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ABSTRACT

The kinetics of excision of damaged purine bases from
oxidatively damaged DNA by Escherichia coli Fpg
protein were investigated. DNA substrates, prepared by
treatment with H ,O,/Fe(lll)-EDTA or by y-irradiation
under N,O or air, were incubated with Fpg protein,
followed by precipitation of DNA. Precipitated DNA and
supernatant fractions were analyzed by gas chromato-
graphy/isotope-dilution mass spectrometry. Kinetic
studies revealed efficient excision of 8-hydroxyguanine
(8-OH-Gua), 2,6-diamino-4-hydroxy-5-formamidopyri-
midine (FapyGua) and 4,6-diamino-5-formamidopyri-
midine (FapyAde). Thirteen other modified bases in the
oxidized DNA substrates, including 5-hydroxycytosine
and 5-hydroxyuracil, were not excised. Excision was
measured as a function of enzyme concentration,
substrate concentration, time and temperature. The rate

of release of modified purine bases from the three
damaged DNA substrates varied significantly even
though each DNA substrate contained similar levels of
oxidative damage. Specificity constants (  Kkggi/Kn) for
the excision reaction indicated similar preferences of
Fpg protein for excision of 8-OH-Gua, FapyGua and
FapyAde from each DNA substrate. These findings
suggest that, in addition to 8-OH-Gua, FapyGua and
FapyAde may be primary substrates for this enzyme in
cells.

INTRODUCTION

lesions are substrates for enzymes engaged in DNA repair in
bacteria and mammalian cells (reviewed-f).

Fpg protein ofEscherichia coli(7—10) has been purified to
apparent homogeneity and shown to possess N-glycosylase and
B-lyase activities {1-13). Several products of oxidative DNA
damage, including 8-hydroxyguanine (8-OH-Guda),15),
2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua})(
and 4,6-diamino-5-formamidopyrimidine (FapyAde)L), are
substrates for this enzyme. Fpg protein appears to act weakly on
8-hydroxyadenine (8-OH-Ade)l%), but several laboratories,
using different analytical techniques, did not detect this activity
(16,17). Recently, 5-hydroxyuracil (5-OH-Ura) and 5-hydro-
xycytosine (5-OH-Cyt) were reported to be efficiently excised
from duplex oligonucleotides by Fpg proteig); The specificity
of Fpg protein has been examined in terms of its binding affinity
and kinetic parameters for cleavage of defined DNA substrates
(17). Duplex oligonucleotides containing a single lesion were
used for this purpose and a catalytic mechanism was proposed to
explain the facile excision of formamidopyrimidines and 8-OH-
Gua by the enzymé. ().

Simultaneous measurement of the kinetics of excision of
8-OH-Gua, FapyGua and FapyAde Byoli Fpg protein from
oxidatively damaged DNA has not been reported. It is not known
whether Fpg protein excises these purine lesions with similar
specificity from oxidatively damaged DNA, and whether the
kinetics of excision depends on the nature of DNA substrate.
Oxidatively damaged DNA contains a variety of pyrimidine and
purine lesions4,3). The distribution and concentration of the
lesions are affected by many factors including the radical
environment of DNA, and the presence or absence of oxygen. In
this context, the kinetics of excision may depend on the nature of
DNA substrates, which may differ from one another in terms of

Oxidative DNA damage produced by endogenously- and exoggpes, distribution and quantities of lesions.
nously-generatectactive oxygen species has been implicated in The objective of the present study was to simultaneously
mutagenesis and carcinogenesis and may play an important noleasure the kinetics of excision of 8-OH-Gua, FapyGua and

in the pathogenesis of aging (reviewedljnAmong oxygen-

FapyAde byE.coli Fpg protein from oxidatively damaged DNA,

derived species, the hydroxyl radical is highly reactive, producirand thus to provide a quantitative comparison of the specificity of

a variety of lesions in DNA (reviewed i3). Most of these

the enzyme for these lesions under similar conditions. Furthermore,
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we wished to determine if the rate of excision was affected by tfiéaree replicates of these samples were incubated withpigdf(iy
nature of the DNA substrate, using several oxidatively damagedotein, or without Fpg protein at 32 for 15 min as described
DNA substrates. Calf thymus DNA was used as a model for theabove. For determination of excision as a function of incubation
experiments. We utilized the technique of gas chromatographgimperature, three replicates of 1@Daliquots of irradiated or
isotope-dilution mass spectrometry (GC/IDMS) to measure thé,O,/Fe(lll)-EDTA-treated DNA samples were incubated with
excision rates of purine lesions. This technique permits preciggig Fpg protein or without Fpg protein at 5, 15, 20, 25, 30 and
identification and quantification of numerous base lesions in 37°C for 15 min.

