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ABSTRACT

The catalytic subunit of human DNA polymerase (pol) δ, p125, was expressed in recombinant
baculovirus-infected insect cells, separated from a baculovirus-encoded DNA polymerase, and was purified
to homogeneity by affinity trapping with a histidine-octapeptide at the C-terminus of p125 as the ligand.
Purified p125 showed DNA polymerase activity resembling conventionally purified calf thymus pol δ.
However, the two differed in four ways: 1) the specific activity of recombinant p125 was one quarter of
the calf thymus pol δ; 2) the recombinant p125 was relatively resistant to aphidicolin; 3) the apparent Km
for dTTP of the recombinant p125 was estimated at 33 µM, 15-fold the value for calf thymus pol δ; and
4) the recombinant p125 was not stimulated by recombinant PCNA, while activity of calf thymus pol δ in-
creased 150-fold in response. Furthermore, PCNA did not stimulate either the p125 incubated with p50, a
small subunit of pol δ, or co-expressed with p50 in insect cells. The full length recombinant p125 migrated
slightly faster than pol δ from human cell lines, Jurkat or HeLa, upon SDS-polyacrylamide gel electro-
phoresis, suggesting a post-translational modification. The results indicate that in vivo assembly of the fully
active complex of pol δ requires factors in addition to p125 and p50 subunits, and/or a post-translational
modification of p125.

Key Words: DNA polymerase δ catalytic subunit, DNA polymerase δ small subunit, proliferating cell
nuclear antigen, recombinant baculovirus, aphidicolin

Abbreviations: CBB, Coomassie brilliant blue; Cdc, cell division cycle; cdk, cyclin dependent kinase; E
coli, Escherichia coli; HRPO-, horse radish peroxydase conjugated-; ID50, dose of reagent that inhibits the
reaction by 50%; m.o.i., multiplicity of infection; MoMLV, moloney murine leukemia virus; PCNA, prolif-
erating cell nuclear antigen; PMSF, phenylmethylsulfonyfluoride; pol, DNA polymerases; RFC, replication
factor C; RT-PCR, reverse transcripted polymerase chain reaction.

INTRODUCTION

In eukaryotic cells, DNA polymerases (pol), designated as pol α, β, γ, δ and ε have been
identified.1) Recently, pol ζ, an error-prone DNA polymerase,2) and pol η3), an error free en-
zyme which is the target of Xeroderma pigmentosum variant type were described. In addition,
two kinds of DNA polymerase-like enzymes, terminal deoxynucleotidyl transferase4) and
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telomerase,5) also appear at a particular stage of development or tissues.6) Of the different
forms, pol α, δ and ε are implicated in chromosomal DNA replication in S phase. Pol α,
complexed with primase, works in the initiation of both leading and lagging strands by forming
initiator RNA-DNA fragments.7) Pol δ elongates both strands using primer DNA.8) Genetic
analysis of yeast showed pol ε to be essential for DNA replication and survival,9) although its
catalytic domain of pol ε is reported to be dispensable for survival.10) At present, pol δ and ε
are thought to function in the elongation fork of DNA replication, but the exact mechanisms
remain to be clarified.

In the present study, we have focused on pol δ. By conventional purification, it is isolated
as a heterodimer composed of a catalytic subunit of 125 kDa (p125) and a small subunit of 50
kDa polypeptide (p50), for example, from calf thymus,11) human placenta12) or Hela cells.13) A
single polypeptide form of pol δ has also been isolated from Drosophila melanogaster,14) and
both single and heterodimeric forms were obtained from mouse cells.15) In Saccharomyces
cerevisie, a third subunit of pol δ was identified.16) and in Schizosaccaromyces pombe, a num-
ber of additional subunits have been found17) Recently, a third subunit of mammalian pol δ,
termed p66, was reported in the homology to the Cdc27 subunit of Schizosaccaromyces pombe
polymerase δ.18) Thus, the subunit composition of pol δ might be more complex than hitherto
thought.

