et al., 1982) which suggests that the enzyme might recognize a
positively charged purine {Lindahl, 1982). This enzyme has alsc been
-
reported to re%ease oz-methylcytosine and 02~methylthymine from DNA, so
1ts mechanism of subgtrate recognition may be more complex (McCarthy
et al., 1?84). A partially purified noninducite 3mA-specific activity from
human cells is reminiscent of E. coli 3mA-DNA glycosylase I (BreAC,
1979). A partlally purified preparation from rat liver contained an
-activily that releasea both 3mA and 7moG from DQA. These activities may
be from a single enzyme since bdth‘qhowed similar rates of heat
inactivation (Cathcart and Goldthuaii, 1981). 7oG it alkylated DNA is
slowly converted to a methylated FaPy derivative (2,6-diamino~4-hydroxy-
5-N-methyl formamidbﬁ&rimidine) that has a stqbilize& N-glycosyl bond
(Chetsanga and Mgndahl, 1979). Accordingly, Fa?y*DNA glycosylases have
- .
been detected in bacterial and human cells (Chetsanga and Lindahl, 1979;

. 3.
Chetsanga et al., 1981). This enzyme does not releaseé “the FaPy

.




derivatives formed from adenine and guanine {n j-irradiated DNA
&
(Chetsanga and Grigorian, 1985).
There are NNA glycosylases that also have AP endonuclease

>
activity. Both bacteriophage T4-infected E. coli and Micrococcus luteus

contain a PD-DNA glycosylase that has an assoclated AP endonuclease
activity (Friedberg and King, 1969; Yasuda and Sekighchl, 1970; Shimada
et al., 1967). These enzymes hydrolyze the N-glycosyl bond of the
5' base of the.dimer and are alsc able to break the phosphodiester bond
between the AP site and the adjacent nucleotide that has the dimer still
attached (Haseltine et al., 1950; Radany and Friedberg, 1980). A
sim{ lar activity has not been identified in eukaryotic cells.

Both E. coli and.mammalian cells contain a slnglg enzyme capahle
of releasing several oxidized thymine derivatives from X- or °
Y{-irradiated DNA. The spectrum of lesions recognized by these enzymes 1is
similar (Helland et il" 1986) and is made up of the major lonizing
radiation-induced thymine products including thymine giycols as well as
ring-fragmented and ring-contracted deri{vatives (Breimer end Lind;hl,
1985). These enzymes will be refered to as thymine glycol (TG)-DNA
glycosylase as suggested by Breimer and Lindahl (1985), to reflect the
ma jor lesion fn y-irradiated DNA:\TC is also found as a minor product
in WW-irradiated DNA, and this activity was first identified using UV-
irradiated DNA as a substrate (Baécgettl et al., 1972; Brént, 1973;
Radman, 1976). The enzyme has heen p&rified from F. coli by many °
investigators ;;d'has been referred to as X-ray endonuclease (Katcher

\

and Wallace, 1983), endonuclease II1 (Breimer and Lindahl, 1984) and
urea-DNA glycosylase (Breimer and Lind;hl, 1980). Thé mammalian enzyme

has also been referred to by varfous names including endo A (Brent,

¢
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1983), urea-DNA glycosxiase (Breimer, 1983) and most recentlv redoxy-

endonuc lease to reflect the reduction-oxidation reactions that generate

the targets of this activity (Helland et al., 1986). TG-DNA glvcosvlases
have an associated AP endonuclease activity that nicks NNA 3' to the AP
siteAgenerating a 3' deoxvribose and a 5' phosphoryl group (Demple and
Linn, 1980). . coli mutants (EEE-) deficient in this enzyme

surprisingly are not sensitive to the lethal effects of fonizing

radiation (Cunntngham and Weiss, 1985). This suggests that there are

back-up activities to compensate for the lack of this enzyme, since the

thymine lesions are known contribute to the lethality of fonizing
rad{ation (Wallace, 1983). Breimer and Lindahl (1985) have suggested
that the fortuitous incorporation of deoxyadenosine-5'-phosphate

opposite noncoding thymine lesions might decrease the number of base
substitut{bns that ;ccur in {-1rradiated.bacterta (Glickman et al.,
1980). - ’

The AP endonuclease activity of the E. coli TG-DNA glycosylase was
observed to lag behind its glycosylase activity (Demple and Linn, 1980)
and 3 similar observation was made with the T4 PD~DNA glycosylase
(McMillan et al., 1981). This suggests that the two activities QE these
bifunctlbnsl enzymes.dé not act in a concerted fashion. That s, these
enzymes dissocfate fraom DNA after breaking the N-glycosyl bond and must
reassociate to incise at the AP site.

The spectrum of possible base adducts in DNA from various DNA

damaging sgents 1is far from being completely cataloged. Similarly, there

probably exist many more DNA glycosylases that have yet to be

discovered. In fact, the general properties of the DNA glycosylases such

(
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as'their resistance to {nhibition by EDTA and lack of subunit structure

and cofactor requirements suggests that the discovery of new DNA
glycosylases will proceed and probably lead to the 1dentificatio€ of new
biologically significant but. otherwige chemicaily elusive DNA lesions.

-

1.3.2 AP endondcleases

AP endonucleases are commonly found throughout nature (Friedberg
et al., 1981). No hacterial or mammalian mutant deficient in a dedicated
AP endonuclease (one without other associated activities) has been
described. Thus the biological relevance of the AP endonucleases remains
open to speculation. A tripeptide has been reported to act as an-AP

0

endonuclease which has fﬁrther called into question the -relevance of
other gssociated AP endonuclease activ{ties (B?hmoaras et al., 1981).

AP efidonucleases 'have been classified as class I (3'-AP endo) or class II
(S'-AP eﬁdo) depending on which side of the A;.sites they incige (Linn,
1982) (fig. 1). In both cases a 3'-OK and a 5'-P are produced. The
different ractivities can be distingutished asince the 3'-deoxyribose
product of a 3'-AP endo 1s a poor primer for DNA polymerase I In vitro
(Warner et al., 1980). The majority of AP endonuclease activity in
bacteria and mammalian cells 1is of the class Il type, and the AP
endonuciease activities ;ssociated with DNA glycosylases have all been
found to be of the class 1 type (Friedberg, 1985). An exception may be
the maomalian TG-DNA glycosylase, for which Helland et al. (1986) have
described unpublished results that this enzyme can {ncise hoth 3' and 5'
to AP sites,

Endo IV of B. coli was purified and character{zed by L'jungquist

(1977) and is a 5'-AP endo that comprises approximately 107 of the total
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class IT activity in wild type cells.'Endo IV has a molecular weight of

30,000-33,000 and has no cofa;tor requirements. It {s unusually
res{stant to hoth salt (50X active in 0.56 ! NaCl) and to heat (fully
active after heating at 60° C for S min). Endo IV {8 also resistant to
EDTA and tRNA and {s inhibited by sulfhydrvl-reacting agents. This
enzyme has not‘been shown to have any activity other than 5'-AP

endonuc lease. The AP endonuclease activity og exonuclease 111, also
known as endo II (Friedbegg and Coldthwait, 1969) and endo VI (Verly:~—
1978), accounts for 90X of the total 5'-AP endonuclease {n E. coli
(Weiss, 1981). This enzyme has a molecular weight of 28,000, requires
M32+ and 1s f{nhibited by FDTA (Gossard and Verl;, 1978; wWeiss, 1981).
Exonuclease III ;lso has Intrinsic 3' to 5' exonuclease, 3' phosphatase,
and RNase H activities (Lindahl, 1982). E. coli mutants (xth ) defictent
in exonuclease ITIT are not particularly sensftive to simple alkylating
agents (Yajkd and Weiss, 1975; Kirtikar et al., 1977; Ljungquist et al.,
1976). This might be explained by the ability of endo IV or a purine
i{nsertase to participate in the repair of AP sites in the absence exo
IIT. E. coli EEE? strains are sensitive to Hznz but not iénizing
radiation (Remple et al., 1983). This is surprising since the gpectrum

of fonizing radiation DNA damage 1{s thought to Iin¢lude the lesions

caused bf H202 (Demple and Linn, 1980). FE. coli also contain endoc VII, a

single-st®nd specific AP endo whose site of tncisfon (3' or 5') has not

yet heen determined (Bonura et al., 1982). This 60,000 molecular weight

protein 18 larger than most AP endonucleases and no analogous single-

.
.

strand specific activity has been {dentified from mammalian sources.

Endo V from E. colt la an enzyme active against many damaged DNA
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substrates Including depurinated DNA (Linn, 1982).

Itvis interesting that thé 3'-AP endonucleases that are ‘gssociated
with DNA glycosylases all create apyrimidinic sites, and that {nsertase
activities have only begn descridbed for'purines; Thus the repair of
purines and pyrimidiaces nigh; folloq‘different pathwa}é. gouever, the
reality of purine 1nsér;ases has been questioned (see section 1.6).

Mammalian AP endonuciéases were first purified and characterized
by Lindahl and associates (Ljungquis;‘and Lindahl, 1974; Ljungquist-
et _l., 1974) and: have been purified %;om various sources including calf
l1iver (Kuebler and Goldthwait, 1977), human placenta (Schaper et al.,
1982) and Rt liver (Thibodehu and Verly,, 1980). In contrast, to the
bacterial ;nzymfs, the mammaliaq}AP endonucleases require M32+ and are
sensitive to iﬁﬁiﬁition’By EDfA. Lina and coworkers have resolved two
types of AP endonucleases from human fibroblasts (Mosbaugh and Linn,
1980) as well as from Hela cells (Kan; and Linn, 1981) and human ’
placenta (Linsley gg_gl}f 1975). AP endonucleaae.l is not retained by
phosphocellulose and has ailov Km for AP-containing DNA (4.6 nM). This
class I enzyme (3’-AP endo)iis unsfahle during purificagzon and thus it
is not well chatacterized; Aﬁ:éndo>l.is apphr;ktiy wissing in extracts
from XP gr;ugrb cells (Kuhniéin et-al., 1978). AP endonuclease II {s ; *
5'-AP endo with a lower affinity‘éér AP-cohcaiﬁing NA (Km 44 oMy, The
AP endo II activity from human piacgnta elutes as a broad peak from .
phosphocellulose suggesting that it may be a heterogeneous mixture of
enzymes (Linsley 55‘51.; 1977).41ndeed this 5'~AP endo activit} has been“
localized to different intragellular locations including chromatin,

nucleus, and membrane-bound (Thibodeau and Verly, 1980). This

distribution has been suggested to reflect the post-translational

19
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- topoisomerase II, in human cells damaged by UV light but not i{onizing

e"". -
processing of the enzyme: the enzyme {s initially associated with the
endoplasmic reticulum; subsequently transfered to the nucleus; and
finally becomes associated with DNA in chromatin (Thibodeau and Verly,
1980). An enzyme from human placenta with both 3' and 5'.AP endo
activity was described by Grafgtrom et al. (1982). It may be that this

activity is the same as that assdciated with the TG-DNA glycosylase from

calf thymus described by Helland et al. (1986).

