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ABSTRACT. The rate, extent, and DNA synthesis patch size of base excision repair (BER) were measured
using Escherichia coliGM31 cell-free extracts and a pGEM (form |) DNA substrate containing a site-
specific uracil or ethenocytosine target. The rate of complete BER was stimutaBefbld) by adding
exogenoug. coli DNA ligase to the cell-free extract, whereas additiorEofcoli Ung, Nfo, Fpg, or Pol

| did not stimulate BER. Hence, DNA ligation was identified as the rate-limiting step iktlo®li BER
pathway. The addition of exogenous DNA polymerase | caused modest inhibition of BER, which was
overcome by concomitant addition of DNA ligase. Repair patch size determinations were performed to
assess the distribution of DNA synthesis associated with both uracil- and ethenocytosine-initiated BER.
During the early phase (€6 min) of the BER reaction, the large majority of repair events resulted from
short patch (1-nucleotide) DNA synthesis. However, during the late phak® rhin) both short and long
(2—20 nucleotide) patches were observed, with long patch BER progressively dominating the repair process.
In addition, the patch size distribution was influenced by the ratio of DNA polymerase | to DNA ligase
activity in the reaction. A novel mode of BER was identified that involved DNA synthesis tract20%
nucleotides in length and termed very-long patch BER. This BER process was dependent upon DNA
polymerase | since very-long patch BER was inhibited by DNA polymerase | antibody and addition of
excess DNA polymerase | reversed this inhibition.

Base excision DNA repair serves as a strategic cellular Uracil-mediated BER is initiated by uracil-DNA glyco-
defense system to protect against the accumulation of DNA sylase activity that cleaves tieglycosylic bond linking the
damage in prokaryotic and eukaryotic cell3.(The uracil- uracil base to the deoxyribose phosphate backbone of DNA
mediated BER pathway functions as part of this system to (8). In Escherichia colitwo genetically distinct monofunc-
remove uracil residues that accumulate a8 base pairs in tional forms of uracil-DNA glycosylase have been purified
DNA following the incorporation of dUMP in place of dTMP  to apparent homogeneity and characteriz&d1(Q). While
during DNA synthesis 4, 2). This BER pathway also these two enzymes share a common catalytic activity, they
removes uracil produced by the deamination of cytosine in exhibit very different substrate specificiti. coli uracil-
DNA, which results in the formation of premutagenie@ DNA glycosylase (Ung) acts preferentially on uracil residues
mispairs (, 3—5). The uracil-mediated DNA repair process located in single-stranded DNA and also recognizes uracil
plays an important role in maintaining genetic stability since in duplex DNA (i.e., UG and UA target sites) with only
inactivation of uracil-mediated BER produces genotoxic, moderately reduced efficiencg,(11). In contrast, double-
mutagenic, and lethal consequencgsg; 7). strand uracil-DNA glycosylase (Dug, also termed Mug)
removes uracil from DNA containing 4& or U-T mispairs
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by an AP endonuclease; (ii) incorporation of one or more
nucleotides during DNA repair synthesis; and (iii) ligation
of the phosphodiester backbone by DNA ligaseElncol,
exonuclease Il (Xth) and endonuclease IV (Nfo) have been
implicated in the AP-site cleavage reactidkb,(16). Both
enzymes promote incision of the phosphodiester bond on
the B-side of the AP site, leaving d-Bydroxyl containing

Sung and Mosbaugh

constituted between two and 18 nucleotid2®).(Dianov and
Lindahl (29) also observed that a low concentration of DNA
polymerase | facilitated short patch BER in the in vitro BER
reaction. Thus, the repair patch size could be influenced by
the relative concentration of BER enzymes. In contrast to
the observations of Dianov and Lindahl, Sandigursky et al.
(31) reported that the repair of uracil-containing plasmid

nucleotide and deoxyribose phosphate (dRP) residue at theDNA by E. coli cell-free extracts invariably resulted in long

5 terminus (7, 18); however, approximately 90% of the
AP endonuclease activity detected B coli has been
attributed to Xth {8). Removal of the 5terminal dRP
residue may involve the action of a hydrolytic deoxyribo-
phosphodiesterase (dRPase) or an AP-lyase actil@)20).
Initial reports indicated that exonuclease | (SbcB) and RecJ
exhibited dRPase activity capable of participating in BER
(21, 22). Recently, these observations were challenged by
Piersen et al.20) who were unable to detect dRPase activity

patch BER; specifically, DNA synthesis tracts®t1 nt and

<19 nt in length. Recently, Sung et all3j reported that
uracil-initiated BER conducted with an M13mp2 form |
uracil-DNA substrate irE. coli cell extracts consisted of
predominantly £90%) long patch BER that ranged from
two to 20 nucleotides. The investigations by Sung etld) (

and Sandigursky et al3() utilized a closed circular DNA,;
thus, use of a small oligonucleotide substrate appears to bias
BER toward short patch repair. This bias is thought to occur

in SbcB and RecJ preparations but observed robust dRPasgecause short oligonucleotides may not provide a platform

activity associated with 2,6-dihydroxyNsformamidopyri-
midine DNA glycosylase (Fpg). Fpg utiliz¢lelimination
catalysis to remove dRP residues from incised AP sites
located on 5termini and has been described as the major
EDTA-resistant enzyme responsible for dRP releask.in
coli cell-free extractsZ3). The B-terminal dRP residue may
also be removed by the o 3 exonuclease activity of.

coli DNA polymerase | (Pol I), which has been shown to
excise 5dRP as part of a di-nucleotide produc®4y.
Following dRP removal, gap-filling DNA synthesis by DNA
polymerase | is required to replace the excised nucleotide-
(s) (12). If the 5-dRP residue is not removed prior to DNA
synthesis, then DNA polymerase | will displace the dRP-
containing strand via a strand displacement reactif). (

In this case, the displaced strand is eventually cleaved at
the branch point by the structure-specifi¢ Buclease
associated with DNA polymerase 2, 27). The extent of
strand displacement may vary at different repair sites since
the DNA polymerase and %o 3 exonuclease activities of
DNA polymerase | are not precisely coordinat@®)( The
BER process is completed bl. coli DNA ligase that
covalently joins juxtaposed'-®iydroxyl and 5phosphoryl
termini (29).

sufficient for the interaction of DNA polymerase and other
BER proteins to carryout long patch BER3 31, 42).

Although uracil-initiated BER has been studied exten-
sively, the factor(s) that mediate the choice between short
and long patch BER ift. coli remain to be elucidated. In
addition, the rate-limiting step in tHe. coli uracil-mediated
BER pathway has not been identified. In a previous report,
we examined the kinetics of uracil-mediated BEREIncoli
cell extracts using a closed circular duplex DNA substrate
containing a site-specific U residug3, 32). In the present
study, a similar approach was utilized to assess the influence
of E. coli uracil-DNA glycosylase, endonuclease IV, deox-
yribophosphodiesterase, DNA polymerase |, and DNA ligase
supplementation oE. coli GM31 cell-free extracts on the
BER efficiency and patch size. Both uracil- and etheno-
cytosine-initiated BER have been examined, and the rate-
limiting step associated with each has been identified. We
also demonstrate that alteration of the balance between DNA
polymerase | and DNA ligase modulates the repair patch
size distribution. The results provide the first evidence that
very-long repair patch BER>205 nucleotides) occurs and
that this repair process is mediated by DNA polymerase I.

