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Abstract We studied the interaction of DNA polymerase & (pol
) purified from the eggs of the teleost fish Misgurnus fossilis
(loach) with DNA duplexes containing single-stranded gaps of 1—
13 nucleotides (nt). In the absence of processivity factors
(PCNA, RF-C, and ATP), pol & elongated primers on single-
stranded DNA templates in a distributive manner. However, the
enzyme was capable of processive synthesis by filling gaps of 5-9
nt in DNA duplexes. These data suggest that, upon filling a small
gap, pol d interacts with the 5'-terminus downstream of the gap
as well as with the 3’-terminus of the primer. Interaction of pol &
with the proximal 5’-terminus restricting the gap was confirmed
by electrophoretic mobility shift assay. Analysis of the enzyme
binding to DNA duplexes containing gaps of various sizes showed
a much higher affinity of pol & for duplexes with gaps of about
10 nt than for DNA substrates with primers annealed to single-
stranded templates. The most efficient pol d binding was observed
in experiments with DNA substrates containing unpaired 3'-tails
in primers. The data obtained suggest that DNA molecules with
small gaps and single-stranded tails may serve as substrates for
direct action of pol & in the course of DNA repair. © 2000
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

The excision repair of nuclear DNA is initiated by elimina-
tion of a fragment around a lesion by specific endonucleases
and exonucleases. This is followed by resynthesis of the frag-
ment by DNA polymerase thus filling the gap at the position
of lesion. The repair synthesis in the cell nucleus is carried out
by DNA polymerases B (pol B), & (pol 8), and, probably, €
[1-4]. Pol B showed a maximum efficiency on DNA duplexes
containing 1-nt gaps in in vitro experiments [5,6]. In agree-
ment with these data, the primary function of pol B in the
nucleus was related to the short-patch repair when only one
nucleotide (nt) was replaced in damaged DNA [7]. Purified
pol B catalyzes a distributive synthesis on single-stranded tem-
plates while it is capable of filling small gaps in duplexes in a
processive manner polymerizing up to six residues without
dissociation from DNA [8]. Interaction with 5'-terminus of
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a fragment downstream the gap stabilizes the productive com-
plex of pol B with the primer—template and allows a processive
synthesis [9-11]. The processive filling of small gaps permits
pol B to participate in the long-patch repair of nuclear DNA,
as was confirmed by some recent observations [12,13]. How-
ever, the major role in the long-patch repair is generally at-
tributed to pol & [14-21]. Pol & is essential for replication of
nuclear DNA and cell survival [22-24]. In association with
processivity factors (PCNA, RF-C, and RP-A), pol & per-
forms processive synthesis of the leading strand in a replica-
tion fork. The function of pol 3 in repair synthesis is less well
understood. Isolated pol & has low processivity in the absence
of processivity factors and autonomous action of this enzyme
in DNA repair is questioned.

In a search for factors essential for DNA repair in fish
oocytes, we have recently isolated loach pol 8 [25]. The loach
pol 3 is a candidate for the primary repair polymerase in the
oocytes and early embryos because the activity of pol B in the
loach oocytes is extremely low [26]. Like other &-type DNA
polymerases, the loach pol & possesses the 3" — 5" exonuclease
activity specific for single-stranded DNA. The polymerase ac-
tivity is sensitive to aphidicolin, but resistant to BuPhedGTP,
and correlates with the presence of a 120-130-kDa polypep-
tide, which specifically reacted with polyclonal antibodies to
the calf thymus pol & in Western blots. In this paper, we show
that the loach pol & performs a distributive elongation of
primers on single-stranded DNA, whereas the enzyme was
capable of processive filling of small gaps in DNA duplexes.
Preferential binding of pol 8 to gapped DNA and molecules
with unpaired 3'-tails suggest a variety of possible substrates
for pol & action inside the nucleus.

