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INTRODUCTION AND BACKGROUND

Cellular genomic DNA suffers damage from a vari�
ety of physical and chemical agents, including ultravi�
olet light and ionization radiation, alkylating mole�
cules and endogenous reactive oxygen species that ac�
cumulate in cells due to environmental stress and
natural metabolic processes [1–3]. DNA damage, due
to environmental factors and normal metabolic pro�
cesses inside the cell, occurs at a rate of 1000 to
1000000 molecular lesions per cell per day [4–6].
While this constitutes only small portion of the human
genome's approximately 6 billion bases (3 billion base
pairs), misrepaired or unrepaired lesions in critical
genes (such as tumor suppression genes) can impede a
cell's ability to carry out its function and appreciably
increase the likelihood of tumor formation and other
adverse conditions.

The single base lesion or strand break is the most
common form of DNA damage occurring in the hu�
man genome. A DNA base can be lost through spon�

taneous hydrolysis or can be oxidized and/or alkylated
during physiologic metabolism, and also can be mod�
ified by exogenous DNA damaging agents [2, 7, 8].
However, cells have evolved several specific pathways
to remove such damage and maintain integrity of the
genome. In mammalian cells, the primary means for
correcting discrete small DNA base lesions is base ex�
cision repair (BER) [9–12]. The current and widely
accepted working model for mammalian BER is that
the process involves two sub�pathways that are differ�
entiated by repair patch size and enzymes involved
[13–16]. These sub�pathways are termed “single�nu�
cleotide BER” (SN BER) and “long�patch BER”
(LP BER), as shown in Scheme I. SN BER involves
removal of a single damaged nucleotide that is re�
placed with an undamaged nucleotide through tem�
plate�directed DNA synthesis to fill the single�nucle�
otide gap, whereas in LP BER, two or more nucle�
otides are replaced [13–18]. Both of the BER sub�
pathways are processed sequentially, one step to the
next, and are initiated either by enzymatic removal of
a damaged base or by spontaneous chemical hydrolysis
of the glycosidic bond connecting the damaged base to
the sugar phosphate backbone [1, 2, 19, 20]. The re�
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sulting apurinic/apyrimidinic (AP) site is processed by
AP endonuclease 1 (APE1) that incises the phosphod�
iester backbone 5' to the abasic site, leaving a single�
nucleotide gap with 3'�hydroxyl and 5'�deoxyribose
phosphate at the gap margins [21, 22]. DNA poly�
merase β, a multifunctional enzyme consisting of the
8�kDa amino�terminal domain with deoxyribose
phosphate (dRP) lyase activity [23, 24] and the 31�kDa
carboxy�terminal domain with nucleotidyl transferase
activity [25–27], then catalyzes template�guided gap
filling and removal of the 5'�dRP group to generate the
substrate for the final BER step, DNA ligation [17, 18,
23, 24, 28–31]. The ligation step is completed either
by DNA ligase I or XRCC1/DNA ligase III complex
[32–34]. 

The BER repair pathways and many of the BER
enzymes are conserved in bacteria to humans, and
these repair pathways have been reconstituted using
purified natural and recombinant enzymes from vari�
ous organisms [18, 28]. From biochemical and struc�
tural studies, a common theme emerged that the indi�
vidual steps in BER are sequentially ordered. For ex�
ample, it is only after damaged base removal that the
AP site�containing DNA strand is recognized by
APE1. DNA polymerase β then processes the gapped
intermediate, generating the substrate for DNA ligase.
Thus, to prevent exposure of the intermediates to
harmful nuclease activities, recombination events or
cell death signaling, it appears that the BER enzymes
must coordinate with one another to efficiently receive
the DNA substrates and pass the resulting DNA prod�

DNA Glycosylase
(Monofunctional)

AP Endonuclease1
(AP Lyase)

DNA Polymerase β/λ/
PCNA/RFC/DNA Pol δ/ε

(DNA Synthesis)
Modified Sugar

SN BER LP BER

FEN�1
DNA Polymerase β

(dRP Lyase)