1.4 TFactors affecting DNA repair

The 3ssbéiatton of DNA with protein {n the chromath of mammalian

cells poses an addftional challenge for DNA repair enzymes. DNA '
topoisomgrsse 11 and poly(ADP-ribose) polymerase (ADPRP). appear to be
involved in gucleotide exciston repair and base.exbiaion repair, ‘
respectively. DNA incision 1s inhibi:gd-by novopiocin, aﬁ inhibitor of

-,

radiation or simple alkylating agents (Collins and Johnson, 1979; SnydeT B

t al., 1982). Conversely, the repair of damage by ifonfzing irradiation -

or alkylation {s sensgitive to J-amiriobenzamide (3AB), an inhih{tor of
ADPRP, whereas IIV-irradiated cells are unaffected by'ﬁﬁﬁ i&ames and -
.t .

Lehmann, 1982; Althaus sj_Li:, 1982). At the molecular level, it,would

appear that a mult{-enzyme complex (that ts defective in XP'cellsi that

-

fa specific for general distortions I{n DRA structure recognizes and
incises DNA in a EOpoiaomersae It—depé;dent fashion. Erixon (1986) has
recently rgvieugd thedé‘ogseantlons and has suggested that ,
topoigomerase II {8 required to Introduce torsional strain into digcrete

"domaina“-of'DNA fn order to allow the recognition and incision of

- -
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" dadaged sites following treatment with UV lightldr W-minetic agents

such as 4-NQO and AAAF. According to the deel,;once the DVA in such a
domain sustains a nick, no further .incision is tolerated due to tbe loss
of the torsional str;f;‘in that domain of DNA. These domains are
estimated to be approkimately 30 kilobases in 1engtﬁ which 1; close to
the stze of the DNA loops that are assoc{ated with the nuclear matrix
(Paulsoa and-Laeméli, 1§77). This model explaifis why the number of
gtrand breaks reaches a plateau (Heane& by the number of domainiJin ;he
genone) folioying DNA damage by UV or UV-pimetic agents that evocke a

nucleotide excision repair response (Erixon, 1986). In the case of base

) . ) .
excision repair induced by fonizing radiation or simple alkylating

agents the level of DNA strand breakage attained {s not limited, o

presumably becpuse the relatively small DNA glycosylases and AP

endonucleases are actessible to base lesfons 1n chromatin, and this
process ts dependent on the lnvolvement‘of ADPRP. The possible function
of ADPRP in DNA repair is discussed more. extens!ﬁely in chapter 2.

The involvement of different eukaryotic PNA polymerases in DNA

"repair is largely based on the effects of {nhibitors of speciftc enzymes

{Colline e: al., 1984). Aphidicolin and cytosine arahinofuranoside

(arac) are employed as inhibitors of polymeraseu,fand dtdeoxythymidine

ls uaed to 1nhiblt polymerase® . It appears’ that no,nne -Cype of°'DNA

5n,polymerase is exclua!vety involved {n any parttcular xrepair response:

1
vhen one species of polymerase Es {nhibited, the other appears to he

the {nvolvement of a particular DNA polymerase wil]l be governed bx,the -

able to compensate (Downes et al., 1983). Th'ng (1984) sugge}:ed thgt','

aize of the single-stranded gap created hy exonuc leases: polyméfsée;@.l"

would f111 gaps of 30 nucleotides or more, whereas polymeraseg Qéuid’

21
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35 al., 1986). The differentt&l repair of these genes-was not affected .

. by the growth state of the cells. Thus) the poteritial for expreqsipn qf"‘ Lo

. - - ’ ' r
f111 gaps of 10 nucleotides or less to provide a subgttate for DNA

ligase. This model es supported by in vitre experimehts fn which Rela
polymerase- decteased the size of gaps (uith average lengths of 20-63
nucleotides) down to about 15 nucleotides which were then filled to
completion by Hela polymerase end sealed by E; coll BNA ligase
(Moshaugh ‘and Linn, 1984). . T,

' Hanawalt and assoclates have reE;ntly provide@ ev;dence that TNA
repalr does not occur uniformly throughout the‘mammalian g;;ome. Repair

of ﬁv—indbced pyrimidine .d{mers ocgurred more efficiently in amplified

'dihydrofolace reductaéé genes than in regions upstream from th; gene

that were also amplified in Chinese haqster ovary cells (Bohr et al.,
1985) The transcriptionalty active c~ab1 gene/yas effeciently repaired

1n\uv irradiated mouse T/; fibroblasts, whereas in the transcriptionally

e -
~ -

lnEetlve c~mos gene the pyrimidine dimers were found to persist (Madhani

.

L - . . ) .,
a sequence of DNA may correlate with {ts I}kelihood.of’being repaired.

" 1.5  Alms of the study  ° » , o e e

PEERY Py

The aim of this gtudy wag to lnvestigate_factovs'affecfing D&A/"-:’”';“?f/
' 4 : - - . , ,“‘»,/ .
repalr and to define pathways of DRA repalr in himan cells. The fitrst

- - B - R L

paramieter of DNA repair {nvestigated was,the role of ADPRP {ﬁ'éépair._‘.’,‘

..

This enzyme has a putatﬁve role in many cellular proceﬁn&s ggpporteﬂ o

’

P

mainly by the effects observed in cells treatad with 3-aminoberzanide
¢ "/

(3AB), an inhibitor of ADPRP (Ueda and Hayaﬁshl; 1985). My results

suggested a tole for ADPRP fin the’early ;tages of DNA' repair, possibly

.

-




- y .

DNA inciéiog.

Th% next stage of this ipGestlgation was_ to clarify the early

steps in DNAfrgpair required for DNA incisfon. DMS' was Wmploved as a

v

model electrophilic alkylating agent. The approach was-to purify

) . . . .
bacterial ‘enzymes with defined speclficity and use them as probes of

N

.

lesions 4n ‘DNA from mammalian cells. Thus the €arly steps of DNA rep%ig N

in human cells wauild be, resolved by the identifitation of fntermediates '
[ ] ) N o N '

of the process. It was hdped that t#is apbrdach uouldAyielﬂ‘results that

. .
~
.

‘would ll}umithéf:he processes involved in the cellular response to more

. -
- N
. h

. ’

complex buﬁ/’nre’envitonmentally prevalent carcinogens such as

* . ; ° * . < ’
i polyarotatic hydrocarbons and fonizigg radiation.
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2.1 Introduction

a
b

fﬁhtbltion of poly(ADP-trihose) polymerase, (ADPRP) hy

I—amtnphenzémide (3AB) in cells recovering from alkylatidn or tonfzing
radlatJoﬁ'aamage, has been reported to increase DNA repair replication,

DNA strand break frequency, and cell death LSHaLL\ 1983). Nne

.~

explanation of these findings {s that DNA ligase T;\ys not activated for

. N

DNA repair when ADPRP is lnhtbfted {Crei{ssen and Shadl, 1982). In this
model the {ncreased DNA strqnd_hreék frequency, observed during repatr

in the'presénce 6f 3JABf-teflects a decreased rate of repalr due to

. -

reduced ligatfon. ﬂhe {ncreased repair replicattion {s interpreted as

ionger‘%atchgs freing formed at repair sites that fail to be ligated.

Recently, wafkgy and coworkers (19R4) and Cleaver ¢1985) have
found that repatr patch’'size {s, In faFt.-not lngfeased when 3AR {s
'éresent during DNA repalr. Thegr regults suggest that more, not longer,
repalr patches re;ult from DNA' damage when ADP?P is.inhibtted by IAR. If

increased strand break frequency were due to a failure in ligation, then

3

ligstion {s necessariiy rate Iimi:}ng under these conditions. In
contrast to this constraint, T found that the rate of resealing of
DNA strand breaks 1s unaffected by the presence of AR, even thoﬁgh the

actual strand hreak frequenby is {pcreased by JAB. These findings are

i - 4

consistent with the fesults of Watker et El' (1984) and Cleaver (19855.

.

and suggest that DNA incisfon, and not ligation, 1is affected by ADP-

ribosylation in Hela cells recovering from alkylation damage.

t

v R}
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o2 Materials and Methods

2.2.1 Cell labelling and alkylation

Hela $3 cells were grown In Eagle's MEM medium containing 10%

« < o ORISR o970 e G 1
’

fetal calf serum (Gibco), penicillin (S0 units/ml) and streptomycin (50
pg/ml) at 37° C 1; humidified 5% CO2 in air. Cells were labelled for 40
h with 0.015 pC;/ml [14C1thymidine (58.0 mCi/mmol,‘New England Nuclear)
followed by 5-7 h in fresh medium withour label. Treatment of cells with
cytos1ne—p—n-arabihofuranoslde (araC) began 30 mif * prior to DMS
addition. DMS (a éift from Dr. I.G.Walker, this university) was first
dissolved in methanol before dilution with phosphate-buffered saline
(PBS) and addittan to cell cultures. The final concentrations with DMS-
treated and control cells were 0.003% methanol and 0.3%7 PBS. Labelled

cells {n 60 mm dishes were treated with DMS for 2.0 or 2.5 minutes

followed by {ncubation {n fresh medium with the indicated chemicals for

R the recovery period. Cells that were exposed to Y-radiation were kept on
fce and exposed at R6 rad/minute under ambient atmosphere with a 13 Cs
v-ray emitter (Gammacell 20, Atomic Energy of Canada). 3AB was obrained

from Pfaltz and Bauer Inc. and all other chemicals were obtained from

R

Sigma Chemicals unless otherwise indicated.

2.2.2 Alkaline elution o

Thesprocedure used was essentially as described by Kohn et al.

- AR Freter B S% . A

(1981). Cells were harvested by ringing with 3.0 ml of {ce-cold PBS
tontaining.0.02% EDTA, followed by scraping fnto 1.0 mL of PRS/EDTA.
Cells were diluted with 4.0 ml cold medium and 5.0 ml cold PBS and kept

on {ce. Approximately 3 X 105 cells were loaded onto 2 um polycarbonate ‘
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filters (Nucleopore) folloueé by three washes with 5.0 ml cold PRS.
Cells were lysed with 5.0 =l of 2% SDS (BRL), N.025 M EDTA, oH §.7.
Alkaline elution with 0.02 M EPTA (acid form), tetrapropylammonium
hvdroxide (1.0 M Aldrich), O.Ii SDS, pH 12.1 wasg carried out at A.a35-
0.038 mi/mini Polycarhonate filters were prepared for scintillation

counting by first dissolving in Protosol (Néu Fngland Nuclear).