2. Materials and methods

2.1. Enzymes

Pol & (fractions 81 and 82) was purified from eggs of the teleost fish,
Misgurnus fossilis (loach), as previously described [25]. The enzyme
was stored at —20°C in a buffer containing 50% glycerol, 10 mM
potassium phosphate, pH 7.5, 5 mM 2-mercaptoethanol, 1 mM
EDTA, 10 mM Na;S;0s, 0.2 mM phenylmethylsulfonyl fluoride,
1 uM pepstatin, 1 pg/ml leupeptin, and 1 ug/ml aprotinin. One unit
of DNA polymerase activity was defined as the incorporation of
1 nmol dNMP into activated DNA in 1 h at 37°C. Phage T4 poly-
nucleotide kinase was purchased from Boehringer Mannheim.

2.2. DNA substrates

The following oligonucleotides were used for preparation of partial
duplexes: 17-mer (TGCCGGGATCATAGAAG), 21-mer (AGAG-
TGCCGGGATCATAGAAG), 25-mer (ACACAGAGTGCCGGG-
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ATCATAGAAG), 29-mer (AGCCACACAGAGTGCCGGGATCA-
TAGAAG), standard 21-mer primer (AAGCGGAGTGTATGTGC-
AGTG), (17+4)-mer primer with unpaired 3’-tail (AAGCGGAGTG-
TATGTGCCTGA), 51-mer template (CTTCTATGATCCCGGCA-
CTCTGTGTGGCTACACTGCACATACACTCCGCTT). All oligo-
nucleotides were purified by electrophoresis in polyacrylamide gels.
The oligonucleotides were 5'-end-labeled with 2P by using T4 poly-
nucleotide kinase and [y->P]ATP. To prepare partial duplexes con-
taining gaps of 1 nt (*21:51:29-mer), 5 nt (*21:51:25-mer), 9 nt
(*21:51:21-mer), and 13 nt (*¥21:51:17-mer), the labeled 21-mer prim-
er, 51-mer template and respective downstream oligonucleotide were
annealed at a ratio 1:1.2:1.3. To prepare the partial duplexes 21:*51-
mer, (17+4):*51-mer, 21:*51:21-mer and (17+4):*51:21-mer, the
primers (21-mer or (17+4)-mer), the labeled 51-mer template and
the downstream 21-mer oligonucleotide were annealed at a ratio
1.5:1:1.5.

2.3. Elongation assay

Reaction mixtures (20 ul) contained 0.42 pmol *?P-labeled DNA
probes: *21:51-mer, *21:51:25-mer (5-nt gap) or *21:51:21-mer (9-
nt gap), 30 mM Tris-HCI, pH 7,5, 6 mM MgCl,, 100 pg/ml BSA,
2 mM DTT, and 50 uM each of dATP, dGTP, dCTP, TTP. The
reaction was started by addition of pol & (0.015-0.05 units). After
incubation for 1, 2 and 4 min at 30°C, 5-ul portions were removed,
mixed with a formamide loading solution and subjected to electro-
phoresis in 10% polyacrylamide, 8 M urea gel.

2.4. Electrophoretic mobility shift assay (EMSA)

Binding reactions were carried out in a buffer containing 10 mM
Tris—HCI, pH 8.0, 2 mM DTT, and 100 pg/ml BSA. Reaction mix-
tures (10 ul) contained 0.005-0.04 pmol of DNA probe and 3 ul
(0.004-0.03 units) of pol 3. After mixing of the components on ice,
reactions were incubated for 15-20 min at 22-23°C, unless noted
otherwise. After incubation, the binding reactions were directly loaded
onto 6% polyacrylamide (acrylamide:bisacrylamide, 60:1) slab gel
(60 100%0.75 mm), prepared in a buffer containing 20 mM HEPES,
pH 8.0, and 0.1 mM EDTA. Electrophoresis was performed at 80 V
in a buffer containing 20 mM HEPES, pH 8.0, 0.1 mM EDTA, and
2 mM thioglycolic acid at room temperature. The gels were dried onto
Whatman DE81 paper under vacuum and then exposed to X-ray film.