Ligation
DNA ligase I/XRCC1/

DNA ligase III

Scheme I. Working model illustrating the SN and LP BER sub�pathways for the repair of base damaged�DNA. First, a damaged�
specific DNA glycosylase recognized and removed the damaged base from DNA. Then, the abasic DNA strand is incised by the
endonucleolytic cleavage activity of APE1. After this step, the BER pathway can switch to either SN BER or LP BER, depending
on the status (normal vs. oxidized/reduced) of the sugar group. Several DNA polymerases are involved in each sub�pathway. The
5'�dRP group in the SN BER sub�pathway is removed primarily by polymerase β, whereas the displaced DNA strand in the LP
BER sub�pathway is cleaved by the flap endonuclease, FEN1. Finally, the nicked DNA is sealed by the DNA ligase I or by the
XRCC1/DNA ligase III complex. Both sub�pathways operate in parallel, yet SN BER is considered to be 2� to 3�fold more active.
Newly synthesized nucleotides are shown by bold lines.
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Scheme II. Illustration of different types of incubation protocols used in the single turnover experiments during SN BER. Purified
human BER enzymes were pre�incubated with substrates either individually (Type 1) or as mixtures of enzymes (Types 2 and 3).
The enzyme�substrate complexes formed during the pre�incubation were then mixed with a DNA trap plus initiator of the indi�
vidual reaction. The trap was designed to remove any unbound free enzyme left in solution after the pre�incubation, along with
any enzyme that might dissociate from the complex after initiation of the reaction. After addition of the trap and initiator, reaction
mixtures were incubated for 10 and 20 s. In the Type 3 incubation, 32P�labeled dNTP was the labeled substrate, whereas in Types
1 and 2 incubations, 32P�labeled substrate DNA was used; the asterisks (*) indicate that the respective products were not mea�
sured. Figures illustrating the corresponding results are designated.

ucts along to the next enzyme in the sequence, just as
a baton is passed from one individual to the next in a
relay [35–37]. 

Biochemical and structural studies of BER en�
zymes suggested that BER intermediates could be
passed sequentially from one enzyme to the next in a
coordinated fashion [12, 37], in contrast to a model
where all substrates and products are in equilibrium
with free enzymes. To examine the step�to�step coor�
dination in BER, we tested the hypothesis that DNA
can be channeled from one step to the next during late
steps in BER. Steps in a reconstituted SN BER system
were examined including APE1 strand incision, DNA
synthesis and dRP removal mediated by polymerase β,
and ligation mediated either by DNA ligase I or
XRCC1/DNA ligase III complex. This was accom�
plished by pre�loading the enzymes onto BER sub�
strates and then conducting the repair incubation in

the presence of a trap, such that any free enzyme or
enzymes released from the DNA substrates during re�
pair could no longer participate in the reactions. In the
LP BER sub�pathway, we examined channeling of the
DNA substrate from the DNA synthesis step to the
FEN1 cleavage step. The results show that the BER
intermediates of the SN BER sub�pathway could be
channeled from APE1 to polymerase β and to DNA li�
gase. In contrast, in the LP BER sub�pathway, the
DNA product after gap�filling by polymerase β was
not channeled to FEN1 [38].

The design for these “single turnover” repair exper�
iments is summarized in Scheme II. Either an individ�
ual BER enzyme or a mixture of enzymes was first pre�
incubated with the respective substrate DNA, and
then the enzyme�substrate complex was mixed with a
DNA trap plus an initiator for the reaction(s). After a
brief incubation, products were recovered by gel elec�
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trophoresis and quantified. Scheme II illustrates the
different types of incubations used: Type 1 involved in�
dividual BER enzymes and steps as shown; Types 2
and 3 involved mixtures of BER enzymes and more
than one reaction product. In the pre�incubations, the
substrate DNA concentrations were in the range of the
dissociation constants for the respective enzymes
(10 to 20 nM). The reaction products observed in the
presence of the trap resulted from turnover of enzyme
that was bound during the pre�incubation. The incu�
bations were for 10 and 20 s, the shortest periods we
could manage using manual methods, but much long�
er than the catalytic rate constants for each enzyme.

In LP BER, the DNA synthesis reaction may occur
as a series of single�nucleotide gap filling steps in con�
junction with FEN1 5´�tailoring (see Scheme I) [39].
Accordingly, we also examined whether FEN1, can
preload onto its substrate, conduct flap removal and
then pass the product to the next step, gap�filling
DNA synthesis [38]. 

APE1 strand incision step

To examine the APE1�mediated incision step of
the abasic site in BER, the reaction mixtures were as�
sembled and incubated as shown in Scheme II and fig. 1.
The 32P�labeled DNA containing a lone uracil residue
at position 15 was pretreated with uracil�DNA glyco�
sylase (UDG) to generate an AP site�containing sub�
strate. A 34�bp unlabeled DNA containing a synthetic
AP site (tetrahydrofuran, THF) was used to trap any
unbound APE1 in the reaction mixture. The reaction
mixture was assembled on ice, and the reaction was
initiated by transferring the reaction mixture to 30°C
and adding a mixture of MgCl2 and ~ 4000�fold excess
DNA trap. In another set of control reaction mixtures,
APE1 was pre�incubated with the trap first and the re�
action was initiated as above. The results showed that
APE1 pre�bound to the DNA substrate was able to in�
cise the AP site (fig. 1a); unbound APE1 in solution
was quenched by the trap, as no increase in product
formation was observed with a 20 s incubation (not

