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ABSTRACT

To investigate the repair of oxidative damage in DNA,
we have established an in vitro assay utilizing human
lymphoblastoid whole cell extracts and plasmid DNA
damaged by exposure to methylene blue and visible
light. This treatment has been shown to produce
predominantly 7-hydro-8-oxodeoxyguanosine (8-oxodG)

in double-stranded DNA at low levels of modification.
DNA containing 1.6 lesions per plasmid is substrate for
efficient repair synthesis by cell extracts. The
incorporation of AGMP is 2.7  + 0.5 times greater than the
incorporation of dCMP, indicating an average repair
patch of 3-4 nucleotides. Damage-specific nicking
occurs within 15 min, while resynthesis is slower. The
incorporation of dGMP increases linearly, while the
incorporation of dCMP exhibits a distinct lag. Extracts
from xeroderma pigmentosum  (XP) complementation
groups A and B exhibit 25 and 40%, respectively, of the
incorporation of dCMP compared with normal extracts,
but extracts from an XP-D cell line exhibit twice the
activity. These data suggest that the efficient repair of
8-0xodG lesions observed in human cell extracts
involves more than one pathway of base excision
repair.

INTRODUCTION

patch repair (7). In permeablized human fibroblasts, the repair of
damage induced by the radiomimetic agent bleomycin involves
short patch repair with polymeraBeand long patch repair with
polymerased (8). However, because the above treatments
produce a variety of lesions in DNA, heterogeneity in the repair
has been attributed to the repair of different lesions by different
repair pathways.

One of the most studied and important lesions produced in
DNA by reactive oxygen species is 7-hydro-8-oxodeoxyguanosine
(8-0x0dG). Due to its mispairing with deoxyadenosine, 8-oxodG
is mutagenic (9,10). liEscherichia coli 8-oxodG is removed
from DNA by either a specific glycosylase, known as formamido-
pyrimidine glycosylase (Fpg protein), in the initial step of base
excision repair (BER), or by the UvrABC enzymes through
nucleotide excision repair (NER) (11). Cells deficient in either
pathway do not show an appreciable defect in the repair of
8-0x0dG, but the double mutants exhibit sensitivity to agents
producing 8oxodG lesions (11). Eukaryotic cells may also
employ multiple pathways for the removal of this common lesion.
Separable activities of an 8-oxodG endonuclease and an
8-oxodG-specific glycosylase have been identified in human
cells (12). The yeast (13,14), mouse (15) and human (16,17)
genes encoding homologous 8-oxodG-specific glycosylase/apurinic
lyases have recently been cloned. A similar mitochondrial-specific
activity has also been characteriz€tB). The Drosophila
ribosomal protein S3 displays specific 8-oxodG and AP activities
(19). The human, but not the moudémethylpurine DNA
glycosylase exhibits an 8-oxodG incising activi0). In

Oxidative damage to DNA is an inevitable consequence eafddition, the involvement of the human NER system in the repair
metabolic activity and the chemical instability of DNA-3).  of 8-oxodG has recently been demonstrg®dd. However, the
Oxidative damage in DNA has often been suggested asr@lative importance of these activities in the overall repair of
contributing factor in the process of aging and the developme8toxodG in human cells has not been evaluated.

of cancer (4). The repair of oxidative damage in DNA by human Most agents producing oxidative damage in DNA result in the
cells is not well understood due to the multitude of lesionformation of multiple DNA base lesions. However, photoactivated
produced by oxidative treatmerfts and the compiaty of the  methylene blue produces almost exclusively the base modification
response. The repair of damage induced by ionizing radiation aBeébxoguanosine in double-stranded DNg@&2,23) wthout
other agents producing base modifications as well as single-stragignificant conversion of the other three b#243. With 1% of the
breaks has both aphidicolin-sensitive and -resistant componetsganosines modified, 8-oxoguanosine and formamidopyrimidine
(6), which has been interpreted in terms of long patch and shante detected in a ratio of 20:1 (23). At twice that level of
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modification, an additional product is detected, but at <0.3% afn external control. Methylene blue was removed by three
the level of 8-oxod@25). At Hgher levels of modification, eight consecutive ethanol precipitation steps. Except for the visible
additional species are formg#t), dthough 8-oxodG remains the light exposure, all manipulations with methylene blue were
most prevalent. In addition to 8-oxodG, the formation of anothgverformed in the dark or under a dim blue safelight. Plasmid DNA
lesion in single-stranded DNA, but not double-stranded DNAwas further purified by two cesium chloride—ethidium bromide
has been proposed based on the mutation spe@®mThus gradient centrifugation steps and one sucrose gradient step. None
under conditions in which <1% of the guanines are modified, thef the plasmids had a detectable population of nicked molecules
reaction of double-stranded DNA with photoactivated methylenand the fraction of nicked molecules did not increase significantly
blue produces predominantly 8-oxodG. during storage at°4€ for 4 months.

