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Base excision repair (BER) is a major repair pathway
in eukaryotic cells responsible for repair of lesions that
give rise to abasic (AP) sites in DNA. Pivotal to this
process is the 5'-deoxyribose-5-phosphate lyase (dRP
lyase) activity of DNA polymerase 3 (Pol B). DNA polym-
erase A (Pol M) is a recently identified eukaryotic DNA
polymerase that is homologous to Pol B. We show here
that human Pol A exhibits dRP lyase, but not AP lyase,
activity in vitro and that this activity is consistent with
a B-elimination mechanism. Accordingly, a single amino
acid substitution (K310A) eliminated more than 90% of
the wild-type dRP lyase activity, thus suggesting that
Lys3!° of Pol A is the main nucleophile involved in the
reaction. The dRP lyase activity of Pol A, in coordination
with its polymerization activity, efficiently repaired
uracil-containing DNA in an in vitro reconstituted BER
reaction. These results suggest that Pol A may partici-
pate in “single-nucleotide” base excision repair in mam-
malian cells.

DNA base damage is known to be one of the most challenging
events to genomic stability. Either happening spontaneously,
induced by radiation, alkylating mutagens, or as the result of
enzymatic processes, the loss of a base in DNA must be effi-
ciently repaired to sustain cellular function (1). Originally de-
scribed as a process solving cytosine deamination (2), base
excision repair (BER)! is the major pathway involved in the
repair of DNA base lesions (for review, see Refs. 1 and 3-6).
BER is a multistep process that is initiated with the removal of
the modified base by a DNA glycosylase (7), followed by incision
by an AP endonuclease (8—10). Subsequently, the remaining
dRP residue can be either removed by a dRP lyase activity or
displaced by DNA polymerase action, leading to “single-nucle-
otide” or “long patch” repair, respectively (3—6, 11, 12).
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DNA polymerase B (Pol B) is a small (39 kDa) mammalian
nuclear DNA polymerase likely involved in gap-filling synthe-
sis during DNA repair (13). In addition to DNA polymerization,
Pol B was shown to contain an intrinsic dRP lyase activity (14).
Compelling evidence indicates that Pol B8 is the main mamma-
lian enzyme responsible for the removal of dRP groups (15, 16),
a step that has proven to be limiting for efficient BER of lesions
generated by monofunctional alkylating agents in vivo (16).
Additionally, Pol B is thought to be almost fully responsible for
DNA synthesis in single-nucleotide BER (17-20) and has re-
cently been found crucial for the long patch pathway (21, 22).
Thus, Pol B would contribute BER both with DNA synthesis
(DNA polymerase activity) and dRP removal (dRP lyase).

The dRP lyase of Pol B resides in its N-terminal 8 kDa
domain (14) and has been shown to proceed through a B-elim-
ination mechanism that involves a Schiff-base intermediate
(23). Extensive mutagenesis studies carried out with Pol g have
identified several amino acid residues critical for the different
functions inherent to the 8-kDa domain (24, 25). Furthermore,
using mass spectrometry, Lys”? has been unequivocally deter-
mined as the nucleophile responsible for Schiff-base formation
(26). Recently, a dRP lyase activity has been also reported in
DNA polymerases y (27, 28) and . (29), but the functional
significance of these enzymes in the BER process remains to be
elucidated.

DNA polymerase A (Pol A) is a recently described eukaryotic
DNA polymerase belonging to Pol X family. It is the closest
homologue to Pol B, sharing 32% identity at the protein level
(30). Based on three-dimensional structure modeling, Pol A is
predicted to have a Pol B-like core formed by two domains: a
31-kDa polymerase domain (with three subdomains, named
fingers, palm, and thumb) and the 8-kDa domain (30). How-
ever, unlike Pol B3, Pol A contains additional N-terminal do-
mains, including a BRCT domain that could mediate protein-
protein interactions (30—34). The predominant expression of
Pol X in testis has led to the hypothesis that Pol A participates
in meiotic recombination. This is further supported by immu-
nolocalization of Pol A in the nuclei of pachytene spermatocytes
(30). However, Pol A mRNA expression has been detected in all
tissues examined, suggesting a general role for this enzyme
(30, 33, 34). Recent evidence? demonstrates that Pol A polym-
erization capacity is similar to that of Pol 8, what is consistent
with a possible role of Pol A in nuclear DNA repair. We address
here if Pol A, as Pol B, is endowed with a dRP lyase activity, an
activity essential for “short patch” BER in eukaryotic cells.
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EXPERIMENTAL PROCEDURES

