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ABSTRACT: In mammalian cells the majority of altered bases in DNA are processed through a single-
nucleotide patch base excision repair mechanism. Base excision repair is initiated by a DNA glycosylase
that removes a damaged base and generates an abasic site (AP site). This AP site is further processed by
an AP endonuclease activity that incises the phosphodiester bond adjacent to the AP site and generates
a strand break containing-®H and 5-sugar phosphate ends. In mammalian cells, tkreifar phosphate

is removed by the AP lyase activity of DNA polymergs€Pol 5). The same enzyme also fills the gap,

and the DNA ends are finally rejoined by DNA ligase. We measured repair of oligonucleotide substrates
containing a single AP site in cell extracts prepared from normal angfoll mouse cells and show

that the reduced repair in P@null extracts can be complemented by addition of purified RdUsing

this complementation assay, we demonstrate that mutatediitiout dRPase activity is able to stimulate

long patch BER. Mutant Pg# deficient in DNA synthesis, but with normal dRPase activity, does not
stimulate repair in PoB-null cells. However, under conditions where we measure base excision repair
accomplished exclusively through a single-nucleotide patch BER, neither dRPase nor DNA synthesis
mutants of Pop alone, or the two together, were able to complement the repair defect. These data suggest
that the dRPase and DNA synthesis activities of fPate coupled and that both of these Pdlinctions

are essential during short patch BER and cannot be efficiently substituted by other cellular enzymes.

Base excision repair (BER)operating in human cells  bacterial cellsg), but in mammalian cells the major AP lyase
provides an efficient mechanism for protection against activity is associated with DNA polymerage(Pol 3) (10,
accumulation of altered bases in DNA. BER is initiated by 11). Pol 5 removes 5sugar phosphate and simultaneously
a DNA glycosylase, which removes the modified base, and adds one nucleotide to thé-8nd of the nick 10). The nick
then an apurinic/apyrimidinic endonuclease (AP endonu- is finally sealed by DNA ligase, and the entire repair reaction
clease) binds to the AP site and hydrolyzes the phosphodi-results in the removal and replacement of a single nucleotide
ester bond 5to the abasic sitelj. This single-strand DNA (single-nucleotide patch BER). The single-nucleotide patch
break cannot be repaired directly by DNA ligase because it BER is the major BER pathway in both bacterial and
contains a Sterminal deoxyribose phosphate (dRP); thus, mammalian cells {2—14) and is coordinated by multiple
dRP must be removed to allow further repair. The enzymes protein-protein interactions( 15-17). The key proteins in
that are able to remove the-&nd sugar phosphate are  the single-nucleotide patch BER pathway interact with each
collectively named DNA deoxyribophosphodiesterases (dRPas-yther, Human AP endonuclease 1 (APE1) interacts with Pol
es), anc_J can be divided into two cl_asses: AP lyases andﬁ (19). In turn, Polg directly interacts with DNA ligase |,
hydrolytic dRPases(-4). The hydrolytic dRPases have been . through the XRCC1 protein with DNA ligase 1IL9—
partially purified from bacterial and human cglls. These 21). Thus, the system is well tuned, and it is not known
dRPases are Mg-dependent and release chemically unal- \nether other cellular proteins can substitute for any of its
tered sugar phosphatE,(G).'In.cor}trast, AP. lyases remove components. An important question is whether Pdd the
dRP re5|du?s through @elimination reaction and release only enzyme with substantial dRPase activity and the only
sugar as a ', S-unsaturated aldehydd (8. The fapy-  pia polymerase that is able to fill a single-nucleotide gap
DNA glycosylase (FPG) protein is the major AP lyase in in the coordinated reaction of single-nucleotide patch BER

in mammalian cells. Also, how much are the BER compo-
nents interchangeable with other cellular enzymes, and what
backup systems exist if the major components are knocked
out by mutation or underexpressed? The Bolull mouse
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cells provide a unique model to address these questions. We
used an in vitro DNA repair complementation assay to
exclusively detect single-nucleotide patch BER and demon-
strate that both dRPase and DNA synthesis functions of Pol
p are essential for its role in short patch BER and that neither
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of these functions can be efficiently substituted by other UDG+APE