In addition to DNA polymerizing activity, p125 acts as a 3′–5′ exonuclease, which contrib-
utes to its high fidelity.19) Besides its own subunits, pol δ requires a number of accessory mol-
ecules to exert its full activity. Proliferating cell nuclear antigen (PCNA) forms a doughnut-
shaped trimer with a 3.5 nm hole9) and works as the sliding clamp that improves processivity.9)

It also requires replication factor C (RFC) as a clamp loader.9)

Recently, cDNAs of both catalytic and small subunits of human pol δ were cloned. The
former is a 3.5 kb sequence that encodes a polypeptide of 1107 amino acid residues.20) The
primary structure of human pol δ shares conserved regions not only with pol δ from yeast,20)

but also with DNA polymerases of human DNA viruses20) and eukaryotic pol α.20) The catalytic
subunit of pol δ has been expressed using insect cells,21,22) Escherichia coli (E. coli),23) and
mammalian cells24) using recombinant viruses or plasmids. Although active recombinant proteins
have been obtained, a number of questions remain unanswered regarding low specific activity
and lack of stimulation by PCNA. In the present study, characteristics of recombinant human
pol δ p125 expressed in insect cells were compared with those of pol δ purified from calf thy-
mus.

MATERIALS AND METHODS

Materials - Primers for reverse transcription of mRNA and PCR clonings were synthesized by
Amersham Pharmacia Biotech UK Limited (Buckinghamshire, UK). Plasmid pUC18, a GST
fusion expression vector pGEX-4T-1, poly(dA-dT), poly(dA)-oligo(dT), dATP, dTTP and [me-
thyl-3H]dTTP were purchased from the same source. A cDNA library prepared from human pla-
centa was a gift of Medical & Biological Laboratories Co., Ltd. (MBL, Nagoya, Japan). Taq
DNA polymerase and LA taq DNA polymerase were from Takara Shuzo Co. (Kyoto, Japan),
pfu DNA polymerase from Stratagene (La Jolla, CA, USA) and MoMLV reverse transcriptase
from Promaga Co. (Madison, WI, USA). Bacmid and transfer vectors, pFastBac 1 and
pFastBacHb, were from Gibco BRL Co. (Rockville, MD, USA). The pFastBac 1 was modified
to express recombinant protein with an additional 8 histidine-tag at the C-terminus by inserting
5′-GAGCTAGCACATCACCACCATCACCATCATCACTAAGCT-3′ between XhoI and HindIII
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sites (pFastBac-c8his). Restriction enzymes were from New England Biolabs (Hertfordshire,
UK). Cobalt-Sepharose 6B was from Clonetech (Palo Alto, CA, USA) and phosphocellulose
from Whatman Co. (Springfield Mill, UK). Grace’s insect medium was from Gibco
Lifetechnologies Inc. (Rockville, MD, USA). Homogeneously purified calf thymus DNA poly-
merase δ25) was a generous gift of Dr. Toshiki Tsurimoto at the Nara Institute of Science and
Technology (Nara, Japan).
Recombinant baculoviruses encoding p125, p50, and PCNA - cDNAs coding for full length of
p125, p50 and PCNA were isolated from the cDNA human placenta library by PCR cloning.
Primers were designed based on the reported sequences of human p125,20) human p5026) and
human PCNA.27)

The p125 cDNA (nucleotides 30-3,420) was amplified by PCR using a primer set, 5′-
TGTTTGAAGCGGGATGGATG-3′ and 5′-TATTAATTCTCCCTGGTCCC-3′, covering the
whole coding sequence. The PCR product, purified with a QIAquick Gel Extraction Kit
(QIAGEN, Hilden, Germany), was inserted into the SmaI site of pUC18 after blunting. The
coding sequence was excised with BamHI and EcoRI and inserted into a transfer vector,
pFastBac1. After sequencing, this transfer vector (pFastBac-p125) was corrected for the se-
quence involved in the core domains according to the genomic sequence by Chung et al.31) as
described in the RESULTS. Then the corrected pFastBac-p125 was transfected into an E. coli
strain, DH10bac competent cells (Gibco BRL Co.), containing both bacmid and a helper plas-
mid. Tansposition of a sequence coding p125 to the bacmid occurs during incubation. A single
colony from DH10bac containing the recombinant bacmid, designated as bacmid-p125, was cul-
tured in 2 ml of LB medium at 37°C overnight, and the bacmid-p125 DNA was isolated by
alkaline miniprep. After the insert size was confirmed by PCR, it was transfected into Sf9 in-
sect cells for the expression of full length of p125. Alternatively, the coding sequence of p125
was introduced into another bacmid to express protein carrying a histidine-octapeptide at the
C-terminal. Full length p125 (43-3,363 nucleotides) without a stop codon was amplified
by PCR using the corrected pFastBac-p125 as a template and a primer set ,  5 ′-
ATGGATGGCAAGCGGCGG-3′ and 5′-CCAGGCCTCAGGTCCAGG-3′. Reaction was carried
out for 10 cycles with high fidelity pfu DNA polymerase. The bacmid-p125-c8his, encoding
p125 carrying a histidine-octapeptide at the C-terminal, was constructed with this PCR product.