Several studies have investigated the DNA synthesis patch

size associated with complete BER using cell-free extracts
of E. coli (13, 29—32), Saccharomyces cearsiae (33),
Xenopus lagis oocytes 84), bovine testis §5), mouse
embryonic fibroblast36), Chinese hamster ovarg7), and
various human cells including adenocarcinon32, (38),
glioblastoma8), cervical carcinoma3Q, 40), and lymphoid
(41). From these studies, two distinct BER pathways have
been identified: one involving single nucleotide gap-filling
DNA synthesis (short patch BER) and the other involving
incorporation of two to 20 nucleotides (long patch BER).
Using a short oligonucleotide (30-mer) DNA substrate
containing either a tG or a UA target site and. coli cell
extracts, Dianov et al.30Q) initially reported that DNA
synthesis associated with uracil-initiated BER was limited
in large part to replacement of a single nucleotide. A similar
observation was made using an in vitro reconstituted enzyme
system composed of purifiel. coli Ung, Nfo, RecJ, Pol |,
and DNA ligase utilizing a 30-mer oligonucleotide substrate
containing a UG mispair @1, 29). However, in the absence

of RecJ protein, a larger repair patch was detected that

MATERIALS AND METHODS

Materials. Oligodeoxynucleotides ATCCTCTAGAGTX-
GACCTGCAGG, C-23-mer (X= C), U-23-mer (X=U),
andeC-23-mer (X= ¢C) were synthesized and purified by
Midland Certified Reagent Company:&nd phosphorylated
oligodeoxynucleotides were prepared as described previously
(10). pGEM-3Zf(+) plasmid DNA and helper phage (R408)
were procured from Promeg&. coli strain GM31 was
obtained fronE. coli Genetic Stock Center (Yale University),
and the isogenic strains BH156ng), BH157 dug), and
BH158 (ung dug were provided by A. S. Bhagwat (Wayne
State University).E. coli IM109 was obtained from New
England BiolabsE. coli Ung, Dug, T4 DNA polymerase,
and bacteriophage PBS-2 Ugi proteins were purified as
described by Sung et all8). Nfo was provided by B.
Demple (Harvard University), and Fpg was obtained from
S. Mitra (University of Texas Medical Branch, Galveston).
E. coli exonuclease Ill (Xth) and restriction endonuclease
Bsi, Hindlll, and BanHI were purchased from New England
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Biolabs. Antiserum specific foE. coli DNA polymerase |
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and the pGEM DNA was isolated and resuspended in 25

raised by immunization of rabbits was a gift from L. A. Loeb uL of TE buffer as described by Sung et &al3].

(University of Washington).
Preparation of Base Excision Repair DNA Substrates
Closed circular pGEM-3Zft) plasmid DNA containing a

Analysis of Base Excision DNA Repair Reaction Product
DNA samples (2ul), isolated as described above, were
subjected to 1% agarose gel electrophoress 82). The

site-specific uracil or ethenocytosine residue was constructedDNA concentration of each sample was quantitatively

essentially as described by Sung et &B)( Briefly, E. coli
JM109 cells harboring the pGEM-32f) phagemid DNA
were infected with helper phage (R408) at an moi of 100
and propagated for 14 h at 3C. Single-stranded pGEM-
3Zf(+) DNA was purified using the CTAB DNA precipita-
tion method 43). To construct the DNA substrates used in
the repair patch size analysis;énd®?P-labeled C-23-mer,
U-23-mer, andeC-23-mer were prepared and annealed to
the single-stranded pGEM-32f) DNA to construct homo-
duplex pGEM (CG) or heteroduplex (k5) and €C-G)
DNA, respectively, as previously describedQ)f. Each

measured relative to a series of pPGEM DNA standards-(10
80 ng) that were analyzed on the same gel, as described by
Sanderson et al3@). The fluorescence intensity at 300 nm
of the ethidium-bromide stained DNA was measured using
a gel documentation system (Ultra Violet Products Ltd.),
and the DNA concentration was determined using the
ImageQuant computer program (Molecular Dynamics, Inc.).
After determining the DNA concentration, each DNA sample
(80 ng) was treated with Ung (50 units) and Nfo (0.5 units)
for 30 min at 37°C when uracil-initiated BER was examined
or with Dug (0.1 pmol) and Nfo (0.5 units) for 30 min at 37

primed template was subjected to primer extension and°C when ethenocytosine-initiated BER was analyzed. Fol-
ligation reactions, and the resulting covalently closed circular lowing incubation, the reactions were terminated by heating
duplex DNA reaction product was isolated by ethidium at 70°C for 3 min, and form | DNA that was resistant to

bromide cesium chloride gradient centrifugation, as describedthe combined Ung/Nfo or Dug/Nfo treatment (i.e., repaired)

previously (3). Centrifugation was performed using a VTi80
rotor (Beckman) at 50 000 rpm for 14 h at 2G. Form |

was resolved from form II DNA by 1% agarose gel
electrophoresis32, 38). The amount of form | DNA was

DNA was isolated, extracted, concentrated, and dialyzed determined by comparing the fluorescent intensity of the

against TE buffer (10 mM Tris-HCI (pH 8.0), 1 mM EDTA)
as previously described.8). The isolated DNA was found
to contain>98% form | molecules as determined by 1%
agarose gel electrophoresis.

Preparation of E. coli Cell-Free ExtracBER proficient

ethidium-bromide stained reaction products to that of co-
electrophoresed form | and || DNA standards 8D ng).
The percentage of form | DNA was calculated after correct-
ing for the reduced~0.7-fold) staining intensity of the form

| DNA relative to form Il DNA, as described previous|{J).

E. colicell-free extracts were prepared as described by Sung Analysis of Base Excision Repair DNA SyntheStandard

et al. L3), with minor modifications. BrieflyE. coli GM31
and BH158 cells were grown at 3T in 100 mL of TYN

BER reaction mixtures were prepared as described above,
except that 1@Ci/mL of [a-32P]dCTP (6000 Ci/mmol) was

medium (1% tryptone, 1% yeast extract, and 0.5% NaCl) to included in each reaction. Following incubation at°8for
mid-log phase, harvested, resuspended in 4 mL of sonifica-0—90 min, DNA products were isolated, and each DNA

tion buffer (50 mM Tris-HCI (pH 8.0), 1 mM EDTA, and
0.1 mM dithiothreitol), and lysed on ice by sonification. Cell
debris was removed by centrifugation at 20 @@ 20 min

sample (100 ng) was then incubated with exc&ssl
restriction endonuclease at 6% for 1 h. Restriction
fragments were resolved by 5% nondenaturing polyacryla-

at 4°C. The supernatant fraction was collected, and protein mide gel electrophoresidsl8). After drying the gel, DNA

was precipitated following the addition of powdered am-
monium sulfate (0.35 g per mL of cell extract). The

bands were visualized with a Phosphorimager, and the
intensity of various $P]DNA bands was measured using

precipitated protein was recovered by centrifugation, resus-the ImageQuant computer program (Molecular Dynamics).

pended in 1 mL of R-buffer (50 mM Tris-HCI (pH 7.5), 1
mM EDTA, 1 mM dithiothreitol, and 10% (w/v) glycerol),

Determination of Repair Patch Sizétandard BER reac-
tion mixtures were prepared except that 'ad@oxyribo-

and dialyzed against the same buffer. Protein concentrationsnucleosidea-thiotriphosphate was added in place of each
were determined using the Bio-Rad Protein assay, describedf the four 2-deoxyribonucleoside triphosphates, &firt

by Bradford @4).

Base Excision DNA Repair ReactioBtandard reaction
mixtures (10QuL) containing 100 mM Tris-HCI (pH 7.5), 5
mM MgCl,, 1 mM dithiothreitol, 0.1 mM EDTA, 2 mM
ATP, 0.5 mMpB-NAD, 20 uM each of dATP, dTTP, dGTP,

labeled pGEM DNA (form ) was used as the BER substrate.
The pGEM DNA substrate contained®*#-labeled dAMP
residue located 12 nt upstream of the target uracil or
ethenocytosine and two nucleotide downstreanBairHl|
restriction site on the-() strand DNA. Following the BER

and dCTP, 5 mM phosphocreatine di-Tris salt, 200 units/ reactions, DNA products were isolated as described above.

mL phosphocreatine kinase, 2 mg/rBLcoli cell-free extract
protein, and 2Qug/mL of the appropriate pGEM (form 1)

Each DNA sample (100 ng) was treated with 5 units of
Hindlll for 30 min at 37°C. The reaction was terminated at

DNA substrate were prepared on ice. When appropriate, 70 °C for 5 min, and samples were incubated in the presence
exogenous purified proteins were added to the reactionor absence oE. coli exonuclease Il (100 units) fdl h at

mixtures 3 min prior to the addition of DNA substrate. After
incubation at 30°C for various times, the reactions were
terminated by the addition of 256L of 0.1 M EDTA and
then heated at 7€C for 3 min. RNase A was added to 80
ug/mL, and reaction mixtures were incubated at°87for

37 °C. Exonuclease 1l was then inactivated by heating at
70 °C for 5 min, and the3¥P]DNA was then cleaved with

5 units of BanHI for 30 min at 37°C. The resulting ¥P]-
DNA products were resolved by 12% polyacrylamide, 8.3
M urea gel electrophoresis, visualized, and quantified using

10 min. Each reaction was then adjusted to 0.5% SDS andPhosphorimager as described previoudl§)( The relative

190 ug/mL proteinase K, incubated for 30 min at 3,

amount of32P |abel detected in each band was determined
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by dividing the amount of?P radioactivity detected per band
by the total®?P signal detected for all bands in the same
lane and multiplying by 100.