2.5. Recovery of DNA polymerase activity in polyacrylamide gel
Pol 6 (0.3 units) was incubated in the standard reaction mixture for
binding (10 ul) with 0.4 pmol of unlabeled partial duplexes 21:51:21-
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mer (9-nt gap) or 21:51:17-mer (13-nt gap) for 20 min on ice. The
samples were loaded onto a native 6% polyacrylamide gel prepared as
described above. Electrophoresis was performed at 4°C in a buffer
containing 20 mM HEPES, pH 8.0, 0.1 mM EDTA, and 2 mM
thioglycolic acid. A portion of the gel was placed in a reaction mixture
(15 ml) containing 50 pmol (750 Ci/mmol) of [o->P]JdATP, 5 uM each
of dCTP, dGTP, and TTP, 10 mM Tris-HCI, pH 7.5, 8 mM MgCl,,
2 mM DTT, 100 pg/ml BSA, and incubated at 30°C for 10 min, while
shaking gently. The gel was then washed for 4 h with several changes
of 50 ml of cold 5% trichloroacetic acid, 1% sodium pyrophosphate,
and dried onto DES8I1 paper.

2.6. Exonuclease assay

Labeled oligonucleotides (3’-[*H]dC;)dT o0, (3’-[?°H]dT;)dT}oo, and
(5'-[**P])dTygp were prepared as described earlier [27]. The oligonu-
cleotides were annealed with a twofold quantity of poly(dA). Reaction
mixtures (100 ul) contained labeled d T :poly(dA) (0.025:0.05 optical
units), 20 mM Tris—=HCI, pH 7,5, 10 mM MgCl,, 100 pug/ml BSA, and
1 mM DTT. Reaction was started by addition of pol & (0.07 unit) and
carried out at 30°C. At time points 0, 30, 60, and 120 min, 20-ul
portions were removed and processed to determine the acid-insoluble
radioactivity.

3. Results

To analyze the interaction of the loach pol & with gapped
DNA, a set of 51-mer duplexes containing gaps of 1, 5, 9, and
13 nt was constructed. The duplexes were constructed as fol-
lows: the 21-mer primer was labeled at the 5’-end with 32P
and annealed to the 51-mer template together with one of the
downstream oligonucleotides thereby producing a defined gap
in the duplex. Elongation of the primer by pol 8 on a single-
stranded template and in the partial duplexes was monitored
by sequencing gel electrophoresis. Two fractions of pol & (81
and 02) obtained in the course of the enzyme purification
from loach eggs [25] showed the same properties in the experi-
ments on primer elongation or the binding to DNA substrates
(described below) and were used interchangeably.

In the first experiment, the *21:51-mer primer—template and
the duplex *21:51:21-mer containing a gap of 9 nt were used

DNA ) .21 9 21 .21 21 .21 5_25 21 9 21
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Time (min) 1 2 4 1 2 4 1 2 4 1 2 4 1 2 4 1 2 4
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Fig. 1. Elongation of *’P-labeled 21-mer primers catalyzed by DNA pol & on single-stranded template and on gapped DNA. Reaction mixtures
(20 pl) contained 0.42 pmol of following DNA substrates: *21:51-mer (lanes 1-4, 8-13), partial duplex *21:51:25-mer with 5-nt gap (lanes 14—
16) or partial duplex *21:51:21-mer with 9-nt gap (lanes 5-7, 17-19), and other components (see Section 2). Reactions were started by addition
of pol 8, 0.05 units (lanes 2-7) or 0.015 units (lanes 8-19), to the mixtures. After incubation for 1, 2, and 4 min at 30°C, 5-ul portions were
taken from the reactions and analyzed by electrophoresis in 10% polyacrylamide, 8 M urea gel. Pol 6 was omitted from the reaction shown in
lane 1. dCTP was omitted from the reactions shown in lanes 11-13. The asterisk indicates the radioactive label.
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as substrates to investigate primer elongation by pol 8. To
measure enzyme processivity, the reactions were conducted
using an excess of DNA substrate. Pol & showed a low level
of activity on *21:51-mer primer—template. The reaction
products were predominantly primers elongated by 1 or 2 nt
(Fig. 1, lanes 2-4) indicating a distributive mode of elongation
on a single-stranded template. However, in the reaction with
gapped DNA a large portion of primers were elongated by
9 or 10 nt, in addition to those elongated by 1 or 2 nt (lanes
5-7). Hence, pol & is capable of filling the gap in a processive
manner when the template site is restricted by the proximal 5'-
terminus of the downstream oligonucleotide.