The cDNA for p50 (55-1,504 nucleotides) was amplified by PCR using a primer set, 5′-
ACCAAGCAAGTCAGGAGTGT-3′ and 5′-AACCACTTTTTTGAGTCAGGG-3′, cloned in
pUC18, excised, and then transferred to a transfer vector as described for p125. We used
pFastBacHTb for this purpose to make a product carrying a histidine hexamer at the N-termi-
nal. Transposition of the coding region to the bacmid was carried out as described above for
p125, and a recombinant bacmid, bacmid-p50-n6his, was obtained

The cDNA for PCNA (66-1,102 nucleotides) was cloned by PCR using a primer set, 5′-
AGACTTTCCTCCTTCCCGC-3′ and 5′-CCAGATCAGACTTTGGACTTT-3′, inserted into
pUC18, excised, inserted into another transfer vector, pFastBac 1, to express a full length pro-
tein without any histidine-tag. By transposition into a bacmid as above, a recombinant bacmid,
bacmid-PCNA, was obtained.

The PCR conditions were: 94°C, 1 min; 58°C, 1 min; 72°C, 3 min; 35 cycles for p125, and
94°C, 1 min; 58°C, 1 min; 72°C; 1 min; 35 cycles for p50 and PCNA, with LA taq DNA
polymerase. Nucleotide sequences of cloned cDNA were determined using a DNA sequencer,
ABI PRISMTM 377 (Applied Biosystem, Inc., Foster City, CA, USA) with appropriate synthetic
primers.
Transfection of Sf9 cells with recombinant bacmid DNA - The three kinds of bacmid DNA en-
coding p125, p50, and PCNA were transfected into Sf9 cells according to the supplier’s in-
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struction manual, in the form of DNA-lipid complex (Gibco BRL Co.). The baculoviruses (de-
signed as Acp125, Acp50, AcPCNA respectively) in culture medium, harvested after 7 days
incubation, were infected with Sf9 cells growing in culture flask (75 cm2) to amplify the virus
titer to 108 plaque forming units/ml. Sf9 cells, grown to confluence in culture flasks (75 cm2),
were infected with baculoviruses at a multipicity of infection (m.o.i.) of 10. In some experi-
ments, baculovirus harbouring p125 or p50 carrying a histidine tag at the C-terminal or N-ter-
minal (desinged as Acp125-c8his and Acp50-n6his) were co-infected into Sf9 cells simulta-
neously at an m.o.i. of 5. Cells were harvested 48 hours postinfection by centrifugation at 1200
× g, and washed twice with ice-cold Tris-buffered saline (25 mM Tris-HCl, 0.15M NaCl, pH
7.5).
Purification of recombinant p125 carrying a histidine-tag - The cells (8 × 107) infected with
Acp125-c8his were harvested from 7 flasks, resuspended in 7 ml buffer A (50 mM Tris-HCl, 2
mM EDTA, 10 mM sodium bisulfite, 1 mM phenylmethyl-sulfonyfluoride (PMSF), 1 mM
dithiothreitol, 0.2 M sucrose, pH 7.5) and sonicated on ice three times, each for 10 sec at 50
W. After centrifugation at 25,000 × g for 10 min, the resulting supernatant was loaded onto a
phosphocellulose column (1 × 5 cm, P1, Whatman) equilibrated with buffer A. After washing
with buffer A, the column was eluted with 0.2 and 0.5 M NaCl in buffer A, successively. All
fractions were subjected to Western blotting with an anti-p125 rabbit polyclonal antibody, and
the positive fractions were pooled and dialyzed against 2 liters of buffer B (20 mM Tris-HCl,
1 mM PMSF, 0.1 M NaCl, 0.2 M sucrose, pH 8.0) for 2 h at 4°C. The dialyzed fraction,
supplemented with 2 mM imidazol, was applied to a cobalt-Sepharose 6B column (1 × 5 cm)
equilibrated with buffer B. The column was washed with buffer C (20 mM Tris-HCl, 1 mM
PMSF, 0.25 M NaCl, 15 mM imidazol, pH 7.0), and then eluted with buffer D (20 mM Tris-
HCl, 0.1 M NaCl, 50 mM imidazol, pH 8.0). Fractions of 2 ml were collected and subjected
to SDS-PAGE followed by Western blotting. After dialysis against buffer E (50 mM Tris-HCl,
2 mM 2-mercaptoethanol) containing 50% glycerol, fractions were assayed for DNA polymerase
δ activity.
Purification of recombinant p50 carrying a histidine-tag - The cells (4 × 107) infected with
Acp50-n6his were pelleted and lysed, and an extract was made by the same procedures as de-
scribed for p125. The extract (4 ml) was loaded onto a phosphocellulose column equilibrated
with buffer A. Then, pass-through fractions containing expressed p50 were collected, mixed
with 2 mM imidazol, and then applied to a cobalt-Sepharose 6B column (1 × 5 cm) equili-
brated with buffer B. After washing the column with buffer C, the proteins were eluted with
buffer D, and 2 ml fractions were collected. After dialysis against buffer E containing 50%
glycerol, fractions were subjected to SDS-PAGE followed by Western blotting using an anti-
penta histidine oligopeptide mouse monoclonal antibody (QIAGEN).
Purification of recombinant PCNA - Cells (4 × 107) infected with the AcPCNA were collected,
lysed, and extracted using the same procedures as described above. The extract (4 ml) was dia-
lyzed against buffer E containing 50 mM NaCl, then loaded onto a FPLC HR 5/5 Mono Q
column (Amersham Pharmacia Biotech) equilibrated with buffer E containing 50 mM NaCl.
Proteins adsorbed to the column were eluted with a linear gradient (25 ml) of NaCl from 50 to
500 mM in buffer E. Fractions (1 ml) were collected, dialyzed against buffer E containing 50%
glycerol, and subjected to SDS-PAGE followed by the Western blotting using an anti-PCNA
mouse monoclonal antibody (MBL).
Assays of DNA polymerase activity - Pol δ activityδwas measured in a reaction mixture (25 µl)
containing 40 mM HEPES-KOH (pH 6.5), 5 mM MgCl2, 2 mM DTT, 0.03% Triton X-100,
2% glycerol, 80 µg/ml bovine serum albumin, 50 µM dATP, 50 µM [3H]dTTP (200 cpm/
pmol), and 45 µM poly(dA-dT) co-polymer or 40 µg/ml poly(dA)-oligo(dT)

