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Abstract

A single polypeptide with ddNTP-sensitive DNA polymerase activity was purified to near homogeneity from the shoot tips of
rice seedlings and analysis of the preparations by SDS-PAGE followed by silver staining showed a polypeptide of 67 kDa size. The
DNA polymerase activity was found to be inhibitory by ddNTP in both in vitro DNA polymerase activity assay and activity gel
analysis. Aphidicolin, an inhibitor of other types of DNA polymerases, had no effect on plant enzyme. The 67 kDa rice DNA
polymerase was found to be recognized by the polyclonal antibody (purified IgG) made against rat DNA polymerase 3 (pol B) both
in solution and also on Western blot. The recognition was found to be very specific as the activity of Klenow enzyme was unaffected
by the antibody. The ability of rice nuclear extract to correct G:U mismatch of oligo-duplex was observed when oligo-duplex with
32P-labeled lower strand containing U (at 22nd position) was used as substrate. Differential appearance of bands at 21-mer, 22-mer,
and S1-mer position in presence of dCTP was visible only with G:U mismatch oligo-duplex, but not with G:C oligo-duplex. While
ddCTP or polyclonal antibody against rat-DNA pol B inhibits base excision repair (BER), aphidicolin had no effect. These results
for the first time clearly demonstrate the ability of rice nuclear extract to run BER and the involvement of ddNTP-sensitive pol B
type DNA polymerase. Immunological similarity of the ddNTP-sensitive DNA polymerase B of rice and rat and its involvement in
BER revealed the conservation of structure and function of ddNTP-sensitive DNA pol B in plant and animal.
© 2004 Elsevier Inc. All rights reserved.
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Multiple DNA polymerases have been characterized
from bacteria [1,2], yeast [3], and mammalian system
[4,5] by cloning of their genes or cDNAs. Similarly the
presence of multiple DNA polymerase was detected from
plant system [6-8] by purification and enzymological
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characterization. Among all types, single polypeptide
DNA polymerase B or B-polymerase (B pol) cloned from
rat [9] and human [4,5] was found to be insensitive to
aphidicolin but sensitive to ddNTP. Its involvement in
DNA repairing specially short patch DNA repairing has
been well identified from its participation in BER and
presence in BER complex along with uracil DNA-gly-
cosidase, AP, endonuclease, and DNA ligase [10]. Mis-
match corrections through BER were demonstrated in
vitro by purified B-polymerase enzyme and other en-
zymes from BER complex of bovine testis nuclear ex-
tract. In yeast, ddNTP-sensitive DNA polymerase IV is
an ortholog of mammalian B-polymerase and has been
identified from the synaptosomal complex formed during
recombination at the time of meiosis in yeast [11].


mail to: dibyendu@bosemain.boseinst.ac.in

146 S.N. Sarkar et al. | Biochemical and Biophysical Research Communications 320 (2004) 145-155

Actually the enzyme cannot discriminate ddNTPs,
thereby incorporates ddNMP, as a result chain elonga-
tion terminates. Thus, inhibition depends on the ratio of
ddNTPs to dNTPs. Purification and characterization of
a 52-kDa polypeptide with ddNTP sensitive was re-
ported from wheat [12]. Previously, a 67-kDa polypep-
tide with ddNTP-sensitive DNA-polymerase activity was
purified from shoot tips of rice [13] and the enzyme
showed distributive mode of DNA synthesis, aphidicolin
insensitivity, etc., similar to the mammalian DNA pol (.
Therefore we call this enzyme rice DNA polymerase 3 or
rice DNA pol B. Increase in DNA damage and loss of
DNA repairing ability were considered as fundamental
mechanisms underlying the aging process, from the ob-
servation on declines in genomic integrity seen with age
[14-18]. Aside from adult plants, seeds are subjected to
DNA lesions, not only during the aging [19,20] but also
from genotoxic environmental exposures [21]. For many
plant species, seed viability is known to decreases with
seed age (subject to storage conditions). A direct corre-
lation between the decreased seed viability and the loss of
DNA integrity in their embryo was established based on
the studies of chromosomal aberrations and point mu-
tation [22,23]. It was also reported that a progressive
fragmentation of embryonic nuclear DNA occurred in
dry-stored seeds of rye [19]. Thus, degree of DNA
damage and efficiency of DNA repair are the molecular
events that probably determine the ability of the seed to
germinate. DNA polymerases are required for DNA
synthesis both during DNA replication and DNA repair
and ddNTP-sensitive DNA pol B is well known for its
involvement in short patch DNA repairing in mamma-
lian system. Although the ddNTP-sensitive DNA poly-
merase enzyme has been identified from plant system, its
expression or involvement in DNA repairing is not
known.

Here, we report on the detection of immunological
similarity of ddNTP-sensitive DNA polymerase en-
zymes from rice and rat. Polyclonal antibody made
against rat DNA pol B was found to recognize the rice
DNA pol B on Western blot and also inhibit in vitro
DNA polymerase activity of the purified rice enzyme.
For the first time the existence of base excision repair
(BER) to correct mismatch in plant system and in-
volvement of ddNTP-sensitive DNA pol B in BER were
detected and are reported here.

Materials and methods

Plant material, chemicals, and reagents. Seeds of Oryza sativa cv.
IR-8 were obtained from Chinsurah Rice Research Institute, West
Bengal, India, The seeds were stored at 25°C and seeds of freshly
harvested stock, 2 years 4 months old-stock, and 4 years 3 months old-
stocks were used in the experiments.

Phosphocellulose (P-11) from Whatman (Germany), T4 polynu-
cleotide kinase, activated calf thymus DNA (used as template: primer

in DNA polymerase assay), dNTPs, ddNTPs from Amersham-Phar-
macia (USA), magnesium chloride, sucrose, 2-mercaptoethanol, glyc-
erol, sodium chloride, Hepes, EDTA, Triton X-100, sodium dodecyl
sulfate, DEAE-Sephacel, aphidicolin, PMSF, and trichloroacetic acid
from Sigma (St. Louis, USA). ssDNA agarose, urea, formamide, en-
zyme grade ammonium sulfate, agarose, Tris base, glycine, acrylamide,
and bis-acrylamide from Gibco-BRL (now Invitrogen, USA), silver
staining kit from Bio-Rad (USA) were purchased and used. All other
chemicals from Qualigen (India) SRL (India) or Spectrochem (India)
were used in the experiments. Polyclonal antibody (purified IgG)
generated against rat DNA pol was a generous gift from Dr. S. H.
Wilson, NIES, USA [10].