Substitution of gapped DNA for the single-stranded tem-
plate caused a more pronounced stimulation of primer elon-
gation when a limited amount of pol & was added into the
reaction. Very few primers were elongated by pol & in the
reaction on *21:51-mer primer—template shown in lanes 8-
10. Subtraction of one precursor (dCTP) from the reaction
mixture should terminate synthesis opposite the first dG in
the template thus limiting the elongation products to the ad-
dition of only three bases to the 21-mer primer. However, the
dCTP subtraction did not change the pattern of reaction
products in the gel (lanes 11-13) indicating the absence of
any long products in the complete reaction. In contrast to
inefficient synthesis on single-stranded template, pol & showed
much higher activity on gapped DNA (lanes 14-19). The en-
zyme was able to add processively 5 or 6 nt to the 21-mer
primer on the *21:51:25-mer duplex (5-nt gap) and 9 or 10 nt
upon synthesis on the *21:51-21-mer duplex (9-nt gap). Thus,
pol & filled small gaps completely and, probably, could dis-
place the 5'-terminal residue of the downstream fragment
upon filling the gap. A several-fold increased amount of pol
d added into the reaction and an increased reaction time (from
4 to 30 min) raised the overall amount of primers utilized in
the reaction, but did not affect the maximum size of products
(data not shown). Hence, pol & is unable to enter deep into the
duplex and perform DNA synthesis with displacement of an
extra strand.

The processive synthesis catalyzed by loach pol 8 on gapped
DNA, in spite of the distributive polymerization on single-
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Fig. 2. Binding of DNA pol 8 to a primer-template complex and
partial duplexes containing gaps of various sizes analyzed by
EMSA. Reaction mixtures (10 pl) containing 0.01 pmol of 32P-la-
beled DNA substrates: *21:51-mer (lanes 1-4), *21:51:29-mer (1-nt
gap) (lanes 5-8), *21:51:25-mer (5-nt gap) (lanes 9-12), *21:51:21-
mer (9-nt gap) (lanes 13-16) u *21:51:17-mer (13-nt gap) (lanes 17—
20) and other components (see Section 2) were incubated in the ab-
sence of pol & (lanes 1, 5, 9, 13, 17) or in the presence of pol &
added in the following amounts: 0.004 units (lanes 2, 6, 10, 14, 18),
0.01 units (lanes 3, 7, 11, 15, 19) or 0.03 units (lanes 4, 8, 12, 16,
20). After incubation for 15 min at 22°C, the reaction mixtures
were analyzed by electrophoresis in 6% polyacrylamide gel. The as-
terisk indicates the radioactive label.
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Fig. 3. In situ activity of DNA pol 8 on gapped DNA following
mobility shift electrophoresis. Reaction mixtures (10 pl) containing
0.04 pmol unlabeled partial duplexes 21:51:21-mer (9-nt gap) (lane
2) and 21:51:17-mer (13-nt gap) (lane 3) or 0.01 pmol of **P-labeled
partial duplexes *21:51:21-mer (9-nt gap) (lanes 5, 6) and
*21:51:17-mer (13-nt gap) (lanes 7, 8) and other components (see
Section 2) were incubated for 15 min on ice in the absence of pol &
(lanes 4, 5, 7) or in the presence of 0.03 units pol & (lanes 1-3, 6,
8). After electrophoresis in 6% polyacrylamide gel at 4°C, the gel re-
gion with lanes 5-8 was dried, while the other part with lanes 1-4
was placed in a reaction mixture with [0-?>P]dATP for an in situ as-
say of DNA polymerase activity as described in Section 2.