v
cellular enzymes. 5-TACCGCGGCCGGCCGAUCAAGCTTATTGGGTAC
3-ATGGCGCCGGCCGGCTAGTTCGAATAACCCATG

0l

Pol fr +Pol p

MATERIALS AND METHODS

Materials. Synthetic oligodeoxyribonucleotides purified by -
high-pressure liquid chromatography were obtained from W < 33-mer
Midland. [y-*?P]JATP (3000 Ci/mmol) was purchased from
Amersham Pharmacia Biotech. Recombinant humansPol
Pol f K72A, Pol g R283A, and uracil-DNA glycosylase !
(UDG) were purified as describe@Z, 23. DNA ligase |
was a gift from A. Tomkinson. Histidine-tagged human § - |e16-mer
APE1 and FENL1 proteins were purified orNcharged His-
Bind Resin (Novagen, Cambridge, MA) as recommended
by the manufacturer. Whole cell extracts were prepared by
the method of Manley et al2¢) from DNA Pol g-knockout

mouse fibroblasts (MB19tsA) and the isogenic wild-type cells Ficure 1: Complementation of BER deficiency in P&inull cell

(MB16tsA). Cells were grown as describezb]. extracts by purified Pop. (A) Uracil-containing oligonucleotide
Reconstituted BER Reaction Using an Oligonucleotide substrate. The arrow indicates the incision site generated by the

DNA SubstrateThe 33-mer oligonucleotide containing a €ombined action of UDG and APE. (B) A-Bnd-labeled 33 bp

. . . - ) duplex oligonucleotide (10 ng) containing a uracil residue at position
single uracil residue at position 17 wasesd-labeled and 7 was pretreated with UDG to generate an AP site and then was

annealed to the complementary strand as previously describeghcubated with WCE (1Qug) as described under Materials and
(26). Prior to assembly of the excision reaction, the oligo- Methods. Reactions were carried out at X7 for 20 min and
nucleotide substrate (100 ng) was pretreated with UDG (200 stopped by addition of an equal volume of formarridge solution,
ng) n 10 MM Hepes, pH 7.0, 1 mit EDTA, and 70 mivi 200 oflcts were shabred y leliooiess 2 20 denatung
K(,ZI' The reactlo.n mlxt.gre was incubated _at. 3z for 30 gxt)r/act,yno dNT%S added; lane 3, complete reaction with wild-
min. Due to the instability of the AP-containing DNA, the  type extract; lane 4, complete reaction with Paiull extract; lane
substrates were prepared just before performing the BERS5, Pol3-null extract complemented with 2 ng of wild-type R#l
reactions. The BER reaction was reconstituted in a reaction(C) Phosphorolmager quantification of lanes3from panel B is
mixure (104L) that contained 45 mh Hepes, pH 7.8, 70 Stour, The resule were auantfed wih Phosphoroimager and
mM KCI, 2 mM DTT, 7.5 mM MgCh, 0.5 mM EDTA, 2 '

mM ATP, 20 uM each of the indicated dNTPs, ariéP-
labeled oligonucleotide substrate (10 ng). The reactions were
initiated by addition of whole cell extracts {2 ug) and/or
purified APE1, FEN1, and Pdl, at the amount indicated in
the figure legends. After incubation for 20 min at 37, the
reactions were stopped by addition of 2D of gel loading
buffer (95% formamide, 20 mM EDTA, 0.02% bromophenol
blue, and 0.02% xylene cyanol). Following incubation at 90
°C for 2—5 min, the reaction products were separated by
electrophoresis in a 20% polyacrylamide gel containing 8
M urea, 89 mM Tris-HCI, 89 mM boric acid, and 2 mM
EDTA, pH 8.0. All experiments were repeated at leasb3
times, and representative gels are shown.