Radioisotopes, e.g., [0-**P]CTP (Sp. Ac.> 4000 Ci/mMol) and [y-
32PJATP (Sp. Ac. > 4000 Ci/mMol), [«-2P]TTP (Sp. Ac.> 3000 Ci/
mMol), and PH]dTTP (Sp. Ac.>46 Ci/mMol) were from New En-
gland Nuclear, Dupont, USA.

Radioisotopes, e.g., [0-*P]JCTP (Sp. Ac.>4000Ci/mMol) and
[y- 3*PJATP (Sp. Ac. > 4000 Ci/mMol), [0->*P]TTP (Sp. Ac.> 3000 Ci/
mMol), and [PH]dTTP (Sp. Ac.>46Ci/mMol) were from New
England Nuclear, Dupont, USA.

HPLC purified oligonucleotides were synthesized from Sigma-
Genosys (USA). The nucleotide sequences of the three 51-mer oligo-
nucleotides were as follows:

Upper strand: 5-TCGAGCTCGGTACCCGGGGATCCTCTAGAG
TCGACCTGCAGGCATGCAAGC-3'
Lower strand (mm): 3'-AGCTCGAGCCATGGGCCCCTAGGAGA
TCTUAGCTGGACGTCCGTACGTTCG-Y
Lower strand (nor): 3’~AGCTCGAGCCATGGGCCCCTAGGAGA
TCTCAGCTGGACGTCCGTACGTTCG-5

Buffers. Buffer A for protein isolation contained 50 mM Tris—HCI
(pH 7.5), 1 mM 2-mercaptoethanol, 0.1 mM EDTA, 10mM MgCl,,
250 mM sucrose, and 1 mM PMSF.

Buffer B for protein storage contained 50 mM Tris—-HCI, pH 6.5,
1 mM 2-mercaptoethanol, 0.1 mM EDTA, 20% glycerol, and 1 mM
PMSF. Buffer A for nuclei isolation contained 10 mM Tris—Cl, pH 7.5,
SmM MgCl,, 1 M sucrose, and 10 mM 2-mercaptoethanol. Buffer D
contained 20mM Tris-Cl, pH 7.5, 5SmM MgCl,, 500mM NaCl,
20mM PMSF, and 10 pg/ml leupeptin.

Purification of ddNTP-sensitive DN A polymerase and immunological
detection. Purification of the DNA polymerase enzyme sensitive to
ddNTPs was done following the protocol of Sanath Kumar et al. [13]
with some modifications. Each time, 50 g of shoot tips was homoge-
nized with 3 volumes of ice-cold buffer A in a chilled mortar and pestle
at 4°C. The homogenates were filtered through 4 layers of surgical
gauze in a beaker and powdered ammonium sulfate was added slowly
to reach 30% saturation on a magnetic stirrer at 4 °C. Precipitate was
removed by centrifugation at 10,000g for 10min at 4°C and super-
natant was brought to 70% ammonium sulfate. The precipitates were
collected as pellet was resuspended in buffer A and dialyzed against
1000 vol of buffer B with several changes. The dialyzed fraction was
purified through the column of P11 phosphocellulose (2.5 x 20 cm) at
4°C. After loading the sample column was washed with three column
volume buffer B. Finally, bound proteins were eluted by running a
150 ml KCl gradient (0-1M) in buffer B and 3 ml fractions were col-
lected by using RediFrac Fraction Collector (Pharmacia). The O.D. at
Aggonm Of each fraction and DNA polymerase activity in absence or
presence of ddCTP were measured by UV-Vis spectrophotometer
(Shimadzu, Japan) and in vitro DNA polymerase assay. The fractions
containing peak of ddCTP-sensitive DNA polymerase activity were
pooled and dialyzed against 1000 vol. of buffer B containing 50 mM
KCl. Gel filtration column was made with Sephacryl S-200
(1.6 x 80 cm) equilibrated in buffer B and dialyzed sample was run with
6ml/h speed. The fraction collector collected aliquots of 3ml and OD
at Ajg of each aliquot was measured. Every alternate fraction was
tested for ddCTP-sensitive DNA polymerase activity. Peak fractions
were pooled and loaded onto a column of ssDNA agarose (1 x 5cm).
Washing was done with 3 column volume buffer B and elution was
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done by 3 volumes of buffer B. Aliquots of 0.2ml were collected and
each fraction was tested for ddCTP-sensitive DNA polymerase activ-
ity. Fractions with high activity were pooled. Protein content was
measured with Bradford reagent [24] and purification was analyzed by
SDS-PAGE. Gel slices from same gel (SDS-PAGE) were analyzed
either by silver staining or by Western blotting so that mobility of the
bands developed by two different methods can be compared. Inhibition
of DNA polymerase activity was done by increasing amount of ddNTP
or the antibody. To find out the specificity of inhibition of the anti-
body, activity of Klenow enzyme was also tested in presence of anti-
body.

In vitro DN A synthesis assay. DNA pol activity was monitored by
measuring the incorporation of [PH]JdTTP or [o-*?P]dATP into TCA
insoluble fraction, e.g., synthesized DNA, using activated calf thymus
DNA as template primer. In a final volume of 50 pl, the assay mixture
contained 50mM Tris—-HCI (pH 7.5), 10mM DTT, 3mM MgCl,,
0.05mM each of dATP, dCTP, dGTP, and 1uCi *H]TTP (Sp. Ac.
46 Ci/mmol) or 3uCi [a-P]CTP (Sp. Ac. 4000 Ci/mmol), 20 pug/ml
activated calf thymus DNA, and 150mM KCI. After incubation at
37°C on a water bath shaker for 30 min, the reactions were terminated
by addition of 1ml of cold 10% TCA containing 100 mM sodium
pyrophosphate. After 30 min on ice the precipitate was collected on a
GFC filter (Whatman) and washed with 10 ml of 2% TCA twice using
Millipore vacuum filtration device. Filters were then dried under heat
lamp and the radioactivity of each filter was measured by L5 (Beck-
man) Liquid Scintillation Counter using scintillation fluid. Values were
converted into picomoles of PH]TMP or [*?P]JdCMP incorporated and
expressed as units of enzyme activity. One unit is defined as the amount
of enzyme required to incorporate 1pmol of dTMP incorporated
within 60 min at 37°C [9].