Although the presence of 8-oxodG-specific glycosylases in
mammalian cells has been amply demonstrated, little is knowsyeparation of whole cell extracts
about the overall repair of this lesion. DNA damaged by exposure ) ] ]
to methylene blue and visible light represents a useful modeluman lymphoblastoid cell lines were obtained from NIGMS
system forin vitro investigation of the repair of a common Human Genetic Mutant Cell Repository and NIA Aging Cell
oxidative lesion in DNA due to the near-exclusive formation oRepository (Coriell Institute for Medical Research, Camden, NJ).
the lesion 8-oxodG. We have used plasmid DNA damaged thhe cell lines were: GM01310b (normal), AG09387 (normal),
methylene blue and visible light to investigate the repair 0pM02250e (XPA), GM02252a (XPB), GM02253e (XPD),

8-oxodG by extracts from human cells. GMO01857 (CSA) and GM01712a (CSB) Cells were grown in
RPMI 1640 media, supplemented with 13% fetal bovine serum,
2 mM L-glutamine, 100 U/ml penicilin G and 100g/ml

MATERIALS AND METHODS streptomycin sulfate, and maintained at@#vith 5% CQ and

Materials 95% humidity. All cell lines were negative for mycoplasm

o ) contamination. The cells were harvested at a densify6 of
Radioisotopesd-32P]dCTP and¢-3PJdGTP (3000 Ci/mmol) 1 cells/ml. Whole cell extracts (WCE) were prepared as
were purchased from Amersham or DuPont NEN Researgfascribed (28). WCE xibited the expected proficiency or
Products. Radiolabeled dGTP was used within 5 days of thgficiency for repair incorporation into UV-damaged plasmid and

reference date. Methylene blue was obtained from Ricogp \WCE exhibited the expected pattern of complementéion
Chemical. ATP, dNTPs and restriction enzymes were obtained

from Boehringer Mannheim. Aphidicolin, HEPES, creatin .y

phosphokinase (rabbit muscle), phosphocreatine and proteeggeq hicking assay

inhibitors were purchased from Sigma. BSA, cell culture mediBNA damaged by exposure to methylene blue and visible light
and supplements were purchased from GIBCO BRL. Fpgas treated with Fpg protein to determine the number of
enzyme (5% 10’ U/mg) was obtained from Dr A.P.Grollman enzyme-sensitive sites. DNA at a concentration of@/&l in
(SUNY, Stony Brook, NY). Endonuclease Il was purchase&0 mM Tris—HCI (pH 8.0), 50 mM KCI and 1 mM EDTA was

from Trevigen Inc. incubated with various amounts of Fpg protein in al2@lume at
37°C for 25 min. The products were separated on a 1% agarose gel
Plasmid DNA containing 0.5ug/ml ethidium bromide. The relative fluorescence of

) . the supercoiled and nicked bands was determined using a
pBluescript Il KS(+) (Stratagene), referred to herein as pKS(+kjuorimager (Molecular Dynamics) and analyzed using Image-
and pRS, a 4470 bp derivative of pUC19 constructed bguant software (Molecular Dynamics). Assuming a Poisson
Dr G.Dianov (NIA, Baltimore MD), were propagated in XL1-Blue djstribution of the damage, the average number of enzyme
cells (Stratagene) and prepared by the lysozyme-Triton X-1Qnsitive sites per plasmid is given by the expression: —Irx (1.4
method(27) with modifications. Phenol and chloroform were not Fo/(1.4x Fs + Fy)), whereFs andF, are the fluorescence of the
used during plasmid purification. pKS(+) DNA was purified bysypercoiled and nicked bands, respectively, and the factor 1.4

cesium chloride—ethidium bromide equilibrium centrifugationcorrects for the difference in ethidium bromide binding to
prior to treatment with damaging agents. Undamaged pRS DNéypercoiled compared to linear DNA.