Materials—Synthetic oligonucleotides purified by PAGE were ob-
tained from Life Technologies, Inc. Ultrapure deoxynucleoside triphos-
phates, [a-*?P]dCTP, and [a-*?P]ddATP (3000 Ci/mmol) were from Am-
ersham Pharmacia Biotech. Terminal deoxynucleotidyltransferase was
from Promega. Human recombinant Pol A and Pol A K310A mutant
were overexpressed in Escherichia coli and purified nearly to homoge-
neity. The purified fractions were devoid of detectable nuclease activi-
ty.2 Purified human Pol 8, hUDG, hAPE, and hligase I were generous
gifts of Dr. S. H. Wilson (NIEHS, Research Triangle Park, NC).

Preparation of the Substrate for dRP Lyase Activity Assay—A 34-mer
oligonucleotide containing uracil at position 16 (P6: 5 CTGCAGCT-
GATGCGCUGTACGGATCCCCGGGTAC 3’) was labeled at the 3’-end
by terminal deoxynucleotidyltransferase using [a-**P]ddATP and an-
nealed to its complementary oligonucleotide (T4: 5" GTACCCGGG-
GATCCGTACGGCGCATCAGCTGCAG 3'). This labeled double-
stranded substrate (300 nM) was treated with hUDG (100 nm) for 20
min at 37 °C in 20 ul of buffer containing 50 mm Hepes, pH 7.5, 20 mm
KCl, and 2 mM DTT to remove the uracil. After incubation, the mixture
was supplemented with 10 mMm MgCl, and 40 nMm hAPE, thus generating
the substrate for dRP lyase activity (Fig. 1B).

Preparation of the Reduced Substrate—The labeled P6 was annealed
to T4 oligonucleotide and treated with hUDG as described above. Fol-
lowing hUDG treatment, 340 mm NaBH, was added, and the mixture
was incubated on ice for 20 min. The reduced DNA was then purified by
ethanol precipitation and preincubated with hAPE prior to use.

dRP Lyase Activity Assay—Reaction mixtures (10 ul) contained 50
mM Hepes, pH 7.5, 10 mm MgClL,, 20 mm KCl, 2 mM dithiothreitol, and
30 nM concentration of the labeled substrate described in the previous
section. The reaction was initiated by adding different amounts of Pol A
or Pol B and incubated at 37 °C as indicated. After incubation, NaBH,
was added to a final concentration of 340 mm, and the reactions were
kept for 20 min on ice. Stabilized (reduced) DNA products were ethanol-
precipitated in the presence of 0.1 ug/ml of tRNA, resuspended in water,
and analyzed by electrophoresis in a 16% polyacrylamide gel and visu-
alized with a Storm 860 PhosphorImager (Molecular Dynamics, Inc.).
Alternatively, normal AP DNA was substituted by equal amounts of a
reduced substrate.

AP Lyase Activity Assay—Reactions were performed essentially as
described for dRP lyase activity assays, but using a substrate that had
not been preincised by AP endonuclease. After incubation, the samples
were processed and analyzed as described above.

NaBH, Trapping Assay—10-ul reaction mixtures contained 50 mm
Hepes, pH 7.5, 10 mm MgCl,, 20 mM KCI, 2 mMm dithiothreitol, and 100
nM concentration of the labeled substrate used for dRP lyase activity
assays. Reactions were initiated by adding the indicated amounts of
Pol A or Pol B and 20 mm NaBH, or 20 mM NaCl. After 30 min on ice,
reactions were run on a 10% SDS-PAGE gel, and the trapped polymer-
ase/DNA complex was visualized in a Storm 860 PhosphorImager.

In Vitro Reconstitution of Base Excision Repair—A 34-mer double-
stranded DNA substrate was used that contained a G opposite a uracil
at position 16. Reactions (10 ul) contained 250 nM substrate, 50 mm
Hepes, pH 7.5, 10 mm MgCl,, 20 mM KCl, 2 mm dithiothreitol, 1 mm
ATP, 2 um dCTP or dTTP, 10 nm hUDG, 40 nm hAPE, 200 nm hLigase
I, and 0.3 pM [a-*?P]dCTP. Reactions were initiated by addition of
different amounts of Pol A or Pol B (100 nm and 5 nM, respectively) and
incubated for the indicated times at 37 °C. Reactions were terminated
by addition of 20 mm EDTA, ethanol-precipitated in the presence of
0.1 pg/ml tRNA, analyzed by electrophoresis in a 10% polyacrylamide
gel, and visualized with a Storm 860 PhosphorImager.