2.3 Results

-

2.3.1 3AB and aral increase DNA strand breakage

Alkaltne filter elugfon was performed with Hela=&3 cells at
various times after a hrief exposure to a low concentration of DMS. At
the concentrations of DM% used in these experiments, there {s virtually
no cell death .(S. ‘Warmels and X. Ebisuzaki, unpublished observations).
The slope of the elution curve reflects the presence of alkali—laﬁlle

sites, predominéntly strand breaks, in the DNA and was used to compare

strand break frequencies (Xohn et al., 1981). The slope of an elution

cufve was ﬁ}lculated as the average slope of the individual fractions of

the curve. The decrease i{n the elution slope of cells recovering from

DNA dimage results from the rejoining of strand breaks by ligation.

Therefore, the decrease In the elution slope was followed over time to

determine the rate of resealing of DNA breaks during DNA repair.
. .
Fig. 2 shows a typlcal elution profile from HeLa $3 cells after
(]

treatment with UMS. fn the presence of a non-toxic eoncentratfon (5 mM)

of JAB (S. Warmels and K. Ebisuzaki, unpublished observations), the

slope, and therefore the numher of strand breaks, has increased. AraC



\

inhibiting DNA polymerization and thereby preventing subsequent strand )
rejoining (Mattern et al., 1982). A combination of 3AR and araC furtRer
s increased the level of breaks {n DMS-treated cells. Incubation of cells

with 3AB and araC alone did not 1induce strand breakage (fig. 2).

% (30 pM) also increased the strand break frequencv, presumahly by
1

ra
.

(¥ ]
[59]

3JAB does not affect DNA strand rejoining

Fig. 3 shows the loss of strand breaks during the recovery period
after NMS treatment. In the absence (Fig. 3A) or presence (Fig. 3B) of.
araC the level of strand breaks present during DNA repair is Increased .
by 3AB. In fig. 4 strand breaks are expressed relati{ve to an {nitial
value of 100X at 10 nmin after DMS treatment. This allows a comparison of
the rate of loss of strand breaks hetween cells containing different
{nitial levels of breaks. A lower dose of NMS (75 pM for 2.5 min) was
uged in experi{ments that Included araC due to the potentiation of strand

breaks by the drug, espectally when used in combination with 3AR (see

" s

fig. 2). Fig. 4 shows that without araC both a higher (150 pM for 2.0

min) and lower (S0 pM for 2.5 min) dose of DNMS resultg5 {in a faster

3 rate of rejoining than when araC was included. Although more breaks

; exist in cells recovering from damage in the presence of 3AB (figs. 2
and 3), the rate of resealing of these breaks 1s not affected by -
inhibition of ADPRP by 3AB (fig. 4). In contrast, araC ckearly changes

the rate of resealing of breaks, as expected from an {nhibitfon of NNA

~

polymerization. AraC serves as a positive control in Fig. 4 hy

IS

3

" increasing the strand break frequency by limiting 1igation. Additian of
3AB to araC-inhihited cells dauses a further Increase {n strand breaks,

while the resealing rate ig not further decreased. -These results suggest
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Effect of 3AB and araC on strand break frequency {n

alklyated Hela celis{ Cells were exposed to 75 pM DMS for

2.5 min and then aY¥lowed to recover for 20 min in fresk

mediunm containik : nothing (O); S5 mM 3AB (@ ; 30 pM araC
@D; 30 pM araC and 5 nM 3A3 @D . Control cells tacibated for
70 min'with 30 pM araC and 5 aM 3AB (A). Cells eluted

immediately after Irradfation with 258, rad of §-ray 9.

™
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Figure 3. Loss «of strand breaks during reco/\‘rﬁfrom‘ PMS damage 5
. “ ' Cells exposed to DMS were allowed to recover in the abdbnce
, (0,8) or presence (@,4) of 3AB for the indicated time. The
DMS dose was 150 pM:for 2.0 min in the ahsence of araC )
: (A (O,@] or 75 pM for 2.5 mire {n the presenceof araC
l . [B (b,8)]. . :
- .
- : ‘_i
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Figure 4. Rate of DNA resealing in the ahsence and presence of 3AB e

and araC. Strand breaks are expressed relative to an

.

v o e

ifnfti{al value of 100 jpe.rcent-. taken at 10 min after DMS
exposure. Cells were treated with 75 pM DMS for 2.5 min and
allowed to recover with 30 pH araC plus (A) or minus (&)

5 mM 3AB. Cells incubated without araC after treatment with

PR 2ors.

oMs: 50 ph for 2.5 min (LD or 150 pM for 2.0 min (O in

the ahsence (O,A[) or presence @.,A.0D of 5 mM 3AB.
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that the 3AB-1nduce§'1ncreaaé in DNA strand bdreaks in alkylated HeLa §3

-
cells is due to an increase {n an early repair reaction and not a

decrease i{n ligation.

Discussion

Poly(ADP-ribose) polymerase Is activated by nicked WA to-modify
covalently nucleer proteins, including itself, by ADP-ribosylation
(Benjamin and G{11, 1980; Adamietz, 1982). Coupled to the degradat{on of'

- .
poly(ADP~ritbose) by poly(ADP-ribose) glvcohydrolase, the level of ADP-
ribosylation pf protéins may be a'mecaanism to control DNA-protetin
{nteraction (Zahradka and Ebisuzaki, 1982): The production of DNA strand
breaks at methykated purines by base excision repair requires the
iﬁltlal formation of apurinic sités by spontaneous acid hydrolysis or
enzymatic cleavage of -the N-glycosyl bond (Lindahl, 1979). Subsequegt
AP-endonuclease action would generate a niék in the DNA (Kane and ilnn,
1981), capable of activating ADPRP. The ohgerved increase 1in damage-
{ndeZed étrand breaks whea ADPRP 1sg 1nh1biteé guggests that ANDPRP may
act to modulate furtheér strand hreak formation either-hﬁ the ADP;
ribosylation of an endonuclease/APfendonucleaae or by controlling the
accessibility of chromatln to nucleolytic activity.

We question whether an {ncrease in enéonu&lease or AP-endonuclease
activity might he contributing to the 1ncreaseé straad break frequency
that has been attributed to decreased ligation. Kofde and associates
have demonstrated that ADP-ribosylatign o; C32+,H32+—depe$dent

endonuclease from rat liver (Yoshthara et al., 1975) and bull seminal

plasma (Yasuharu et al., 1984) results {n*enzyme inhibitfon, probably by
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preventingvits interaceion with DNA. The possibi{lity that the rat liver
enzyme is involved in DNA repatr gas been suggested ﬂNouura et al.,
1981). Cleaver (i985) has recently suggested that the increased repair
replication ia alkylated cells treated with 3AB might result from

. 2+ +
increased cutting by Ca ,ng -dependent endonuciease, not necessarily

P B

acting at damaged sites. This increased cutting 1{gs not observed in
undamaged cells treated with 3AB, but might be dependent on altered
chromatin structure in damaged cells. The control of DNA incision by

ADPRP may explain the observed effects of ADPRP inhibitors on DNA

s s ——a - -

.36

repairs The control of DNA strand break levels may be lmportant for the

“

maintenance of the structural integrity of chromatin during DNA repair,

-
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3.1 Introduction

Apurilnic sites arise spontaneously in DNA by hydrolysis of the Y-

\

glycosyl bond at an estimated f;equency of 10,000 per day.per mammalian
cell (Lindahl, 1979). Aﬁurtnic sites also result fromﬁéigylatton oé DNA
- ' i
which {ncreases the lability of the N-glycosyl bon& of N-alkvlpurines
(Lawley and Brookes, 1963). In additton, N—alkylpurines may he removed
by DNA N-glycosylases that exist in prokaryotic and eukar?étic celis
(Lindahl, 1979; Frlédberg, 1985; Liﬁhahl, 19823. Loeb (1985) has
recently summari{zed evidence that aéurlnié sites are mutagenic_hecaﬁée
of possible nucleotide m}slncorporat}bn opposite AP sites during ™A
replication resulting ig‘tranSQétsions. Spontaneous mutations or those.,
i{nduced by DNA damgglng agent$ may result, in part, from the proﬁuctién
of apurinic sites in DNA. . |
To study the' dynamics of AP sites during DNA repair a sgnsitfvé
assay was developed in ;hich E. ¢coli endo IV (Ljungquist, 1977), an AP
endonuclease, was co;p{ed with the alkaline elution technique of Xohn
et al. (;981). nge I'hescrihe an applicétlon of thig method following

treatment -of HeLa cells with the alkylating aggnt DMS and a diol epoxide

derivative of the carcinogen benzo(a)pyrene.
.
- .

3.2 Materials and Methods

J.2.1 Cell growth and treatments

HeLa S3 cells were grown in 100 mm culture dishes with Eagle's MEM’

medium containing 10Z calf serum (Gibco), penicillin (50 uhlts/ml) and
rd 7
streptomycin (50 pg/ml) at 37° C with humidified 52 CO2 i{n air. Cells

were lahelled for 40 h with 0.015 pct [laC]thymldine per ml (58.0

N

-

38

\
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:;; 'mCJl&maI) followed by a 3 h chase in-fresh medium without lahel. The °

. }aﬁefied cells were then treated wtth MMS, BPDE or {-radiation. NMS was

.- . . _'.

P e

.\w- ?or ghe tndicated time (see figure legends). The NMS~-c¢ontaining medium

—:';15‘1 . dissoﬁved i{in methanol, diluted In PBS and then added to cell cultures

¥ ’ vés-{heﬁ.repiaced with fresh medfum and cells were further {ncubated as
. ﬁndicéced. Theu?fnal concentrations with bth MMS-treated and control

4 - - ¢ *

! cells were N.003% methanol and 0.37 PBS. antt-trans-7,8-dihydrodiol-

7; ~ 9 lﬁ—epoxy-benzo(a)DYfene (BPD!B was obtained from the National Cancer

BP‘Dp was dissol g fn didethylsulfoxidev(DHSO), absolute ethanol (4:1)

N

, ;

) ! Inst(cute & Chemical Carcinogen Repository (M{dwest Research Institute).
$
i
3

“and the concenzréﬁfeu vas confirmed frog the absorbance at 345 nm {n
, absolute ethanol uging éh‘extipqtton coefffclient of 45,700. Control
" o o e N
- p ", cells vere exposed to an equal amount of ethanol (0.02%) and DMSO
o . ! ‘ X v"_’,_
(O-OBfob{thOut ,the BPDE. Cells were harvested by rinsing with 2.0 ml of
| o ‘ 7 ice- cold PBS-O 027 EDTA, followed by scraping with a rubber policeman

L. o tnto 2. 0 ol of: pns~o 027 EDTA and dilution with 4.0 ml of fce-cold

.
medium Fe}ls were kept at 1ce temperature and counted with a Coulter

x

&
Counter (approximately 1.6 Y 10 cells per dish). Cells that were

exposed to x-radiation were EIrSt'Sarvested and then {rradiated while on

.