was purified by a total of three cesium chloride—ethidium bromide

centrifugation steps and one sucrose gradient sedimentation ste o .
UV-damaged pKS(+) plasmid was prepared by irradiating& epair incorporation assay

DNA at 50ug/ml in 40 mM HEPES-KOH (pH 7.9), 0.1 M KCI, Repair incorporation assays were performed essentially as described

0.5 mM EDTA with UV-C (254 nm) at a fluence of 1.01 VW¢/m (28). Briefly, eactions contained 300 ng each of supercoiled

for a total of 450 J/éh The irradiated plasmid was treated withdamaged pKS(+) and undamaged pRS,tp6f WCE protein in

E.coli endonuclease Il to remove pyrimidine hydratesd a volume of 5Qul in a solution of 44 mM HEPES—KOH (pH 7.9),

further purified by two cesium chloride—ethidium bromide70 mM KCl, 7.5 mM MgG}, 1.2 mM DDT, 0.5 mM EDTA, 2 mM

gradients and one sucrose gradient. The resulting plasmid is flEP, 250ug/ml BSA, 40 mM phosphocreatine, f/ml creatine

of nicks and serves as a standard substrate for NER activity. phosphokinase, and %M each of dATP and dTTP. In addition,
Oxidatively damaged pKS(+) was prepared by treating 0.1 mg/mbactions contained either g dGTP, 5uM dCTP and JuCi of

DNA with 10 uM methylene blue, in 0.01 M sodium phosphatea-32P]JdCTP or 50uM dCTP, 5uM dGTP and 1uCi of

buffer (pH 7.4). The plasmid DNA was kept on ice and exposeai-32P]JdGTP. The reactions were incubated &C3for 2 h, stopped

to visible light at a fluence of 117 W#xfrom a 100 W tungsten by addition of EDTA, and then treated with RNaseA followed by

bulb, for varying amounts of time. In addition, pKS(+) DNA proteinase K. The DNA was recovered by phenol—chloroform

treated with methylene blue but kept in the dark was prepared edraction and ethanol precipitation. Plasmids were linearized with
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EcdRI endonuclease and separated by electrophoresis through a 1% , Light Exp.

agarose gel, containing Q.g/ml ethidium bromide. The gel was (kd/im?) 0 21 42 63 B4 105
scanned to measure the intensity of ethidium bromide fluorescence damage

(Fluorimager, Molecular Dynamics). The gel was dried under -

vacuum and exposed to a storage screen (Phosphorimager,

Molecular Dynamics) for 41-42 h. +

Kinetics experiments

i
1
1
t_
I

Reactions to determine the rate of nucleotide incorporation were
performed similarly, except that the reaction mix containing cell B
extracts was preincubated at’80for 5 min before the reaction

was initiated by addition of DNA. WCE nicking experiments
were performed similarly, except that ANTPs were omitted from

30
25

Counts/ng (x10%

the reaction and the DNA was not linearized. fg \
10
Data analysis 5
. . - : o
Autoradiograms and images of ethidium bromide fluorescence 0 20 40 60 88 100 120

were analyzed using ImageQuant software (Molecular Dynamics).
Gel image intensities are displayed with a linear response to the
Slgnal. Fluorescence mt_ensmes of linearized pKS(+) and pR%igure 1. Increasing light exposure to methylene-blue treated DNA increases
bands, in ‘comparison with _known amounts of DNA, were useg, vitro repair incorporation by human lymphoblast cell extracts. Standard
to determine the DNA loading. Background-corrected values Ofeactions containing WCE from GM01310b (normal) cells, undamaged DNA
the radioactivity incorporated for the damaged and undamageld damage) and DNA treated with [l methylene blue and exposed to various
plasmids were normalized for the amount of DNA. The@amounts of visible light (+ damagem(Ge;Z:;“ageS show ethidium bromide
damage-specific radioactivity incorporated was calculated by aning of DNA and incorporation off*PIACMP. B) Damage-speciic

g . p p > - . ,Yncorporatlon of @-32P]CMP is expressed as counts per ng and increases with
subtracting the background-corrected and normalized radioactivityicreasing exposure to light. The arrow marks the exposure used for subsequent
incorporated in undamaged pRS from that incorporated intexperiments. This experiment was repeated with similar results but the values
damaged pKS(+). In calculating the moles of nucleotidevere not averaged because Phospholmager screens with different efficiency
incorporated, the amount##P-labeled nucleotide was corrected Vere Used:
for decay. The counts per minute of radioactivity incorporated