DNA Polymerase Aatity AssayE. coli DNA polymerase
| activity was measured in reaction mixtures (100)
containing 100 mM Tris-HCI (pH 7.5), 5 mM Mggll mM
dithiothreitol, 0.1 mM EDTA, 2 mM ATP, 0.5 mN8-NAD,
20 uM each of dATP, dTTP, dGTP, and dCTP, 5 mM
phosphocreatine di-Tris salt, 200 units/mL phosphocreatine
kinase, 10ug of activated calf thymus DNA, 24 pmol of
[H]ATTP (120 cpm/pmol), and 1 pmol dt. coli DNA
polymerase |. Various amounts of antiserum specificEor
coli DNA polymerase | were incubated on ice with the cell
extract and DNA polymerase | samples prior to the addition
of DNA substrate. Reaction mixtures were incubated at 30
°C for 60 min and terminated on ice by the addition of 200
uL of 1 mg/mL BSA in 0.1 M sodium phosphate prior to
precipitation with 1 mL of 10% (saturation) trichloroacetic
acid. Precipitates were collected on #30 glass fiber filters
(Schleicher and Schuell), washed with 18 nflldN HCl in
0.1 M sodium pyrophosphate, dehydrated with 95% ethanol,
and dried under a heat lamp, as described by Mosbatiyh (
The amount of precipitated acid-insolublH[DNA was
measured with a liquid scintillation spectrometer using
Formula-989 (Packard) fluor.

RESULTS

Effect of Exogenous DNA Ligase and Fpg Protein on
Uracil-Initiated BER in E. coli Cell ExtractsTo investigate
the rate-limiting step associated with coli uracil-initiated
BER, exogenous DNA repair enzymes were adddsl. twoli
GM31 cell extracts, and the kinetics of BER were determined
using an assay that has been previously described by Sun
and Mosbaugh1(0). Briefly, this assay utilized a pGEM
DNA (form 1) substrate containing a site-specific-®

Sung and Mosbaugh

A. GM31 GM31 GM31
- Addition + DNA Ligase + Fpg
SCM12345678 9101112131415161718
Form Il -+
Form |

100}
80|
60|
40|

% Form |

60 90

Time (min)
Ficure 1: Effect of DNA ligase and Fpg protein supplementation
on the rate and extent of uracil-initiated base excision repdi. in
coli GM31 cell extracts. (A) Three sets of standard BER reaction
mixtures (100uL/assay) containing 2&g/mL of pGEM (U-G)
DNA and 2 mg/mL ofE. coli GM31 cell extract protein were
prepared as described under Materials and Methods exce.that
coli DNA ligase (0.15uM) or Fpg (0.2uM) was added to some
reaction mixtures as indicated above. Incubation was carried out
for 0, 5, 10, 30, 60, and 90 min at 3C (lanes +6, 7-12, and
13-18, respectively). After terminating the reactions, pPGEM DNA
was isolated, subjected to Ung/Nfo treatment, and analyzed by 1%

30

%garose gel electrophoresis as described under Materials and

ethods. As a control, pGEM (1&) DNA was mock-reacted and
treated with excess Ung and Nfo (lane C). Untreated pGEM (U
G) DNA (80 ng) and a sample containing:fy of a 1-kilobase pair

mispair that served as the target to initiate BER. The assayDNA ladder (Life Technologies, Inc.) were utilized as reference
was designed to detect the complete repair process followingstandards (lanes S and M, respectively). The arrows indicate the
uracil excision, AP-site incision, DNA repair synthesis, and location of form | and Il DNA bands detected by ethidium bromide

ligation. After performing standard BER reactions, the pGEM
DNA was isolated from the reaction mixture and treated with
excesskE. coli Ung and Nfo to cleave any residual uracil-
containing DNA molecules. This treatment converted the
unreacted form | DNA to form Il DNA molecules to
eliminate any unrepaired DNA substrate. Completely repaired
form | DNA was insensitive to the Ung/Nfo treatment and
was easily resolved from form Il DNA by agarose gel

staining. (B) The fluorescent intensity of ethidium bromide stained
DNA bands was quantified using a gel documentation system (Ultra
Violet Products Ltd.) and the ImageQuant computer program
(Molecular Dynamics Inc.) as previously described by Sung et al.
(13). The percentage of repaired form | DNA was calculated by
dividing the amount of form | DNA by the sum of form | and Il
DNA and multiplying by 100. The extent of repair detected in each
sample was plotted as a function of incubation time for the
following sets of reactions:E. coli GM31 cell extract without
additional protein©), supplemented witk. coli DNA ligase @)

electrophoresis. Thus, the extent of complete reaction couldand Fpg ().

be determined from the amount of Ung/Nfo insensitive
(repaired) form | DNA detected relative to that of form I
DNA.

We initially examined the ability of exogenous dRPase
and DNA ligase activities to influence the rate and extent of
the uracil-mediated BER reactiok. coli Fpg protein and

unrepaired DNA was determined for each set of BER
reactions performed without addition, or with addition of
either DNA ligase or Fpg protein (Figure 1A, lanes@,
7—12, and 13-18, respectively). After quantitatively deter-
mining the amount of form | and Il DNA detected by

DNA ligase were independently added to standard BER ethidium bromide staining, the percentage of repaired form
reaction mixtures and incubated for various times, as | DNA was plotted versus reaction time (Figure 1B). The
indicated in Figure 1. Following the reactions, DNA products results revealed that addition of DNA ligase caused an
were isolated, treated with excdsscoli Ung and Nfo, and increase in the rate~3-fold) and extent of repair in early

analyzed by agarose gel electrophoresis (Figure 1A). Thistime points (6-30 min) as compared to the control reaction
process effectively eliminated unreacted and incompletely performed without addition. On the other hand, the addition
repaired DNA molecules from the pool of repaired DNA of Fpg protein did not alter the rate or extent of BER relative
(form I) molecules, as demonstrated by the control reactionsto the control reaction (Figure 1B). The inability of Fpg to

(Figure 1A, lanes S and C). The amount of repaired and affect the reaction rate was not due to enzyme inactivity
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because the protein preparation was shown to efficiently act A, ;5 _—={ B. /G G
as an AP-lyase on the same form | DNA containing an AP- _ Lane 123 456 789101112 131416
site (data not shown). The observation that DNA ligase but 175/ ; bp
not Fpg stimulated the rate of BER provided initial evidence 250 ¥'272 795 - ==
that the ligation step was rate-limiting in tlie coli uracil- P 603> - -
initiated BER pathway. 1) 603 4450
Specificity of Uracil-Mediated DNA Repair Synthedis ' 406 o Ty
assess the distribution of DNA repair synthesis associated 272 S| e =
with uracil-mediated BER involving the pGEM DNA 259
substrate, standard BER reactions were performed in the 17501
presence ofd-3?P]dCTP and pGEM DNA containing a site-
specific UG mispair. After various reaction time$2P- neE
labeled DNA products were isolated and digested with C
restriction endonucleadgsr, and the f2P]DNA fragments g 10017
were resolved by nondenaturing polyacrylamide gel elec- 352 80
trophoresis (Figure 2). While there are B&d recognition Eg 60
sites in the pGEM DNA sequencBsi digestion produces %é
only nine DNA fragments that are larger than 100 bp (Figure z2g
2A). Among these DNA fragments, the 272-bp fragment 8= 9
contained the target uracil residue located 205 nucleotides e BB ..
upstream from th@8sH restriction site between the 272- and J234856,78 9101112 13105,
the 603-bp fragments. Following electrophoresis, Phospho- cle Lane

rimage anaIyS|s_, of th@P-Igbeled DNA fragments revealeq Ficure 2: Specificity of uracil-mediated BER DNA synthesis in
that F2P]JdCMP incorporation was preferentially detected in  E. coliGM31 cell extracts. (ABsH restriction map of pPGEM DNA
the 272-bp fragment during early time points<®0 min) indicating restriction sites (hash marks) and the size (bp) of DNA
and that the amount of incorporation into this fragment restriction fragments is shown. The location of the uracil (U) residue