given DNA sample319), and is well suited for the determina- Following incubation, 54@l of cold ethanol (—20C) were

tion of the substrate specificity of DNA repair enzymesadded to each sample. Samples were kept &G-&0 2 h and

(15,20-23). then centrifuged at°€ for 30 min at 10000 r.p.m. DNA pellets
and supernatant fractions were separated. The pellets were
MATERIALS AND METHODS washed with 10Qul of a cold mixture (—20C) of ethanol and
i water (80/20; v/v). DNA pellets were dried in a SpeedVac under
Materials vacuum, dissolved in 1%00f 10 mM phosphate buffer (pH 7.4),

Modified DNA bases, their stable isotope-labeled analogues, afd the concentration of DNA was determined by the absorbance
materials for gas chromatography/isotope-dilution mass spect@-260 nm (absorbance of 1 =i of DNA/mI). The recovery
metry (GC/IDMS) were obtained as described previoudly, ( ©f DNA by precipitation with ethanol was00%.

Calf thymus DNA and hydrogen peroxide solution were pur- . o
chased from Sigma. Hydrolysis, derivatization and GC/IDMS

) Aliguots of stable isotope-labeled analogues of modified DNA
Preparation of DNA substrates bases were added as internal standards to pellets with known

Calf thymus DNA was dissolved in 10 mM phosphate buffeRmounts of DNA and to the supernatant fractidrs. (Pellets
(pH 7.4) (0.3 mg/ml), and then dialyzed against 10 mM phosphafére dried in a SpeedVac under vacuum and then hydrolyzed with
buffer using dialysis membranes with a molecular weight cutoff §-2 Ml of 60% formic acid in evacuated and sealed tubes 140
6000—8000. Aliquots of the DNA solution were bubbled wi®N for 30 min. The hydrolyzates were lyophilized in vials for 18 h.
or air for 30 min and subsequently irradiated witays in #9Co ~ Supernatant fractions were freed of ethanol in a SpeedVac under
y-source at a dose of 80 Gy (dose rate 56 Gy/min). Another aliqigcuum for 30 min, and then lyophilized for 18 h. Supernatant
of the DNA solution was treated with 3 mM®4 in the presence fractions were not hydrolyzed. The derivatization of the lyophilized
of 25uM FeCk and 10QuM EDTA at 4°C for 30 min. FeGland samples and the subsequent analysis by GC/IDMS with selected-
EDTA were mixed before addition to the DNA solution. Subsel®" monitoring were performed as described elsewtéje (
guently, all DNA samples were dialyzed against 10 mM phosphate

buffer (pH 7.4) for 18 h at°L. RESULTS
] ] Three different DNA substrates were used in this work. Sixteen
Preparation of Fpg protein and 12 modified bases were identified and quantified by

The purification of homogenous Fpg protein from an overprodu&C/IDMS in DNA samples damaged under anoxic (irradiation
ing strain ofE.coli has been described elsewhete).(The under NO) and oxic conditions [}0o/Fe(ll)-EDTA-treatment

specific activity of enzyme preparations used for our studies wi§ radiation under air], respectively. These modified bases were
>2 x 108 U/mg. FapyGua, 8-OH-Gua, FapyAde, 8-OH-Ade, 2-hydroxyadenine,