Relative incorporation
5883888

o

1.2 3 45

min, and most of the incision products were converted to
the full-length 33-mer product (Figure 1B, lane 3). As
previously reported2b), this reaction was dependent on the
Pol j status of the cell extracts, and we found that after 20
min of incubation the repair activity in P@knull cell extracts
was 2.3-fold lower than in normal cell extracts (Figure 1B,
compare lanes 3 and 4, and Figure 1C). This repair activity
of Pol 5-null cell extracts can be complemented to the level
of normal cell extracts by addition of purified P@l(Figure
1B, lane 5, and Figure 1C). These data indicate that under
our reaction conditions the decrease in repair activity in Pol
p-null cell extracts is mainly due to the absence of pol
and that all other BER components are not limiting.
RESULTS Complementation of BER in P@knull Cell Extracts by
Pol 3 Deficient in dRPase or DNA Polymerase Aitli. We

Characterization of in Vitro BER.To monitor BER then addressed the question of whether dRPase and DNA
supported by whole cell extracts (WCE), we used oligo- synthesis mutants of P@lcould complement Pgl-null cell
nucleotide duplex substrates containing a single uracil/ extracts. The crystal structure of Rbhas been solve@Y),
adenine base pair. The substrates wérersl-labeled in the  and proteins deficient in DNA synthesis or dRPase activity
uracil-containing strand (Figure 1A). Prior to the reactions, have been generated and biochemically character2®d (
uracil was removed by incubation with human uracil-DNA It has been shown that substitution of Lys72 for alanine (Pol
glycosylase (UDG) to generate an abasic site. Incubation of 8 K72A) in the dRPase active site nearly eliminates dRPase
the AP-containing substrate with whole cell extract in the function, but does not affect DNA synthesis activiBg).
absence of deoxyribonucleotide triphosphates (ANTPs) re-Similarly, substitution of Arg283 for alanine (R283A)
sulted in the incision of the oligonucleotides at the AP site, selectively affects only DNA synthesis activit§Q). We used
generating a 16-mer incision product (Figure 1B, lane 2). a BER complementation assay to characterize the ability of
Due to the lack of NTPs, further repair was blocked, and no these mutated proteins to restore BER in Behull cell
full-length product was generated. Instead, the incised extracts. In the first series of experiments, we have used a
substrate was subjected to limited degradation by the cell 33-mer 3-labeled substrate containing an AP site (Figure
extract (Figure 1B, lane 2). However, when dNTPs were 1A) and normal dNTPs. Both wild-type and the dRPase
added, the repair was completely accomplished within 20 (K72A) mutants, but not the DNA synthesis (R283A) mutant
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Ficure 2: dRPase-deficient P@ stimulates long patch BER in “'Sgﬁgﬁgz"‘ l
Pol B-null cell extracts. (A) The reaction conditions and product o™ :‘,'%‘_Tn‘;’r((c
analyses are described under Materials and Methods. Reaction 2 (- 16-mer

mixtures containing send-labeled 33 bp duplex oligonucleotide
substrate (Figure 1A, 10 ng) pretreated with UDG were incubated
with Pol g-null cell extract (1Qwg) complemented with 2 ng of the
indicated Po5 protein. Reactions were incubated for 20 min at 37 1234586
°C and stopped by addition of an equal volume of formamide

dye solution, and products were analyzed by electrophoresis in aFIGURE 4. Single-nucleotide BER reconstituted with purified
20% denaturing polyacrylamide gel. (B) Phosphorolmager quan- proteins. The reaction conditions and product analyses are described
tification of the results presented in panel A is shown. The results under Materials and Methods. 10 ng of a 33 bp duplex oligonucle-
were quantified with Phosphorolmager and normalized to the otide (A) containing a uracil residue at position 17 was pretreated

incorporation stimulated by wild-type Pgl with uraciDNA glycosylase to generate an AP site. (B) The buffer
containing magnesium, dNTPs, and the indicated proteins (10 ng
Ligase | + + + of APEL, 2 ng of Polg, and 35 ng of DNA ligase I) was then
APE + 4+ + added, and incubation was carried out for 20 min at@G7Normal
Pol BK72A| + + dNTPs were used in the reactions shown in lane4.The reaction
FEN1 -+ shown in lane 5 contained all ddNTPs, and the reaction in lane 6
contained dTTP and the rest of the nucleotides were ddNTPs.
-l 33-mer Reactions were stopped by addition of an equal volume of
formamide-dye solution, and products were analyzed by electro-
phoresis in a 20% denaturing polyacrylamide gel.
) Strand > =
d'sgr'zix“‘ L w-le 16-mer residues alone but can release them as part of an oligonucle-
otide 2-6 nucleotides long31). We thus suggested that the
Pol g K72A mutant is able to support long patch repair by
stimulating strand displacement.
12 3 dRPase and DNA Synthesis Mutants of BoCannot