Western blot analysis. Equal amounts [25] of protein extracts from
seeds of freshly harvested stock, 2 years 4 months, and 4 years 3
months old stocks were mixed with SDS-PAGE loading buffer
(125mM Tris, [pH 6.8], 20% [v/v] glycerol, 4% [w/v] SDS, 0.01%
bromophenol blue, and 100mM DTT). Samples were incubated in
boiled water for Smin and then subjected to SDS-PAGE using 12%
polyacrylamide (w/v). Proteins were electro-transferred to PVDF
membrane (Pharmacia, Sweden) using a semi-dry transfer apparatus
(Bio-Rad, Hercules, CA) following the manufacturer’s protocol and
the transfers were found to be 100%. The membranes were then
blocked with 5% BSA in TBS, overnight, on a rocker. The blots were
processed by affinity purified polyclonal anti-sera (purified IgG frac-
tion) developed against rat DNA pol § (1:20,000 dilution) followed by
alkaline phosphatase (AP) conjugated anti-mouse IgG. Primary anti-
body recognized band on membrane was revealed by following the
enzymatic assay of AP for color development as described in Sam-
brook et al. [25]. Similarly blots with equal amount of DNA pol 8
protein was probed with non-immune rabbit antiserum and mono-
clonal antibody against rat DNA pol B and no cross-reaction was
observed.

Activity gel analysis of rice DNA polymerase. In-gel DNA poly-
merase activity assay was carried out following the protocols [26,27].
In these experiments special quality SDS from Boehringer Mannheim
(lot No. 83794421) was used in SDS—polyacrylamide gel electropho-
resis. Separating gel was made with 125 pg/ml of activated calf thymus
DNA and 0.001 M EDTA. Samples were prepared by mixing 25 pl
(10 ug protein) of DEAE-Sephacel purified enzyme with 20 ul sample
buffer containing 4% SDS, 2% (v/v) 2-mercaptoethanol, 5 ug BSA, and
15% glycerol. The mixtures were heated for 3 min at 37 °C, loaded into
wells of vertical slab gel, and electrophoresis in Tris—glycine-SDS
buffer was carried out at 100 V for 2 h. After electrophoresis the gel was
soaked in 250 ml buffer containing 0.01 M Tris-HCI (pH 7.5), 0.005M
B-mercaptoethanol, and 20% isopropanol with gentle shaking for
45min to remove SDS. The gels were immersed at 25°C in 500 ml of
50mM Tris-HCI (pH 7.5) and after 15min of gentle agitation the li-
quid was discarded and fresh 500 ml of 50 mM Tris-HCI (pH 7.5) was
added and the gels were incubated for 16h at 4°C. The liquid was

discarded and the gel was incubated for 1h in the same solution. Gel
containing lanes 1 and 2 was sliced and separately incubated with 10 ml
of reaction mixture (40 mM Tris—HCI, pH 7.5; 5SmM MgCl,; 50 mM
KCl; 20% glycerol; 0.0l mM EDTA; | mM DDT; 8 uM each of dATP,
dGTP, and dTTP, 10uCi/ml [o-2P]JdTTP Sp. Ac.> 3000 Ci/mmol),
and 80 uM ddTTP. The other part of the gel containing the lanes 3-5
was incubated in 10ml of the same reaction mixture but without
ddTTP. Gel slices were washed in 200 ml of 6% TCA and 1% sodium
pyrophosphate for 1 h at room temperature with gentle shaking. This
washing step was repeated 2 more times and the gel slices were im-
mersed in 300ml of same solution for 24h at 4°C. Solution was
changed and the last washing was continued for 4 more hours at 4 °C.
Gel slices were then transferred on Whatman 3 MM paper and dried in
a gel dryer connected with a vacuum pump (Hoeffer). Autoradiograph
was made by exposing a Kodak X-ray film (X-Omat type) with ex-
posure time of 2-4h, at room temperature.

Measurement of Klenow activity. Activity of Klenow enzyme was
done with calf-thymus activated DNA as template-primer. The reac-
tion was done at 37°C for 15min in a buffer containing 50 mM Tris—
HCI, pH 7.5, 5SmM MgCl,, 10mM DTT, and 0.05uM of all ddNTPs
except dATP. Five microCurie [0-**P]JATP (3000 Ci/mM) was added to
the reaction.

Isolation of nuclei, preparation of nuclear extract, and detection of
BER. Nuclei were prepared as reported earlier [28] with some modi-
fications. Fifty grams of shoot tips of 72h grown IR-8 seedlings were
ground to a fine powder with liquid N, and homogenized with four
volumes (w/v) of cold nuclei isolation buffer A in a chilled mortar and
pestle at 4°C. The mixture was filtered through three layers of
cheesecloth. Triton X-100 was added dropwise to a final concentration
of 0.5%. The suspension was centrifuged at 500g for 10 min at 4 °C to
remove the debris and whole cells. Nuclear pellets were obtained by
centrifugation of supernatant at 4000g for 20 min after carefully de-
canting the supernatant. The nuclear pellets were washed three times
with the same buffer A after each washing of centrifugation at 4000g
for 10min at 4°C. Finally, the nuclear pellets were resuspended in
buffer A, purified by Percoll step gradient (50-65-80%), and centri-
fuged at 3500g for 30 min. Nuclei were collected in between 65% and
80% gradient and diluted with three volumes of buffer A, pelleted by
centrifugation for 10min at 4000g, and resuspended in 250 mM su-
crose, 20mM Hepes, pH 7.8, 5SmM MgCl,, 1mM DTT, and 50%
glycerol. Nuclei were aliquoted and stored at =70 °C.

To prepare nuclear extract for BER assay nuclear pellet from shoot
tips of 72h grown seedlings of fresh seeds was resuspended in 5ml of
high salt buffer D (20mM Tris-Cl, pH 7.5, SmM MgCl,, 500 mM
NaCl, 20mM PMSF, and 10 pg/ml leupeptin) and lysed by incubating
the suspension on ice for 15 min with gentle rocking. Nuclear lysates
were then centrifuged for 20 min at 15,000 rpm at 4 °C. Supernatants
were dialyzed against 100 volumes of dialysis buffer E (25mM Hepes—
KOH, pH 7.5, 50mM KCI, 1mM EDTA, pH 8.0, 10% glycerol, and
1 mM 2-mercaptoethanol) at 4°C, overnight. Dialyzed extracts were
lyophilized at —50°C, in a lyophilizer (Secfroid, USA) and protein
content was estimated using Bradford reagent [24]. Enzyme prepara-
tion was aliquoted and stored at —70 °C for further use.