RESULTS AND DISCUSSION

The 8-kDa Domain of Pol A Conserves the Critical Residues
for dRP Lyase Activity—Amino acid residues 240-575 of hu-
man Pol A, the closest homologue of human Pol B, are predicted
to form a Pol B-like fold, formed by two different domains: the
8-kDa domain and a 31-kDa polymerization domain, consti-
tuted by the “fingers,” “palm,” and “thumb” subdomains (13).

The 8-kDa domain of Pol 3 is responsible for single-stranded
DNA binding, 5’-phosphate recognition and binding, and dRP
lyase activity (for review, see Ref. 13). With the exception of
African Swine Fever Virus PolX (35), this domain can be pre-
dicted by sequence comparison in all Pol X family enzymes,
even though some of these proteins are known or presumed to
lack dRP lyase activity (i.e. Pol u, see below). Therefore, con-
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Fic. 1. A, multiple amino acid alignment of the 8-kDa domain of
human Pol A with the other human family X DNA polymerases. Resi-
dues described to be relevant to the 8-kDa domain function of Pol B
(His®**, Lys®, Tyr®®, Lys®°, Lys®®, Glu™, Lys™, Glu™, and Lys®*) are
indicated in white letters over a black background. The position of Lys®'°
(Pol B residue Lys™) is indicated with an asterisk. Invariant (bold type)
and conservative substitutions referred to Pol B residues are boxed in
dark and light gray, respectively. The arrow indicates the position of
proteolytic cleavage for Pol B. B, schematic representation of a dRP
lyase reaction. A 34-mer double-stranded oligonucleotide containing an
uracil residue at position 16 in one strand is treated with hUDG and
hAPE to release a dRP-containing substrate. This dRP moiety will be
cleaved by dRP lyase activity. C, autoradiogram illustrating Pol A dRP
lyase activity. 10-Min reactions were performed as described under
“Experimental Procedures,” using 50 nM Pol B, 80 nm (wild-type) or
100 nm (K310A mutant) Pol A. Asterisk indicates the use of a reduced
AP substrate.

servation of this domain suggests a more general function,
perhaps related to its DNA binding capacity. Indeed, structural
(36, 37), cross-linking (38) and kinetic studies (38) indicate that
the 8-kDa domain plays a major role in the positioning of the
enzyme in gapped or nicked DNA templates.

As shown in Fig. 1A, the 8-kDa domain of human Pol A
(residues 240-325) bears a significant amino acid similarity
(80% identity) with that of Pol B (residues 1-87). Moreover, the
8-kDa domain of human Pol B can be aligned with the same
region of the other two human DNA polymerases belonging to
the Pol X family: TdT (residues 154-239) and the recently
described Pol w (residues 142-227; Ref. 39). However, in the
region aligned, both TdT and Pol u share only a 22% identity
with Pol B.

Extensive mutational analysis of the 8-kDa domain of Pol 3
has identified several amino acid residues critical for its differ-
ent activities (24, 25). Strikingly, all Pol  residues proposed to
play a role in dRP lyase catalysis (His®*, Tyr®®, Lys®, Lys%,
Glu™, Lys™, and Glu®*; shown in black boxes in Fig. 1A) are
identical or conserved in Pol A, with the exception of Lys®°.
Most of these residues are absent from TdT or Pol u. Particu-
larly, Lys”2, identified as the nucleophile in Pol 8 responsible
for Schiff-base formation during B-elimination of the dRP moi-
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ety (26), is present in Pol A (Lys®1°) but is lacking in the other
two Pol X enzymes. Interestingly, Tyr>®, suggested to play a
role in both DNA binding, through base-stacking interactions
(25), and dRP lyase activity through the action of its hydroxyl
residue (40), is conserved in Pol A but substituted by a phenyl-
alanine residue in TdT (Phe'®') and Pol w (Phe'”). This is
consistent with the lack of dRP lyase activity in these two
enzymes and supports previous work by Maciejewski et al. (40).
Therefore, although an overall sequence similarity along the
8-kDa domain is shared by all human DNA polymerases of the
Pol X family, the conservation of the identified Pol 8 dRP lyase
catalytic residues only in Pol A suggests a close functional
relatedness between these two proteins.