; ; A ; in the (—) strand of pPGEM DNA and the direction of DNA repair
increased in a time-dependent manner (Figure 2B, Ianessynthesis (arrow) during BER are indicated. (B) Two sets of

7—12). Interestingly, significant®fP]JdCMP incorporation  giandard BER reaction mixtures (1@0/assay) containing 2g/
also was observed in the 603-bp fragment. However3h§[  mL of pGEM (C:G) or (U-G) DNA, 2 mg/mL of E. coli GM31
dCMP incorporation into the 603-bp fragment was delayed cell extract protein, and 10Ci/mL of [32P]dCTP were prepared.
relative to the 272-bp fragment since detect&Bfelabeling The reaction mixtures for lanes 435 were similarly constructed

S . P ; ; with pGEM (U-G) DNA except that JuL of Ugi dilution buffer
initially appeared 30 min after initiating the reaction (Figure (lane 13), or LuL of Ugi (1000 units) was included (lane 14), or

2B, Iar]es 16-12). Since the 603-bp fragment is |Oc_ated E. coli BH158 (ung dug) cell extract replaced the GM31 cell extract
immediately downstream from the 272-bp fragment in the (lane 15). BER reactions were incubated for 0, 5, 10, 30, 60, and

direction of the uracil-initiated DNA synthesis (Figure 2A), 90 min at 30°C (lanes +-6 and 712, respectively) and 90 min at
the results suggested that th&P[dCMP incorporation 30°C (lanes 13-15). Following each reaction, DNA products were

. . isolated, and each DNA sample (100 ng) was treated with 2.5 units
associated with the 603-bp fragment may have evolved from of Bsil for 1 h at 65°C, as described under Materials and Methods.

BER DNA synthesis initiated at the uracil residue. The resulting DNA restriction fragments were then resolved by 5%
Control reactions were conducted using pGEM DNA nondenaturing polyacrylamide gel electrophoresis and visualized
(homoduplex) containing a‘G base pair at the target site  using a Phosphorimager. The location of the DNA fragment (*272)
to determine the extent 6¥P]JdCMP incorporation that was that contained the site-specific uracil is indicated by an arrow, as
- . . . o are the locations of eight other fragments. (C) The amouithf
initiated from the ura_cn target site. Under this condition, all radioactivity of each DNA band was determined using the Im-
DNA fragments derived from the homoduplex substrate ageQuant program. After subtracting the background radioactivity,
(including 272- and 603-bp fragments) accumulated low the F2P]JdCMP incorporation was normalized for each DNA
levels of incorporation that were attributed to background fragment by dividing the amount 6fP radioactivity detected by

; the number of cytosine residues located in each corresponding DNA
(Figure 2B,C, lanes-16). When compared to the-G DNA fragment. The highest normalized value was then designated 100%,

following the 60 min regction (Fig_ure 2C, lane 5), the relative gnqg the percent of the®P]dCMP incorporation in other DNA
amount of f2PJdCMP incorporation observed for the® fragments was calculated relative to that value. The data for DNA
DNA substrate (Figure 2C, lane 11) was increased by 20- fragments of 272-bp (black bar), 603-bp (horizontally striped bar),
fold in the 272-bp DNA fragment and 8-fold in the 603-bp L17-bp (diagonally striped. bar), and 445-bp (white bar) were plotted
DNA fragment. The results suggested that the uracil residue or each reaction shown in panel B.

stimulated DNA synthesis as a consequence of uracil- ) o
mediated BER. Thus, it was not surprising that the incor- dCMP incorporation into the 603-bp DNA fragment appar-

poration of PPJdCMP into these two DNA fragments was ently involved repair patches of at least 205 nucleotides since
remarkably reduced when the reaction was performed in thethe uracil residue was located upstream (205 nt) o
presence of Ugi (Figure 2B,C, lane 14) or whEn coli site that produced this DNA fragment. Similar results
BH158 (ung™ dug) cell extract was used in place Bf coli indicating uracil-mediated BER specifié4P]dCMP incor-
GM31 (Figure 2B,C, lane 15). When taken together, these poration into the 603-bp DNA fragment were also obtained
results indicated that the majority of DNA synthesis associ- whenE. coliBH156 ung) or BH157 @ug) cell extracts were
ated with the UG DNA substrate was uracil-initiated and substituted foE. coliGM31 (46). We hereafter refer to this
instigated by uracil-DNA glycosylase activity. Therefore, type of repair that produces long DNA synthesis tracts as
uracil-initiated BER DNA synthesis that resulted froffH[]- very-long patch BER.
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A GM31 GM31 GM31 substrate (Figure 3A). In the presence of exogenous DNA
- - Addition  + DNA Ligase + Fpg ligase, f?P]JdCMP incorporation into the 272-bp fragment
Lane 123 456 78 9101112131415161718 reached a plateau after 10 min, whereas in the absence of

bp exogenous DNA ligase, maximal DNA repair synthesis was
715 - a da o observed at 30 min (Figure 3B). In addition, the extent of

DNA synthesis was decreased in the DNA ligase supple-

603+ ——— —— mented reaction. However, the reduced leveF&RJdCMP
pradms 3 58 incorporation was not attributed to an inefficient repair
process since addition of DNA ligase was previously shown
*2723 S e to stimulate the rate of complete BER (Figure 1). Rather,
259 the results were consistent with the premise that exogenous
DNA ligase restricted the overall extent of DNA repair
175 synthesis thereby reducing the repair patch size and enhanc-
H?i ing the efficiency of complete BER. In support of this

interpretation, it was observed that the incorporatior$f]f
dCMP into the 603-bp fragment was reduced to the
100} B. 1 background level when DNA ligase was added to the reaction

E 3 (Figure 3B). Thus, DNA ligase supplementation promoted
% < 8o} three interrelated responses: (i) restriction of DNA synthesis
a _E associated with the 272-bp fragment, (i) inhibition of very-
L s 60y long patch BER, and (iii) stimulation of the rate of complete
red BER. On the other hand, Fpg supplementation did not affect
20 407 any of these parameters (Figure 3).

g g 20! To directly determine whether adding DNA ligase or Fpg
o altered the size of the DNA synthesis tracts associated with

] : uracil-initiated BER, we evaluated the BER patch size

12345678 9101112131415161718 distribution using the method described previously by Sung

GM31 GM31 GM31 et al. (L3). The approach relies on the incorporation 6f 2
- Addition  + DNA Ligase +Fpg deoxyribonucleoside-thiolmonophosphates during uracil-
Lane initiated BER to render the repaired DNA strand resistant
to in vitro digestion withE. coli exonuclease lll. In this

Ficure 3: Effect of DNA ligase and Fpg protein on the specificity . .
of uracil-mediated BER DNA synthesis. (A) Three sets of standard experiment, the pGEM (U5) DNA substrate contained the

BER reaction mixtures were prepared as described in Figure 1Uracil target located on the—{-strand, 17 nucleotides
except that 1QCi/mL of [*P]dCTP was added with or without ~ upstream (5side) of the uniqueHindlll site, and 13
Egezad'\%tlon QfdQXOtg%not)E- CO';:DIII\IA ligase (Ot-)liul\/')fang F5|0910 nucleotides downstream’(8ide) of the uniqudanHl site