The BER assay was done according to Singhal et al. [10] with some
modifications. For BER assay 51 bp oligo-duplex was used as substrate
and two lower strands containing either U at 22nd position, or C at
22nd position were 5'-end labeled by T4 polynucleotide kinase (NEB)
and [y-?PJATP (4000 Ci/mmol, NEN). Equimolar amount of upper
strand was mixed with that of lower strand containing C, oligo-duplex
without mismatch was created and used as control. Similarly equi-
molar concentration of upper strand was mixed with that of lower
strand containing U at 22nd position to form the oligo-duplex with
mismatch. To prepare 5-3*P-labeled substrate for BER assay, 50 pmol
of both oligonucleotides (lower strand) was 5-end labeled by T4
polynucleotide kinase (NEB) using [y->>P]JATP (4000 Ci/mmol, NEN).
Reaction was carried out at 37°C for 45min and stopped by heating
at 68°C for 10min. Equal amount (50pmol) of upper strand
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oligonucleotide was added, warmed at 75°C, and allowed to cool
down slowly to room temperature so that annealing of the two
oligonucleotides occurs. Both the labeled oligo-duplexes were purified
by ethanol precipitation. For BER assay the standard reaction mix-
tures (50 pl final volume) contained 100 mM Tris-HCI, pH 7.5, 5SmM
MgCl,, 1mM DTT, 0.1 mM EDTA, 2mM ATP, 0.5mM NAD, four
deoxynucleotide triphosphates at 20 UM each, and 20 pg of nuclear
protein with either 200-fold molar excess of ddCTP over dCTP or
10 pg/ml aphidicolin. In one tube nuclear extract was first preincubated
with 5pug IgG then 3?P-labeled oligo-duplex was added. All reactions
were incubated for 10 min at 37 °C and stopped by addition of EDTA
to final concentration of 50 mM. The DNA was extracted with phenol:
chloroform and precipitated with chilled ethanol keeping on ice for one
hour, dried under vacuum, and resuspended in 5 pl of 10 mM Tris-HCl
(pH 8.0), ImM EDTA, and equal volume of “stop solution” (40 mM
EDTA and 80% formamide) was added. After denaturation at 95 °C
for 2min, the DNA was separated by electrophoresis on 12% poly-
acrylamide 7 M urea gel normally used for DNA sequencing [25]. After
3h run at 1200V, the gels were dried on a piece of Whatman 3 mm
paper and autoradiographs were made by exposing X-Ray (X-Omat,
Kodak) films.

Results

Purification of ddNTP-sensitive, aphidicolin-insensi-
tive DNA polymerase enzyme and its recognition by the
polyclonal antibody against rat-pol f: DNA polymerase
enzyme, sensitive to ddTTP, was purified from shoot
tips of 72h grown seedlings of germinated freshly har-
vested IR-8 rice seeds. Ammonium sulfate precipitation

L3 - Pol

Fig. 1. Analysis of purification of ddNTP-sensitive DNA pol B enzyme
by SDS-PAGE and Western blot analysis of the enzyme by polyclonal
antibody made against rat DNA pol B. DNA pol B enzyme was pu-
rified from shoot tips of 72h grown seedlings from germinated rice
seed (freshly harvested stock) as described in Material and methods.
The purified enzyme (50 ng) was analyzed by SDS-PAGE followed by
silver staining (A) and immunological detection by Western blotting
(B) by the polyclonal antibody made against rat polymerase B (1—
20,000 dilution). In lane 1, 200 ng of BSA (Fr. V) and in lane 2, 50 ng
purified rice DNA pol  were loaded (A).

Table 1

followed by chromatography through phosphocellulose
column, gel filtrations through Sephacryl S-200 was
done and finally by using affinity resin column of
ssDNA agarose, purity of the enzyme near homogeneity
was obtained (Fig. 1A). After each step of purification,
ddNTP-sensitive DNA polymerase activity was mea-
sured by counting the incorporation of [PHJdTMP into
TCA insoluble fraction, using calf thymus activated
DNA as template: primer. Finally, 3840-fold purifica-
tion with only 3% recovery of the enzyme (Table 1) was
observed. Analysis of purity as judged by SDS-PAGE
followed by silver staining showed only one band of 67-
kDa size (Fig. 1A) by silver staining. Polyclonal anti-
body (IgG fraction) made against DNA pol B from rat
when used in Western blot analysis of purified enzyme
cross-reaction with (Fig. 1B) the 67-kDa polypeptide
was observed (Fig. 1B), suggesting the recognition of the
purified enzyme by the antibody. The purified rice en-
zyme preparation was preincubated either with in-
creasing concentration of the antibody or with ddTTP
and DNA polymerase activity was measured. Fig. 2
shows that while increasing concentration of ddTTP
sharply inhibits DNA polymerase activity, increasing
amount of the rat antibody inhibits DNA polymerase
activity only moderately. By double amount (ng protein
basis) of antibody around 45% inhibition was obtained.
When Klenow enzyme (ddNTP-sensitive DNA poly-
merase from Escherichia coli) with same amount of anti-
rat-DNA pol B was preincubated no inhibitory effect on
its DNA polymerase activity was detected suggesting the
specificity of cross-reaction and activity neutralization.
Since multiple DNA polymerases from mammalian
system are called as a, B, 9, v, €, etc., and DNA pol B is
the only enzyme sensitive to ddNTP but not to aphi-
dicolin, from now on we will call the ddNTP-sensitive
rice DNA polymerase as rice DNA pol p.

Aging of paddy seeds and DNA pol B activity in their
embryos

To measure the activities of ddNTP-sensitive DNA
polymerase in embryos of fresh and aged seeds, protein
extracts were prepared from the embryos either dry or
24 or 48 h water-soaked paddy seeds of three different

Purification of ddTTP-sensitive DNA polymerase enzyme from shoot tips of 72 h grown germinated seedlings of rice (Oryza sativa cv. IR-8)*

Fraction Total protein (mg) Specific activity (U/mg)® Purification Percent recovery
Crude (S10) 1462 0.125 1

70% ammonium sulfate ppt 754.34 12.3 100
Phosphocellulose 1.45 202.5 1620 25.2
Sephacryl-S-200 0.170 360 2880 5.2

ssDNA cellulose 0.076 480 3840 3.0

4 Extractions were made from 100 g of shoot-tips from 72h grown germinated rice seedlings, each time, and the best one recovered is shown

above.