, p 37
. . ice at. RS’ rad/min under ambient atmosphere with a ! Cs {-ray source

(rammacell 20 Atomic ?nergy of Canada)

-
t

-, .
v
.o

3.2.2 AP endonuclease VS

Fndo TV (fractlon V) was prepared from E. coli ER22 (endé—)

as described by Ljungquist ClQﬂi) except that NDNA-agaroge was

used instead of NNA-cellulose. ‘?ndo TV activity was determined hy

/" -~

39
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following the conversion of form I DNA to nicked form Il molecules
that were separated by electrophoresis through 1.0% agarose (Maniatis
et al., 1982). Enzyme activity wa§ quantified by cutting QEE{Form 1 and
form II bands from ethidium—stained gels and determining the
radioact;;ity by scint{llation spectrometry. The reaction mixture

(20 ul) contalned enzyme diluted into endo TV buffer (0.0S M HEPES-KOH
pH 8.2, 1.0 oM EDTA, 0.2 M NaCl, 0.5 mg/ml baovine serum albumin [RSA])
and 1.0 pg [}AC]SVAO DNA (approximately 907 form I, 1 ¥ 104 cpm/pg) .
SV40 DNA (Khoury and Lai, 1982) in 0.1 M NaCl, 0.01 M Na-citrate, pH 5.0
was partially depurinated bv heating at 70° C for 10 min to ;ntroduce,an
average of 2 AP sites per NNA c%rcle (Lindahl and Nyberg, 1972). Control
DNA was not heate§ at 70° C. The addition of DNA introduced an
additional 15 mM §3C1 and 1.5 mM Na-cftrate to the reaction mixture.
Incubation was at 37° C for 15 nmin.

The final preparatfon contained 0.04 mg/ml protein (0.20 mg
protein/40 g cells) determined by the method of Lowry et al. (1951) as
modified by Peterson (1977) and was stored at -70° C {n 0.02 M Tris-HC1,
pH 8.0, 0.3 M NaCl, 1.0 mM dithiothreitol, 467 glycerol. The enzyme was
stable under these conditions (and also at -20° C) for at least several
honths (aata not shown). The specific activity of the enzyme preparation
was 2.5 X 10S units/mg. One unit of AP endonuclease {s defined as the
minimum amount Af enzyme required to give maximum nicking of 1.0 pg
partially depurinated SV40 DNA {n the aboye assay. The enzyme
preparatfon ghowed no nficking activity with control DNA that wasg not

partially depurinated. A detalled description of the enzyme purification

{s lnclﬁded fn appendix T.

40
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3.2.3 Alkaline elution
The alkaline élut{on procedure was performed essentiallv as

described by Kohn et al. (1981) with add{;lonal steps to accommodate the
endo IV.inCUbation. 31X 105 Zells were {solated on polvcarbonate filters
and washed 3 times with 5.0 ml {ce-e@old PBS. Cells were then lvsed uiEh
5.0 ml of 0.2% sarkosyl (NL-30, CIBA-GFIGY), 2.0 M NaCl, N.N& M ENTA, pnH
10.0. The DNA was rinsed with 5.0 ml of 0.02 M EDTA, pH 9.4, followed by
1.5 ml 6f endo IV buffer. Flow from the filteF holders was then stopped
and 1.9 ml of endo IV buffer, containing enzyme as {qdicatéd, ;as added.

After {ncubation at 20-21° C for 1.0 h the reaction mixture was allowed

> ’.

to flow through the filter. The lysis solution and 0.02 M EDTA were at

room temperature and the endo IV buffer was at 30° C. The EDTA and

Al e
subsequent solutions were allowed to flow through the filters by
gravity. The filter holders were then connected with tubing to a-
peristaltic pump and the eluting solution (0.02 M tetrahydryl ENTA,

i

tetrapropylammonium hydroxide, 0.1% SDS, pH T2.1 or pH 12.6) was added.

DNA was eluted at 2.0 ml/h for 9 h. Fracti{ons were collected at 1.5 h

-

intervals. -

3.3 Resultg

3.3.1 Specificity of endo IV

W

DNA from DMS—treated HeLa cells was i{solated on polycarhonate
filters in preparation for alkallné eluttfon to measure DNA single-strand
. :
breaks. To prepare the DNA on the filters for digestion wvith endo IV,

the DNA was first washed with 0.02 M EDTA to remove any remaining }ysis

solution, followed by rinsing with the endonuclease reaction buffeyg.
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Dithiothreitol was oaitted from the endo IV buffer because.it caused

+

extensive fragméntation of DNA resulting in a rapid elution of NNA upon
alkaline elution. This PNA Bteakage méy be due to radicals or peroxides

that arise from an oxygen-dependent reaction in the presence of the

‘ reducing agent (Bode, 1967). Enzyme activity was not affected by the

absence of dithiothreitol. The'difference {n the number of strand. breaks

- 4

with and without endo IV treatment {s assumed to{indicate the numher of

ar

AP sites. ) \
Endo IV {1000 unfts) did not nick DNA from either control cells

that were not exposed to a damaging agent or cells that had been exposed
to \-radiation (250 rads) while on ice (fig. S5). \-Irradiéted cells were
kept at {ce-temperature to prevent DNA repair reaction;. When DNA from
alkylasted cells was incubated with endo IV‘(IOO units), additional
strand breaks (enzyme-sensitive sites) were detected upon alkaline
elutfon (fig. 6). The increase in NNA eluti{on rate due to the endo IV
digestion Is attributed to nicking of AP sites by endo 1V.

The slope of an elution profile {s a linear funckion of the strana

break frequency in the DNA (Kohn et al., 1981). Estimates oX single-

strand break frequencies are expressed in rad-equivalents a were
obtained from a linear calibration curve of V-ray dose versus elutfon
slope tdata not shown). The elutlop slope was represented by the log
fraction of DNA remaining on the é&lter after 4.5 h of elution. Fig. 7
shows the increase {n strand hreaks caused by digestion of DNA withendo
. Ijgprior to alkaline elution. A maximunm Increase of approximately 70

ra valents was observed. This corresponds to one AP site per

]
.

7
- 1.6 X 10 nucleotides, assuml‘! an efficlency of strand hreak production
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PO
05.5.9 X 10—9 per rad per nucleotide (Kohn et al., 1981). Targe?é of
endo IV become limiting ag ;he amount of enzyme is {ncreased bevond

. i .

apptoximately 100 units. The saturating dose of endo IV reflects the
number of AP sites in the DNA and therefore depends on the .degree of
alkylat}on of cellsvand'the number of cells applied to the filter.

- ¢

3.7’Z AP sites during DNA repair

[

- Fig. R shows the appearance and subsequent loss of doth strand
breaks and AP sites i{n cells that were exposed to 15.8-pM DMS for 20 min

and then allowed to recbver in fresh medfum for the times shown. NNA
N

repair {s demonstrated by the loss of ‘strand breaks during the 2.0-h"

recovery period. AP sites also decreased during the recovery period in

s~ \\
parallel with the loss of strand breaks. An excess amount of anzyme (500

. N N
units) was used in each of the experiments shown in fig. 8 to resolve

fully the enzyme-;ensitlve AP sites.

- \\
\‘/

1.3.3 AP and other alkali-labile gites

. The effects of the eluting solution pll and the AP endoniclease

AN
. ~

Léeatmenf on the elution profile were studied (fig. 9). AP sites are
alkali-labile and are cohverted to strand breaks in a pH-dependent
reaction (Lindahl andIAnderssén. 1972). An in;rease {n the rate of DNA
elutfon at pH 12.6, compared to the elgtionsrate at pH 12.1, has bheen
used to indicate the presence of aikali-lahile sites in DNA from
alkylated cells (Kohn et al., 1981).'Both el@tion at 'pH 12.6 ;nq‘
digestion with end; IV followed by elution at pH 12.1 increased the
elution rate when compared/G;Bq conven:ioﬁal elution at pH 12.1. A

saturati{ng dose of endo IV {500 units) was used in these experiments. AP

!
. \
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Figure 5. Absence of AP-sensitive sites in untreated or

({-irradiated HeLa cells. Cells were exposed to N (O, or
250 rad {-rays (). Cellular DVA isolated on filters was
digested for 1.0 h at 20-21° C with 1000 units endo IV (@

L or buffer only (O and then eluted at pH 12.1.
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Figure'6.

Endo IV-sensitive sites in DNA from alkylated cells. Hela
cells were alkylated for 3 min with 75 pM DMS and allowed.

to recover for 10 min. Control cells were not exposed to
- - -

DMS. Cellular DNA was eluted after digestion with 0 (O

or 100 units endo 1V (@M. i
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Figure 7. Saturation of endo IV-sensitive sites. HeLa cells were
allowed to recover for 10 min after a 3-min exposure to 75
pM DMS. Enzyme digestion witb 0~1000 units endo IV as )

indfcated was for 1.0 h., Strand breaks are expressed in

rad-equivalents calculated from a {-ray calihration curve

(see Results).
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Figure 8.

.

Repair of AP sites and strand breaks. Hela cells were

aliowed to recover for 0~2.0 h after a 20-min exposure to

»
15.8 pM DMS. CeTlular DNA on filters was: then digested with

0 (open symbols) or 500 units (closed syypd{s) endo 1IV.
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; F,Lg-ure\‘l," Endo 1V~ and pH-sensitivity of AP sites. DNA from alkylated
! HelLa cells was 1golated on filters and digested with 0
i (Q[D or 500 units endo IV @ and then eluted at pH 12.1
: O or pH 12.6 O
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sites and other alkali-labile sites become strand breaks during the
elution period at pH 12.6 resulting in an Ilncrease in the elutlon-c;rve
slope with t{me. 1In contrast, the endo IV digestion is completed before
the elution begins, thus glving a more linear elutfon profilef These
complicating factors make it difficult to éompare the two elution
profiles because of their different shapes. Rlutfon of endo IV-treated
DNA was faster at pH 12.6 than at pH 12.1. Thisrmay he due to strand
break production at alkali-lahile sftes other than AP sites during the

elution at pH 12.6 ahd/or alkali-catalyzed hydrolysis of DNA at this

higher pH. It is assumed that all AP sites are accessible to endo IV

during the pre-elution digestion. However, it is possible that AP sites

that were inacg#ssible to endo IV may contribute to the Increased rate

of elution ofgperved by endo IV-digested DNA at pH 12.6.

3.3.4 Benzo{a)pyrene diol epoxide

+ When cells were alkylated‘uith BPDE alkali-labile sites in
cellular DNA were produced. In contrast, the elution of DNA from
untreated control cells was unaféected‘by the pH of the eluting solution
(fig. 10). To investigate whether the alkall-sensitive s{tes were AP
sites, BPDE-treated cells were analyzed by endq IV-coupled alkaline
elution. Fig. 11 shows that 2.5 h after the addition of BPDE the cells

did contain alkali-lablle sites, but there were no AP sites.