12-18
 (28). After in-
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cubation for 60 min at 37°C, acid-insoluble radioactivity was assessed (29). One unit of DNA
polymerase catalyzes the incorporation of 1 nmol dNTPs into DNA at 37°C for 60 min under
the conditions described above.
Antibody against the pol δ catalytic subunit - A cDNA encoding the N-terminal region
between 43 and 1063 nucleotides for human p125 (20) was cloned by PCR from Raji cell
cDNA l ib ra ry ,  us ing  a  p r imer  se t ,  5 ′ -ATGGATGGCAAGCGGCGG-3 ′  and  5 ′ -
CAGCGAGCAGATCTGGATG-3′. The products were cloned in pUC18 after blunting, and the
coding sequence was inserted into pGEX-4T-1, which was then introduced into E. coli BL21.
The GST-fused p125 was expressed in the E. coli by induction with 0.1 mM isopropyl-β-D-
thiogalactoside. Frozen E. coli cell pellets were lysed in PBS containing 1% Triton X100, 1
mM PMSF, 1 mM benzamidine, 2 µM pepstatin, 5 µM leupeptin by sonication for 10 sec, 3
times, at 50 W on ice. A soluble extract was obtained by centrifugation, and loaded on a glu-
tathione-Sepharose column (Amersham Pharmacia Biotech). The column was washed and the
adsorbed GST-fused p125 fragment was eluted with 10 mM glutathione in 50 mM Tris-HCl,
pH 9.6. After dialysis against PBS, 100 µg of the purified p125-GST fusion protein was in-
jected 4 times into Nippon white rabbits intraperitoneally with Freund’s incomplete adjuvand
every other week. The rabbits were sacrificed 3 days after the last immunization. Rabbit IgG
against p125 was affinity-purified using a column of Sepharose CL-4B conjugated with p125
GST fusion protein. The affinity purified anti-p125 was then passed through Sepharose CL-4B
conjugated with GST protein to deplete antibodies against GST.
Western blotting - Protein samples were boiled for 5 min in a SDS-sample buffer [50 mM
Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.01% bromophenol blue]
and subjected to SDS-PAGE, then electrophoretically transferred to polyvinilidene difluoride
(PVDH) membranes at 200 mA at room temperature. After the membranes were immersed in a
blocking solution [10 mM Tris-HCl (pH 7.5) 150 mM NaCl, 10% skim milk] at 37°C for 1 h,
they were incubated with either an anti-p125 rabbit polyclonal antibody, an anti-penta histidine
oligopeptide mouse monoclonal antibody, or an anti-PCNA mouse monoclonal antibody, at
room temperature for 1 h. After washing 5 times with washing buffer [10 mM Tris-HCl (pH
7.5), 150 mM NaCl], the membranes were incubated with horse radish peroxidase-conjugated
(HRPO-) goat anti-rabbit IgG (BECKMAN COULTER, Miami, Florida, USA), or HRPO-goat
anti-mouse IgG (BECKMAN COULTER), at room temperature for 1h. Expressed polypeptides
were detected with the ECL system (Amersham Pharmacia Biotech).