®One unit is defined as the amount of enzyme that incorporates 1 pmol PH]dTMP per hour into a 10% trichloroacetic acid insoluble fraction

using activated DNA as template primer at 37 °C.
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Fig. 2. Inhibition of DNA polymerase activity of the purified rice
enzyme by ddTTP or by the rat DNA pol B antibody. In a 50 ul re-
action mixture purified rice DNA pol B (200 ng protein) was incubated
with increasing concentrations (5-40uM) of ddTTP (@—@) or in-
creasing concentrations (50400 ng) of affinity purified polyclonal an-
tibody made against rat DNA polymerase § (O—O) for 1 h at 4°C and
DNA polymerase assay was done at 37 °C for 30 min. Similarly 1 U of
Klenow enzyme (A—A) was preincubated with the increasing amount
of antibody for 1 hr at 4°C and activity was measured as described in
Materials and methods. Incorporation of dTMP in 10% TCA insoluble
fraction was measured and the value obtained by enzyme alone was
considered as 100% incorporation. Results clearly show that while 80%
inhibition was obtained with 30 uM ddTTPs, only 45% maximum in-
hibition was possible by the polyclonal antibody (400 ng IgG) against
rat DNA polymerase . Antibody has no effect on the activity of
Klenow suggesting the specificity of recognition of the rice enzyme by
the polyclonal antibody.

age, e.g., freshly harvested, 2 years 4 months old, and 4
years 3 months old stocks. Then equal amount of pro-
tein was purified through DEAE-Sephacel column of
equal size. After elution with same volume of buffer and
salt gradient, DNA pol B activity of every fraction was
checked and peak fractions were pooled. Aliquot with
same amount of protein was used in in vitro DNA
polymerase activity assay in presence or absence of 200-
fold molar excess of ddTTP and contribution by DNA
pol B was calculated. Results shown as histogram in
Fig. 3A indicate that embryos of fresh seeds have pol
activity and the aging enhances DNA pol B activity in
dry embryos. Embryos of 4 years 3 months and 2 years 4
months old seeds have 3- and 2.5-fold higher pol B ac-
tivity, respectively, than the dry embryos of freshly
harvested paddy seeds. When seeds were water soaked
for 24 h, significant increase (2.5- to 3-fold) of ddNTP-
sensitive DNA pol activity in the embryos of aged seeds
over their activity in dry embryos was observed. Water
treatment for 48 h showed significant decrease in DNA
pol B activities in embryos of old seeds than in the
freshly harvested seeds, suggesting inability of the em-
bryos of old seeds to run synthetic machineries, e.g.,
synthesis of DNA polymerase enzyme, for a long time.

Continuous increase of pol B activities was noticed in
seeds of freshly harvested stocks when subjected to
longer water treatment, showing the normal ability of
growing embryos from the fresh seeds. To visualize
DNA polymerase B activity of 67-kDa polypeptide, ac-
tivity gel assay was done and 10 pl of the pooled fraction
from the embryos of fresh and 4 years 3 months old
seeds was separated by SDS-PAGE containing acti-
vated calf thymus DNA as template: primer. Renatur-
ation of the enzyme followed by activity assay was
performed. Photograph of the autoradiograph made
from the activity gel is shown in Fig. 3B. From the in-
tensity comparison by densitometric scanning (Fig. 3C),
it was clear that embryos of older seeds contained 10-
fold higher level of DNA polymerase activity than that
of embryos of freshly harvested seeds (lanes 3 and 4 of
Fig. 3B). As a positive control Klenow fragment was
loaded in lane 5 of activity gel. Activity gel analysis
confirms three important observations from in vitro
DNA synthesis. First, it confirms the size of the DNA
polymerase as 67-kDa because the enzyme migrated
little slower than Klenow, which has a mol. wt. of 66-
kDa. Second, it also confirms that embryos of 24h
water-treated seeds have higher level or activity of
ddNTP-sensitive DNA pol B than the dry embryos of
fresh seeds. Third, it contains rice DNA pol B a single
subunit, ddNTP-sensitive enzyme.

Use of polyclonal antibody against rat DNA pol B to
detect the expression of DNA pol B in rice plants

Since the polyclonal antibody against rat DNA pol 8
recognizes the rice enzyme, Western blot analysis was
done to measure the level of 67-kDa DNA polymerase
enzyme in the extracts of embryos of 24 h water-soaked
fresh and aged seeds, partially purified through DEAE—
Sephacel column. After SDS-PAGE equal amount of
protein (10 pg) and transfer to PVDF membrane Wes-
tern blot analysis was done with anti-rat pol B poly-
clonal antibody. Standard alkaline phosphatase
mediated color development assay (tagged on secondary
IgG) to visualize the primary antibody cross-reacted
band of 67-kDa size and photograph made from one
such blot is included in Fig. 3D. From the difference in
the intensity of colored band, it appears that the level of
the enzyme protein (67-kDa) was higher in water-soaked
aged seeds (Fig. 3D) than in fresh seeds. Western blot
analysis confirms the previous observation on enhance-
ment of DNA pol  activity in solution and in activity
gel after 24 h of water treatment of aged seeds and also
from in vitro DNA polymerase activity.