.2 uM) as indicated above. Following incubation for 0, 5, 10, (i ; ; et
30, 60, and 90 min at 30C (lanes £6, 7—12, and 13-18, EE |gu|re 4@' 1;0 tﬁva'“gtggf :cepa" pattCh S'Zo‘la d'sé”blf’tt'on’
respectively), DNA samples (100 ng) were isolated, subjected to € e”9 0 e ¥P] ragments pro uge after
Bsil digestion, and resolved by 5% nondenaturing polyacrylamide Sequential treatment of the BER DNA products wtimdlll,
gel electrophoresis as described under Materials and Meti#é@g. [ exonuclease Ill, anBanHI was determined by denaturing
DNA fragments (arrows) were identified using a Phosphorimager, polyacrylamide gel electrophoresis. Under these conditions,

and the 272-bp DNA fragment that contained the uracil residue ;
was located (*272). (B) The percentage of relati#&[dCMP exonuclease Il was expected to digest#ielabeled strand

incorporation into the DNA fragments of *272-bp (black bar), 603- (repaired strand) from the cleavétindill site in the 3 to
bp (horizontally striped bar), 117-bp (diagonally striped bar), and 5 direction until encountering the first phosphorothioate
445-bp (white bar) was determined as described in Figure 2 andlinkage at the 3boundary of the repair patch. Patch size
plotted for each lane shown in panel A. analysis was conducted following time course reactions of
Uracil-Initiated BER Patch Size Distribution Is Influenced uracil-initiated BER usinde. coli GM31 cell extracts in the
by Exogenous DNA Ligasén the basis of the results presence and absence of exogenous DNA ligase or Fpg
presented in Figures 1 and 2, we postulated that very-long(Figure 4B). As expected, exonuclease Il digestion of the
patch repair resulted from the rate-limiting step in the uracil- [3?P]DNA isolated from both the mock and the 0 min
initiated BER process, DNA ligation. To test this hypothesis, reactions did not produce a detectable repair patch sihce 2
we examined whether the addition of exogenous DNA ligase deoxyribonucleoside-thiolmonophosphate incorporation did
to the BER reaction might reduce the extent and distribution not occur in the absence of cell extract or without incubation
of DNA repair synthesis. As before, uracil-initiated BER was (Figure 4B, U and 0 min). On the other hand, when BER
conducted using. coliGM31 cell extracts with and without  reaction products were examined following incubation for
supplementation oE. coli DNA ligase or Fpg. Following 5-90 min, a set of discrete®P]DNA fragments were
each BER reactiorBst restriction analysis was performed obtained that defined the size distribution of the repair
on the repaired3fP]DNA, and the amount of*fP]JdCMP patches (Figure 4B). Following quantitative analysis, the
incorporation was analyzed for each of tiBsd-DNA repair patch size distribution was plotted for the 5 and the
fragments (Figure 3). When compared to the control reaction, 60 min reactions (Figure 4C, D). One-nucleotide repair
performed without supplementation, the results revealed thatpatches appeared to be the most prevalent type of repair in
the addition of DNA ligase greatly reduced the overall the 5 min reaction conducted without supplementation
amount of f?PJdCMP incorporation into the & DNA (Figure 4B, white bars), whereas the repair patch distribution
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A somer | the overall patch size distribution was biphasic with the
}—13-merél | majority of the patch sizes corresponding to either2l
BamHI [DNA Synthesis _ Hindlll nucleotides or 1112 nucleotides in length. The addition of
gg‘%;gigﬂggggﬁiggggggggﬂggﬂg DNA ligase promoted a significant reduction in the propor-
tion of long patch BER and increasing the percentage of
B. s mﬁmagase :;r:s; 1-nuc|eotig|e repair patche_s by4_-f0|d (Figure 4D, black
Time (min) U 0 5 103060900 5 10306090 0 5 1030 6080 bars). While suppllementatlpn W|.th DNA ligase p_rofoundly
ExOlll =+ #F-#-#-+-+-F-F-F-F-+-+-F-F-F-+-F-+ reduced the repair patch size distribution, addition of Fpg
Mm@ 2 B804 = 68886 5 eew did not apparently alter the profile relative to the control in
either the 5 or the 60 min reaction (Figure 4C, D, striped
: : bars).
Ll I e ey Influence of DNA Ligase and Fpg on Dug-Mediated BER

of Ethenocytosine Residud® examine the effect dE. coli
DNA ligase and Fpg on the efficiency of Dug-mediated BER
in E. coliGM31 cell extract, we repeated the kinetic analysis
using a pGEM form | DNA substrate that contained a site-
m - ez specific ethenocytosine residue in place of the uracil target.
As before, the BER reaction time course was examined, and
the isolated DNA products were subjected to a combined

Distribution (%)

il treatment with Dug and Nfo to convert unrepaired form |

o éé Wil DNA to form Il DNA. The extent of ethenocytosine-initiated
56 7 8 910 1112 13 14 15 16 17 BER was determined following agarose gel electrophoresis.
Patch Size (nucleotides) The results indicated that the addition of DNA ligase

FIGURE 4: Effect of DNA ligase and Fpg protein on the uracil-  stimulated the initial rate of repair3-fold) when compared
initiated BER patch size distribution. (A) Partial nucleotide sequence to the control reaction (no addition), whereas the rate of BER
of the pGEM (UG) DNA substrate used to conduct uracil-initiated ;55 virtually unchanged for the reaction conducted in the

BER DNA synthesis patch size analysis is shown that contains the
BanHI and Hindlll restriction endonuclease sites. A site-specific presence of exogenous Fpg (data not shown). Further

[32P]dAMP residue (*) was introduced between the uracil target Characterization of the DNA products tBsi restriction
and theBarH| site to facilitate measuring the repair patch size as analysis indicated that very-long patch DNA repair synthesis
described under Materials and Methods. BER DNA synthesis was g|so occurred during ethenocytosine-initiated BER inEhe
initiated at the uracil target (U), and'-8eoxyribonucleoside coli GM31 cell extract and that very-long patch repair was

a-thiolmonophosphate incorporation occurred in the direction of ) - . .
the arrow. Following DNA synthesis, sequential treatment with aPolished by the addition of DNA ligase but not Fpg protein

Hindlll, exonuclease IlI, an@anHI produced f2P]DNA fragments (46).
of 1430 nucleotides that corresponded to BER patch sizes-@f71 Repair patch size experiments were performed to further
nucleotides, respectively. (B) Three sets of standard BER reactionexamine the influence of DNA ligase and Fpg supplementa-

mixtures (10QL/assay) containing 20g/mL of pGEM (U-G) [32P]- : ) ; L
DNA, 20 M each of dATPS], dTTPRS], dGTPRS], anddCTp-  1onon the Dug-mediated ethenocytosine-initiated BER patch

[aS], and 2 mg/mL oE. coli GM31 cell-free extract were incubated ~ Size distribution. During the early stage of the BER reactions
in the presence and absence of exogefoumli DNA ligase (0.15 (5 min), neither the addition of DNA ligase nor Fpg appeared
uM) or Fpg (0.2uM) for O, 5, 10, 30, 60, and 90 min at 3C as to affect the repair patch size distribution that resulted in
indicated above. As a control, pPGEM {B) [*PIDNA (2ug) was  mostly 1-nucleotide repair tracks (data not shown). As the

mock-reacted in the absence of cell extract proteins (U). Following : L . -
the BER reaction, DNA products were isolated, and each DNA reaction progressed, the vast majority of repair occurred via

sample (100 ng) was digested with 5 unitsHihdill and then the long patch pathway as illustrated by the 60 min reaction
treated with 100 units of exonuclease W)Y or mock treated ) conducted without supplementation. Under this condition,
as indicated above. After these treatments, the DNA was cleavedwhen>75% of the substrate was completely repaired, most

with 5 units ofBanHI, and the3?P-labeled DNA fragments were ¢ the repair patches involved incorporation of 11 or 12

resolved by 12% polyacrylamide, 8.3 M urea gel electrophoresis . . .
as described under Materials and Methods. The locatiof?Bf-[ nucleotides. During the latter stage of the reaction, the

DNA size markers are indicated by arrows. Reference markers wereaddition of DNA ligase but not Fpg increased the amount
generated by digesting of pGEM (@) [32P]DNA (100 ng) with of short patch repair by-4-fold. These findings were very

excessHindlll and BanHl (30 nt) and by subsequently treating  similar to those obtained for the uracil-initiated BER reac-
the32P-labeled oligonucleotide (30-mer) with excess Ung and Nfo tions.