may be related to the moles of the specific nucleotide incorporatedyowever, if repair proceeds by two pathways, one replacing

by the use of the equation: only the modified base and a second replacing the modified G and
(c.p.m. incorporated)(&M)(50 ul) a characteristic number of adjacent nucleotides, then the proportion

moles dNMP= (counting efficiency) (2.2< 106 d.p.m.) (decay factor) 1 ofthelesions thatare repaired by each pathway can be determined

if the patch size of the second pathwayis known. The fraction

The radioactivity incorporated (d.p.m.) was determined by liquig the |esions repaired by the second pathiydy, given by the
scintillation counting of the excised band or by using a part'cwfgxpression:

phosphorus storage screen for which the counting efficiency had
been determined.

Light Exposure (kJ/m?)

Analysis of the ratio of dGMP to dCMP incorporation fo = 1/(1+ Favs Zl Qi,c—Z, dic) 3
by DNA repair pathways _ " -~ _

) ) ) ] _wherergpsis the observed ratio of dGMP to dCMP incorporated.
Assuming that the damage is localized exclusively to guanosifge have considered the second pathway to be either ‘short patch’
and that the surrounding sequence does not affect the extenggfR with an average patch sizenof= 6, or NER with a patch
damage formation, then the average size of the repair patch G of28 (30). The assuption of the patch size of 6 is at the
be deduced from the differential incorporation of dGMP tqpper end of the range usually given for the ‘short patch’ BER

dCMP. We analyzed the sequence of pKS(+) (GenBankathway, so this calculation may underestimate the contribution
#X52327) using a custom program written in Visual Basic. Thef that pathway.

fraction of all Gs having a G immediatefy@asep g = 0.257 while

the fraction with a C in that position wasc = 0.300. Similarly for  pEgyLTS

the next position to the, 3 ¢ = 0.279 andg ¢ = 0.216, and so on.

Averaging up to the patch sizg,leads to an expression for the Effect of increased dose of visible light during

ratio of dGMP to dCMP incorporated, methylene-blue treatment of DNA onin vitro repair
synthesis by normal WCE

n L As shown in Figure 1, DNA repair synthesis experiments with
r= Z Gic / Z Qic normal human WCE contain both undamaged and oxidatively
i=1 i=1 damaged plasmids. The incorporation @®fPJdCMP into the
For patch sizes of 2—6, the ratio of dGMP to dCMP incorporateatethylene blue-treated DNA (+ damage) increased with light
is predicted to take the values: 4.19, 2.98, 2.35, 2.03, 1.78. exposure from 0 to 105 kJ#and is highly specific for damage
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Figure 2. Determination of the number of Fapy glycosylase-sensitive sites in Figure 3. Efficient DNA repair synthesis into DNA containing methylene blue
pKS(+) DNA treated with methylene blue and 21 Kl/of visible light. and visible light-induced damage compared with UV-damaged DNA. Gel
Ethidium bromide stained gel showing conversion of supercoiled to nicked images show ethidium bromide staining of DNA and incorporation of
DNA by Fpg protein. The number of enzyme sensitive sites per plasmid was[a-32P]JdCMP. The larger plasmid (— damage) is the undamaged internal
determined using the Poisson distribution. control. WCE from normal human cells (GM01310b) incorporat&?P]CMP
into DNA damaged by methylene blue and 21 Righvisible light more
efficiently than into DNA damaged by 450 /kdVC.
generated by the combination of methylene blue and visible light.
Very little radioactivity is incorporated into the undamage L
plasmid (— damage). The lowest dose of visible light (indicatefly the UV-C irradiation (28) but weremeved by the subsequent

by an arrow) produced significant damage-specific incorporatiofieaiment by endonuclease Itlibwed by cesium chloride—ethi-
and was used as the source of 8-oxodG-containing DNA um bromide banding. Since cyclobutane pydime dimers are

subsequent experiments. The damage-specific incorporation i (())rly recognized by the NER enzymes, it has been reported that
the control DNA, which was exposed to methylene blue but ndP?? Of the damage-specific repair synthesis occurs at the [6-4]

iradiated, was 7—20 times lower than the incorporation into DNANOtoProducty28). As shown laove, exposing pKS(+) DNA to

exposed to methylene blue and 21 Risivisible light. Although ~ Methylene blue and 21 k i]?mf .Ej/isit;:e Ii%ht_produces' 1.6 fF é)g
the incorporation of radioactivity into the external control DNA jgProtein-sensitive sites per plasmid. Thus the incorporation of dCMP

low in comparison with the irradiated DNA, it is significantly PY thg nc;]rmal cell extr?]cts is é:onsiderably more efficient per
greater than the incorporation into the undamaged control DN&©X0UG than per [6-4] photoproduct.