Discusgion.

Endo 1V from 5; coli was used to detect AP sites in Hel.a cell DNA.
) -

Nonspecific endonucleaée'activity was not assoclated with the endo IV

. \ :
N




F{gure 10. pH-sensitive sites {n BPDE-treated cells. Cells were

treated with 0 (O.@, 1.0 uM C® or 5.0 uM (A& BPDE for

1.0 h and then analyzed by alkaline elution at pH 12.1
O0) or pH 12.6 AN .
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#igure 11. Lack of AP sites in BPDE-treated celts. Cells were treated
«

with 1.0 uM BPDE for 2.5 h and then analyzed by endo 1V-
coupled alkaline elution. Cellular DNA was digested with O

O or 200 units (@ of endo IV and then eluted at pH

12.1 (O or pH 12.6 ). ?
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treatment. This allowed AP sites to be detected with a sensitivicy
L ]
similar to the sensitivity of conventional alkaline elution, which (s on

the order of one leslion per 10 aucleottdes (Xohn et al., 1981).

Analysis of enzyme-sensitive sites has heen used previouslvw {n the study
of DVA repalr. Roth the bhacteriophage T4 denV gene product (williams and

Cleaver, 1979) and an extract from Micrococcus luteus (Patersog et al.,

1973; Fornace, }982) have been used to detect thvmine dimers {n ONA, and
AP sites {n purified viral DNA have been ﬂ"sured with AP endonuclease
(Brent et al., 1978; wallace, 1983),

AP sites were demonstrated to be-an {ntermediate In DNA repair in
alkvlated Hela cells. Since AP sites are relatively stable under
physialogical conditions, with auestimated half-life of at least 100 h
(Lindahl and Andersson, 1972), the observed appearance and subsequent
loss of AP sites during DNA repa{r (see Results and fig. R) suggest the
{nvolvement of enzyaatic rep&ir processes. The existence of mammalian‘
N—methylpgrine-specgfic DNA glvcosylases and AP endonucleases suggest
that V-methy{purlnes. the major alkylati{on products in DHS-tyeaced DNA

(Singer and KuSmierek, 1982) are removed from DNA by base exclstion

repalir, {nitlated by the “sequential action of these enzymes (Lindahl,

1982). Purine {nsertion (Deutsch.and Linn, 1979a) at apurinic s{tes f{s

also a possibdble explanetion. .

Simple alkyiatlng agents like NMS are often emploved as model - .
electrophilic compounds to galin an understanding of the cheﬁical -
{nteractions of more complex'carcinogens that require metabolic
aéftvatlon. BPDE i; the métaholite qf benzo(g)pyrené that reacts

covalently with DNA and f{s a»potent mutagen and carclnogen. Many

different BPDE adducts are formed in DNA, hut thelr relative

-




Srtn AR W)

contributions to the blological effects of this alkyating agent are

unknown. There s evidence that many chemical carcinogens including
s{zmple alkylating agents (Lawley and Brookes, 1963; Nrinkwater et al.,
1980) and chemicals that form bulky adducts on DNA such as BPDE
(Drinkwater et al., 1980; Gamper et al., 1980; Sage and Haseltine, 1984)
and d-propiolactone (Schaaper et al., 1982) cause the formation of AP
sites In DNA. There was a positive gualitative correlation between
mutagenicity and’fhe production of AP sites by these chemlicals
(Drinkwater et al., 1980). A high incidence of transversions was found
among the spectrum of mutations caused by BPNE, aflatoxin Rl and AAAF {n
bacteria (Foster et al., 1983; Eisenstadt et al., 1982), similar ;o the
mutations {nduced by AP sites (Schaaper et afl., 1983). Depurinated SV4d

DNA was mutagenic {n transfected mammalian cells (Gentil et al., 1984),
1

and DMA polymerases {n vitro can (nsert purine nucleot{des opposite
presumed AP sites producing transversions (Xunkel et al., 1983). This
led to Fhe éuggescton that a common mechanism of chemical-induced
mutation may involve the Intermediate formation of AP sites {n DNA
(Schaaper et al., 1982). The detection of AP s{tes and thelr relative
persistence during DNA repalr, as noted in the experiments with DMS, ?

- -

lend support to this suggestion at least £5% the simple alkylating

~ ;
agents. However, the finding that the BPDE-induced alkali-labtle sttes
: N

’ . : . L
are not AP sites clearly refutes the gaherality of this view.
The abelt& to measure AP siteg in mammalian cells may facilitate

further studies of agents that finduce AP ‘sites, and the associated ™A

“repalr reactions. i .
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. glycosvlase that {is spec&fic for several S-6- saturated thvaine

- h, 2 Mater{ials and Methods

4.1 Introduction
3onizing radiation {s a "A danaging agent and a common
environmental mutagen. In addition to DVA strand breaks, a vastg

spectrum of hase leslons exists in 1-irradlated ™NA (Mutchinson,

1985; Ward, 1975; Cerutti, 19%6). Several DNA glvcosvlases capable of
releasing {nappropriate or. altered bases from DNA.Bave been described

(Lindahl, 1979, 1982). Only two such enzymés, the thymine glvcol-DNA

deri{vatives, and the formamidopyrimidine-DNA glycosvlate, that

releases imidazole ring-opened purines, have been {mplicated {n the

repair of fonizing radiation damage (Breimer and Lindahl, 1985). Since

the spectrum of 1oniitng radfation-{nduced bage lesions prohablv far
exceed the range of lesidns recognized bv these two enzvmes, ;he
mechan{sm of repalr of a large fraction of base damag; remaing to be
resolved. Although genetic evidence, particularly from mammallan
cells, 1s lacking, the sequentfal action of DMA glvcosylases and the

equally ubiquitbus AP endonucleases (Linn, 1982) {is thought to

~t ~

iniftfate the base excision repair of damaged bases (Lindahl, 1976). As

an alternative to a genetic approachz~l.90ught to' fest: the “hase

- . -
P « - S

exc{sion repair model in L-irradlated-ceIIE'%y-nonltorlng for the

™ appearane of AP sgites, a predicted interm'ed(ate' {n this pathway.

\

.

E; coll endo 1V, qngP;snpc(flc enzyme’(Ljuggqui§f, 1977), was used to

resolve AP sites as a transient DNA repair {ntermedfate {n HeLa rells -

recovering from J-irradiation.

HelLa S3 cells were grown, tabelled with [+°C]thymidine and
\Q\ ‘
i ’ ) ‘

e



harvested as described previouslv. Tells in fce-cold mediun

(6 x 105/m1) were maintained {n an {ce-water bath and {rradiated under
137

ambient atmosphere at a dose-rate of 85 rad/min with a Cs (-riy

gource. A post-{rradiation recovery period, {f included, was

initiated by incubating Irradiated cells at 37° C for the f{ndicated

time. After the recovery period, cells were df{luted with @ volumes of
»
fce~cold PBS and loaded onto polycarbonate fileers. The endo V-

c0ub1ed alkaline elution procedure was as descrl{bed previouslyv.

4.3 Results

) LN

4.3.1 AP sites after {-i{rradiatton -

We have uagd a highly gsengitive enzvme-coupled alkaline Filrer

elution method to monitor the appearance of AP sites after

T
{-irradiation of Hela cells. Cells were collected and-then lysed an

polycarbonate filters. The cellular DNA on"the filters was washed free
of the lystis solution, Aigested with endo IV to generate nicks at AP
sites and then eluted at pH 12.1. The rate of elution of DNA\!E a

linear. function of the DNA single-strand break frequency (Xohn et al.,

1981). The Increase in elption rate of endo JV-digestdd DNA, compared

with undigested DNA, s attitbuted ta the micking of DNA at AP sttes’

by th&-enzyme. S o R e .

-

The enzyme did not nick DNA from_eithe; control cells that'were

not damaged or {-irradiated cells that were kept at- {oe temperature
to prevent {nitfatifon of DNA repalr (fig. 12). In contrast, cellular

DNA from DMS-treated cells did contain AP sites that were {ncised hy




Figure 12.

Alkaline filter elution of DNA from undamaged and
{-irradiated Hela cells. Cellular DNA on filters was

digested with 0 (open symbols) or %00 units of endo IV’
.

{cloged symbols) and then eluted at pH 12.1. The DNA- from
celle {rradiated with 3?5 rad {-rays (circles) cantained

single-strand breaks chsing the fncreased rate 9f;elutlod

4

of DNK comp&red with the unlrradtate@ control (sqﬁsres).‘

.
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endo IV (chapter 3, fig. 6). When ({-{rradiated cells were allowed a
P post-irradiation,recovery‘berldd in growthymed{um at 37° C strand

bregks were rapidly rébaifed and AP sites were rapidly generated and

- sdhsequently.removed (fig. 13).

fhe endonuclease was present 1p saturating amounts {n all
experlments.‘Fig. 14 shows that 100 units of endo IV was sufficient to
saturate thé’endohuclease-sens{tive sites at 2 min post;irradiat{on,
_when- the maximum number of AP sites was observed (see fig. 13).
Single-fgrand break frequencies are expressed in rad equivalents (cthe
do§; of | (-réy that generates an equivalent rate of DNA glution)

. obtalﬁed from the gamma ray calibration curve (inset, fig. 15). !'stng

the calibration curve, the number of strand breaks and AP sites from

t xperiment depicted in fig. 13 were determined and are shown {n

fig., 15. The-number of lesions per cell was obtained by assuming an §
, i

efficiency of DNA strand break production by {-radiation of L

*n.9 x 10-9 per rad per nucleotide (Kohn et al., 1981), and a NNA
content of 14.4 pg per Hela cell (Shapiro, 1976). The numbher of AP
sites was calculagéd from the {ncrease in NDNA strand breafs due to the
endo IV treatment. Celks inftfally had approximately 8700 single-
strand breaks per cell and this number decreased by half in ‘ A
approximately 4 min, whgcﬂ {s simflar to the 3-4 min half-time
observed with Hela cells reported by Ward (1981). AP sites reached a
of%inum of approximately 1200 per cell after 2 min of repair, and TN
decreased with a half-time of less than 4 ‘min. The ohserved decrease
tn AP sites was not accompanied by a corresponding increase the number

of strand ‘breaks suggesting that the post-incision repair reactfons

are not rate limiting.

4 .
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Figure 13,

Endo IV-gensitive AP-'sites appear in the DNA of .

1
~

{~irradiated cells upon incubation at 37: C. After

{ryadfation with 375.rad, cells were {ncubated at 317° C for

the indicated time to allow DNA repair. AP sites were
revealed in cells by digestion of cellular DNA with endo IV

Mgior to elution. .