(13 nt). The relative amount GfP radioactivity detected in each - . -
DNA band corresponding to repair patch sizeseflLT nucleotides Ability of Various Enzymes to Influence the Efficiency of
was determined for the 5 min (C) and 60 min (D) reactions in panel the Complete BER Reacticho examine the effect of various

A, using the method described by Sung et 48)( The frequency =~ BER enzymes on the efficiency of uracil-initiated BER,
of each BER patch was expressed as the percent distribution Ofincreasing amounts dE. coli Ung, Nfo, and Pol | were

the observed repair patches. The results for reactions digested wit . ;
exonuclease Il are shown as follows: GM31 cell extract without nnd'V'dua”y added tc_’ thek. coli GM31 cell extract, a.md
addition (white bar), with DNA ligase (black bar), and with Fpg Standard BER reactions were conducted to determine the

protein (striped bar). extent of complete repair. While the addition of Ung and
Nfo did not influence the efficiency of uracil-initiated BER,
associated with the 60 min reaction revealed that the largesupplementation with DNA polymerase | caused a modest
majority of BER occurred via a long patch mechanism and reduction in the extent of BER (Figure 5A). Interestingly,
that short patch (1-nucleotide) repair accounted for only the inhibitory effect observed by adding DNA polymerase |
~12% of the BER events (Figure 4D, white bars). However, was reversed by concomitant addition of exogengusoli
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Ficure 6: Inhibitory affect of DNA polymerase | on uracil-initiated
BER was attenuated by DNA ligase. (A) Three sets of standard
) . BER reaction mixtures (10@L/assay) containing 2@g/mL of
FiGURE 5: Influence ofE. coli Ung, Nfo, PolA, and Lig supple-  pGEM (U-G) DNA and 2 mg/mL ofE. coli GM31 cell extract
mentation on uracil-initiated BER. (A) Four sets of standard BER protein were incubated for 0, 5, 10, 30, 60, and 90 min atG0
reaction mixtures (10@L/assay) containing 2@g/mL of pGEM (lanes 16, 7-12, and 13-18, respectively) in the presence and
(U-G) DNA and 2 mg/mL ofE. coli GM31 cell extract protein  apsence of exogenois coli DNA polymerase | (0.2M) or DNA

0 5 10 20 40
DNA Polymerase | (pmol)

were prepared except that various amounts of exogeBowsli jigase (0.15:M) as indicated. Following the repair reactions, pGEM
BER enzymes were added as follows: 0, 25, 50, 100, and 200 units/pNA was recovered, subjected to Ung/Nfo treatment, and analyzed
assay of Ung@®); 0, 1, 2, 4, and 8 units/assay of Nfd 0, 5, 10, by 1% agarose gel electrophoresis as described under Materials

20, and 40 units/assay of DNA polymeras@®);(0, 5, 10, 20, and  and Methods. Untreated pGEM {B) DNA (lane S), mock-reacted
40 units/assay of DNA polymerase | plus 20 units/assay of DNA DNA treated with Ung and Nfo (lane C), and a 1-kilobase pair
ligase ). After incubation for 60 min at 36C, the pGEM DNA DNA ladder (lane M) were utilized as reference standards. The
was recovered, subjected to Ung/Nfo treatment, and analyzed byarrows indicate the location of the form | and Il DNA bands
1% agarose gel electrophoresis as described under Materials angjetected by ethidium bromide staining. (B) The percentage of
Methods. The f|u0rescent IntenSIty Of eth|d|um bromlde'stalned repaired form | DNA in each Sample was calculated as described
DNA bands (form | and Il) was determined as described in Figure iy Figure 1 and plotted as a function of incubation time for the
1, and the percentage of repaired form | DNA in each sample was fo|lowing reactions: E. coli GM31 cell extract without addition
plotted as a function of the relative amount of each enzyme added (o), with addition ofE. coli DNA polymerase | @) and with both
was determined based on the amount of decrease in the repaired

form | DNA rved following exogen nzym lementa-
frm | DNA observed folowing exogerious enzyme SUPISTENA. presence versus the absence of exogenous DNA polymerase
repaired form | DNA detected in each enzyme_supp|emented . As before, th|S InthItOI’y affect was CounteraCted When
reaction was divided by that detected in the reaction without both exogenous DNA polymerase | and DNA ligase were
supplementation and then multiplied by 100. The data were plotted added to the reaction (Figure 6B). Moreover, the addition
as a function of the amount of DNA polymerase | added in the of both DNA polymerase | and DNA ligase caused an
presence (striped bar) or absence (black bar) of exogenous DNA. . e . .
ligase. increase in the initial rate and maximum extent of repair
when compared to the control, conducted without protein
DNA ligase (Figure 5B). However, the level of attenuation supplementation. Collectively, these results imply that DNA
was dependent on the molar ratio of exogenous DNA polymerase | and DNA ligase exhibit antagonistic roles
polymerase | to DNA ligase. Essentially no inhibition of BER toward facilitating BER in theée. coli GM31 cell extract.
was observed when excess DNA ligase was added relative Stimulation of Long Patch BER by DNA Polymerase | Is
to the amount of exogenous DNA polymerase | (Figure 5B, Alleviated by Supplementation with DNA Liga3® further
striped bar). Inhibition of BER was only detected when the investigate the relationship between DNA polymerase | and
ratio of DNA polymerase | to DNA ligase was equal to or DNA ligase on uracil-initiated BER, repair patch experiments
greater than one. Thus, the ability of DNA polymerase | to were conducted using. coli cell extracts supplemented with
inhibit the process of complete BER depended on the balanceDNA polymerase | in the presence and absence of exogenous
between DNA polymerase | and DNA ligase and was not DNA ligase. Time course reactions were performed, and
solely influenced by the DNA polymerase | concentration. DNA repair products were analyzed as described in Figure
The reaction kinetics of complete uracil-initiated BER 7A. Inspection of the BER patch size distribution obtained
were examined to determine the influence of DNA poly- for the control (Figure 7B) and DNA polymerase | supple-
merase | supplementation in the presence and absence ofnented reaction (Figure 7C) revealed that the addition of
exogenous DNA ligase (Figure 6). The results confirmed our DNA polymerase | stimulated the formation of longer repair
previous observation since the addition of DNA polymerase patches and reduced the occurrence of short patch (1-
| alone reduced the amount of repaired form | DNA when nucleotide) repair by~3-fold. However, the DNA poly-
compared to the control reaction (Figure 6B). After the 60 merase |-mediated shift in patch size distribution was
min reaction, the amount of repaired form | DNA detected partially reversed when exogenous DNA ligase was intro-
was ~30% less when the reaction was conducted in the duced along with DNA polymerase | in the BER reaction
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Ficure 7: Effect of DNA polymerase | supplementation with or %.{ - =‘ =Fan =%
without DNA ligase on the BER patch size distribution. (A) Three = j00lD
sets of standard BER reaction mixtures (10D/assay) were 4 *
prepared as described in Figure 4 with or without addition of =
exogenoug. coli DNA polymerase | (0.2«M) and DNA ligase E
(0.15uM) as indicated. BER reactions were conducted for 0, 5,
10, 30, 60, and 90 min at 3@, and product DNA recovered from
each reaction was subjected to the BER patch size analysis as
described under the Materials and Methods. The relative amount

of 32P radioactivity detected in each band {130 nt) was 0 5 10 30 60 90

determined for the 60 min reactions in panel A, as described in Time (min)

Figure 4. The distribution of repair patch size for reactions digested )

with exonuclease Il are shown as followE. coli GM31 cell Ficure 8: Influence of DNA polymerase | in the presence and
extract without addition (B), with DNA polymerase | (C), and with ~ absence of DNA ligase supplementation on the specificity of uracil-
DNA polymerase | plus DNA ligase (D). initiated BER DNA synthesis. (A) Three sets of standard BER

reaction mixtures (10@L/assay) containing 2@g/mg of pGEM
. . . . (U-G) DNA, 2 mg/mL of E. coli GM31 cell extract protein, and
(Figure 7D). This observation was most clearly illustrated 1q ,CiimL of [22P[dCTP were prepared with or without the addition

by examining the percent distribution of-2 nucleotide  of exogenoug. coliDNA polymerase | (0.1&%M) and DNA ligase
repair patches produced in the three reactions (Figure 7B (0.2 uM) as indicated. Repair reactions were incubated for 0, 5,
D). Collectively, these results illustrated that increasing the 10, 30, 60, and 90 min at 3@ (lanes 6, 7-12, and 13-18,

; ; respectively), DNA products were isolated, and DNA samples (100
DNA polymerase | concentration drove the BER reaction to ng) were subjected tBsi digestion and resolved by 5% nonde-

produce longer repair patches and that DNA ligase mitigated aiyring polyacrylamide gel electrophoresis as described under
this response. Materials and Methods. The locations®é®-labeled restriction DNA
Repair DNA Synthesis in Very-Long Patch BER Is Affected fbragments wehre%/i?ualizefd by PhOSPhor_lmagerf] and are inqoilcated
; : y arrows. The P]DNA fragment containing the uracil residue
by the.Ratlo of DNA Polymerase | a.nd DNA Ligase. IBsr is indicated (*272). The percentage of relativéP]dCMP incor-
restr|_ct|on analysis was condu_cted to investigate whether theporaﬂon into the DNA fragments of *272-bp (black bar), 603-bp
addition of DNA polymerase | influenced the extent of DNA  (horizontally striped bar), 259-bp (diagonally striped bar), and 445-
repair synthesis associated with very-long patch BER. As bp (white bar) was calculated using the method as described in
before, f2PJdCMP incorporation into pGEM DNA contain- Figure 2 and plotted for each of the 60 min reactions (lanes 5, 11,