(PRS).

Determination of the number of Fpg protein-sensitive sites

Specific nucleotide differences in DNA repair incorporation
into methylene blue-damaged DNA by human whole cell
extracts

F rotein possesses 8-oxodG glycosylase and AP | . L
Pg b b gycosy ya?ﬁe amount of radioactivity incorporated by human cell extracts

activities (23,31). We determined the number of Fpg protein- '™ . :

sensitive sites per plasmid molecule created by exposing tHHMNg the repair of methylene blue-induced damage depends on
pKS(+) plasmid to 21 kJ/Avisible light in the presence of i@ e identity of the labeled nucleotide. As 2shown in Figure 4,
methylene blue. As shown in Figure 2, the fraction of the plasm %rzoxmately e.q”a' amounts of a-PPJdGMP ~ and
DNA nicked by Fpg protein approached a limiting value and®->“PJdCMP are incorporated into the methylene blue damaged
indicated the presence of 1.6 Fpg protein-sensitive sites papSmid, although the amount of DNA loaded in the dCMP lane is
plasmid. The methylene blue treated but unexposed plasnfProximately three times greater. Based on several experiments, the
yielded [0.07 enzyme sensitive sites per plasmid. Fpg prOte@Zﬁ;:gécedmsoNrXczgaS%n 005f (t)i[;nez]gggtf;r Itr%tgn ttr%ee i%?gfp)tg/rg%i/on
also recognizes formamidopyrimidi(@3, 31) of [a-32P]dCMP. Little of either nucleotide is incorporated into
the larger, undamaged plasmid also present in the reaction.
Considering the specificity of photoactivated methylene blue for
producing 8-oxodG in double-stranded D28,25), the relatively

The incorporation of g-32PJdCMP by normal WCE into the small ratio of dGMP to dCMP incorporation duringyitro repair
methylene blue-damaged plasmid and the UV-damaged plasmicois human WCE indicates that a significant component of the
shown in Figure 3. Four-fold more dCMP was incorporated into theepair replaces adjacent nucleotides in addition to the modified
oxidatively damaged plasmid than into the UV-irradiated plasmid guanosine.

these levels of DNA maodification. The greater efficiency of repair We have performed DNA repair synthesis experiments with the
is more striking when the number of sites is considered. UV-C (2%bncentration of the limiting nucleotide varied between 2 and
nm) irradiation of 450 J/fproducesTl0 cyclobutane pyrimidine 20uM and the amount of labeled nucleotide constant&til
dimers and about three [6-4] photoproduct lesions per similarlyelata not shown). The amount of nucleotide incorporated, when
sized plasmid molecule (28). Pyrimidine hydrates are also formeglculated according to equatidnand corrected for isotopic

Efficiency of repair incorporation by cell extracts into
methylene blue and UV-damaged DNA



2188 Nucleic Acids Research, 1998, Vol. 26, No. 9

dGMP dCMP A {minutes) 25 5 10 15 30 60 80 12D
damage damage
) + E
dGMP
+ sl Alami
+ bt i T A — -
+
dCMP
+ »
+
B
. o . 8
Figure 4. Nucleotide-specific incorporation by normal human whole cell g2 .m
extracts (GM01310b) into DNA damaged by exposure to methylene blue and § e
visible light. Gel images show ethidium bromide staining of DNA and 8
incorporation of §-32PJdGMP or i-32P]JdCMP into damaged or undamaged A0
DNA. The larger plasmid (— damage) was an untreated internal control. The % 400
smaller plasmid (+ damage) was treated withiiOnethylene blue and 21 k#m £ W
of visible light. @ w0
-:_E:u 100
= 0
L . . ) . 0 2 4 80 20 100 120
dilution, is essentially constant over this range. Thus residu: Incubation time (minutes)

nucleotides in the cell extracts do not contribute significantly in the

.reac“of‘- In addition, QXpe”memS with radIOIabeled nucleotide .usegigure 5. Kinetics of nucleotide incorporation by GM01310 (normal) WCE
!mmed|ate|y after delivery or 10 days later give th? same ratio Ofito DNA damaged by methylene blue and visible ligh) Gel images
incorporated dGMP to dCMP (data not shown), indicating thathowing DNA loading and incorporation of radioactivity for reactions

degradation products in the labeled nucleotide stock do nd{ontﬁ}fihm p-32PICTP a][ld tﬁ;ZP]G.TP- 8) Time-depen?en? of damage

i ; ; specific incorporation of radioactivity. Incorporation of radioactivity was
Slgnlflcantly affect Incorporation. determined by liquid scintillation counting of excised bands and is expressed
as fmoles of dNMP incorporated per 300 ng of damaged DNA: closed circles,