. _ Stimulate Single-Nucleotide Patch BER in Pehull Cell
FIGURE 3. Reconstitution of long patch BER with RBIK72A. A Extracts.To address the question whether K72A or R283A

33 bp duplex oligonucleotide (10 ng) containing a uracil residue at . . . .
position 17 was pretreated with UDG to generate an AP site. The Proteins are able to stimulate single-nucleotide patch BER,

buffer containing magnesium, dNTPs, and the indicated proteins We used an assay that exclusively measures single-nucleotide
[10 ng of APEL, 2 ng of dRPase-deficient mutant of Bo(Pol patch repair products. This method is based on the ability
BK72A), and 10 ng of FEN1] was then added, and incubation was of dideoxyribonucleotide triphosphates (ddNTPs) to termi-

carried out for 20 min at 37C. Reactions were stopped by addition : .

of an equal volume of formamideadye solution, and products were nate b_Ot.h.DNA repair S.yntheS'S by DNA polymerase and

analyzed by electrophoresis in a 20% denaturing polyacrylamide €nd-rejoining by DNA “95_3159- We added a 5'”9'? normal

gel. dNTP to the repair reaction (the one that substitutes the

damaged base), and the rest were ddNTPs. Under these
of Pol 8, were able to stimulate repair incorporation in the reaction conditions, incorporation of any second nucleotide
Pol g-null extracts (Figure 2A, B). Pgb K72A does not into the repair gap should block further repair. Thus, only
have dRPase activity; thus, it should not be able to stimulate incorporation of the first normal nucleotide into the repair
single nucleotide patch repair unless it is cooperating with gap (single-nucleotide patch) would create a substrate suitable
some other cellular dRPases. Alternatively, this mutant for ligation and would generate a repaired product. To
protein may influence long patch repair by stimulating strand demonstrate the efficiency of this approach, we reconstituted
displacement. Indeed, in repair reactions reconstituted with single-nucleotide BER with four purified human proteins:
purified APE and DNA ligase, APE incised the AP site and UDG, APE1, Pof3, DNA ligase, and a'send labeled uracil-
generated a 16-mer product, but DNA ligase was not able containing oligonucleotide duplex as a substrate (Figure 4A).
to ligate it (Figure 3, lane 3). P@ K72A mutant protein, Each added protein was essential for the reconstituted BER
when added, was not able to support single-nucleotide patchreaction. UDG removes uracil from the oligonucleotide;
BER, but efficiently stimulated strand displacement synthesis however, in the absence of APEL, the arising AP site was
(Figure 3, lane 1). Repair was completely accomplished whennot processed further (Figure 4B, lane 2). In the absence of
the Polg K72A containing reaction was supplemented with Pol 5, only a 16-mer incision product was formed (Figure
FEN1 (Figure 3, lane 2). FENL1 is not able to remove dRP 4B, lane 3), and there were no full-length products in the
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Ficure 5: Single-nucleotide BER deficiency in Pg@knull cell
extracts is not complemented by dRPase or DNA polymerase
deficient PolS. The reaction conditions and product analyses are

described under Materials and Methods. Reaction mixtures contain-

ing Polg-null cell extract complemented with 2 ng of the indicated
Pol 5 protein were incubated for 20 min at 3T in the presence

of dTTP and three ddNTPs. Reactions were stopped by addition

of an equal volume of formamideadye solution, and products were
analyzed by electrophoresis in a 20% denaturing polyacrylamide
gel. Lane 1, no extract added; lane 2, Paiull extract, no dNTPS
added; lane 3, complete reaction with Batull extract; lanes 47,
complete reaction with Pgl-null extract complemented with 2 ng

of wild-type Pol 8, dRPase-deficient Pg# K72A (72A), DNA
synthesis deficient Pg§ R283A (283A), and the mixture (M) of
Pol g K72A and Pols R283A, respectively.