. L . . . and 17) shown in panel A. The data were plotted as follo&s:
ing the UG mispair was monitored following nondenaturing coli GM31 cell extract without addition (B), with DNA polymerase

gel electrophoresis d@si digested DNA repair products as | (c), and with DNA polymerase | plus DNA ligase (D).
described in Figure 8. An examination d&@sid DNA

fragments revealed that supplementation of the BER reaction(Figure 8C). These results revealed that exogenous DNA
with DNA polymerase | dramatically increased the rate of polymerase | significantly enhanced DNA synthesis during
[3?P]dCMP incorporation into the 603-bp fragment and BER that started with the 272-bp DNA fragment and
several other fragments, as compared to the control reactiornprogressed sequentially around the pGEM DNA molecule.
conducted without supplementation (Figure 8A). The relative In contrast, the addition of DNA polymerase | and DNA
incorporation of }2P]JdCMP was plotted for the 259-, 272-, ligase suppressed the DNA polymerase I-mediated stimula-
445-, and 603-bp DNA fragments obtained from the control tion of DNA repair synthesis (Figure 8A, D). Under this
(Figure 8B) and DNA polymerase | supplemented reaction condition, greater accumulation 6fFPJdCMP incorporation
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into the 272-bp fragment was observed earlier in the reaction

(5 and 10 min) than at corresponding times in the control
reaction (Figure 8B, D, respectively).

To investigate whether DNA polymerase | was the major
DNA polymerase responsible for DNA repair synthesis
associated with very-long patch BER, DNA polymerase |
antiserum was added to thie coli GM31 cell extract as
described in Figure 9. Before conducting the uracil-initiated

BER reactions, DNA polymerase assays were performed to

ascertain that the DNA polymerase | antibody neutralized
the DNA polymerase activity (Figure 9A). As expected, the

results showed that the DNA polymerase | antiserum caused

a dose-dependent decrease in DNA polymerase | activity.
Standard uracil-initiated BER reactions were then conducted
under various conditions as described in Figure 9B. Follow-
ing incubation for 60 min,¥P]DNA products were isolated
and subjected to thBsHl restriction analysis to determine
the distribution of $PJdCMP incorporation during DNA

repair synthesis. The control reaction was incubated with the

E. coliGM3L1 cell extract but without addition of either DNA
polymerase | or antiserum (Figure 9B, lane 1). Addition of
preimmune serum had no apparent influence’@|CMP
incorporation into thé&sn DNA fragments (Figure 9B, lane
2). In contrast, the addition of DNA polymerase | antiserum
resulted in a diminution offP]JdCMP incorporation into the
603-bp fragment (Figure 9B, lanes 3 and 4). However, the
addition of exogenous DNA polymerase | restoré®P]-
dCMP incorporation into both the 603-bp fragment (Figure
9B, lane 5) and other DNA fragments (Figure 9B, lanes 6
and 7), depending on the amount of DNA polymerase | added
to the BER reaction. The amount 8fP]JdCMP incorporation
into the following fragments (272-, 603-, and 259-bp) was
quantitatively analyzed and plotted for each reaction (Figure
9C). From these results we determined that the addition of
DNA polymerase | antiserum (2L) reduced the amount
incorporation into the 272- and 603-bp fragment by 1.4- and
3-fold, respectively (Figure 9C, lanes 3 and 4). In contrast,
addition of purified DNA polymerase | in the presence of
neutralizing antiserum increased in the level BP[dCMP
incorporation as follows; 1.1-, 1.4-, and 1.8-fold in the 272-
bp fragment; 1.6-, 2.7-, and 3.5-fold in the 603-bp fragment;
1.3+, 2.8-, and 7.6-fold in the 259-bp fragment by 1, 2, and
5 units of purified DNA polymerase |, respectively (Figure
9C, lanes 57).

DISCUSSION

We have examined the DNA repair synthesis patch size
distribution associated with both uracil- and ethenocytosine-
initiated BER inE. coli cell-free extracts. Unlike several
previous investigations that utilized small duplex oligonucle-
otide substrates containing a damaged base to characteriz
the repair patches associated with BEPY,(30, 47), a
covalently closed circular pGEM DNA substrate with a
defined (UG or ¢C-G) target was employed in this study.
The use of this relatively large size pPGEM DNA molecule
allowed repair patch size determination over an extended
region, as compared to studies conducted with oligonucle-
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Ficure 9: Influence of PolA neutralizing antibody and DNA
polymerase | supplementation on uracil-initiated BER DNA
synthesis. (A) DNA polymerase activity was determined under the
standard BER reaction condition using reaction mixtures (400
containing 1 unit of DNA polymerase |, 10g of activated calf
thymus DNA, and JH]dTTP (120 cpm/pmol). Reaction mixtures
were supplemented with 0, 0.25, 0.5, 1, 2, 4, and ®&f antiserum
raised againsk. coli DNA polymerase | prior to the addition of
DNA substrate. After incubation for 60 min at 3, reaction
mixtures were subjected to DNA polymerase activity assays as
described under Materials and Methods. The percentage of DNA
polymerase activity detected in samples containing antiserum was
determined by dividing the amount cH]dTMP incorporated in

the presence of antiserum by the amoun€ef|iTMP incorporated

in the absence of antiserum and then multiplied by 100. Incorpora-
tion of 210 pmol of fH]dTMP represented 100% DNA polymerase
activity. The mean values from two independent experiments were
plotted. (B) Standard BER reactions (1@0/assay) containing 20
ug/mL of pGEM (U-G) DNA and 2 mg/mL ofE. coli GM31 cell
extract protein were carried out with the following: no addition
(lane 1); 2uL of rabbit preimmune (P) serum (lane 2); 2)(and

4 uL (++) of antiserum (lanes 3 and 4, respectively); andt}, (

2 (++), and 4 (+++) units of DNA polymerase | in the presence
af 2 uL of antiserum (lanes 57, respectively). After incubation

for 60 min at 30°C, DNA products were isolated, and DNA samples
(100 ng) were subjected tBsH digestion and resolved by 5%
nondenaturing polyacrylamide gel electrophoresis as described
under Materials and Methods. The locations%#-labeled restric-
tion DNA fragments were visualized by Phosphorlmager and are
indicated by arrows. (C) The percentage of relatifAPJdCMP
incorporation into the DNA fragments of *272-bp (gray bar), 603-
bp (striped bar), and 259-bp (black bar) was determined as described

otide substrates. Under the conditions examined, both uracil-in Figure 2 and plotted for each lane corresponding to panel B.
and ethenocytosine-mediated BER events were observed that