Grein ¢
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Figure 14, Defining a saturating dose of endo IV. Cells were allowed a
- ' L)

2 min recovery period at 37° C following {-i{rradiation (375°

. rad) to allow for the accumulation of AP sites. Cellular - ‘

DNA on filters was then digestéd with 0 to 200 units of °
em and eluted at pH 12.1. The additional strand breaks

arise by nicking of DNA at AP sites by endo 1IV.
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Figure_15. The reegir of DNA strand breaks and AP sites following
{-irradiation. Irradiated cells (375 rad) were allowed the
indicated post-—irradiation repair peried and analyzed for

strand breaks and AP sites by endo Iv-éoupled alkaline

{\ ?fut{on. The nuamber of strand breaﬁs and AP sites per celi
were derived as e;plained in se¢tion 4.3. . The calibration
curve (inset) was obtained.by plotting the elution rate

. (the slope of an elution profile over the 9h elution

period) versus the d&se of‘ {-radiation from cells that

were irradiated as indicated while at’ & C and then
' imnediately subjected to alkaline elution. The line was
'»:ﬁttted by Jiﬁeax regression analysis.
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4.3.2 Alkali-lahile sites after Yvirradtatlhn'

The effect pf pH on the elutinn of DNA froam J-irradiared
cells was Investigated. In fig. 16A it s seen that at % min post-

{rradiation the DN® elution rate at pH 12.1 after endo IV digestion is

equivalent to the

Thig {mplies that

lution of digested or undigested BNA at pH 12.6. - .

sites make up the total of alkali-labile sites in
L ]

the DNA. There was no rther increase {n the elution rate at pit 12.6

when DNA was first digested with endo IV. Thus alkali-labile sites

- “other than AP sites are ndt present after this dose (375 rad) of

1

S t-radiation.‘This result
o o ~
‘ : ' sites observed with DMS-tre

v

so suggests that the non-AP alkali-lablle
ed cells (chapter 3, f(g. 9) are not due

! [ to a population of AP sites tHat are 1nacce5643}’/to endo IV. At 30

@in post-irradiation the AP sites have been repalred and.endo IV

4 -

digestion of DﬁA did not increase the elution rate (fig. 168).

P S

Yowever, theApresence of non-AP alkali-labile sites is indicated by

: the slightly faster rate of DNA elutiom at pH 12.6 comp;red to pn

l 12.1, without any effect of prior exposure to the AP endonuclease.
Th}s may lndicaie elther the accumulatton of dome non-AP alkali-labhile

- sites during the 30 min recovery period, or that these sites were not

resolvable agalnst the background of endo IV-sensitive sites observed

~
at’ 4 min after irradfaton.

D Cxe

4.4 Discussion —_—

Pathways 6¥'DNA repair could be determined by -the {dentfffication

of the 1n€ermed1ate§ in the repair process. The transient’nature of

. the AP sites observed ta-rhis stﬁdy, reaching a maximum dy 2 min, »

CAN

~ .
A »

. duggeéts that they are an early intgrmedtat!'ln a DNA repafr pathw&it .



Figdre 16. pH- and endo IV-gsensitive sites in {-irradiated celAls.
Cells were irradiated (375 rac;) and alloLed a 4 nin_(A) or
¢ ] 30 min (B) recovery period to allow DNA re.palr. Cellular
DNA was digested with O (open symbols) or 100 units (closed

l . symbols) of endo IV and then eluted at pR 12.1 or pH 12.6

as fndicated.. ' /}
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and that thei{r removal may be rate limiting. The post-incision
. reactions éf nucleotide excision, gap-filliné, and ligation may be
. common for the repair of the strand breakg»tha: were present imitfally
and for base excisfon repair (Friedberg, 1985). The direct insertion
of purines {nto apurinic sites would also effect the loss of AP sites
(Deutsch and Linn, 1979a). The relatively low dose of {-radiation
(375 rad) commonly used in this study allows appro;imately 302
survival of the colony-forming ahility of the cells (data not shown)
.;uggesting that the observed DNA strand break repair and AP site
- tuin;ver reflect a physiologically meaningful response.

. ' AléhOugh there are a multitude of unknown damaged bases formed

§ ‘ }n DNA aéter' (-1rradiatlon'(Hutchlnson, 1985; Cgruttlt 1976): the

assay of AP sites provides an assessment of the transit of base
lesions througﬁ the base excision repair pathway. AP sites are
presumably generated by DNA glycosylases that rélease damaged bases

from DNA, and removed by DNA incisfon by AB ®ndonucleases (Lindahl,

1976; Warner et al., 1980). The relative activities of these enzynmes

would therefore control the pool sfze of AP intermedifates that Arfse .

F . . during the repair of a much larger population of base lesfons. Ward

(1985T\has recently calculated that La%izlng radiation-induced base
damage in cellular DNA {3 more than twice aa'freéuent as the sugar

. : damage that causes DNA strand hreaks. We conclude‘that the AP sites

detected in this study are 1Q:i:3edlatea produced during base excisfon
-

repa‘r and thus provide evidence that this pathway constttutes an

-« L - .

o 1mportant conponent of“the cellular response to DNA damage tn

.
-
k.

}-irradiated human cells. : :

»
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The goal of this study was to define cellular responses to NNA
damage {n human cells. The first parameter of DNA repair investigated
was the role of polyADP-ribosvlation. 1 began with the argument that

.

the increase {n NNA strand breaks that accompanies {nhibition of -

. \

poly(ADP-ribose) polymerase that had been attributed to a failure {n ?

ligatton could also be due to an i{ncrease in DNA incision. My approach
was to use the alkaline elution technique to measure NDNA strand break
frequenctes followinggdamage of cells. By measuring the strand hreak

o frequencies in cells at various times after the initial damage, a

kinetic profile of DVA resealing was obtafned. My results indicated

~ -

that the {nhibition of ADPRP by 3AB results in an {ncrease in DNA .

1
strand breaks, but thére was no change {n the resealing kinetics.

Parallel experiments employed cytosine arabinoside to inhibit DNA
sy-ntl'wesis during repair. These experiments fmplied that ADPRP {s
involved in DNA repair at a step prior to NDNA polymerfzation. PolyADP-

rihosylatinn 18 required following injuty by agents sugh as simple
Co. . ) ~
alkylating agents and {onizing radiatfon that causge predominantly

) : discrete hase lesfons {n DNA. The above findings suggest that polyAnP-

.

ribosylation affects an early step in DNA repair, possibly an
endonuclease reaction or a fupction that{ts required for DNA incision

' and a base‘l;tclslon repair pathway is {mpgicated.
v The next phase of this study was to define the events of DNA

~

’ repsir folllowlng treatment?f cellsg with the s-tmple alkylating a'gent,

:
A
l dimethylsulfate. A highly sensitive method of estimating AP sitee. in

cellular NNA was developed by coupling endonuclease TV with the

alkaline elution procedure. Cells that were alkylated with DMS

e
. .o . .
.
o . - ’ .. ° -

s contai?;d AP sites that were repaired along with DNA strand bresks ’ . c




\y

Huring a post-damage recovery period. These results demonstrated that
MNA alkylat{on products are repaired, at least {n part, via an AP
. intermediate suggesting a repair pathway initiated by DNA glvcosylases
followed by DNA Incisfon by AP enﬁonuclease.
The simple alkylating agents are often employed as m;dgl

compounds of the more complex mutagenic and carcinogenic electrophilic

alkylating agents (Singer, 1985). It was reasoned that since the
spectrum of base substitutions -Induced by both AP sites and certain

4} chemical carctnogens is the same, then the chemical adducts probably

{nduce depurinatfon and the resulting AP siteés contribute to the

— N
mutagenicity of these chemicals (Loeb, 1985). This model is supported

by the fact that these chemicals also prodyce alkali-lahile sites In

DNA in vitrd. Since AP sites are themselves alkalt-labile, the

-
.

chemical-{nduced alkali-labile sites have been assumed to be AP sites
e R
(Sage and Haseltine, 1984). However, T found that thf RPDE-induced

. of the depurination-induced mutagenicity of BPDE, but it does not

~

' alkal{-labile, sftes were not AP sites. This does got suppert the model
: exclude {t for other untested, agents.
: , .

" Base excisfon repalr was demonstrated in j-irradifated cells hy

A é monitoring for AP sites, a predicted intermediate in this pat'huay. T
i ; Endo IV~-coupled alkaline elution was used to resolve AP sites as a
N

transient DNA repair intermediate in cells recovering from {-.

irradiation. This‘apﬁrdach has the advantage that thé (dentiiy,of bage
N - - \ A .
Zlestons traversing this pathway need not he known. .,
An. unexpected finding during these ’studlea s the detection of
. . -

= a class of lesions deftned aa non~-AP alkalf-lablle‘sutes.‘Like AP




. Bl 80
. ’
/
sites they become strand breaks upon prolonged exposure to alkall, but
they are dist{nct because they are not substrates of endo IV. Fig. 2k
summarizes the appearance of this type of lesion. The ldentities of
the non-AP alkali-lablle sites are not known, but the ability to
measure these lesions apart fgom AP sites (by digesting cellular DNA

with endo IV prior to alkalline elutiors) should faci{litate thelr

further characterization.

-
——e

To further my studies on base exclsion repair and the rele of

ADPRP {n this process, another enzyme was purlified to extend the

enzyme-coupled alkaline elution approach. 3mA-DNA glycosylase IT was

purified fronm E. éolt (see appendix II). This enzyme releases N-

i
*

D alkylpurines such as 3mA and 7mC from alkylated T"WA. Pre-digestion of

cellular DNA from alkylated <ells with this enzyme followed by
-

endo JV-coupled alkal{ne elutjon would allow the kinetics of bhase

removal to be studied in alkylated cells. The effect of ADPRP function
» on 'this aspect of DNA repalr could then be analyzed. Speciftcally, are

the 3AB-{nduced DNA strand breaks accompanied by an {ncreased releage

' of alkylated basés from DNA? Preliminary results indicate that 3ImA-DNA
. .