THF

FEN1 Pol β DNA ligase dNMP inserted THF

THF THF THF
THF

Scheme III. The Hit and Run mechanism of polymerase β/FEN1�mediated long LP BER. AP endonuclease 1 makes an endo�
nucleolytic cleavage at the 5'�side of an abasic site resulting in a 5'�dRP in a one�nucleotide�gapped DNA. If the dRP moiety is
reduced or oxidized, polymerase β employs its polymerase activity to fill the gap, creating a nicked�reduced/oxidized sugar flap
(bold lines), because the polymerase β dRP lyase cannot remove the modified sugar residue. Polymerase β rapidly dissociates
from the nicked�THF flap product permitting FEN1 access, which cleaves the THF flap, resulting in a 1�nt gap. Polymerase β
then fills the gap (new nucleotide shown in bold lines), producing a nick. Subsequent FEN1 removal of one nucleotide from the
5'�end of the nick leads to another 1�nt gap for polymerase β to fill. Alternating FEN1 cleavage and polymerase β DNA synthesis
shown as enzyme binding, catalysis, and dissociation (Hit and Run), leads to removal of the modified dRP moiety plus nucle�
otides (bold lines), and results in replacement of 2 or more nucleotides (long patch) until DNA ligase seals the nick and terminates
LP�BER. FEN1 and DNA ligation competition is expected to control the length of the LP BER patch.
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shown). In contrast, when APE1 was first pre�incu�
bated with the DNA trap and then the reaction was
initiated by adding a mixture of DNA substrate and
MgCl2, very little product was observed. This indicated
that the trap was able to capture almost all of APE1 in
the reaction mixture before it could bind and incise
DNA substrate (fig. 1b) [38]. 

Gap�filling and dRP lyase steps

To examine these two polymerase β�mediated BER
steps, reaction mixtures were assembled and incubated
for 10 and 20 s. For DNA synthesis, a 34�mer nicked
DNA was first prepared by annealing a 5'�end labeled
15�mer and 19�mer oligonucleotides to a complemen�
tary 34�mer DNA strand. This duplex DNA was pre�
treated with UDG, resulting in a single�nucleotide
gapped DNA with 3'�OH and 5'�dRP groups at the
gap margins, mimicking the APE1 incised BER inter�
mediate. A 21�bp unlabeled gapped DNA was used to
trap any unbound polymerase β in the reaction mix�
ture. 

To examine use of this BER intermediate by poly�
merase β in the DNA synthesis step, the reaction mix�
ture was assembled on ice and the reaction was initiat�
ed by transferring the tubes to 30°C and adding a mix�
ture of dCTP, MgCl2, and a ~500�fold excess of trap.
In another set of reaction mixtures, polymerase β was

pre�incubated with the trap first and the reaction was
initiated by adding a mixture of DNA substrate, dCTP
and MgCl2. The reaction mixtures were incubated at
30°C, and samples were withdrawn for product analy�
sis. The results showed that polymerase β pre�bound
to the DNA substrate was able to incorporate one nu�
cleotide (fig. 2a, lane 2), i.e., incorporation of dCMP
into DNA; unbound polymerase β in solution was
trapped completely, as no further increase in dCMP in�
corporation was observed with a 20 s incubation (fig. 2a,
lane 3). In contrast, when polymerase β was first pre�
incubated with the trap and then the reaction was ini�
tiated by adding a mixture of DNA substrate, dCTP
and MgCl2, no incorporation of dCMP was observed.
This indicated that the enzyme was productively
bound during the pre�incubation and that the trap was
able to capture all of the polymerase β in the reaction
mixture (fig. 2a, lanes 4 and 5). 

Using the above protocol, we examined the 5'�dRP
lyase step that also is catalyzed by polymerase β. In this
case, the DNA substrate was 3´�end labeled. The re�
moval of the dRP group from the substrate strand was
monitored in a denaturing gel as a radiolabeled band
migrating faster than the substrate. The reaction mix�
ture was assembled on ice and the reaction was initiat�
ed by transferring the reaction mixture to 30°C and
adding the trap. The results of this analysis showed that
polymerase β pre�bound to the substrate excised the

а b

S T
32P AP 3' THF

Pre�incubation

Initiation

32P�AP Substrate

E + S

T + dCTP/Mg

APE1 Product

Incubation, s 10

E + T

S + dCTP/Mg

3'

10 10

Fig. 1. Incision of the AP site�containing DNA by APE1 in the presence of a DNA trap. Schematic representations of 5'�end 32P�la�
beled AP site�containing DNA substrate (S) and DNA trap (T) are illustrated above the phosphorimage of the gels. The incision
activity APE1 in the presence of a DNA trap was examined. The reaction mixture was assembled on ice, either with 30 nM APE1
and 10 nM 32P�labeled UDG�treated DNA (a), or with APE1 and DNA trap (b). Reactions were initiated by temperature jump
and the addition of a mixture of the DNA trap and MgCl2 (a) or with the addition of 32P�labeled UDG�treated DNA, and MgCl2
(b), respectively. Samples were withdrawn after 10 s and analyzed. The positions of the 32P�labeled substrate and APE1�incised
product are indicated. 
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5'�dRP group (fig. 2b). The substrate was converted to
product in the 10 s incubation, and there was no in�
crease in product with the longer incubation (fig. 2b,
lanes 2 and 3). This indicated that the trap quenched
free polymerase β in solution. To confirm the trapping
of free enzyme, a reciprocal experiment was conduct�

ed where polymerase β was first pre�incubated with
the trap, and the reaction was then initiated along with
the addition of the radiolabeled substrate. No radiola�
beled product above the background level was ob�
served (fig. 2b, lanes 4 and 5) [38].