produced short, long, and very-long DNA repair synthesis BER and presents the first evidence for very-long patch DNA
patches. To our knowledge, this report is the first investiga- repair synthesis X205 nucleotides) associated with both
tion into the patch size of ethenocytosine-medigtedoli uracil- and ethenocytosine-initiated BER. Furthermore, very-
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long patch DNA synthesis was uniformly detected in BER exonuclease with a probability of 55% at each nucleotide
reactions conducted with. coliGM31, BH156, and BH157  incorporated%0). As a consequence of strand-displacement
cell-free extracts. Previous studies that utilized pSFF8ta ( DNA synthesis, single-stranded DNA overhangs are pro-
and M13 (form 1) DNA (3) to monitor uracil-initiated BER ~ duced that serve as intermediates to long patch BER.
apparently did not detect very-long patch BER because of aCleavage of these single-stranded DNA overhangs is a
limitation in experimental design. While both studies used prerequisite for producing a ligatable nick and completing
duplex circular DNA substrates and restriction endonucleasethe BER process2({, 29). Thus, a delay in the action of
analysis conducted to detect DNA repair synthesis, only a 5'-3' exonuclease because of extended DNA synthesis would
21-nucleotide region downstream of the uracil target site was be expected to impede the ligation step and reduce the rate
monitored for DNA synthesis. Since these experiments were of BER. The exact amount of strand displacement and the
not designed to detect very-long DNA synthesis tracts, in vivo factors that facilitate the production of single-stranded
perhaps it is not surprising that the very-long patch BER DNA overhangs during the BER reaction has not yet been
eluded detection. determined. However, the competing action of DNA poly-
Several observations supported the interpretation that themerase | and DNA ligase would be expected to play a
very-long DNA synthesis tracts detected using pGEM significant role in regulating the rate and extent of BER since
(U-G) DNA resulted from uracil-initiated BER. First, the these enzymes mediate chain elongation and chain termina-
very-long DNA synthesis tracts were associated with form | tion, respectively. Consistent with this interpretation, our
DNA molecules that were resistant to cleavage by a results show that the ratio of DNA polymerase | to DNA
combined treatment with Ung and Nfo, indicating that ligase activity significantly influenced both the ligation
complete uracil-initiated BER occurred on these molecules. efficiency and the BER patch size. Specifically, the addition
Second, repair DNA synthesis within the 603-bp fragment of DNA ligase to theE. coli cell-free extract resulted in a
was dependent on the presence of the uracil residue locatedirastic diminution of longer repair patches and increased
in the upstream (272-bp) DNA fragment. Third, specific 1-nucleotide DNA repair synthesis. In contrast, supplementa-
incorporation of {2P]JdCMP into the 603-bp fragment was tion of the cell-free extracts with DNA polymerase |
significantly reduced when Ugi, a potent and irreversible enhanced patch size, whereas a simultaneous addition of
inhibitor of Ung @8), was added to the cell-free extract. DNA ligase negated this affect. These observations reinforce
Fourth, very-long DNA synthesis tracts were abolished in the concept that the balance between DNA polymerase | and
repair reactions conducted with. coli BH158 (ung dug ligase plays a key factor in determining the rate and mode
cell-free extracts, in which bothng and dug were inacti- of BER.
vated. This observation is consistent with pervious reports  The rate of Dug-mediated repair of ethenocytosine residues
thatE. coliBH158 cells are defected in uracil-initiated BER also appeared to be depend on the ligation step during the
(13, 49). Collectively, these observations strongly suggested BER process. Unlike Ung-mediated BER, after excision of
that the very large repair patches resulted from uracil-initiated uracil or ethenocytosine, Dug binds tightly to its AP-site
BER. containing DNA product; however, cleavage of the AP-site
The results presented here indicate that phosphodiesteby AP endonuclease (Nfo) or AP lyase (Fpg) stimulates
bond formation by DNA ligase is the slowest step in Ee catalytic turnover of Dugl0, 46). We observed that the rate
coli BER pathway. A previous report by Srivastava et al. of ethenocytosine-initiated BER did not change following
(47) using a reconstituted human enzyme system composedhe addition of Fpg, while significant stimulation occurred
of uracil-DNA glycosylase (10 nM UN@G84), AP-endo- in the presence of excess DNA ligase. Since Nfo and Xth
nuclease (10 nM HAP), DNA polymerage(10 nM POL- have been reported to compris®0% of the AP-endonu-
B), and DNA ligase | (100 nM LIG 1) identified the dRP  clease activity detected . coli, AP-sites generated by Dug
lyase activity associated with DNA polymergsas the rate-  would be expected to be frequently processed by a class I
determining step of this in vitro BER reaction. Our results AP-endonuclease activityl§). One-nucleotide gaps would
involving E. coli uracil-mediated BER stand alone and do result from the removal of &erminal dRP residues by either
not contradict the findings involving the human reconstituted a deoxyribophosphodiesterase or AP-lyase activig).(
BER system since different approaches and biological Short patch (1-nucleotide) BER would follow after gap-filling
systems were investigated. The rate-limiting stefircol DNA synthesis and DNA ligation reactions. Thé-®
BER most likely occurs either because of a limited amount exonuclease action of DNA polymerase | does not efficiently
of DNA ligase activity or limited accessibility of DNA ligase  remove 5terminal dRP residue®%). However, a previous
to the nicked DNA molecule during the repair process. We study demonstrated that thé-d&RP residue can be slowly
propose that the ligation efficiency during BER is influenced released as part of a short oligonucleotide (two nucleotides)
by four intertwined biochemical reactions that include DNA upon incubation with DNA polymerase R4). This may
chain elongation, strand displacement, displaced strandexplain, in part, the biphasic distribution of BER that we
excision, and ligation. Lundquist and Olives0f previously detected, as well as the origin of the short patches that
reported thaE. coliDNA polymerase | transiently generates corresponded to two nucleotides in length. During long patch
displaced single-stranded overhangs during nick translationalBER, a strand displacement reaction most likely displaced
DNA synthesis reactions, as would be expected to occurthe DNA strand containing the'8IRP moiety, and subse-
during long patch BER. On the basis of in vitro experimental quent cleavage of the generated DNA flap was carried out
results, it appears that the DNA polymerase arieb’3 by the 3-3' exonuclease activity of DNA polymerase I, which
exonuclease activities of DNA polymerase | compete for the acts efficiently on this DNA substrat@%, 27, 28).
displaced single-stranded DNA@). Furthermore, DNA It is generally accepted that DNA repair synthesis associ-
polymerase activity reportedly acts in favor of the35 ated with BER is performed bl. coli DNA polymerase |
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(51). The results presented in this report extend this observa-
tion and suggest that DNA polymerase | also functions during
very-long patch BER DNA synthesis. After correcting for
the dCMP content of th&sid DNA fragments produced
following BER, very-long patch repair was estimated to
comprise~2% of BER events. In this regard, a parallel may
exist between the function of DNA polymerase | in BER
and its role in nucleotide excision repair (NER). Previous
studies have demonstrated that DNA polymerase | conducts
DNA repair synthesis during the gap-filling reaction of NER
(52—54). While the majority of DNA repair synthesis during
E. coliNER consisted of-12 nucleotides, a small fraction
(1—10%) of repair synthesis resulted in tracts 1500
nucleotides and was referred to as long patch excision repair
(55, 56). A requirement for DNA polymerase | in long patch
NER was demonstrated utilizirig. coli strains defective in
DNA polymerase Il or Il 65, 57). Furthermore, it was
recognized that the frequency of long patch NER increased
in E. coli polA mutants defective in'83' exonuclease activity
(55). By analogy, the 53 exonuclease function of DNA
polymerase | might be important in determining the fre-
quency of very-long patch BER iB. coli.

Very-long patch BER was not detectable witercoli cell-
free extracts were supplemented with DNA ligase. One
possible explanation for this observation was that additional
DNA ligase promotes phosphodiester bond formation during
strand displacement DNA synthesis thereby reducing long
DNA repair synthesis tracts. Indeed, the length of DNA repair
synthesis associated with very-long patch BER could be
manipulated by altering the balance between DNA poly-
merase | and DNA ligase in the. coli cell extract. While

this interpretation seems reasonable, an alternative explana-

tion that DNA ligase modulates short and long patch repair
by protein—protein interactions with various BER proteins
cannot be excluded. For example, DNA ligase might interact
with DNA polymerase | or other auxiliary factors that
influence the patch size. In the mammalian BER pathway,
the ligation step is coordinated through complicated pretein
protein interactions such as those between XRCC1 and DNA
ligase Il (68), DNA polymerases and DNA ligase | §9,

60), and PCNA and DNA ligase I6(, 62). Several studies
have suggested that the sliding clamp replication protein,
PCNA, acts as a scaffold that promotes assembly of BER
proteins at an incised AP-site and stimulates the activity of
DNA ligase | and flap endonuclease 1 during long patch
BER in mammalian cells63—66). A similar model forE.

coli BER might be considered in light of the recent reported
that theE. coli § clamp protein, a homologue of PCNA,
interacts with DNA ligase and DNA polymerase 67.
Furthermore, the association of tifeclamp protein with
DNA polymerase | was shown to increase the processivity
of DNA synthesis §7). Whether the DNA polymerasest/
clamp protein interaction or other protetprotein interac-
tions influence BER patch size and mediate very-long patch
DNA repair synthesis has not been determined. Additional
investigation is required to define the molecular mechanisms
of very-long patch repair DNA synthesis and elucidate its
biological significance.
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