5-hydroxy-5-methylhydantoin, 5-hydroxyhydantoin, 5-OH-Ura,
5-OH-Cyt, 5-(hydroxymethyl)uracil, thymine glycol, 5,6-dihydro-
xyuracil, 5,6-dihydrothymine, 5,6-dihydrouracil, 5-hydroxy-6-
Aliquots of 100ug of irradiated or HOo/Fe(lll)-EDTA-treated  hydrothymine and 5-hydroxy-6-hydrouracil. Oxygen inhibits the
DNA samples were dried in a SpeedVac under vacuum. Sampfesmation of the latter four compound$7). The levels of the
were then dissolved in a 1 ml Eppendorf tube in the incubationodified bases in $D./Fe(lll)-EDTA-treated DNA, in DNA
mixture containing 50 mM phosphate buffer (pH 7.4), 100 mMrradiated under pD and in DNA irradiated under air were
KCI, 1 mM EDTA, 0.1 mM dithiothreitol and bovine serum 4.9+0.2 (S.D.), 7.80.3 and 7.80.3 lesions per BDNA bases,
albumin (0.1 mg/ml). Where indicated, 1, 2 pigfof Fpg protein  respectively.
were added to each mixture. Some samples contained no Fp§-OH-Gua, FapyGua and FapyAde were excised from all three
protein, but the equivalent amount of buffer (25 mM HEPES)NA substrates, in agreement with a previous refb)t Figure
200 mM NaCl, 1 mM EDTA and 50% glycerol). The total volumel illustrates the excision of these products from
of the mixture was 24d. The enzyme was inactivated by heatingH,Oo/Fe(lll)-EDTA-treated DNA. The amounts recovered in the
at 100C for 15 min. Three replicates of each mixture wergellets of DNA samples incubated with the heat-inactivated
incubated at 37C in a water bath. Incubation time varied enzyme were similar to those found after incubation without the
depending on the experiment. enzyme (data not shown). These experiments show that the
For determination of excision as a function of the produa@mounts of products in the supernatant fractions of DNA samples
concentration, 12.5, 20, 35, 50 and {§ of irradiated or incubated with the active enzyme were similar to the amounts
H>Oo/Fe(lll)-EDTA-treated DNA samples were supplementedemoved from the pellets of the same samples. None of the other
with 87.5, 80, 65, 50 and 29 of control DNA samples, lesions in the DNA substrates were excised significantly.
respectively. An additional sample containing u§of irradiated 8-OH-Gua, FapyGua and FapyAde were released from DNA
or HyOo/Fe(lll)-EDTA-treated DNA samples was also usedby Fpg protein in a dose-dependent manner. Excision increased

Enzymatic assays
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Figure 1. Excision of 8-OH-Gua, FapyGua and FapyAde by Fpg protein from
DNA treated with HOo/Fe(lll)-EDTA. Dark columns, pellets; light columns,
supernatant fractions. 1, Incubation at@7or 30 min without Fpg protein; 2,

incubation at 37C for 30 min with 2.9 of Fpg pro_tein per 1009 of DNA'. under air #), and from DNA irradiated under® (O). Enzyme amount was
Each column represents the messtdndard deviation) of the values obtained 1 ug per 100ug of DNA. Incubation time was 15 min. [S], concentration of

from the analysis of three independently prepared samples. One nmol of &apyAde; v, initial velocity. The amounts of products found in supernatant
lesion/mg of DNA corresponds 432 lesions/1®DNA bases. fra(F:)t)i/ons were used for inti)t/ilal velocity. P P

Figure 3.Lineweaver—Burk plot for excision of FapyAde from DNA irradiated

% Table 1.Catalytic constantkgsy) for excision of FapyAde, FapyGua and
- 8-OH-Gua by Fpg protein
£
2 DNA substrate  kegt (Mirmd)
E
et FapyAde FapyGua 8-OH-Gua
=}
g &) @ ®
® 1 ug Fpg protein/10Qg DNA:
35 HoOo/Fe-EDTA  0.0540.01%¢d  0.446:0.056vPd 0.1270.014 (1)

time (min)

imadiatio/NNO ~ 0.0480.009¢d  026%0.030d 01140012 (2)

irradiation/air 0.02%0.003: 0.06#0.013 0.0820.003 (3)

Figure 2. Excision of FapyGua%), 8-OH-Gua (O) and FapyAdel) as a 2 ug Fpg protein/10Qig DNA:
function of incubation time. DNA irradiated undesONwas used. Enzyme bed bd b
amount was 1ug per 10Qug of DNA. The amounts of products given on the HOJFe-EDTA  0.10&0.016+>¢¢ 0.6250.066+°¢ 0.1780.02P (1)

Y-axis represent those found in supernatant fractions. Each data point represenigradiation/NO 0.044:0.00%¢d  0.230:0.03P 0.163:0.016  (2)
the mean£standard deviation) of the values obtained from the analysis of three . = ) d
independently prepared samples. irradiation/air 0.026+0.009- 0.075:0.018 0.112:0.011 (3)

aStatistically different from the value in line R € 0.05).