Since polymerase β conducts both DNA synthesis
and dRP lyase steps in the SN BER scheme, we next
explored whether polymerase β bound to DNA could
catalyze both steps before dissociating from the DNA.
Since polymerase β is primarily a distributive enzyme
and inserts one nucleotide at a time, our assumption
was that if polymerase β incorporated dNMP first and
then dissociated from the DNA, the trap in the reac�
tion mixture would capture it. Hence, polymerase β
would not be able to perform the next step in SN BER,
i.e., the 5'�dRP�removal step. We tested the possibility
of processive DNA synthesis and dRP lyase activities.
A double�labeled 34�mer nicked DNA was prepared

32P
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T + dCTP/Mg

E + T

S + dCTP/Mg

S T
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p 3'
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dRP Product
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bа

Fig. 3. Gap�filling DNA synthesis and removal of the dRP
group steps by polymerase β are concurrent. Schematic
representations of a 32P�DNA substrate labeled at both
ends (S) and the DNA trap (T) are illustrated above the
phosphorimage of the gels. E denotes polymerase β. Dou�
ble�labeled 34�bp DNA was prepared by annealing a 5'�end
labeled 15�mer oligonucleotide and a 3'�end labeled 19�
mer oligonucleotide to their complementary 34�mer DNA
strand. The 19�mer oligonucleotide also contained a 5'�end
phosphate and uracil. The duplex DNA was pretreated
with UDG, resulting in a single�nucleotide gapped DNA
with 3'�OH and 5'�dRP groups at the margins and radiola�
bels on both ends. Gap�filling DNA synthesis and dRP
lyase reactions were performed by polymerase β in the
presence of excess DNA trap. The repair reaction mixture
was assembled on ice, either with polymerase β and 32P�
labeled substrate (a), or polymerase β and DNA trap (b).
Reactions were initiated by temperature jump and the ad�
dition of a mixture of dCTP, DNA trap, and MgCl2 (a), or
dCTP, 32P�labeled substrate DNA, and MgCl2 (b), respec�
tively. Samples were withdrawn at 10 and 20 s and ana�
lyzed. The positions of the 32P�labeled primer, 1�nt gap�
filling DNA synthesis product, 32P�labeled dRP substrate
and the dRP lyase product are indicated. 
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Fig. 2. Gap�filling DNA synthesis and removal of the dRP
group by polymerase β in the presence of a DNA trap.
Schematic representations of 32P�labeled DNA substrate
(S) and a DNA trap (T) are illustrated above the phospho�
rimage of the gels. E denotes polymerase β. a – Gap�filling
DNA synthesis by polymerase β in the presence of a DNA
trap was examined. The reaction mixture was assembled
on ice, either with 60 nM polymerase β and 20 nM 5'�end
32P�labeled UDG/APE1�treated DNA (lanes 1–3), or
with polymerase β and DNA trap (lanes 4, 5). Reactions
were initiated by temperature jump and the addition of a
mixture of dCTP, DNA trap, and MgCl2 (lanes 1–3), or
dCTP, 32P�labeled UDG/APE1�treated DNA, and
MgCl2 (lanes 4, 5), respectively. Samples were withdrawn
at 10 and 20 s and analyzed. The positions of the 32P�la�
beled primer and 1�nt gap�filling product are indicated.
b – For analyzing the dRP lyase activity of polymerase β in
the presence of a DNA trap, the reaction mixture was as�
sembled on ice, either with 60 nM polymerase β and
20 nM 3'�end 32P�labeled UDG/APE1�treated DNA
(lanes 1–3), or polymerase β and the trap (lanes 4, 5). Re�
actions were initiated by temperature jump and addition of
a DNA trap (lanes 1–3) or 32P�labeled substrate (lanes 4, 5),
respectively. Samples were withdrawn at 10 and 20 s. The
reaction products were stabilized by the addition of NaBH4,
and the reaction products were analyzed. The positions of the
32P�labeled dRP substrate and the product are indicated. 
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by annealing a 5'�end labeled 15�mer oligonucleotide
and a 3'�end labeled 19�mer oligonucleotide to a com�
plementary 34�mer DNA strand. The duplex DNA
was pretreated with UDG, resulting in a single�nucle�
otide gapped DNA with 3'�OH and 5'�dRP groups at
the gap margins and radiolabels on both ends.