To find out the level of rice pol B protein expressed
during germination of freshly harvested rice seeds (99%
germination capability) and in other tissues of mature
plants, equal amount of protein extract from lamina,
anthers (just before floral emergence) embryos of fresh
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Fig. 3. (A) ddNTP-sensitive DNA polymerase activity in fresh and aged seed embryos as revealed by in vitro DNA pol B activity assay. Total and
ddNTP-inhibited DNA polymerase activity was measured in vitro by the assay procedure described in Materials and methods. The activity obtained
in presence of ddNTP was subtracted from the total DNA polymerase activity (without ddNTP) and calculated to draw histogram. Water soaking of
rice seeds of different ages showed continuous enhancement of ddTTP-sensitivity DNA polymerase B in embryos of fresh seeds whereas transient
enhancement was observed in aged seeds, as shown by histogram. (B) Demonstration of enhancement of DNA polymerase activity and sensitivity to
ddNTPs directly on activity gel. In situ activity gel of partially purified rice DNA polymerase was done. DNA polymerase partially purified from
embryos of 24 h water-soaked seeds of 4 years 3 months old stock (lanes 1 and 3) and from the embryos of 24 h water-soaked seeds of freshly
harvested stock (lanes 2 and 4) and Klenow enzyme (one unit) (lane 5) were separated by SDS-PAGE. Twelve percentage polyacrylamide (SDS—
PAGE) gel was made with activated DNA as template:primer and after renaturation gel slice with lanes 1 and 2 was incubated in [o-*?P]dTTP
containing reaction mixture with ddTTP. The other part of the gel with lanes 3-5 was incubated with same amount of [o-*?P]dTTP without ddTTP.
Photographs taken from the autoradiograph made from dry gel are shown above. Experiment was repeated twice and enhancement activity of the
enzymes and inhibition by ddNTP were visible. (C) Densitometric Scanning of the autorad made from the activity gel. Histogram was prepared from
the densitometric scanning of the autoradiogram of activity gel shown in (C) measured by LKB 2201, ultra scan. (D) Western blot analysis showing
the level of expression pol B protein in embryos of fresh and aged seeds after 24 h of water treatment. Protein extracts of embryos from different year
seeds after 24 h of water treatment were analyzed by Western blot using the polyclonal antibody against rat DNA pol B protein. In lane 1, 2 pg
protein from embryos of 24 h water-soaked current year seed; lane 2, 2 ug of 2 years 4 months aged seed; and lane 3, 2 ug of 4 years 3 months aged
seed; were loaded for electrophoresis and Western blot analysis. Photograph of the Western blot is shown above.

dry seeds, from 3 or 24 h water-soaked embryos, and
shoot tips of 48 and 72h grown rice germinated seed-
lings were separated by SDS-PAGE and Western blot 1
analysis was done with the rat DNA pol polyclonal
antibody as probe. Photograph of the blot included in
Fig. 4 shows that dry embryo, 3 h water-soaked embryo
have very low level of the protein in comparison to the
embryos of 24h water-treated seeds. This observation
matches well with our previous observation on activity
assay. After germination gradual enhancement of DNA
pol B level during growth of germinated rice seedlings
was prominent. While laminar tissue contains low level
of the DNA pol B protein, anther tissue contained high

2 3 4 5 6 7

-§-Pol

Fig. 4. Western blot analysis revealed the level of expression of pol
protein in different organs and growing shoot tips of rice plants.
Western blot analysis of protein extracts prepared from anther (before
anthesis) (lane 1); mature lamina (lane 2); and from shoot tips of
germinated seedlings (72, 48 h, in lanes 3 and 4, respectively); from 24 h
(lane 5) and 3h (lane 6) water-soaked embryo and from embryos of
freshly harvested dry seeds (lane 7) by the polyclonal antibody made
against rat DNA polymerase f (pure IgG at 1:20,000 dilution). Pho-

level of the enzyme as in 72h grown shoot tips in
comparison to dry embryos. Immunodetection of pol
protein (not visible by non-immunized rabbit serum)

tograph of Western blot showing high level of 67 kDa ddNTP-sensitive
DNA polymerase f3 in anther and in shoot tips of 72h grown germi-
nated rice seedlings.
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clearly shows regulation of expression of DNA pol f§ in
rice plants.

Demonstration of BER activity by rice nuclear extract
and its inhibition by inhibitor of DNA pol

Uracil-initiated mismatch correction by BER has
been elegantly demonstrated in bovine testis nuclear
extract and different enzyme components including
DNA pol B of multiprotein base excision repair complex
have been purified [10] and [29]. Nothing is known
about BER in plant system. Therefore, to find out the
existence of BER in rice nuclear extract and involvement
of ddNTP-sensitive rice DNA pol B in mismatch cor-
rection through BER, nuclear extracts were prepared
from shoot tips of 72h grown rice seedlings. Comple-
mentary oligonucleotides were custom-made and by
annealing two pairs of oligonucleotide duplex 51 bp in
length with either G:C normal pairing or G:U (U in
lower strand at 22nd position) mismatch were made and
used (Fig. 5A) as substrates for BER assay with equal
amount of protein extracts (10 ug protein in each reac-
tion) of 72h grown shoot tip nuclear extract according
to the protocol of Singhal et al. [10]. The lower strands
were 5-end labeled and annealed with equimolar
amounts of upper strand. Oligo-duplex either with no

A S-TCGAGCTCGGTACCOGGGGA TCCTCTAGAGTCGACCTGCAGGCATGCAAGC-3' US

3L AGCTCGAGCCATGGGCCCCTAGGAGATCTL AGCTGGACGTCCGTACGTTCG-S' LS

51 22 1
B ETER G
" A LEPP s
NE R i S
dCTP S +
ddCTP =~ -——
Aphidicoling =~ = - - ==
Antibody s

Fig. 5. Base excision repair by rice nuclear extract. (A) Sequences of
duplex oligonucleotide substrate used for BER. Lower strand (LS)
contained uracil (U) at position 22, relative to the 5'-end G at position
1. (B) As indicated at the top of each lane, the standard repair reaction
(50 ul final volume) was carried out in the presence of rice nuclear
extract (NE) alone (none) or in the presence of a 200-fold molar excess
of ddCTP over dCTP or 10 pg/ml aphidicolin. Effect of antibody was
tested by adding 1 pl of the antibody (5 pg IgG) to the nuclear extract
on ice for 60min before the addition of the labeled oligo-duplex as
substrate. All the reactions were incubated at 37 °C for 10 min, stopped
by adding EDTA and NaCl, and deproteinized by phenol:chloroform
as described in Materials and methods. The number in the right-hand
margin indicates the length (nts) of the radiolabeled products as judged
by running DNA sequencing reactions in the four side lanes (not in-
cluded in the photograph).