.

glycosylase II {s able.to operate {n conjunction with the alkaline

1 elutfon procedure.
- The results summa}\(ed above give rige to questions that might
\;

be addressed in'the future. The lack of AP sites in BRDE-treated cells

. K~ . ) suggests that other putative AP-producing agents such as AAAF and ,
_aflatoxiﬁ Bl should be lnveatlgéteﬂ. These experiments would test the

- - hypothests that AP siteﬁlmake‘anlimpgrtant contribution to the

mutagendicity of‘these carcinogenic agents. Fh2 endo IV-coupled

alkaline eFu;ion;methbd might also be employed to test thg repbrted AP

) 1

i}
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endonucleasé deficiency in group D XP cells (Kuhnlein et al., 1978).
If these cells are lacking an AP endonuclease involved in the repair
of UV-induced damage, then they shguld contaln a population of endo
Iv-sensitive sites follo;ing IW-irradiation. The enzyme-coupled
alkaline elution approach .14 be further extended by purifiying
additional DNA glycosylases to analyze the repair of more DNA hase
lesions. The thymine glycol-DNA glycosylase (the nth gene product) of
E. coli seems ideally suited for such an application. This enzyne is
resistant to fnhibition by EDTA and Katcher and Wallace (1983) have
observed that even fractjons from the early stages of the enzyme

L ]
purification are devoid of contaminating nuclease activity. This

enzyme would Eacifztate the study of the repair of the major thymine
base lesions in {-irradiated human cells.

In conclusion, the results described in this study clarify the
role of polyADP-ribosylation in DNA repair and demonstrate that bage
excislon‘repatr ig an Important compdpent of t cellular response to

-

DNA damage In human cells. —

. )
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Figure 172 DNA lestons detectable by endo IV-coupled afkafine elution.’ .

The presence (+) or absence (-) of three types of lesion is

summarized.

of
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DNA Lesion ; Damaging Agent "
/ A .«
NS Y -RAY RPDE
Strand Breaks + + +
AP sites N + + S -
Y
non-AP alkali- + - +

-.lablle sites

a. A small number of non-AP alkali-lahi’le sites were
revealed after most of the strand breaks and AP
sites were repaired. . .
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I.1 Introduction

Endonuclease IV was fi{rst identified i{n E. coli xth mutants that
lack exonuélease IT1I, the major AP endonuclease of E. coll. The enzyme
catalyzes the introduction of. single-strand breaks at apurinic and
;pyrimidinic sites in double-stranded DNA (Ljungquist, 1977)3 This
class II AP endonuclease produces a 3'-0H and a S'-deoxyribose
phosphate at:AP sites. Endo IV was prepared essentially as descrig§d
by Ljungquist (1980) except a nicked-circle assay was used to monitor

~

enzyne activity and DVA-agarosé was used instead of DVA-cellulose.

>

1.2 Purification of endo 1V

E.coli ER22 (gﬂﬂﬁ-) was grown {n M9 medium supplemented with
0.2% casamino acids and 0.1% yeast extract (Di}co) and harvested In
=the logarithmic growth phase. The cell paste was frozen and stored at
-%b‘ C. All huffers contained 1.0 mM dithiothreitol and
N centrifugations were at 20,000 x g for 20 min. All steps were
perférmed ai 0-4° C unless otherwise stated, 40 g of wet cells were
thaved at room temperature for 5 min and mixed with 40 ml buffer A
(0.05 M Tris-HCl, pH 5.0). Cells were crushed three times at 15,000
psi with a French pressure cell and the cell debris was removed by

.

. centrifugation. To the cloudy supernatant (93 ml) was added an equal

volume of 1.6% (w/v) strepfomycin sulfate (P-L Biochemicals) in bhuffer -

A. The suspension ‘fs slowly stirred for 30 min, allowed to stand for
. another 30 ;in and then centrifuged.,
To the cloudy supernatant (fraction 1, 182 ml) . was added 0.265
s g/ml 8011d ammonfum sulfate (ultrapure grade, Schwarz/Mann) over a .

period of 30 min with gentle stirring. After another 30 min without

. ) ™N
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stirring the precipitate was removed by centrifugef(on. An additional
0.127 g/ml ammonium sulfate was added to the supernatant (200 ml) as
described above, and the resulting precipitate was collected by
centrifugation. The pellet was dissolved in 24 al of buffer B (0.05 M
potassium phosphate, 0.2 M NaCl, pH 7.4) and the solution (34 pl) was
then distributed into dialysis bags. After 10 h di;Iysis againsé?l 1
buffer B the volume of the solution increased to 40 ml (fraction }I).
Fraction II was applied in two Ioﬁs.to a column (2.6 x -ThO cm)

Y
of Sephadex G-75 that had been equilibrated wfth buffer B. The sample

was eluted from the column with 1 1 of b;ffer B at.a flourrate.
maintained by gravity (140 cm-height. of hydrostatic pressure).
Fractions were assayed for AP endonuclease activity as described in
chapter 31 and were monitoreé f;r ;bsorhance at 280 m. AP ;ndbnuclease
activity eluted from the column after the hulk of protein and active
fractions were pooled. Next, the popled fr;ctlons were heated at 65° c
for S min and then rapidly chilled i{n ah 1ce-uqt?r hatr for 130 mfﬁ.
The resulting prycipitate was remove; by centrlfﬁgatién and dlscafded.
The supernatant‘ as dialyzed against 3 1 of buffér cC (0.02 M Trls:NCl,
pH 8.0, SX glycerol) for.12.h (fracion fII1 60 ml).

DNA-agarose was prepared and chromatagraphy was performed ds
described by Schaller et al.((1972). Dlalnga f;action iII w;s:applied

L . N
&0 a column (0.9 x 30 cm) of DNA- agarose ‘equilibrated with buffer C.

. ~
The column was then washed with 60 ml of.puffef C that eluted most of

¢ .

the applied protein. Endo TV was recovered from the column with a

.
’

batchCelution of 0.3 M NaCl id, buffer C. Fracttons (4.3 ‘ml) were

collected and active ‘fractions were  pocled (fractign v, 37 al).
L] ' . ’
a - R A L]
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Fract{on IV was passed through a column of DFAR-cellulose (DE;Q,
Whatmann) to remove anv traces of nucleic acld remaining from the NNA-
agarose step. The sample was applied to the column (2 ml of DEAF-
cellulose in a 5 ml syringe plugged with glass wool) and recovered in
the flow-through. The eluate (40 &1) was cnncentrated by
ultrafiltration with a PMI0 filter (Amicon), adjusted to 46% glvcerol,
distributed intoe 0.5 ml aliquots and stored at -20 or -70° ¢ (fraét(on
vV, 5.0 ml). The enzyme activity. was stable for at least se;éral months

under these conditions.

~
1.3 Results and diSCuiston

-

Fig. 17 shows an agarose gel.Q‘;hidium stained) that was used to
. , ,

H

resolve form T and form ITI DNA molecules that were digested with
samples eluted from the NNA-agarose column. The AP endonucb;ase

activity was recovered upon the addition of 0.3 M NaCl to the column.

- - )

The conversion qf parttglly depurinated form T NNA inko nicked form 17

molecules by column fractions 32-42 reflects the release of endo IV

activity from the NNA-agaroge. A codpérison of lanes 4 and 12 {in
’

figé 17 shows that the cndﬁngclease activity was completely dependent
on MNA containing AP sites since fraction 32 was only able to {incise
DNA that hed been partfally depurinated by heating at 70° C. A.

detailed description of the AP endonutlease assay is.included {n
chapter 3 (section 3.2,25. Fig. 19 shows the actiyity o!i:he endo 1V

a . *
tion V) and was used to.define the unit of enzyme activity.

-

(frae
-Fig. 20 summarlzes the results of the enzyme'purification. The
. ¢ X

final preparation (fraction V) wds purified approximately 3600-fold

.
with a recovery of approximately 5S0%. Ljungquist (1981) achieved a

- K

--

. N s A,
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simi{lar purification with a recovery of 20%. The apparent {ncrease i{n
v&gtal enzvme activity between fractions IIT and V might be due to the
-

instability of the AP endonuclease activity in these fractions. The

samples used to determine enzyme activity {n these fractfons had been

PORSY ol

stored at 0° C for several days and thelr inherent endo IV activity
may have decreagsed during that perioed. The protein profiles at the
various stages of the purificattoq{é;e shown {n fig. 21. Lane 5

} (fr;ctton V) of this 10% SDQ-ﬁolyaLrylamide gel appears to contain 2-3
proteins (depending on the stalning procedure) with a major band L.

migrating at a position expected for endo 1V (Mr 30,000) as expected

from the observations of Ljungguist (1980).

s
.

R




Figure 18.

Elution of endo- WV fromtbﬁﬁfqggibsé:’(lanes'1-12) Samples

(i.7 ulf of column fractions (és tndicateq) weré {ncubated

uith 0.14 ug of SV40 form I DNA that did (+) or did not (-)

contain AP sites. (lanes 13-14) Buffer only was incubated

with the indicated DNA. Following electrophoresis, the 1.0%

-

agarose: gel was stained with eth{dfum'bromlde and
11luminated With a UV source. AP-specific endonuclease

activity was recovered when-0.3 M

-

NaCl wvas a&ded‘to\the

column. This activity did not inéise DNA that did not

’

coritain AP sftes (lane 12).
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Figure 19. Ouantification of endo IV activity. [1 Cj~-labelled SV40 DNA

(1.0 ug) was resolved by agarose gel electrophorestis
following digestion.with the {:hicated amount of endo 1V
C{:}ctlon V). Form 1 and I1 NDMA bands were cut out and

their radioactivity was measured. The minimum amount of

enzyme required to fully nick thk suhstrate in the standard‘_.\~//,

assay 1s defined as one unit of AP endonuclease activity

and {s {ndicated by the arrow.

)
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¢ Figure 20. Purification of endo TV. AP éndonuclease activity was

measured with the standard assay and protein concentration

was determined according 'to Lowry et al. (1951) as modifted

\

by Peterson {1977).. N >
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FRACTION TOTAL TOTAL SPECIFIC PURIFICATION
PROTEIN ACTIVITY ACTIVITY
g units units/mg -fold
)
IT Ammonium 1420 98700 &3.5 1
sulfate
TII Sephadex 204 38000 185 2.7
G-75 g
IV DNA-agarose 0.96 40500 42200 607
‘ /
''v DEAFE cell- 0.20 50000 250000 3600

ulose
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Figure 21. Protein profile during endo IV purification. Samples were

ARPR > o s LR

. subjected to electrophoresis through a 102 polyacrylamide
gel with a 4% stacking gel in the presence of SDS as
described by Laemmli (1970). The same gel‘was stained éirst
with 0.25% Coomassie Brilliant Blue (upper gel) and then,
following de;taiulng, with silver stain. Lanes 1 andu6
co;tatn the molecular weight marke}s (5 pg of each) hovine -
serum albumin (Mr 66,200) and ovalbumin_(Mr 45,000) as

indicated hy the open arrows. The closed arrow indicates

the position expected for a 30,000 molecular weight

N
~

protein. Lane 2, 45 ug fraction II (ammonium sulfate); lane

3, 34 pg fraction III (Sephadex G-75); lane 4, 15 pg of

. fraction ITI after the 65° C heat step; lane 5, 0.8 pg.

fract{ion V (concentrated DEAE-celluloge eluate).