_32 . i 32
Kinetics of repair of methylene blue induced damage [a-"*PIGTP: open circlesap*PICTP.

To determine the rate limiting step in the repair of 8-oxodG, the
kinetics of nicking and resynthesis by the WCE was investigated.

Damage specific nicking of the methylene blue-damaged plasmidspectively. In the presence of both inhibitors, the incorporation
by the WCE occurred rapidly, with a limiting valuel@t5 nicks  ,t 4GTP is reduced to 45% of the control.

per plasmid being attained within 15 min (data not shown). The with purified proteins, aphidicolin and ddTTP are selective

undamaged plasmid, pRS, was also nicked by the WCEnipitors of pold (or pole) and polp, respectively. However,
exhibiting LD.07 non-specific nicks per 3 kb in that time. whole cell extracts or permeabilized cells have often displayed

In contrast, t_he resynthesis step is slower. As shqwn in Figurg ly partial inhibition(30,32,33). Athough the inhibitors are
the incorporation of radiolabeled dCMP or dGMP increases wi nly partially effective in the present system, the differences in

time for incubations up to 2 h. Interestingly, the incorporation of,e™ sensitivities of dGMP and dCMP incorporation to the

dCMP exhibits a distinct lag, with almost negligible incorporation,hipjtors suggests differences in the repair pathways detected by
until after 15 min of incubation. Together, these results sugge$ie wwo nucleotides.

that incision is not rate limiting for the repair of 8-oxodG and that

some portion of the repair pathway detected by the incorporation

of dGMP may differ from that detected by the incorporation offable 1.Effects of DNA polymerase inhibitors on the incorporation of

dCMP. radiolabeled dCMP or dGMP into methylene blue-damaged DNA by normal
whole cell extracts

Effect of DNA polymerase inhibitors on incorporation of

radiolabeled dGMP and dCMP by normal human WCE Inhibitor Lrgc:\lﬂe: rde?'\t/'l‘;e frd”gﬁz rzlgt,'\‘/l'ﬁ
into methylene blue-damaged DNA . ) . ) . .
mcorporateél incorporation mcorporatéd Incorporation
The effects of specific DNA polymerase inhibitors were examinechone 325+ 36 1.00 1139+ 34  1.00
and the_ results are summa_r!zed in Table 1. The incorporation %fphidicolin 194+ 31 0.60 107% 9 0.94
dCTP is moderately sensitive to the presence of aphidicolin,
322+ 33 0.99 875 19 0.77

exhibiting 58% of the activity compared to the control. Addition ddTTP
of ddTTP alone has no effect on the incorporation, but in thepoth 88+ 17 0.27 467+ 52 0.41
presence of both inhibitors, the activity is reduced to 33%. The
incorporation of dGTP is comparatively less sensitive to aphidicolihamage-specific fmoles dNMP incorporated per 300 ng DNA. Values given
and more sensitive to ddTTP, giving 94 and 77% of the activitgye the mean and standard deviation of two experiments.
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Incorporation of radiolabeled dCMP into methylene A I —_—
blue-damaged DNA by extracts from normal and repair
deficient cells T i g g vy -] P

To examine the effects of defective NER on the repair of this
oxidatively damaged DNA, we determined ith@itro DNA repair

synthesis performed by extracts from apparently normal donors,
xeroderma pigmentosuiiXP) and Cockayne syndrome patients.