up to 5ug of the enzyme and reached a plateau thereafter (da&atistically different from the value in line B ¢ 0.05).
not shown). Figur@ shows the time course of this reaction.ZStat'_S“_Ca”y different from the value in columni2< 0.05).
Analysis of the data2) revealed that excisions followed Statistically different from the value in columnB< 0.05).
first-order kinetics. _ _ o

Excision of 8-OH-Gua, FapyGua and FapyAde was deteil’_able 2.Michaelis constgnts%ﬂ) for excision of FapyAde, FapyGua and
mined simultaneously as a function of concentration. The proddfC4a by Fpg protein
amounts in the supernatant fractions were in good agreement with
those removed from pellets and were used for determination ¢f A Substate K (M)
kinetic constants. Lineweaver—Burk plots representing initial FapyAde FapyGua 8-OH-Gua
velocity versus product concentration were used to determine 1) B) @)
kinetic constants2@). Figure3 illustrates two such analyses, _
which reveal a distinct dependence of FapyAde excision on theH9 7P Protein/10fig DNA:
DNA substrate. The kinetic constants and corresponding standafgO,/Fe-EDTA ~ 4127%.cd  276133Abd 1004303 (1)
deviations were ibtallined by a Iinea}r Ieaslt squarfeshanzzlysis of thRdiationnyO ~ 275:140.c 1037139 86172 )
Lineweaver—Burk plots. Statistical analysis of the data was, __.. . .
performed by the S?udehtest. Kinetic congtants and the results%rad'atlon/a"r _ 42439 1250:194 91437 ®)
of the statistical analysis are given in TableValues were 2H9 FPg protein/10fig DNA:
obtained from measurements at six different concentrations of,0./Fe-EDTA 16323200b.c  7063:955.b.d 24052912 (1)

each lesion. Concentration ranges used for these measuremegiation/no ~ 382:78°d 1384182 1408108  (2)
were: FapyAde, 0.05-0.16M; FapyGua, 0.53-2.33uM; L d
8-OH-Gua, 0.39-1.5 41M in H202/Fe-EDTA-treate d DNA: irradiation/air 509t12% 1490278 2029:602 3)

FapyAde, 0'08__0'6[3'\/" FapyG_ua, 0.47-3.38M; 8-OH-Gua, aStatistically different from the value in line R € 0.05).
0.27-1.47 pM in DNA irradiated under BD; FapyAde, bstaistically different from the value in line B € 0.05).
0.07-0.331M; FapyGua, 0.35-1{1M; 8-OH-Gua, 0.75-3.4M CStatistically different from the value in columnR< 0.05).
in DNA irradiated under air. dstatistically different from the value in columnB< 0.05).
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Table 4.Activation energies (§ for excision of 8-OH-Gua, FapyGua and

4 FapyAde by Fpg protein
2 _ DNA substrate  KeafKpy - 103 (mirr1-nM—2)
—.: N _ 8-OH-Gua FapyGua FapyAde
£ 73 ) @ ®
; 6n HoOo/Fe-EDTA 83.@¢3.8.¢d  59.@3.22bd 3614172 @
03 irradiation/NeO  90.8:4.3.d 83.3t3.4 74.3t1.9 @)
-7 _ irradiation/air 66.1+0.6 48.8t1.4 31.0£3. 3)
_7%.()032 0.0(;325 0.0})33 0.0(;335 0.0|034 0.0(;345 0.0035

aStatistically different from the value in line R € 0.05).
1T (1/K) bstatistically different from the value in line B € 0.05).

CStatistically different from the value in columnR < 0.05).
dstatistically different from the value in columnB< 0.05).