The reaction mixture was assembled on ice as
above, and the reactions were initiated by temperature
jump along with addition of a mixture of dCTP, MgCl2

and a ~500�fold excess of unlabeled trap DNA. The
gap�filling and dRP lyase activities were measured in
the same reaction mixture. Samples were withdrawn at

K68
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Fig. 7. A model of a proposed conformational change in the dRP group. Key amino acid residues of the polymerase β lyase active
site are indicated. Rotation of the sugar phosphate (thick arrow), along with additional small adjustments, adequately positions
reactive groups necessary for catalysis. Dashed lines indicate distances between the catalytic residues and reactive groups. The
polymerase β side chains and the sugar ring atoms are labeled. A water molecule in the active site is labeled. The attack of the K72
side chain nitrogen on the C1' over 2.7 Å is illustrated.
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Fig. 6. Electron density difference map. a – 2Fobs – Fcalc electron density difference map contoured at 1σ is shown in black for
the polymerase β binary complex bound to DNA containing�dRP (sugar ring in closed form). Fobs – Fcalc electron density con�
toured at 3.3σ is shown for a simulated annealing omit map, with the dRP group omitted. b – The key residues of the lyase domain
that form a substrate�binding pocket are shown. Dashed arrow indicates the distance from dRP C1′ to K72 Nε. Other portions
of the structure are excluded for clarity. 
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10 and 20 s, and the results shown in fig. 3 revealed that
polymerase β pre�bound to the DNA substrate incor�
porated one nucleotide and also excised the 5'�dRP
group. In the control experiment, where polymerase β
was pre�incubated first with the DNA trap, neither
gap�filling nor 5'�dRP lyase activities were observed
(fig. 3b) [38]. 

Kinetics of dRP lyase reaction

From the results in fig. 3, the pre�bound poly�
merase β was able to perform both gap�filling synthesis
and lyase without releasing the DNA substrate. How�
ever, from these experiments, it was not obvious which
step occurred first. Previously, we had characterized
the 5'�dRP lyase activity of polymerase β using steady�
state kinetic methods [31], and it appeared that the
DNA synthesis step was faster than the lyase step and
presumably occurred first [30].

To further dissect kinetic features of the 5'�dRP
lyase reaction, a quantitative pre�steady�state ap�
proach was undertaken. In the presence of high enzyme
concentrations, time courses were biphasic (fig. 4a). A
rapid burst of product formation was followed by a lin�

ear slow phase. Extrapolation of the linear portion of
the time course to the y�axis (t = 0) indicated that a
burst of product formation occurred that was too fast
to measure by manual sampling. The amplitude of this
rapid unresolved phase was proportional to the con�
centration of enzyme in the reaction mixture (fig. 4b).
Normalizing the time courses for the differing enzyme
concentrations indicates that the burst amplitude rep�
resented 70% of the added enzyme and that the linear
phase corresponded to a turnover number of 0.12/min
(fig. 4c). Note that these time course experiments were
performed at 15°C to limit the slope of the linear
phase, thereby providing a better estimate of the ex�
trapolated burst amplitude. The biphasic nature of the
time course indicated that a step after chemistry (i.e.,
product release) limits the steady�state linear phase of
the time course. The observation that 70% of the en�
zyme rapidly excised the dRP�group in the gap also in�
dicates that only one molecule of polymerase β is
bound/gap. If two or more molecules of polymerase β
bound to a single�nucleotide gap, the burst amplitude
would be ≤50%.

To measure the rate of the burst phase, single�turn�
over reactions were measured. In this situation, the en�
zyme concentration (500 nM after mixing) exceeds
the substrate concentration (100 nM after mixing) and
enzyme cycling (i.e., product release) does not con�
found the time course. The rapid rate of the burst re�
quired that time points be gathered with a rapid�mix�
ing and quenching instrument [38]. The volatile na�
ture of the NaBH4 quenching agent required that the
reaction be stopped in the reaction collection tube
rather than the quench syringe of the instrument. Ac�
cordingly, the earliest time point that could be collected
safely and reliably was 15 ms. A typical time course is il�
lustrated in fig. 4d. Again, the time course was biphasic; a
rapid phase (~20 nM) was lost in the dead time of the in�
strument followed by a single�exponential time course of
product formation (kobs = 120/min). When gap�filling
DNA synthesis was measured under these identical
conditions and with this same substrate, the rate of
dNTP insertion was 7/min (not shown). Thus, the
dRP lyase activity of polymerase β was at least 20�fold
faster than the DNA synthesis activity. The biphasic
nature of the time course (fig. 4d) suggested that en�
zyme bound DNA substrate was partitioned between
two forms: an active form that is poised for reaction
(~25%) and a population where the substrate is bound
in an inappropriate conformation. Our previous crys�
tallographic structures of polymerase β with substrate
analogues indicated that the 5'�sugar�phosphate moi�
ety binds in a non�productive mode that must undergo
a conformational change before chemistry can occur
(fig. 5–7) [40, 41]. As shown in fig. 6, the distance be�
tween sugar C1' and the Nε of K72, the residue found
to be the sole Schiff base nucleophile in the dRP lyase
reaction of polymerase β, is far too great for catalysis
(10.1 Å) [40, 42]. Therefore, the non�catalytic struc�
ture indicates a requirement for the substrate rear�
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Fig. 8. Combination of APE1�incision and gap�filling
DNA synthesis steps. Schematic representations of 32P�la�
beled AP site�containing DNA substrate (S) and the DNA
trap (T) are illustrated above the phosphorimage of the
gels. The incision activity by APE1 and gap�filling DNA
synthesis by polymerase β were examined in the presence
of a DNA trap. The reaction mixture was assembled on ice,
either with APE1, polymerase β and 32P�labeled substrate
DNA (a), or with APE1, polymerase β and DNA trap (b).
Reactions were initiated by temperature jump and addition
of a mixture of the DNA trap and dCTP/MgCl2 (a), or
32P�labeled substrate DNA, and dCTP/MgCl2 (b), re�
spectively. Samples were withdrawn at intervals and ana�
lyzed. The positions of the 32P�labeled substrate, APE1 in�
cised product and 1�nt gap�filling product are indicated. 
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rangement in order to attain a catalytically competent
state shown in fig. 7 [38, 40]. 