The results are shown in Figure 6. The image of the ethidium
bromide-stained gel shows even loading of the damaged and B
undamaged plasmids and the autoradiogram shows specific incor-
poration of radiolabeled dCMP into the methylene blue-damaged 200

plasmid. The damage specific incorporation of radiolabeled £ _ T
dCMP by the two normal cell lines, GM01310 and AG09387, 25 W™ =
were within 15% of each other. The XPA and XPB cell lines B g 2

. . L & 100 o
showed considerably less repair activity toward the methylene g
blue-damaged DNA than the normal extracts (25-40%), but the £ 5 =
XPD line, GM02253e, was about twice as active as the normal =
extracts. Experiments using f@ each of XPA and XPB WCE 0

result in a partial complementation of damage-specific dCMP
incorporation (data not shown). The CSA line, GM01857,
exhibited 140% of the incorporation of radioactive dCMP
compared with the normal but the CSB line, GM01712, was

s ; : ; i 0 .+ Figure 6. Damage-specific incorporation ofi32P]JCMP by WCE from
somewhat deficient in this repair, exhibiting 67% of the aCtIVItynormal and repair defective cells into DNA damaged by methylene blue and

compared to the_‘ normal. . visible light. A) Gel images showing ethidium bromide staining of DNA and

The observation that cell extracts from two differ&tR incorporation of §-3PJCMP. @) Histogram showing damage-specific
complementation groups exhibit a deficiency in repair suggestscorporation into methylene-blue damaged DNA. Data represent thesmean
that some XP proteins may directly or indirectly influence thestandard deviation of two experiments and are normalized to GM01310b.
repair of 8-oxodG detected by the incorporation of dCMP.

However, the proficiency of XPD extracts in this repair suggests

that it is not NERper se CS extracts, shown here to be proficient2Ctivity proceeding by each path, using equaionhe fraction
or nearly proficient in the repair of methylene blue-inducedf lesions repaired by the ‘short patch’ pathway is then calculated

damage, are also proficient in timevitro repair of UV-induced asfp = 0.56+ 0.15 indicating approximately equal dist_ribution of
damage(29,34). repair through the two pathways. Note that the choice of larger

values for the size of the patch results in lower estimates of the
contribution of the ‘short patch’ pathway. On the other hand, if the
Models of DNA repair pathways two pathways involved are single nucleotide replacement and
nucleotide excision repair, with an average repair patch sine of
The considerable specificity of damage produced by methylere28, then the corresponding fraction processed by the second
blue permits differences in dGMP and dCMP incorporation to bgathway iy, = 0.11, assuming that the repair patch has a random
interpreted in terms of the size of the repair patch. Based on thequence composition. In this case, most of the lesions are
average ratio of dGMP to dCMP incorporationgk=2.7+0.5,  processed by the single nucleotide replacement pathway and the
the average repair patch sizerof 3.3+ 0.7 is calculated by nucleotide excision repair pathway only contributes modestly.
interpolation using equatioh The use of a model assuming a
random sequence in the repair patdo 3he modified G, withan  piscussioN
equal proportion of each nucleotide, does not produce a
significantly different result. This implies that timevitro repair ~ We have inferred characteristics of the repair of 8-oxodG in human
of the oxidative damage lesion, 8-o0xodG, when present icells by examining the damage-specific nicking and DNA repair
plasmid DNA, does not simply occur by the single nucleotidsynthesis activity of whole cell extracts on covalently closed circular
replacement pathway. Either the repair is dominated by a pathwBWA containing damage induced by methylene blue and visible
that replaces approximately two adjacent nucleotides in additidight. Most of the damage is repaired by a BER process rather than
to the modified guanosine, or two pathways contribute signifiNER as indicated by several observations, including the overall
cantly to the repair. An average repair patch siz&€ofvas efficiency of repair of methylene blue-induced damage compared
determined for the repair of a synthetic (reduced) abasic site tm UV-induced damage, the identification of DNA synthesis rather
Xenopus laevieocyte extracts (35). than incision as rate-limiting and the proficiency in the repair of this
Differences in the kinetics of incorporation of dCMP compared toxidative damage by XPD extracts, which are defective in the repair
dGMP (Fig. 5) and differences in the effects of inhibitors (Table 19f UV-induced damage. These observations do not preclude a small
suggest the involvement of at least two pathways in the repair cdntribution from NER21). The hvolvement of more than one
8-oxodeoxyguanine. If we assume that the two pathways apathway in this efficient repair is suggested by the differences in
single nucleotide replacement and ‘short patch’ repair with atme kinetics of dGMP and dCMP incorporation and differences in
average patch size of = 6, then the ratio of dCMP and dGMP the sensitivity of incorporation of the two nucleotides to the
incorporated can be used to determine the relative fraction of thmhibitors aphidicolin and ddTTP. Deficient repair of 8-oxodG
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lesions by XPA and XPB extracts, as detected by incorporatisensitivity(42), while a different CSB patient (CS1AN) was quite
of dCMP, suggests that some XP proteins may directly asensitive. The radiosensitivity of CS cells has recently been
indirectly influence the repair of this lesion. attributed to the requirement for CSB protein in the transcription-