Figure 4.Dependence of first-order rate constants (k) for excision of 8-OH-Gua

(©), FapyGual) and FapyAde() on temperature in the range fron? €5

to 37°C. DNA treated with HOy/Fe(lll)-EDTA was used. Enzyme amount DISCUSSION

was 1ug per 100ug of DNA. Incubation time was 15 min. The amounts of

products found in supernatant fractions were used for the calculation of ratW h tudied the kineti N .. f . lesi b
constants. Each data point represents the nstan(lard deviation) of the € have sludie € Kinetics of excision or purine lesions by

values obtained from the analysis of three independently prepared samples.ECOli Fpg protein from three differently prepared DNA sub-
strates. Each DNA substrate contained a variety of pyrimidine-
and purine-derived lesions. In this respect, this work differs from
structure-function studies that use a single chemically-defined
lesion embedded in an oligonucleotide substrate at a defined
Table 3.Specificity constantskga/Kn) for excision of FapyAde, FapyGua  position (14,17,29). Previously, the excision of 8-OH-Gua,
and 8-OH-Gua by Fpg protein FapyGua and FapyAde Iy coli Fpg protein from oxidatively
damaged DNA has been demonstrated using GC/MS; however,
the kinetics of excision of these lesions has not been reptsjed (
The present paper is the first report on the simultaneous
FapyAde FapyGua 8-OH-Gua measurement of the kinetics of excision of 8-OH-Gua, FapyGua
(1) 2 3) and FapyAde b¥.coli Fpg protein from oxidatively damaged
DNA. The salient feature of this work is the evidence that these
purine lesions were excised by Fpg protein with similar
H20,/Fe-EDTA 0.1320.03%  0.162:0.018° 0.1270.014 (1) specificity from various oxidatively damaged DNA substrates
imadiation/N\O  0.176:0.012 0.2570.029d 0.13@:0.01 (2) ang there Wars] a ;ignificantf influence og the nlature of DNHA
o substrate on the efficiency of excision. The results suggest that,
imadiation/air  0.0630.007  0.05%0.01F  0.09%0.003  (3) " aqdition to 8-OH-Gua which is thought to be the main
2ug Fpg protein/10Qig DNA: physiological substrate of Fpg protein,(7,29), FapyGua and
H,0p/Fe-EDTA 0.0650.008  0.093:0.0080 0.074:0.012b (1) FapyAde may be impprtant physiological substrates of this
T enzyme. It should be pointed out that calf thymus DNA was used
imadiation/\O  0.1120.012  0.1650.02¢  0.1140.012 () a5 3 model for the present study. The experimental conditions

DNA substrate  keafKp - 103 (mirr1-nM-1)

1 ug Fpg protein/10Qug DNA:

iradiation/air ~ 0.052:0.0017  0.05@:0.010  0.055:0.005 ©)) used may not be necessarily similar to those foumdo.

Values forkegt (maximum velocity/[enzyme]) andy were
astatistically different from the value in line R € 0.05). generally higher for excision of 8-OH-Gua, FapyGua and
bstatistically different from the value in line B € 0.05). FapyAde from HOo/Fe(lll)-EDTA-treated DNA than from
cStatistically different from the value in columnR < 0.05). other substrates. Kinetic constants varied significantly. For
dstatistically different from the value in columniB< 0.05). examplekcatfor excision of FapyGua frongi)lee(III)-EDTA-