Podlutsky et al.

and have increased rates of chromosomal abnormal@s (
The viability of the Po|5-null cells indicates that some other
DNA repair pathways exist in these cells. Indeed, a Pol
pB-independent single-nucleotide patch pathway for repair of
8-oxoguanine was previously observed in mammalian cell
extracts 84, 395. Nevertheless, because the knockout mice
are not viable, it is likely that the efficiency or quality of
this repair initiated by DNA glycosylases with putative AP-
lyase activity is insufficient to maintain the genome integrity
during development of a multicellular organism. Indeed, in
accordance with published resul®5), we found a 2-3-

fold decrease in the ability to repair AP sites in [Behull

cell extracts. This repair defect can be complemented by
wild-type Polp, but, surprisingly, none of the mutant proteins
studied here, alone or in combination, were able to stimulate
single-nucleotide patch BER. PBI K72A mutant protein
binds to the substrate containing a dRP resid2@®, (but
possibly because it is unable to make a stable intermediate
with dRP or to remove it, this protein stimulates uncontrolled
strand displacement and shifts the repair process to the FEN1-
dependent long patch BER. On the other hand fAR283A

can remove the dRP residue and generate a one nucleotide
gap that may be filled by other polymerases present in the
cell extract. Thus, inability of Pop R283A to stimulate
single-nucleotide patch BER in Pdg-null cell extracts
indicates that a one nucleotide gap repair intermediate is not
a good substrate for other cellular polymerases. It is likely

absence of DNA ligase (Figure 4B, lane 4). When all four that 53-dRP residues at the preincised AP site have dual
proteins were added in the presence of dNTPs, full-length rgjes: they attract Pgl and at the same time limit the strand
33-mer products were observed in addition to strand dis- gisplacement to one nucleotide only. This may occur because
placement products (Figure 4B, lane 1). However, when all po| g |oses affinity for the substrate and dissociates from
four dNTPs were substituted with ddNTPs, DNA repair the complex after removal of the dRP. Indeed, previous
synthesis was terminated after addition of the first nucleotide gt dies have shown that the presence of-ph®sphate is
(17-mer product), and no full-length products emerged crycial for Polg binding @6). This model also explains why
(Figure 4B, lane 5). Finally, the combination of dTTP and 5 compination of two enzymes does not stimulate single-
three other ddNTPs generates full-length repaired productspycleotide BER. If Pofj K72A first binds the substrate, it
but blocks strand displacement after addition of ddCMP | shift repair to the long patch pathway. On the other hand,
(Figure 4B, lane 6, 18-mer termination product). We thus f po| g R 283A hinds first, it removes the dRP residue, and
conclude that these reaction conditions allow DNA repair the resulting one nucleotide gap is not a good substrate for
to proceed via single-nucleotide patch, but strongly blocks po| g K72A to bind. To test this model, some additional
the reaction after addition of the second nucleotide into the experiments using gel retardation technique and order of
repair gap. _ ) . addition experiments are currently in progress. Taken
Using this assay that monitors solely single-nucleotide together, these results suggest that the two functions of Pol
patch BER, we tested whether either of the Pohutants 8 are coordinated and both play an essential role in the

would be able to stimulate this reaction in RBhull cell
extracts. We incubated-8nd-labeled substrate in Bginull

cell extracts and in PgB-null cell extracts complemented
with wild-type or mutant Pop (K72A or R283A) proteins
(Figure 5, lanes 5). We found that only wild-type Pd,

but none of the mutated proteins alone or in combination,

was able to stimulate single-nucleotide patch repair. We thus

conclude that both activities of P@lare required simulta-

coupled BER reactions consisting of the removal of the 5
sugar phosphate and filling the one nucleotide gap during
repair of abasic sites.
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