Many studies indicate that 8-oxodG is repaired rapidly ircoupled repair of thymine glycols, another oxidative damage
human cells. Fpg protein-sensitive sites produced by photoactivaledion in DNA also thought to be repaired predominantly by BER
acridine orange, which include 8-oxodeoxyguanosine and forman{é43). The ¢pbal repair of thymine glycols was not defective in
dopyrimidine, are rapidly repaired in both the nucleus an@SB cells (43), which is similar to the absence abaificant
mitochondria, with >80% of the damage removed from activelglefect in then vitro repair of 8-oxodG lesions shown here.
transcribed DNA within 2 h, based on the gene-specific repair BER of uracil from DNA in mammalian cells proceeds
assay (36). An examitian of the repair of specific base lesionspredominantly by a single nucleotide replacement mechanism
induced by HO, in human cells, using the GC/MS technique, hagnvolving DNA polymeras@ (32). Recently, the existence of an
shown that 8-oxoguanosine and 8-OH-adenine were removetlernative, PCNA-dependent pathway has been demonstrated
more slowly than pyrimidine lesions and some other purinéor the resolution of repair initiated by glycosylaseX@amopus
lesions(37). About 50% of the 8-oxodG is removed in (3@).  (44), hamster (45) and human extracts (46). The dependence of
The rapid repair of the oxidative damage can be compared withis second pathway on PCNA may arise either through the
the considerably slower repair of cyclobutane dimers in activeljpvolvement of DNA polymeras®or € (33,47), in which PCNA
transcribed genes, which requires 24 h to repair 80% of the lesidagds polymerasé or € onto the DNA, or through PCNA
(38), suggesting that most 8-oxodG lesions are removed by bastémulation of FEN-1activity46). Atthough this second pathway
excision repair processes. has been demonstrated to operate on reduced or oxidized AP sites

However, some evidence implicates the mammalian nucleotidé6), it may also be an estil feature of the repair of oxidized
excision repair pathway in the repair of 8-oxodG. A shuttle vectdiase damage recognized by eukaryotic glycosylases that proceed
containing a single 8-oxodG was defective in a plasmi®y @ mechanism similar t.coliendonuclease lll, creating a gap
replication assay after passage through XPA cells compared whaunded by a DNA strand with athsaturated aldehyde4).
normal cells, suggesting that XPA cells are defective in the repairln this paper, we have presented evidence that a common
of 8-oxodG (39). However, noignificant impairment in the oxidative lesion in DNA is efficiently repaired by at least two
repair of methylene blue plus light induced damage was detecteathways in human cells. These pathways may be initiated by a
in XPA cells using a host cell reactivation asg4). Plasmid ~ glycosylase specific for the removal of 8-oxodG such as the
DNA damaged by-irradiation or O, and Cd* treatments, hOGGL1 protein. Following the initial nicking, the repair may
which produce a variety of base damages, did not show aRyoceed through single base replacement or by a slower process
significant difference in DNA repair synthesis between normdhat involves the replacement of the 8-oxodG and several
and XP cell extracts (41). However, after treatment of thgurrounding bases. These repair pathways may be similar to the
plasmids with thé.coli enzymes Fpg protein and endonucleas&CNA-dependent and independent pathways which have been
IIl, the remaining damage was repaired in normal but not XPreviously described.
extracts (41). Bcently, the excision of the characteristic
8-0xodG-containing oligonucleotide by the NER pathway usin\CKNOWLEDGEMENTS
cell extracts or purified repair proteins has been demonstrated ) ] ) . ]
(21). The overall efficiency of that process is low and does nd/e appreciate the interaction with the Danish Center for
account for the efficient repair we observe here. Based on théolecular Gerontology. Insightful comments on the manuscript
2-fold greater efficiency of excision of 8-oxodeoxyguanosine byvere provided by R. M. Anson, D. Croteau, N. Hoehr and R.
the NER system compared with a cyclobutane di@e), we Stierum. G. Dianov generously provided samples of WCE and
estimate that only a small fraction of the incorporated dCMP ca#asmid DNA for comparison in initial studies.
be attributed to nucleotide excision repair.
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