treated DNA was twice and seven times as higlk:asfor
excision from DNA substrates irradiated unde©MNnd under
Excision of 8-OH-Gua, FapyGua and FapyAde was deteair, respectively. Values fda/Ky were greater for excision
mined as a function of temperature between 5 an@.3x 5°C,  from DNA irradiated under pO than from other substrates,
no significant excisions were observed. According to thendicating the preferred excision of lesions from this DNA
Arrhenius equation2@), the logarithm of the first-order rate substrate. The preference for FapyGua excision was pronounced
constants (In k) was plotted against the reciprocal of the absolatgk 4/Ky was almost twice as high as the comparable value for
temperature (1/T). Figukepresents Arrhenius plots for excision HoOo/Fe(lll)-EDTA-treated DNA and three to five times higher
from HyOo/Fe(lll)-EDTA-treated DNA. Activation energies{E  than for DNA irradiated under air. Thgy{Ky ratios for excision
and corresponding standard deviations, obtained by the lindewsm HyOo/Fe(lll)-EDTA-treated DNA were greater than those
least squares analysis of the plots, are given in Zaslleng with  for excision from DNA irradiated under air. Taken together, these
the results of the statistical analysis of the data. Values wemesults indicate a strong dependence of excision of purine lesions
obtained from measurements at five different temperatures. by Fpg protein on the nature of the DNA substrate.
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A comparison of kinetic constants for the same DNA substratonstants were related to the three dimensional structure of
reveals thak.,/Ky ratios for excision of 8-OH-Gua, FapyGua duplex DNA containing either 8-OH-Gua:Cyt or 8-OH-Gua:Ade
and FapyAde from pOo/Fe(lll)-EDTA-treated DNA were (17,3536). The presence of the 8-oxo function in the major
similar, indicating comparable preference of the enzyme for thegeoove of DNA correlates with the apparent binding affinity of
lesions. Theka{Kpy ratio for excision of FapyGua from DNA Fpg protein for its several substrates. Both 8-oxo and 6-oxo
irradiated under pD was significantly greater than that for functions are present in the major groove in bases that were
excision of 8-OH-Gua and similar to that for excision ofefficiently excised from duplex DNA. A catalytic mechanism
FapyAde. FapyGua and FapyAde showed sirkilgKy ratios  involving attack at Clby a nucleophilic residue in Fpg protein,
for DNA irradiated under air. In this cakes/Kw for excision of accompanied by O-protonation of the 6-oxo group has been
8-OH-Gua was significantly greater than for excision of FapyGuaostulated to explain these observatia@s3(7). Similar mechan-
and FapyAde. When the concentration of the enzyme wiégmns have been proposed for Fpg protein and other DNA
doubled, no significant differences betweerktaéky ratios for  N-glycosylases by Lloyeit al (38,39). The kinetic data presented
excision of 8-OH-Gua, FapyGua and FapyAde were observed faere for excision of 8-OH-Gua and FapyGua support these
any of the DNA substrates. These results suggest a comparablchanisms and account for the lack of excision that was noted
preference of the enzyme for all three lesions. when Fpg protein acts on damaged DNA containing 8-OH-Ade,

The measurement of base excision as a function of temperatbr®H-Ura or 5-OH-Cyt. However, they fail to explain satisfactorily
revealed a profound dependence of this reaction on temperatdire. efficient excision of FapyAde. The latter may exist in two
8-OH-Gua had the highest activation energy (Ethe case of rotameric forms as was shown for another formamidopyrimidine
H,0/Fe(lIl)-EDTA-treated DNA and DNA irradiated under air. (40), and the conformational flexibility inherent in ring-opened
In both cases, Jof FapyGua was greater than that of FapyAdestructures may be important if modified bases are flipped out of
With DNA irradiated under pD, E; of 8-OH-Gua was similar to the duplex prior to excision by the cognate DNA glycosylase
that of FapyGua, but greater than that of FapyAde. FapyAde hef). Comparative studies of the chemical and biological
the lowest Ein all cases. Significant differences between DNAproperties of 8-OH-Ade and FapyAde will be required to
substrates were noted. Values qf fBr excision from DNA elucidate the interaction of these lesions with Fpg protein.
irradiated under PO were higher than those for excision from In conclusion, we have shown that Fpg protein excised
other substrates. Values of &ere lowest for DNA irradiated 8-OH-Gua, FapyGua and FapyAde efficiently from three het-
under air. Taken together, the results indicate a significagfogenous DNA substrates. The rates of excision of these lesions
dependence of activation energies on the nature of the DNgsnong DNA substrates varied, even though each substrate

substrate and a significant difference between activation energfg¥itained similar levels of oxidative damage. Differences in the
for each DNA substrate tested. mechanisms of DNA damage may account for these observations.

Differences in the mechanisms by whicsC#Fe(lll)-EDTA  The simultaneous measurement of the kinetic constants revealed
and ionizing radiation cause damage to DNA may affect tH&at the enzyme had similar specificity for 8-OH-Gua, FapyGua
excision rates of modified purines. Oxygen profoundly modifiegnd FapyAde. These data suggest that, in addition to 8-OH-Gua,
radiation damage in DNA3(), and alters the distribution of FapyGua and FapyAde may be important physiological sub-
lesions 8,26,27). lonizing radiation may generate multiply Strates for this enzyme. The results also empha5|ze thg .ut|I|ty of
damaged sites consisting of base damages and strand brdBRsGC/IDMS technique as an assay of high specificity and
within less than 20 base paif&l). Closely spaced lesions on Sensitivity to measure the kinetics of excision of oxidatively
opposite strands of DNA may present difficulties for DNA repaifl@maged bases from DNA by DNA repair enzymes.
enzymes{2,33). There may be differences between end groups
due to strand breaks in DNA. The ratio of base damage to straf@KNOWLEDGEMENTS
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