dRP Lyase Activity Associated to Pol A—To test the ability of
Pol A to remove a dRP group, we used a 34-mer double-stranded
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FiG. 2. A, trapping of a Pol A-DNA complex using sodium borohydride.
Reactions were performed as described under “Experimental Proce-
dures,” using 50 nM (+) Pol B, 50 nm (+) Pol u, 20, 50 (+), and 100 nm
concentration of wild-type Pol A or 50 nm K310A Pol A mutant (mut),
and in the presence or either 20 mm NaBH, or NaCl (as indicated). B,
AP lyase activity. 20-Min reactions were carried out as described under
“Experimental Procedures,” using 20 and 200 nM Pol g or 20, 40, 80, and
400 nm wild-type Pol A.
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oligonucleotide containing a uracil residue at position 16. As
described under “Experimental Procedures,” the uracil-con-
taining strand was 3'-end-labeled with [a-22P]ddATP, an-
nealed to its complementary strand, treated with hUDG to
remove the uracil residue, and finally incubated with hAPE1 to
release a dRP containing substrate (see scheme in Fig. 1B).
This substrate was incubated in the absence (control) or in the
presence of either Pol 8 or Pol A. As shown in Fig. 1C, both
enzymes removed the dRP moiety, as detected by the reduction
in size of the labeled substrate. Under these conditions, as
indicated by an initial time course, the rate of dRP excision by
Pol A was ~25% of the rate catalyzed by Pol 8 (data not shown).
As predicted from the alignment shown in Fig. 14, Pol p lacked
significant dRP lyase activity (=3% of the activity of Pol 3, data
not shown).

Excision of dRP Groups by Pol A through a B-Elimination
Mechanism—The dRP lyase activity of Pol B proceeds through
B-elimination, a mechanism that involves generation of a
Schiff-base intermediate (23). To elucidate whether this was
also the case with Pol A, we took advantage of the fact that
sodium borohydride is able to reduce a Schiff-base intermediate
to form a covalent protein-DNA complex. Therefore, if the
mechanism of catalysis of Pol A involves a Schiff-base interme-
diate, addition of sodium borohydride in a dRP lyase assay
should allow trapping of a DNA-protein complex that should be
detected by autoradiography after separation by SDS-PAGE.
Fig. 2A shows the result of a borohydride trapping experiment,
where a single labeled band of the expected size can clearly be
seen migrating slower than the free DNA and presenting a
different mobility for each polymerase-DNA complex. The ap-
pearance of this band was dependent on both the presence of
either Pol B or Pol A and on the presence of NaBH,. As a control
of specificity, and in agreement with its lack of dRP lyase
activity, no polymerase-DNA complex was seen when using Pol
. These results suggest that the dRP removal activity of Pol A
proceeds through B-elimination. Therefore, it is very likely that
Pol A shares a common mechanism of catalysis with Pol g and
other dRP lyases described. Further supporting this idea, Pol A
was unable to excise a reduced dRP residue, a substrate that is
resistant to B-elimination (Fig. 1C).

Lys®?° Is Likely the Main Nucleophile Involved in Schiff-base
Formation—Amino acid sequence comparison between Pol A

B
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and Pol B (Fig. 1A) suggests that the Pol A residue Lys®!® may
be the nucleophile responsible for the Schiff-base formation
during dRP lyase catalysis. Consequently, a single mutation at
Lys®1° (K310A) of Pol A, although not affecting its DNA polym-
erization capacity (not shown), reduced dRP lyase activity to
less than 10% of that observed with wild-type Pol A (Fig. 1C).
As it has been suggested previously (24), Schiff-base formation
likely involves a preferred nucleophile that, albeit with lower
efficiency, could be substituted by other nearby alternate nu-
cleophiles, thus accounting for the residual activity of the mu-
tant. Accordingly, as described for the Pol g8 K72A mutant (23),
Schiff-base intermediate of the Pol A K310A mutant was
trapped with very low efficiency compared with the wild-type
(Fig. 2A). These results implicate Lys®!° as the preferred Pol A
nucleophile involved in Schiff-base formation.