Coordination of APE1 strand incision 
and gap�filling steps

To examine whether the APE1�incised BER inter�
mediate is channeled to the next enzyme, polymerase
β, we repeated assays for the incision and gap�filling
synthesis steps with a 5'�end labeled AP site�contain�
ing DNA substrate. The incision activity of APE1 and
the gap�filling activity of polymerase β were measured
in the same reaction mixture using the Type 2 protocol
in Scheme II. The results shown in fig. 8 revealed that
APE1 pre�bound to the substrate was able to incise the
DNA and then the product was channeled to poly�
merase β for gap�filling DNA synthesis (fig. 8a). In a
control experiment, where APE1 and polymerase β
were pre�incubated first with the trap and then the re�
action was initiated by adding a mixture of 32P�labeled
DNA substrate, dCTP and MgCl2, gap�filling was not
observed. These results showed that a portion of the
BER intermediate after the APE1�incision step was
channeled to polymerase β. This coordination be�
tween APE1 and polymerase β appears to be consis�
tent with the complex formation and functional inter�
action between these enzymes and substrate DNA that
was observed previously (fig. 9) [43, 44]. 

Ligation step

To explore whether the nicked DNA after the gap�
filling and dRP lyase steps in SN BER is channeled to
DNA ligase, experiments were performed with a 5'�end
labeled nicked DNA substrate. The strategy for study
of the ligation step was according to the Type 1 proto�
col shown in Scheme II. An unlabeled nicked DNA
was used as a trap. The reaction mixture was assembled
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T/ATP/Mg
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32P�Substrate

3'
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Fig. 10. Analysis of the ligation step in the BER scheme using purified DNA ligases. Schematic representations of 32P�labeled
nicked DNA substrate (S) and the DNA trap (T) are illustrated above the phosphorimage of the gels. The ligation reaction was
performed with DNA ligase I (lanes 1–4), DNA ligase III (lanes 5–8) or T4 DNA ligase (lanes 9–12) in the presence of a DNA
trap. The ligation reaction mixtures were assembled either with 32P�labeled DNA substrate and a DNA ligase or with DNA trap
and a DNA ligase. Reactions were initiated by temperature jump and the addition of a mixture of ATP, MgCl2 and the DNA trap
or ATP, MgCl2 and 32P�labeled DNA substrate, as indicated at the top of each lane. Samples were withdrawn at 10 and 20 s in�
tervals and analyzed. The positions of the 32P�labeled primer and ligated product are indicated. L1, L3, and T4 denote DNA li�
gase I, DNA ligase III, and T4 DNA ligase, respectively. 
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Fig. 9. Formation of APE ⋅ polymerase β ⋅ DNA ternary
complex. a – Increasing concentrations of polymerase β
were incubated with 5 nm nicked�THF flap substrate
DNA in the absence (lanes 2–4) and presence of 1 nm
APE1 (lanes 6–8). Lane 1 represents the binding mixture
without enzyme. Lanes 2–4 correspond to mixtures con�
taining increasing concentrations of polymerase β (0.5, 1,
and 2.5 nm, respectively) and DNA. Lanes 6–8 indicate
mixtures containing the same concentrations of poly�
merase β as lanes 2–4 along with 1 nm APE. Lane 5 indi�
cates a binding mixture with APE and the DNA substrate.
b – Increasing concentrations of APE1 (0.5, 1, 2.5, and 5 nm,
respectively) were incubated with 5 nm nicked�THF flap sub�
strate DNA in the absence (lanes 2–5) and presence of 1 nm
polymerase β (lanes 7–10). Lane 1 represents the reaction
mixture without enzymes, whereas lane 6 corresponds to the
mixture containing polymerase β and DNA substrate. The
substrate DNA is schematically illustrated above the gel.