stranded template, suggests that the 5'-terminus of the down-
stream oligonucleotide may stabilize the productive complex
of pol & with DNA substrate. This would allow elongation of
the primer without the enzyme dissociating from the DNA
after each catalytic event. To test the hypothesis of direct
interaction of pol & with the 5’-terminus at the gap boundary,
we analyzed the physical binding of pol & to 51-mer duplexes
containing gaps of various sizes using EMSA. The loach pol §
showed a low affinity for *21:51-mer primer-template (Fig. 2,
lanes 1-4). This result is in agreement with numerous obser-
vations that a sliding clamp formed by three PCNA molecules
is required for stable binding of pol & to the primer terminus
[22-24]. pol & showed a similar low level of binding to du-
plexes containing 1-nt gaps (lanes 5-8) and slightly higher
binding to duplexes with 5-nt gaps (lanes 9-12). However,
pol § efficiently bound duplexes with 9-nt gaps (lanes 13-16)
and slightly less efficiently the duplexes with 13-nt gaps (lanes
17-20). These data suggest that pol & has a markedly higher
affinity for duplexes with gaps of about 10 nt than for stan-
dard primer—template structures.

In order to confirm that the complexes of protein with
gapped DNA observed under EMSA contained functional
DNA polymerase, we performed a control experiment. The
loach pol & was incubated with unlabeled 51-mer duplexes
containing gaps of 9 or 13 nt, and the probes were subjected
to non-denaturing polyacrylamide gel electrophoresis. The gel
was incubated in a reaction mixture with [0-*?P]dATP to de-
tect DNA polymerase activity in situ, and then processed to
measure acid-insoluble radioactivity (Fig. 3, lanes 1-4). To
monitor the electrophoretic migration of the complexes under
electrophoresis, another set of probes was prepared by incu-
bation of pol & with 3*P-labeled gapped duplexes and run in
the same gel. A piece of gel containing the radioactive probes
was dried just after electrophoresis and exposed to X-ray film
(lanes 5-8). The probes with pol & and unlabeled gapped
DNA contained complexes catalyzing DNA synthesis on en-
dogenous templates (lanes 2, 3). Electrophoretic mobility of
the active complexes in the gel corresponded to that of the
protein complexes with 32P-labeled DNA (lanes 6, 8). There-
fore, the retardation of gapped duplexes seen in Fig. 2 and in
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Fig. 4. Binding of DNA pol & to a primer-template complex and
partial duplex containing unpaired 3’-tails in primers analyzed by
EMSA. Reaction mixtures (10 pl) containing 0.005 pmol of ¥2P-la-
beled DNA substrates: 21:*51-mer (lanes 1-4), (17+4):*51-mer
(lanes 5-8), 21:*51:21-mer (lanes 9-12) or (17+4):*51:21-mer (lanes
13-16) and other components (see Section 2) were incubated in the
absence of pol & (lanes 1, 5, 9, 13) or in the presence of pol & added
in the following amounts: 0.004 units (lanes 2, 6, 10, 14), 0.01 units
(lanes 3, 7, 11, 15) or 0.03 units (lanes 4, 8, 12, 16). After incuba-
tion for 15 min at 22°C, the reaction mixtures were analyzed by
electrophoresis in 6% polyacrylamide gel. The asterisk indicates the
radioactive label.

Fig. 3, lanes 6 and 8, was indeed due to a stable binding of
functional DNA polymerase.

Besides gapped DNA molecules, branched structures with
unpaired single-stranded tails are frequent intermediates in
DNA repair. To estimate the affinity of pol & for 3’-tailed
DNA substrates, we compared the enzyme binding to DNA
probes containing properly annealed primer with the binding
to analogous DNA probes but having four unpaired bases at
the 3’-terminus of the primer (Fig. 4). The loach pol & showed
very strong binding to two DNA substrates that had unpaired
3’-termini in primers, *(17+4):51-mer primer—template and
*(17+4):51:21-mer gapped duplex. An oligonucleotide located
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Fig. 5. Exonucleolytic hydrolysis of unpaired 3’-terminal residues by
DNA pol 6. Reaction mixtures (100 pl) contained: (1) (3'-
[PH]dC;)dTg annealed to poly(dA) (0.025:0.05 optical units), (2)
(3’-[*H]dT})dT;oy annealed to poly(dA) (0.025:0.05 optical units) or
(3) (5'-[**P])dTpo annealed to poly(dA) (0.025:0.05 optical units),
and other components (see Section 2). Reactions were started by ad-
dition of pol & (0.07 units) and carried out at 30°C. At time points
0, 30, 60, and 120 min, 20-pul portions were removed and processed
to determine the acid-insoluble radioactivity. The initial radioactivity
of the probes corresponding respectively to 2580 cpm (1), 6010 cpm
(2), and 2070 cpm (3) was taken as 100%.
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downstream of the primer produced little if any effect on the
enzyme binding to the tailed DNA probes (compare lanes 6-8
and 14-16), although the same oligonucleotide markedly in-
creased the enzyme binding to the structures with properly
annealed primers (compare lanes 2-4 and 10-12).