Pol A\ Exhibits No AP Lyase Activity—Pol B has an intrinsic
AP lyase activity, i.e. it is able to incise DNA on the 3’ side of
an unincised AP site (41). AP lyase has been proposed to
involve the same reaction mechanism as dRP lyase, suggesting
involvement of the same catalytic residues (42). Therefore, we
tested Pol A for AP lyase activity. Fig. 2B shows that, unlike Pol
B, Pol A did not exhibit AP lyase activity. However, similar
amounts of enzyme were proficient in both DNA polymeriza-
tion and dRP excision (data not shown). Given the structural
and functional similarities between Pol A and Pol B, the pres-
ence or absence of AP lyase activity can be considered as a
feature distinguishing these enzymes.

In Vitro BER Reconstitution with Pol A—Removal of a dRP
residue is an essential step for completion of single-nucleotide
BER. Pol B is able to efficiently promote in vitro BER of a
uracil-containing duplex DNA in the presence of hUDG, hAPE,
and DNA ligase I (43, 44). After hUDG and hAPE action, the
substrate is accessible for a DNA repair polymerase. Thus, as
shown in Fig. 3, two main products are observed in a Pol
B-based reconstituted BER reaction. 1) A 16-mer product is
generated by a single nucleotide insertion (labeled) at the 3’
terminus of the 5'-incised AP site without ligation. This prod-
uct can correspond to two different repair intermediates (Fig.
3), in which the dRP residue is not (a) or is (b) excised. 2) A
34-mer product is also generated that corresponds to the com-
plete repair of the DNA strand (c). This product, that originates
from the 16-mer (b) product, requires that the dRP group be
excised and strictly depends on DNA ligase addition (data not
shown). We examined whether Pol A could substitute for Pol B
to promote repair of a BER intermediate. As shown in Fig. 3B,
addition of Pol A and DNA ligase I also produced the same
16-mer- and 34-mer-labeled products. Therefore, Pol A was able
to coordinate both gap-filling and dRP excision steps of repair
preceding DNA ligase action. These data are consistent with a
role for human Pol A in BER.

Although Pol B is a crucial enzyme for single-nucleotide
BER, it is well known that in its absence, single-base repair
activity can be observed (18, 45). This implies that proteins
other than Pol B exist in mammalian cells that are able to
conduct single-nucleotide BER. As it has been shown recently,
the dRP lyase activity of Pol B8, and not its DNA polymerization
capacity, determines the sensitivity of Pol g-null fibroblasts to
monofunctional DNA-methylating agents (16). This highlights
the importance of the dRP removal step in vivo and suggests
that a dRP lyase-containing enzyme like Pol A could participate
to some extent in single-nucleotide BER in vivo.

Implications—This work describes a novel dRP lyase activity
associated with DNA Pol A, a B-like polymerase. Pol A is the
fourth polymerase in human cells, along with DNA polym-
erases f3, y, and , to exhibit this activity. Furthermore, as
demonstrated for Pol y (27, 28) and ¢ (29), Pol A can also
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substitute for Pol 8 in an in vitro BER reaction. These results
suggest that Pol A could participate in some form of BER in
vivo. DNA polymerase 3 is the main DNA polymerase involved
in BER of lesions generated by monofunctional alkylating
agents in nuclear DNA in eukaryotic cells (17). The three other
polymerases may be involved in other types of BER that are
differentiated by lesion or location in the cell. For example, the
biochemical properties of pol t suggest that it could be involved
in repairing uracil present in DNA due to incorporation of
dUTP during DNA replication or in maintaining the stability of
G-C base pairs upon deamination of 5-methyl-C (29). DNA
polymerase vy is the only DNA polymerase found in mitochon-
dria, suggesting that it may conduct BER of damaged mito-
chondrial DNA (27, 28). It is also possible that the relative
contribution to BER of DNA polymerases with intrinsic dRP
lyase activities may depend on their expression levels, perhaps
related to different stages of the cell cycle or particular devel-
opmental processes or cell types. For example, Pol A may play
an active role in DNA repair synthesis in spermatogenic cells
(30), where high levels of BER activity have been described (46,
47). Based on unique features such as its BRCT domain that
likely mediates specific protein-protein interactions, Pol A may
be recruited to specific BER subpathways that are not accessi-
ble to Pol B.

Interestingly, we have recently observed that Pol A performs
a limited but significant strand displacement synthesis on
gapped DNA substrates,? a capacity that would be essential to
allow the participation of Pol A in long patch BER. This issue,
however, remains to be ascertained. Being or not restricted to
certain tissues or specific transactions, the participation of Pol
A during BER should be further investigated and considered
when trying to get a full picture of DNA repair.
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