2*



596

МОЛЕКУЛЯРНАЯ БИОЛОГИЯ  том 45  № 4  2011

PRASAD и др.

on ice with DNA ligase I and 32P�labeled nicked sub�
strate, and then the reaction was initiated by adding a
mixture of ATP, MgCl2, and ~500�fold excess of unla�
beled trap (nicked 30�mer DNA duplex). The reaction
mixtures were transferred to 30ºC for ligation to occur.
After 10 and 20 s, samples were withdrawn and the re�
action products analyzed. The results shown in fig. 10
indicated that the substrate was converted into a fully
ligated product. With the control experiment where
DNA ligase I was first pre�incubated with the trap and
the reaction then initiated, no ligated product was ob�
served (fig. 10, lanes 3 and 4). These results indicated
that ligation occurred more rapidly than nicked DNA
dissociation. Next, we asked whether other DNA li�
gases, such as DNA ligase III and T4 DNA ligase have
a preference over DNA ligase I for use of the nicked
substrate, as it had been reported that DNA ligase III
is the preferred ligase in the SN BER pathway [45].
Using the same reaction conditions, we found that
DNA ligase III and T4 ligase functioned with a similar
outcome as that seen with DNA ligase I (fig. 10, lanes 5,
6 and 9, 10, respectively) [38]. 

Coordination of Gap�filling, dRP lyase 
and ligation steps

Thus far, we have demonstrated that the BER inter�
mediates, after the base removal step, can be chan�
neled from initial DNA binding to catalysis for the
APE1, polymerase β 5'�dRP lyase and gap�filling
DNA synthesis, when these steps were analyzed either
individually or with APE1 and polymerase β together.

To gain insight on whether the BER intermediates can
be channeled throughout a complete BER reaction,
we examined multiple steps in a single reaction mix�
ture. The complete BER reaction was assembled as
above, with UDG and APE1 pretreated DNA sub�
strate, polymerase β and DNA ligase I (Scheme II,
Type 3). The reaction mixture was assembled on ice,
and the reaction was initiated by transferring the tubes
to 30°C and adding a mixture of [α�32P]dCTP, MgCl2,
ATP, and ~500�fold excess of the trap. The reaction
mixtures were incubated at 30°C, and a sample was
withdrawn after 10 s (fig. 11). The results revealed that
when the enzymes were pre�incubated with the sub�
strate, a complete or ligated repaired product was ob�
served (fig. 11, lane 1). When the enzymes were first
pre�incubated with the trap, the complete repair prod�
uct was not observed, and similarly when ligase was
not included, the gap�filling product was observed but
not the complete product (lanes 2 and 3). This indicat�
ed that the initial BER intermediate was subjected to
dRP lyase and gap�filling and then channeled to DNA
ligase [38]. 

“Hit and Run” mechanism 
in the LP�BER sub�pathway

Earlier, a working model for LP�BER was proposed
where polymerase β conducts strand displacement
DNA synthesis (two or more nucleotides) leaving a
long DNA flap; FEN1 then removes the DNA flap,
and a DNA ligase seals the resulting nick. However,
Liu et al. [39] recently suggested an alternate “Hit and
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Fig. 11. Combination of gap�filling, dRP lyase and ligation steps. Schematic representations of UDG/APE1�treated DNA sub�
strate (S) and the DNA trap (T) are illustrated above the phosphorimage of the gels. A complete BER reaction mixture containing
the pretreated DNA substrate or trap DNA, polymerase β, and DNA ligase I was assembled on ice. The reaction was initiated by
temperature jump and the addition a mixture of [α�32P]dCTP, MgCl2, ATP, and DNA trap or [α�32P]dCTP, MgCl2, ATP, and
DNA substrate as indicated at the top of each lane. Samples were withdrawn at 10 s and analyzed. The positions of the 1�nt gap�
filling product, ligated complete BER product, free trap and the ligated trap are indicated. E and L denote polymerase β and DNA
ligase I, respectively. 
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Run” mechanism for LP BER (Scheme III). In this
model, polymerase β fills the initial one�nucleotide
gap in LP BER, leaving a lesion�containing flap.
FEN1 then removes the flap plus one nucleotide in the
damaged strand to create a 1�nt gap, and finally, the
gap is filled and sealed by polymerase β and DNA li�
gase, respectively. Furthermore, polymerase β and
FEN1 can cooperate with each other in their 1�nt gap�
filling and gap forming activities, respectively, to form
a longer repair patch [39]. Alternatively, if DNA ligase
dominates, the LP BER gap size will be limited
(Scheme III) by the ligation activity. Here, we ex�
plored the possibility in LP BER that the DNA prod�
uct, after gap�filling by polymerase β, was passed
along to FEN1 for flap removal.