RESULTS

Nucleotide sequence of the cDNA for pol δ catalytic subunit p125 - The nucleotide sequence of
the cDNA for human pol δ catalytic subunit, p125, obtained by PCR was determined. As sum-
marized in Table 1, the sequence obtained here differed at several points from those described
by other groups.20,30,31) Among 21 different nucleotides, 8 would result in amino acid changes.
Compared with the genomic sequence by Chung et al.,31) our sequence differed at Arg-119,
Ser-173, Cys-360, Lys-648, and Ile-736. We corrected our sequence at three sites which are
involved in the core region of pol δ,20) by means of site-directed mutagenesis (GeneEditorTM,
Promega). The corrections made were: C-1079 to G (Ser to Cys), G-1942 to A (Glu to Lys),
and C-2147 to T (Thr to Ile), as shown in Table 1. Corrections were confirmed by sequencing.
Nucleotide sequences of cDNA for p50 and PCNA - With the cDNA for p50, there was no dif-
ference in nucleotide sequence between our clone and that published.26) With our PCNA clone,
one substitution was found: the guanine, at 350 nucleotides downstream from ATG start codon,
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was adenine in the published report,27) and this substitution would result in an amino acid
change (Lys-117 to Arg). This sequence was not corrected because the amino acid residue is
not involved in the interdomain connector loop of PCNA (amino acids 119–133) which partici-
pates in direct interactions with pol δ.32)

Purification of active p125 catalytic subunit - Steps in purification of a recombinant, full-length
p125 protein carrying a histidine-tag at the C-terminal are summarized in Table 2. The p125,
expressed in insect cells, was largely insoluble, and only approximately 1% could be recovered
in soluble form after extraction (data not shown). Eluted protein from the cobalt-Sepharose 6B
column (MATERIALS AND METHODS) exhibited the expected molecular mass (125 kDa)
upon SDS-PAGE (Fig. 1A), and was reactive with an anti-human pol δ p125 rabbit polyclonal
antibody (Fig. 1D). The protein band was also immunodetected by an anti-penta histidine
oligopeptide mouse monoclonal antibody (data not shown). Fractions showed pol δ activity in
proportion to the protein amounts (Fig. 1G). The purity of recombinant p125 protein was ap-
proximately 95% as determined by Coomassie Brilliant Blue (CBB) staining of bands in SDS-
PAGE. By this procedure, 17 µg of p125 was obtained from 8 × 107 Sf9 cells infected with
Acp125-c8his (MATERIALS AND METHODS).

Possible contamination with baculovirus DNA polymerase in the purified p125 fraction was
examined by a control experiment using Sf9 cells infected with a baculovirus encoding the
non-catalytic subunit. The crude extract of cells infected with Acp50-n6his also showed high
DNA polymerase activity. This control extract was fractionated by the column chromatography
with both phosphocellulose and cobalt-Sepharose 6B, in the same way as for p125-expressing
cells, and the corresponding fractions were measured with respect to pol δ activity. As shown
in Fig. 1G, the eluated fractions from the cobalt-Sepharose 6B column of the control sample
did not show any DNA polymerase activity. Thus, the activity of purified p125 fraction is
solely due to the expressed pol d and not to any contaminating viral DNA polymerase.
Purification of p50 - Approximately 10% of recombinant p50 protein carrying histidine-tag be-
came soluble in the extract from the Acp50-n6his infected Sf9 cells, as assessed by CBB stain-
ing of bands in SDS-PAGE (data not shown). The p50 protein was purified by means of the
cobalt-Sepharose 6B column as described in the MATERIALS AND METHODS. Purified p50
migrated as a 50 kDa protein on the SDS-PAGE, and reacted with an anti-penta histidine
oligopeptide mouse monoclonal antibody (Fig. 1, B and E). By this procedure, 75 µg of re-
combinant p50 was obtained from 4 × 107 cells infected with the Acp50-n6his. The purity of
the final fraction was over 95%.
Purification of PCNA - Recombinant PCNA, expressed in the AcPCNA infected Sf9 cells, was
more soluble than p125 or p50. Approximately 70% of expressed PCNA was solubilized by the
extraction (data not shown). The expressed PCNA was purified by a conventional procedure as
described in the MATERIALS AND METHODS and migrated at 35 kDa upon SDS-PAGE as
a single band that reacted with an anti-PCNA mouse monoclonal antibody (Fig. 1, C and F).