A strong binding of loach pol & to DNA probes containing
unpaired 3'-tails suggests the involvement of the enzyme
3’ > 5’ exonuclease domain in this interaction. In agreement
with this prediction, the duplexes with mismatched bases at
the 3’-ends served as much more efficient substrates for 3’ — 5’
exonuclease of pol 8, as compared to the duplexes with prop-
erly matched bases (Fig. 5). The loach pol & removed more
than 60% labeled residues dC from 3’-ends of dTj¢ in du-
plexes dTjgo:poly(dA) at conditions when digestion of 3'-ter-
minal residues dT in similar duplexes was negligible (compare
lines 1 and 2). Thus, the preferential hydrolysis of unpaired
3’-termini in duplexes might be determined by a high binding
affinity of pol 6 for DNA duplexes with 3’-tails.

4. Discussion

The distributive mode of DNA synthesis on single-stranded
templates is usual for eukaryotic DNA polymerases & func-
tioning in the absence of the processivity factors PCNA, RF-
C, and ATP [22-24]. However, the loach pol & was capable of
filling small gaps in partial DNA duplexes by processive syn-
thesis in the absence of any accessory factors (Fig. 1). This
means that an oligonucleotide properly positioned down-
stream of the template site stabilizes the productive complex
of pol & with the DNA substrate. The interaction by the
enzyme with the 5’-terminus of the downstream fragment pre-
sumably permits it to polymerize nucleotides without dissoci-
ation from DNA after each catalytic event. In agreement with
this model, the loach pol & showed a much higher binding
affinity for partial duplexes containing appropriate single-
stranded gaps than for the standard primer—template (Fig. 2).

Eukaryotic pol B catalyzes the distributive synthesis on sin-
gle-stranded DNA but the processive synthesis on small gaps
in duplexes [8]. The stabilization effect of gapped DNA is
caused by the interaction of 5’-deoxyribose phosphate lyase
(dRP lyase or AP lyase) domain of pol B with the 5'-terminus
of the downstream fragment [9-11]. A slow dRP lyase activity
was detected recently in the family A DNA polymerases in-
cluding Escherichia coli DNA polymerase I and eukaryotic
DNA polymerase v [28]. The dRP lyase domain presumably
permits the formation of stable complexes of Xenopus pol y
with 5'-ends in partial duplexes (Mikhailov, Pinz, Bogenha-
gen, unpublished observations). However, the dRP lyase ac-
tivity was never observed in DNA polymerases of the 6-type.
The 5" — 3’ exonuclease domain presented in some DNA pol-
ymerases such as E. coli DNA polymerase I may also partic-
ipate in the interaction with 5’-terminal groups in DNA [29].
But we have not detected the respective activity in the loach
pol & (Fig. 5, line 3), and the reason for the stabilization effect
of gapped DNA on the polymerization activity of pol & re-
mains unknown.

The primary function of 3’ — 5’ exonuclease associated with
pol 8 is proofreading of nascent DNA, i.e. a rapid hydrolysis
of the mismatched 3’-terminal residue of primer in the course
of synthesis. However, the loach pol & binds efficiently to
DNA duplexes containing several unpaired residues at 3’-
ends (Fig. 4) and is able to hydrolyze a single-stranded
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DNA lacking secondary structure (data not shown). Thus, the
branched molecules with 3’-tails may serve as substrates for
pol 3. Participation of pol & in DNA repair was usually re-
lated to a PCNA-dependent pathway that has been well docu-
mented in a variety of systems [14-21]. The data described
here suggest that the direct action of pol & on gapped and
tailed molecules that present common intermediates in the
repair process may occur allowing pol & to participate partic-
ularly in the long-patch excision base repair of nuclear DNA.
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