mismatch or with G:U mismatch was incubated sepa-
rately with rice nuclear extract and after the reaction at
37°C for 10min, appearance of a bands at 21-mer po-
sition and 51-mer position in the autoradiograph of
DNA-sequencing gel was detected (Fig. 5B) as described
in Materials and methods. In BER it is expected that
only G:U mismatch oligo-duplex will be recognized by
uracil DNA-glycosidase, and APl endonuclease, as a
result 21 mer *?*P-labeled lower strand will be visible.
Addition of dCTP will help to form 22 mer by a DNA
polymerase and religation of 29 mer and 22 mer will
create appearance of 51-mer band. Results presented in
Fig. 5B (photograph of autoradiograph) showed that
with normal duplex no band at 21-mer position was
visible (lane 2), whereas with mismatch oligo-duplex as
substrate, 21-mer product was visible (lane 4), which
was then converted to 22 mer and then to the full-length
product (51-mer DNA) in presence of dCTP (lane 5).
Once the dCTP is incorporated the 51-mer band ap-
peared as a landmark of mismatch correction. Addition
of 200-fold excess of ddCTP along with dCTP shows the
accumulation of 22-mer product (lane 6) as due to the
incorporation of ddCMP. 51-mer products were unable
to synthesize due to the absence of OH group at 3'-end
of ddCMP. Whereas aphidicolin with dCTP did not
show any noticeable inhibition on incorporation of
dCMP as accumulation of 51-mer repaired product with
very low level of 21-mer products was visible (lane 7). In
addition, pre-incubation of the rice nuclear extract with
polyclonal antibodies against rat B pol also showed
complete inhibition of the mismatch correction or in-
corporation of dCMP (lane 8) as 21-mer band was vis-
ible and 51-mer band did not appear, showing inhibition
of pol B activity and the specificity of the antibody.
Complete inhibition of DNA pol  activity was proba-
bly due to very high level of the antibody and low level
of enzyme in nuclear extract. These results clearly
demonstrate the existence of mismatch correction by
BER in rice nuclear extract and involvement of ddNTP-
sensitive DNA polymerase B in BER.

Discussion

Inhibitors of DNA polymerase enzyme, e.g., aphi-
dicolin or ddNTPs are commonly used to identify the
type of DNA polymerases. Multiple DNA polymerases
differing in their amino acid sequence are sensitive to
aphidicolin but insensitive to ddNTPs in mammalian
system among them most well known are termed as o, J,
v, and €. The only ddNTP-sensitive and aphidicolin-in-
sensitive, DNA polymerase in E. coli it is pol I, in yeast
it is pol IV, and in mammalian system it is called as
DNA pol B or B polymerase. The ddNTP-sensitive en-
zyme in mammalian system is unique from the other
DNA polymerases because of non-processive type DNA
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polymerase activity and active as single polypeptide
enzyme [30]. Sensitive to ddNTP means that the enzyme
cannot discriminate ddNTP from dNTP, thus once the
ddNMP is incorporated during DNA synthesis the
chain elongation stops. DNA pol I from E. coli, DNA
pol IV from yeast are also ddNTP sensitive and aphi-
dicolin insensitive. Although enzymological properties
of DNA pol B were studied by purification from cells or
tissue after cloning the cDNA from rat [9] and human
[4,5], using recombinant protein structure—function re-
lationship has been studied in great detail [5,31]. The
functional significance of DNA pol  has been well
correlated with DNA repairing events first by identify-
ing the induction of the gene for pol f by MNNG [32]
and then by manipulating its expression and monitoring
susceptibility of the transformed cells to DNA damaging
agents. When the expression of endogenous pol B gene
was downregulated by antisense RNA, the transformed
CHO cells were found to be more sensitive to mutagenic
agents. On the other hand, the transformed CHO cells
overexpressing DNA pol  showed improved resistance
against mutagenic agents [32]. Presence of ddNTP-sen-
sitive, aphidicolin-insensitive DNA polymerase was re-
ported from wheat germ [12] and the DNA polymerase
activity of the purified 52-kDa polypeptide was dem-
onstrated [7]. Partial amino acid sequence of wheat en-
zyme was done and homology at the amino acid level
with rat DNA pol B was revealed when the wheat partial
amino acid sequence was aligned with amino acid se-
quence of rat DNA pol B [7].

Previously, we have reported [13] on the purification
of a single polypeptide ddNTP-sensitive DNA pol § type
DNA polymerase from shoot tips of 72h grown ger-
minated rice (Oryza sativa cv. IR-8) seedlings and have
shown the ability of the purified enzyme to replicate
homopolymer or heteropolymer DNA templates in
distributive mode (non-processive). Functional signifi-
cance of this enzyme in plant biology is not known and
due to low abundance of the enzyme and inability to
clone its cDNA. After we received the polyclonal anti-
body made against rat DNA polymerase B from Dr. S.
H. Wilson (USA), we have repeated purification of the
single polypeptide DNA polymerase enzyme sensitive to
ddNTP from shoot tips of 72h grown germinated rice
seedlings following phosphocellulose column chroma-
tography, gel filtration, and affinity chromatography.
Finally, 3840-fold enrichment of specific activity with
3% recovery of the enzyme was obtained suggesting low
abundance of the enzyme. Purity assessment by SDS—
PAGE followed by detection of polypeptide by silver
staining showed purification of 67-kDa polypeptide was
near homogeneity (Fig. 1A), as no other major con-
taminating bands were visible. The other half of the
same gel was subjected to Western blot analysis with the
antibody against rat DNA polymerase B, cross-reaction
of the antibody with the same polypeptide of 67-kDa

was noticed even at 1:20,000 dilution of the antibody
(Fig. 1B). The recognition was found to be very specific
as the monoclonal antibody made against human pol 8
or non-immune rabbit serums failed to recognize the 67-
kDa band (Data not shown) from similar enzyme
preparations. The polyclonal antibody against rat DNA
pol B was able to inhibit the DNA polymerase activity of
the purified rice enzyme. The epitope in rice DNA pol 8
in native condition recognized by the antibody against
rat enzyme is probably far from the active site as for
activity inhibition large amount of antibody is required.
The inhibition and recognition were specific as the ac-
tivity of Klenow enzyme, bacterial ddNTP-sensitive
DNA polymerase, was absolutely unaffected by the an-
tibody (Fig. 2). Neither preimmune serum nor mono-
clonal anti rat DNA pol B antibody can recognize or
inhibit. Recognition of the rice enzyme by rat DNA pol
B antibody clearly suggests immunological relationship
within the ddNTP-sensitive DNA polymerase B from
rice and rat. Whether, the homologous domain detected
by Luque et al. [7] in partial amino acid sequence of
wheat and rat enzyme is also present in rice and acting
as domain recognized by rat DNA pol B antibody re-
mains a question. Conservation of amino acid sequence
of many important enzymes including DNA polymerase
o and DNA glycosylase during the evolution is well
known [33] and [34]. Polyclonal antibody made against
one protein frequently cross-reacts with the same en-
zyme from other heterologous source due to their sim-
ilarity in amino acid sequence in the antibody
recognizing epitope. In that case polyclonal antibody
from one system provides opportunity to characterize
the protein from other system or source [35].