The repair reaction mixture was assembled as above
with the APE1 pretreated THF�containing DNA sub�
strate, polymerase β and FEN1. The reaction was ini�
tiated by adding [α�32P]dCTP, dATP, dGTP, TTP,
MgCl2, and ~500�fold excess of unlabeled DNA trap.
In another set of reaction mixtures, polymerase β and
FEN1 were mixed with the trap first, and then the re�
action was initiated by adding the DNA substrate,
[α�32P]dCTP, dATP, dGTP, TTP, and MgCl2. After
10 s, samples were withdrawn for product analysis.
The assumption tested was that polymerase β will in�
corporate one nucleotide, and the product will be
passed to FEN1 for flap cleavage. FEN1 cleavage will
create a one�nucleotide gap for polymerase β to insert
the second nucleotide in LP BER. Interestingly, the
results of this analysis showed that polymerase β pre�
bound to the DNA substrate incorporated only one nu�

cleotide, whether or not FEN1 was in the pre�incubation
(fig. 12). We explained these results as follows: once
polymerase β filled the one�nucleotide gap, it dissoci�
ated from the DNA and was captured by the trap. It
was possible that the nicked�flap DNA product thus
formed was passed to FEN1 for cleavage of the THF�
flap structure and creating the one�nucleotide gapped
DNA for polymerase β to insert the second nucleotide
in the LP BER gap. Since polymerase β was trapped
prior to formation of the second nucleotide gap, we
did not expect to observe a second nucleotide insertion
into the DNA (fig. 12). To our surprise, however, in an
experiment where a 3'�end labeled THF�containing
strand was used, we failed to observe cleavage of the
THF�flap (data not shown). These results indicated
that the product after gap�filling DNA synthesis was
not passed to FEN1. Another explanation could be
that the trap captured FEN1 even before its DNA sub�
strate was formed. In other words, the enzymes were
not pre�assembled on the BER substrate prior to the
polymerase β gap�filling step. To further investigate
this point, experiments were repeated in the presence
of DNA ligase. The results of this analysis revealed
gap�filling incorporation of only one nucleotide with�
out formation of ligated product (fig. 13). Thus, after
gap�filling by polymerase β, the BER intermediate
still contained the THF flap and was not a substrate for
DNA ligase. These results confirmed that the THF�
flap product formed after gap�filling DNA synthesis
by polymerase β was not channeled to FEN1. Instead,
FEN1 action on this intermediate involves binding by
free FEN1 in solution to the product of the poly�
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the addition of a mixture of [α�32P]dCTP, dATP, dGTP, TTP, DNA trap, and MgCl2 (lanes 1 and 3). In another set of reaction
mixtures, polymerase β or polymerase β and FEN1 were mixed with the DNA trap first, and the reactions were initiated by temperature
jump and adding a mixture of [α�32P]dCTP, dATP, dGTP, TTP, substrate DNA, and MgCl2 (lanes 2 and 4), respectively. Reaction mix�
tures were incubated for 10 s and analyzed. The positions of the 1�nt addition product and free�labeled trap are indicated. 
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merase β gap�filling reaction. This obviously cannot
occur in the presence of a trap [38].

CONCLUDING REMARKS

Based on structural studies of APE1�DNA cocrys�
tals by Tainer and his associates [35, 36], it had been
suggested that enzymatic steps in BER may involve
recognition of a product�enzyme complex by the next
enzyme in the pathway, rather than binding to an in�
termediate that is free in solution. Wilson and Kunkel
[37] referred to these coordinated events of processing
DNA repair intermediates as “passing the baton.” For
the first time, we tested the hypothesis that the mam�
malian BER intermediates can be channeled from one
step to the next. 

Purified human BER enzymes APE1, polymerase
β and DNA ligase I when pre�bound to their respec�
tive DNA substrates, were able to conduct their re�
spective enzymatic reactions in the presence of a DNA
trap. A new finding here was that mixtures of these en�
zymes could conduct a sequence of BER reactions in
the presence of a DNA trap when the enzymes were
pre�bound to the initial BER intermediate. This indi�
cated that substrates and products of the BER steps
could be handed off from one enzyme to the next dur�
ing the SN BER process, reducing the possibility that
a sequestered intermediate could trigger the DNA
damage surveillance system. The possibility that a
physical assembly of BER enzymes is recruited to the
site of a BER lesion is consistent with the rapid re�
cruitment of the enzymes studied here to sites of DNA
damage in living cells [46–48]. On the other hand, re�

cruitment in cells does not always correlate with hand�
off for purified enzymes, since FEN1 and polymerase
β did not exhibit hand off in the in vitro studies report�
ed here, but these two enzymes are recruited to sites of
LP BER intermediates in living cells [47]. Perhaps ac�
cessory proteins might influence the behavior of the
purified enzymes, but this possibility has not yet been
studied.

Another new finding in the present work was the
very rapid enzymatic processing of the 5'�dRP lyase
step of SN BER. In addition, the order of the gap�fill�
ing and lyase steps was found to be different from our
previous understanding [30, 31]. The 5'�dRP lyase rate
constant was much faster (at least 20�fold) than the
DNA polymerase gap�filling rate constant. As found
earlier for the gap�filling reaction by polymerase β, the
product release step for the 5'�dRP lyase reaction is rate�
limiting under steady�state reaction conditions [38].
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