Table 2. Purification of recombinant p125
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Approximately 300 µg of PCNA was recovered from 4 × 107 cells infected with the AcPCNA.
The purity of the final preparation was over 95%.
Activity of recombinant p125 - The specific activity of the purified recombinant p125 protein
was 3,500 units/mg protein (Table 2), lower than that of calf thymus pol δ purified by a con-
ventional method (15,000 units/mg protein, in the presence of PCNA). While the recombinant
p125 alone showed activity, the conventionally purified calf thymus pol δ was almost inactive
in the absence of PCNA. The recombinant PCNA greatly stimulated the calf pol δ (163-fold),
but failed to stimulate the recombinant p125 (Table 3).

Fig. 1. Purification of recombinant proteins expressed in baculovirus infected Sf9 cells. Sf9 cells were infected
with baculoviruses encoding p125, p50, and PCNA, and the overexpressed proteins were purified as de-
scribed in the MATERIALS AND MEHTODS. SDS-PAGE patterns at the purification steps of p125
catalytic subunit (panels A and D), p50 small subunit (panels B and E) and PCNA (panels C and F) are
shown. Protein bands were detected by CBB staining (panels A, B, C) and immunoblotting using anti-
p125 (panel D), anti-histidine-tag (panel E), and anti-PCNA (panel F) antibodies. Sizes (kDa) of molecu-
lar weight standards (Bio Rad, Hercules, CA, USA ) are indicated on the left in the figure. Lane 1 in
panels A and D: crude extract from Sf9 cells infected with Acp50-n6his as negative controls; lane 1 in
panels B, C, E, and F: crude extract from Sf9 cells infected with Acp125-c8his. Lane 2 in panels A and
D: crude extract from Sf9 cells infected with Acp125-c8his. Lane 2 in panels B and E: crude extract
from Sf9 cells infected with Acp50-n6his. Lane 2 in panels C and F: crude extract from AcPCNA in-
fected Sf9 cells. Lane 3 in all panels, phosphocellulose fractions.  Lanes 4 to 13, in panels A and D:
fractions 1 to 10 eluted from cobalt Sepharose 6B. Lanes 4 to 10 in panels B and E: fractions 1–7
eluted from cobalt-Sepharose 6B. Lanes 4 to 11 in panels C and F: fractions 32 to 39 eluted from Mono
Q. Panel G: pol δ activity of p125 fractions in panel A (solid circles). As control, Acp50 infected Sf9
cells were proccessed in the same way, and the fractions from cobalt-Sepharose 6B column were assayed
(open circles).
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Effects of inhibitors - The effects of various inhibitors on the recombinant p125 were studied
in comparison with the conventionally purified calf thymus pol δ. A high concentration of KCl
inhibited the reactions of both in the same manner (Fig. 2A). Both were also strongly inhibited
by an SH-blocking reagent, 1 mM N-ethylmaleimide (Fig. 2B). On the other hand, a difference
was observed in sensitivity to aphidicolin, a potent inhibitor of replicative DNA polymerases,
pol α, δ, and ε.33) The ID50 with the conventionally purified pol δ was 2.5 µg/ml, against 10
µg/ml (4 times) with the recombinant p125. The aphidicolin resistance of p125 was not af-
fected by the addition of p50 and PCNA to the assay system (Fig. 2C).
Effects of small subunit p50 on activity of p125 - Since the recombinant p125 was active in
the absence of the small subunit p50, the purified p50 was mixed with p125 to see whether
there would be further stimulation. As shown in Table 3, the p50 did not affect the activity of
p125. Furthermore, overnight incubation of p125 with p50 at 0°C did not enhance the activity
(data not shown).