Western blot analysis of rice embryo extract clearly
showed enhancement of the level of pol B polypeptide in
the water-soaked aged seeds in comparison to its level in
the embryo of freshly harvested seeds (Fig. 3C). Activity
gel assay of partially purified protein sample also
showed high DNA polymerase activity from the protein
sample of 24h water-soaked embryos of 2 years 4
months rice seeds in comparison to dry embryo of fresh
seeds. Through densitometric scanning (Fig. 3B) it has
been found that the ddTTP-sensitive DNA pol activity
in 24 h imbibed embryos of old seeds is ~10-fold higher
than in the viable embryos of 24 h water-soaked current
year seeds (Fig. 3A, comparing lanes 3 and 4). Inhibition
of incorporation of [0->*P]dTMP by ddTTP in lanes 1
and 2 of activity gel analysis was significant and it was
near around 2.5-fold as shown in histogram (lanes 1 and
2 of Fig. 3A).

Western blot analysis of protein extract prepared
from different organs by using polyclonal antibody
against rat DNA polymerase showed high level of 67-
kDa polypeptide with DNA pol B activity in anther and
shoot tips of growing embryo (Fig. 4). Presence of high
level of pol B in developing anther clearly indicates its
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involvement in the events of meiosis. Reports on de-
tection of high level of DNA pol B in rat testis during
spermatogenesis [36] and also in mouse testis [37] are
already available where probable involvement of DNA
pol B in recombination has been claimed. Using anti-
body against mouse DNA pol B, localization of DNA
pol B enzyme was found in the synaptosomal complex
that formed during recombination of chromosomes [38].
Thus, our result of Western blot analysis showing high
level of DNA pol B could be due to the involvement of
the enzyme in DNA recombination during meiosis in
pollen mother cells.

In bovine testis nuclei DNA pol B was found to be an
essential component of BER complex along with other
proteins like uracil-DNA glycosylase, AP, endonuclease,
and DNA ligase. DNA pol B mediated G:U mismatch
correction by BER pathway has been elegantly demon-
strated [10]. Therefore, DNA pol B has been considered
as DNA repairing DNA polymerase, especially short
patch repairing DNA polymerase [39]. Sensitivity of
BER to ddNTPs but not to aphidicolin was also shown
[10,29]. All organisms have developed protective mech-
anism to keep the integrity of their genomes against wide
range of genotoxic effects induced by environmental
factors (UV irradiation, bacterial, and fungal toxin) as
well as by the intermediate products of normal cellular
metabolism (e.g., alkylating and oxidizing agents). BER
was first described in bacteria and later identified and
analyzed extensively in yeast and mammals [40,41].
Unfortunately plant DNA repair machineries with few
exceptions [42] and mechanism are very poorly known
[43,44]. Though BER mechanism has not been demon-
strated in plant system, the presence of other enzymes
has been detected from different plant sources. uracil-
DNA glycosylase and apurinic/apyrimidinic endode-
oxyribonuclease were found in cultured cells of carrot
[45]. These findings suggest that plants do have the en-
zyme components required to perform BER. A cDNA
clone encoding adenine glycosylase was reported from
Arabidopsis [46]. Uracil arises in DNA by two indepen-
dent pathways, first deamination of cytosine to uracil,
which occurs spontaneously [47] or in response to oxi-
dizing chemical agents [48] giving rise to G:U mismatch.
To find out the existence of BER to correct mismatch
and involvement of ddNTP-sensitive rice DNA pol f in
plant system, nuclei were made and nuclear extracts were
prepared from the shoot tips of 72 h grown rice seedlings.
Mismatch repair assay was done following the protocol
of Singhal et al. [10] using two oligonucleotide-duplexes
51bp in length with G:C or G:U mismatch used as
substrate (Fig. 5A). In mismatch oligo-duplex two
strands were complementary to each other except a G:U
mismatch at 22nd position. Thus, the lower strands
containing either C or U at 22nd position from 5'-end
were labeled with 3P and then annealed with equimolar
amounts of upper strand. These oligo-duplexes when

incubated with rice nuclear extract appearance of 21 mer
32P-labeled lower strand due to the actions of uracil
DNA glycosylase and AP; endonuclease, from 51 mer
32P_labeled lower strand were detected only from G:U
mismatch oligo-duplex, by the sequencing gel followed
by autoradiography (Fig. 5B). Results of Fig. 5B indicate
that while oligo-duplex with G:C was used as substrate
no degradation was detectable. Whereas with G:U mis-
match oligo-duplex, the 21 mer *?P-labeled lower strand
product was visible. The uracil base was selectively re-
moved from mismatch oligo-duplex and dCMP was in-
corporated as complementary to the template G, and the
full-length 3?P-labeled 51-mer products appeared. Ad-
dition of ddCTP (100-fold excess of dCTP) along with
dCTP showed accumulation of 21- and 22-mer products,
without formation of 51-mer product, suggesting incor-
poration of ddCTP by DNA pol § enzyme present in the
rice nuclear extract and chain termination. Addition of
aphidicolin to nuclear extract showed no effect on re-
pairing ruling out the possibility of involvement of other
DNA polymerases in the repair reaction. Addition of
antibody against rat DNA pol B which inhibits rice DNA
pol B partially, but significantly, to the nuclear extract
inhibits incorporation of dCMP at 22nd position,
therefore 21-mer products accumulate without appear-
ance of S1-mer products. This also proves the specificity
of the recognition of the rice DNA pol B by the antibody.
The actual mechanism of mismatch repair whether by
removing uracil, the base first and then by removing AP
site, i.e., sugar—phosphate or by removing the UMP
nucleotide, is difficult to detect.

Results presented in this paper clearly provide novel
information on ddNTP-sensitive DNA polymerase from
rice or plant system. Purification of the enzyme confirms
the molecular weight of the enzyme as 67-kDa, as de-
tected by SDS-PAGE followed by silver staining or
Western blot. Recognition by the polyclonal antibody
made against rat DNA polymerase B indicates immu-
nological similarity with the rat pol B. Western blot
analysis revealed the high level of expression of 67kDa
enzyme in developing anther and growing seedlings,
probably due to its involvement in DNA repairing.
Demonstration of BER by rice nuclear extract to correct
mismatch in DNA and involvement of DNA pol B
shows commonality of the basic mechanism to repair
mismatch in DNA and the factors involved in the con-
certed effort, within plant and animal system, suggesting
conservation of the basic mechanism and the structure—
function of the DNA polymerase, whose activity can be
blocked by ddNTPs.
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