. N
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Appendix I

3-METHYLADENINE-DNA GLYCOSYLASE 11
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IT.1 Introduction
. ) ImA-DNA glycosylase 11 {s the produét of the 215& gene {n
F. coli. The gene was cloned and‘its product was purified and
characterized by Nakabeppu et al. (1984). The alkA protein catalyzes
. the release of N7 and N?-méthylpur{nes from DNA by breaking the

L 3
R appropriate N-glycosyl bonds. The enzyme also releases the analogous

ethylated bases as well as some O-alkylpyrimidines from PNA (McCarthy
et al., 1985). The alkA protein was purified for use with the endo V-
coupled alkaline elution procedure to extend our studies of the early

steps of base excision repair of QNA in human cells.

11.2 Purification of 3mA-DNA glycosylase TT
/
r ’ The enzyme activity was monitored by measuring the release of

[3H]methy1-1ahe11ed bases from alkylated DNA into an ethanol-soluble

fraction as described by Nakabeppu et al. (1984). The reaction mixture

(50 pl) contained 1.8 pg of [3H]MNU-created calf thymus DNA (806D : :
cpm/pg) prepared accaording to Cathcart and Goldthwait k1981), 0.07 M i
Tris-HC1 (pH 8.N0), 1 mM EDPTA, 1| aM dithiothreitol, S% glycerol, *

1 mg/ml BSA and enzyme. After 20 min at 37° C,~the reaction was

stopp;d by the additfon of an equal volume of 1 mg/ml of BSA, 1 mg/ml
denatured calf thymus DNA, 0.2 M NaCl followed by the addition of 200

[}

ul of ethanol., After 15 min at =70° C the mixture was centrifuged

B e i e

T (15,000 x g for 10 min) and 250 pl of the supernatant ;as taken as the

@ ethanol-soluble fraction. The radloactfvity in this fract{on wag

; determined with a liquid sctﬂéillation counter. NOne uqit of "3mA-DNA ‘
! glycosylase activity is deflned.as ;he activity required to release 1 !
R .

pmol of methylated base per min from the NNA.

7’

14 * / . M
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The alkA protein was purified from . coli DH1 harbouring a

ﬁsmid (pYN100O, graciously provided by Dr. M. Sekiguchi, Xyushu

¢ University, Japan5 that contains the inducible wild-type alkA géne.

Cells were grown, induced with MMS and harvested as described by
Ngkaheppu et al. (1984) and the subsequent purificat{on steps were
adapted from their procedure. Centrifugations were at 20,000 x g for
20 min and all steps were performed at 0-4° C unless indicated .
otherwise. |

The wet cell paste (10 g) was diluted with buffer A (0.02 M
Tris-fiCl, pH 8.5, 1 =M EDTA, 1| mM i;mercaptoethanol, S glycerols
céntaining 0.3 M NaCl and crushed three times at 15,000 psi u&;h.a'

y -
as

French pressure cell. After removing the cell debris by

centrifugation, the supernatant (fraction I, 35 ml) was mixed with an

'equal volume of DEAF-cellulose that had hfen equilibrated with huffer
AN .

% contatning 0:3 M NaCl. After a low-speed centflfugatton (1500 x g

.
<

for 10 min) the Supernatant was recovered. The NDEAE-cellulose pellet
. R -

was back-extracted once and centrifuged again. The combined

" gsupernatants were dialyzed against buffer: A (fraction 1I, 7d'm1).

N\
. Fracti{on IT was applied to a column (0.9 x 30 cm) of DNA-agarose

B

prgviously equilibrated with buffer A. After wéshlng the cSlumn with
60 ml of buffer A, the column was developed with a 200 él 1inear
-grahlent of NaCl (0-0.5 M) in buffer A. Sam;lé; (300 pl) were taken
from the column fractions (2.0 ml),‘g;ecipltatgd with 750 yi of '
acetone and then analyzed Tor protein hy SDS-polyasrylamiae gel’
electrophoresis followed by staining with Coomasgle Brilliant Blue.
Fractt&ns 50-100 (0.25-0,5 M NaCl) revealed a major band égrreaponding

to the molecular welght of the alkA protein (Mr 30,000) (fig. 23). The

S O i N A
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pooled fractions were concentrated to 5.0 ml by ultrafiletration with a
PM10 filter, diluted with water to approximately 30 ml, and re-

concentrated. The resulting pfecipitate was removed by centrifugation

and the supernatant was‘adjusted to 40% glyﬁerol and stored at -20 ° C

for several weeks (fraction TII, 6 ml). . .
N Fraction ITT was thawed, dialyzed against buffer A and applied"

to a column (0.9 x 20 om)-of phospHocellulose (P11, Whatmann). 'Inder
. ) these conditions (pH 8:5) few proteins oth;r than.the glsé-ﬁtoteln
- bind to the phosphocellulose. After washing the column with 60 ml of
. . buffer A, the coluymn was developed with\a 260 ml linear gradient of
. NaCl (0-0.3 M) in buffer A. The glycosylase activity eluted as a
singlle peak with 0.18 M NacCl. Fractiod® 58-66~(2 ml'each) Gére paoled
;;d then concent}ated’by counterdialysis against buffer A containing
30% polyethylene glycol (PEG 6000), adjusted to contain 20% glycerol,
\ .
'_~dlstr1bqted 1n;o 1.0 ml aliquots and stored at =20° C (fraction v,
6.9 ml).

\

I1.3 Results -and discussion

The purification of 3ImA-DNA_glycosylase II {s summarized in fig.
22'. The enzyme was puwrified apprdximately 60-fold with a recovery'of
12%7. This compares favourably with the procedure of Nakabeppu sEigl.
(1984) who obtatned a 42-fold puriffcation with a recovery of 22%
using a'protocol that did not involve diluting the sample with water
('Ebisuihkt extraction”); placed the catf{on-exchange chromatngrapﬁy

.ot ° ! -
before the DNA-agarose step, and included a gel filtration column.

Fig. 23 shows the elutinn of the alkA protein from the DNA-agarose




column. The Ehisuzaki extraction,-not surprisingly, resu%ted in the

precipitatiqgn of many protéins from the sample, while most of the alkA
protein remained {n solution (fig. 24). The alkA protein eluted as a
siﬁgle peak from the phosphocellulosé column wigh 0.18 M salt

(fig. 25). The enzyme activity varied linearly with the amoﬁnt of fraction
1V added, showing two components (fig. 26). This biphasic response
probably reflects the rapid release of 3mA, which comprises

approximately 10% of the alkylated bases in the substrate, followed by

the slower release of 7mG (751 of alkylated hases) from the alkvlated

DNA (Thomas et al., 1982).
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Purification of 3mA-DNA glycosylase IT. DNA glycosylase

activicty was determined as described in section II1.2 and

protein concentrations were determined by the method of

Lowry et al. (1951) as modified by Peterson (1977).
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TOTAL

PROTEIN

TOTAL SPECIFIC

ACTIVITY  ACTIVITY

PURIFICATION

mg

DEAE- 420
cellulbsge

DNA-agarose 2.6

Phospho-  0.83
cellulose L e

units units/mg
9100 21,7

2424

. 1079
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"Figure 23.

SN

NNA-agarose chromatography. Samples from column fractions

Gere analyzed by 12.5X SDS-polyacrylamide gel

electrophoreeié- Lanes 2 and 3, 20 pl each of column flow
through and wash, respectively; lanes 4-19, fractions

collected during the linea;'gradient of fincreasing salt

concentration as indicated. The fractions that eluted

between 0.25 and 0.5 M NaCl (}anes 12-19) contained a major

M_ 30,000 protein (indicated by the closed arrow) as

expectea for 3mA-DNA glycosylase I1. Lanes 1 and 20,

molacular weiéht markers were bovine serum albue}n (Mr

l66,200), ovalbumin (Mr %5,000), and soybean trypainm

tahibicor (M_ 21,500). .

~
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Figure 24. Water extgection of 3mA-DNA glycosylase II. Samples were

analyzed by 12.5% SDS-polyacrylamide gel electrophoresis

with molecular weight markers as described above. Lanesg 2
and 3, 20 pl each of the DNA-agarose flow-through and wash,

respectively; lane 4, 20 pl of the reguspended precipitate

(5 ml in buffer A) that resulted from the dilution with

water of the‘pooled DNA-agarose fractions; lane 5, 3.6 pg

; . o .
of  fraction III (pooled DNA~agarose fractions after

dilutfon, clarificatton, and concentration). .
! . .
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Figure 25. Phosphocellulose chromatography of 3mA-DNA glycosylase 11.
The enzyme was retained by the cation exchange resin even
at pH 8.5. The column was developed with a linear salt

gradient (x) and enzyme activity (0) was recovered {n

.

fractions 58-66.
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Figure 26. Activity of 3mA-NDNA glycosylase II. Fraction IV of the
enzyme preparation catalyzed the release of bases from
f3H)HNU-treacéd DNA 1in a biphasic manner. Enzyme‘%cttvicy:
Ua$\ﬁet€rmined as described in sectfon II.2. The different

symbols represeat separate experiments.
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I.1 Introduction ,
Endonuclease IV was first fdentified {n E. coll xth mutants that

lack exonu&lease III, the major AP endonuclease of E. coli. The enzyme

catalyzes the introduction of. single-strand breaks at apurinic and

‘apyrimidinic s{tes {n double-stranded DNA (Ljungquist, 1977)3 This

class II AP endonuclease produces a 3'-0OH and a S'-deoxyribose

phosphate at-AP sites. Endo IV was prepared essentially as descrig>d

by Ljungquist (1980) except a nicked-circle assay was used to monitor

enz;me activity and DNA-agarosé was used instead of DNA-cellulose.

>

1.2 Purification of endo IV

E.coli ER22 (gﬂﬂﬁ-) was grown {n M9 medium supplemented with
0.2% casamino acids and 0.1% yeast extract (Di}co) and harvested in
the logarithmic growth phase. The cell paste was frozen and stored at
-76° C. All buffers contained 1.0 mM dithiothreitol and
> centrifugations were at 20,000 x g for 20 min. All steps were
perf;rmed ai 0=4° C unless otherwise stated, 40 g of wet cells were
thaved at room temperature fot 5 min and mixed with 40 ml buffer A
(0.05 M Tris-HCl, pH 3.0). Cells were crushed three times at 15,000
psi with a French pressure cell and the cell debris.was removed by
. centrifugation. To the cloudy supernatant (93 ml) was added an equal
volume of 1.6Z~(w/v) strepfomycin sulfate (P-L Biochemicals) in huffer
A. The suspension ‘fs slowly stirred for 30 min, allowed to stand for
. another 30 amin and then centrifuged.,
To the cloudy supernatant (fract}on I, 182 ml) was added 0.265

o g/ml 3011d ammonfum sulfate (ultrapure grade, $chwarg/Mann) over a .

perfod of 30 min with gentle stirring. After another 30 min without
. ™
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