Table 3. Effects of p50 and PCNA on activity of recombinant p125

Fig. 2. Effects of inhibitors on the activity of recombinant p125 and calf thymus pol δ. Recombinant p125
(solid circles) and calf thymus pol δ (open circles) were assayed in the presence of KCl (panel A), NEM
(panel B) and aphidicolin (panel C) at the concentrations indicated. The calf thymus pol δ was assayed
in the presence of PCNA (0.6 µg/assay). In panel C, the recombinant p125 was assayed in the presence
of PCNA (0.6 µg/assay) and p50 (0.6 µg/assay) (solid diamonds).
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Effects of PCNA - Unlike the conventionally purified pol δ, the recombinant p125 was not
stimulated by PCNA. The simultaneous addition of both p50 and PCNA also showed no stimu-
lation of the activity (Table 3). In contrast, the activity of calf thymus pol δ was stimulated
163-fold by the same recombinant PCNA at the concentration of 1.2 µg/assay (Table 3). In an
effort to reconstruct the PCNA-dependent stimulation of recombinant pol δ, Sf 9 cells were co-
infected with both Acp125-c8his and Acp50-n6his, in the expectation that large and small sub-
units would form a heterodimer in vivo. It has been reported that the co-infection of these two
results in a heterodimer that is stimulated by PCNA.34) From co-infected Sf9 cells, we purified
p125 (p125 fraction) and p50 (p50 fraction) by procedures involving phosphocellulose and the
cobalt-Sepharose 6B columns described above. It was found that the expressed p50 did not
form a complex with p125 sufficient to persist during the purification. The p50 was separated
from p125 almost completely at the step of phosphocellulose column, with p125 being
adsorbed, while p50 passed through (Fig. 3). Although trace amounts of p50 or p125 were de-
tected by Western blotting in the p125 or the p50 fraction, respectively, after the cobalt-
Sepharose 6B column chromatography (data not shown), the molar ratio between p125 and p50
was far from the stoichiometry of the heterodimer (Fig. 3). These fractions thus obtained were
also refractory to the effects of PCNA (Table 3).
Enzyme kinetics - Parameters of enzyme kinetics were assessed using the recombinant p125,
and were compared with those of calf thymus pol δ (Table 4). Km values for the template-
primer, poly(dA)-oligo(dT), were found to be identical, i.e., 3.6 µg/ml, corresponding to 7.2
µM in deoxynucleotides (Table 4). In contrast, the Kms for the substrate, dTTP, differed mark-
edly, the recombinant p125 having a value of 33 µM, which was 15 times higher than that
obtained with the calf thymus pol δ (2.2 µM). This was not affected by the addition of p50

Fig. 3. Purification of recombinant proteins co-expressed in Acp125-c8his and Acp50-n6his coinfected Sf9 cells.
Resolved samples with SDS PAGE were detected by Coomassie Brilliant Blue staining. Lane 1, purified
proteins from the pass through fraction from phosphocellulose (p50 fraction). Lane 2, purified proteins
from the fraction eluted with 500 mM NaCl (p125 fraction).



109

RECOMBINANT HUMAN DNA POLYMERASE δ

and PCNA (Table 4).
Electrophoretic behavior of recombinant p125 - A crude extract was prepared from the Acp125
infected Sf9 cells, which express a full length of p125 without any fusion partner, and sub-
jected to PAGE in parallel with that prepared from human Jurkat cells, followed by Western
blotting with an anti-p125 antibody. As shown in Fig. 2, the pol δ catalytic subunit in Jurkat
cells migrated as a doublet bands, the major band at the position corresponding to 125 kDa,
and the minor one, at 120 kDa. The recombinant p125 protein that was expressed in Sf9 cells
migrated at positions corresponding to the 120 kDa, the minor band of Jurkat cell pol δ cata-
lytic subunit. The difference in the electrophoretic mobility between the recombinant p125 and
the naturally occurring pol δ was also seen in exactly the same manner with Hela cell pol δ
(data not shown). These results suggest that p125 is post-translationally modified in mammalian
cells.

Fig. 4 Electrophoretic mobility of the recombinant p125. Crude extract from Jurkat cells (lane 1), Acp125 in-
fected Sf9 cells (lane 2) were subjected to PAGE and stained with an anti-p125 antibody as described in
the MATERIALS AND MEHTODS. Sizes (kDa) of molecular weight standards (Bio Rad, Hercules, CA,
USA) are indicated on the left in the figure.

Table 4. Km values of recombinant p125 (mM)



110

Susumu Suzuki et al.

DISCUSSION

We have studied the functions of DNA polymerases from the viewpoints of regulation by
interaction with nuclear proteins,35-38) inhibition28,39,40) and fidelity of replication.41-43) In the
present study, we expressed the catalytic subunit of pol δ p125, in an insect cell line Sf9 in
large quantities. The p125 protein was expressed efficiently in Sf9, but only a relatively small
proportion could be solubilized by extraction and purified by means of affinity column chroma-
tography. Efforts to renature larger amounts of insoluble p125 to an active form were not suc-
cessful. The baculovirus-insect cell expression system also presents difficulty regarding purifica-
tion of expressed enzymes such as DNA polymerase, since the infected cells contain a number
of enzymes and proteins required for viral reproduction including viral DNA polymerase. The
latters must be separated from the expressed recombinant p125. For this purpose, the histidine-
tag affinity purification method was successfully applied here, and the purified p125 showed
DNA polymerase activity when assayed in the pol δ reaction mixture. However, in comparison
with the pol δ purified from calf thymus, it demonstrated a lower specific activity, resistance to
inhibition by aphidicolin, a much higher Km value for dTTP, and a lack of response to PCNA.
It has been reported that the specific activity of recombinant p125 expressed in insect cells is 5
or 14% of that of the native enzyme.21,22) The p125 expressed in either insect cells21) or E.
coli.23) similarly lacked the typical response to PCNA. The higher Km value for dTTP is also
consistent with the results of Zhou et al.21)

Aphidicolin is known to inhibit pol α, δ and ε33) and the herpes simplex virus DNA poly-
merase,44) by competing with dNTP.45) Although the chemical structure of aphidicolin differs
from that of dNTP, it binds to the enzyme at a site close to the location of dNTP binding.46)

The 15 times higher km value for dTTP of the recombinant p125 (Table 4) may mean that
post-translational modification of the enzyme protein in insect cells differs from that of the
natural enzyme in mammalian cells. In vivo, pol δ exists as a heterodimer composed of p125
and p50, and this may affect the conformation of the catalytic subunit, p125. Misfolding might
be expected to decrease its affinity for substrates, causing a higher Km for dTTP and lower
inhibition by aphidicolin.

A lack of response to PCNA could be due to lack of the small subunit, p50, as reported by
Zhou et al.34) In our present study, however, stimulation by PCNA was not apparent either with
addition of p50 and overnight incubation, or the co-expression of baculoviruses coding for the
two proteins (Table 3). Analysis of enzyme samples after incubation or co-expression did not
show any evidence of formation of stable complexes between p125 and p50 (Fig. 3), and this
might be a prerequisite for PCNA responsiveness. Additional factors may be required for the
formation of a mature pol δ protein complex. According to Zuo et al.,17) the pol δ complex of
Saccharomyces pombe is composed of 5 subunits, p125 (catalytic) and p55 (Cdc1, correspond-
ing to p50 of human pol δ), p54 (Cdc27), p42 (homologous to budding yeast GCD14), and
p22 (Cdm1, which can rescue cdc1ts). Recently, a subunit of mammalian pol δ, termed p66,
was found, having homology with the Cdc27 subunit of Schizosaccaromyces pombe pol δ.18)

Some factors which are missing in the recombinant pol δ-expression system may be required
for the assembly of pol δ complex, though mammalian counterparts of p42 or Cdm1 have yet
to be identified.

Another possible reason for different characters is a post-transcriptional modification like
protein phosphorylation. The catalytic subunit of pol δ from human Jurkat cells showed doublet
protein bands on PAGE, and the recombinant p125 migrated to the same position as the fast-
migrating minor band. The Acp125 encodes a full-length p125 protein, from the first ATG to
the stop codon. Histidine-tag affinity purification ensures the intact C-terminal. Since the prod-
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uct is a homogeneous peptide in size, partial cleavage of the N-terminal is also unlikely. It has
been reported that pol δ p125 is phosphorylated in vivo by cyclin E/cdk2 and cyclin D3/
cdk4,22) and that this is maximal around the G1/S transition. With the human p125, there are 6
potential target sites for cyclin/cdk which have (S/T)P motifs, at Ser-207, Ser-788, Thr-83, Thr-
150, Thr-238, and Thr-640. Phosphorylation of p125 at these sites might cause slower migra-
tion of pol δ from mammalian cells, similar to the case of the phosphorylated retinoblastoma
protein.47)

In conclusion, the assembly of pol δ complexes in cells may be regulated by multiple fac-
tors, and function may depend on post-translational modification. The proper assembly may be
essential for a functional pol δ that is stimulated by PCNA and sensitive to aphidicolinδ
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