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ABSTRACT: A recombinant plasmid for expression of rat DNA polymerase p was constructed in a plas- 
mid/phage chimeric vector, pUC 1 18, by an oligonucleotide-directed mutagenesis technique. The insert 
contained a 1005 bp coding sequence for the whole rat DNA polymerase p. The recombinant plasmid was 
designed to use the regulatory sequence of Escherichia coli lac operon and the initiation ATG codon for 
0-galactosidase as those for DNA polymerase p. The recombinant clone, JMpp5, obtained by transfection 
of E. coli JM109 with the plasmid, produced high levels of DNA polymerase activity and a 40-kDa polypeptide 
that were not detected in JM109 cell extract. Inducing this recombinant E .  coli with isopropyl ,&thio- 
galactopyranoside (IPTG) yielded amounts of 40-kDa polypeptide as high as 19.3% of total protein. Another 
recombinant clone, JMpP2- 1, which was constructed by an oligonucleotide-directed mutagenesis to use the 
second ATG codon for the initiation codon, thus deleting the first 17 amino acid residues from the amino 
terminus, produced neither high DNA polymerase activity nor the 40-kDa polypeptide. The evidence suggests 
that this amino-terminal structure is important for stability of this enzyme in E. coli. The DNA polymerase 
was purified to homogeneity from the IPTG-induced JMpP5 cells by fewer steps than the procedure for 
purification of DNA polymerase 0 from animal cells. The properties of this enzyme in activity, chroma- 
tographic behavior, size, antigenicity, and also lack of associated nuclease activity were indistinguishable 
from those of DNA polymerase 0 purified from rat cells, indicating the identity of the overproduced DNA 
polymerase in the JMpP5 and the rat DNA polymerase 0. 

Eukaryo t i c  cells as well as prokaryotes contain multiple 
species of DNA polymerases (Fry & Loeb, 1986). Those of 
animal cells, designated DNA polymerase a, p, and y, are 
involved in different DNA synthesizing reactions (Fry & Loeb, 
1986). These DNA polymerases have common reaction 
properties: recognition of base on template nucleic acid, 
recognition of the 3’-OH of primer, binding of dNTP with 
complementary base to template, and formation of a phos- 
phodiester bond between the 3’-OH of primer and the 5’-a- 
phosphate of dNTP. Except for Escherichia coli DNA PO- 
lymerase I, little has been clarified in the way of how these 
functions are related to structures of DNA polymerase mol- 
ecules. The lack of knowledge about the structures of DNA 
polymerase has been caused mainly by difficulty in the 
large-scale preparation of pure enzymes and in the method 
for modification of the enzyme structures. 

Of three eukaryotic cellular polymerases, DNA polymerase 
p, which has been suggested to be involved in DNA repair (Fry 
& Loeb, 1986), appears to be the most useful in elucidating 
the structure-function relationships. The important reasons 
are that DNA polymerase p is the smallest in size among all 
known DNA polymerases, and the active enzyme consists of 
a single polypeptide of about 40 kDa (Yamaguchi et al., 1980b; 
Tanabe et al., 1979; Stalker et al., 1976; Chang, 1973; Wang 
et al., 1974). Furthermore, this enzyme is different from 
prokaryotic DNA polymerase I and I11 in that it does not 
contain intrinsic exonuclease (Wang et al., 1974; Kunkel et 
al., 1978; Chang & Bollum, 1973). In addition, the reaction 
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mechanism of DNA polymerase p is highly distributive 
(Chang, 1975; Bambara, 1978; Matsukage et al., 1981), in 
contrast to DNA polymerase a (Willani et al., 1981; Das & 
Fujimura, 1979) and y (Matsukage et al., 1981; Yamaguchi 
et al., 1980a). These simplicities in the structure and reaction 
properties of DNA polymerase p have encouraged us to study 
this enzyme. 

Previously, we had obtained the cDNA clone for the rat 
DNA polymerase p and suggested the presence of a 954-nu- 
cleotide coding region for this enzyme (Zmudzka et al., 1986). 
More recently, we have analyzed the structural organization 
of the 5’-terminal region of the rat DNA polymerase 6 gene 
and transcription initiation sites (Yamaguchi et al., 1987). By 
combining this result with that obtained with the cDNA, we 
suggested a 1005 bp complete coding sequence for a poly- 
peptide with 335 amino acid residues (Matsukage et al., 1987) 
instead of the 3 18 amino acid residues that were previously 
suggested by the cDNA sequence (Zmudzka et al., 1986). In 
the present work, we constructed a recombinant plasmid that 
carried the complete coding region and used it to transform 
E.  coli. The DNA polymerase produced in the recombinant 
was indistinguishable from the rat DNA polymerase p. 
Furthermore, we employed an oligonucleotide-directed mu- 
tagenesis technique to delete 17 amino acid residues from the 
amino terminus of the enzyme and found that this region was 
important for stability of the enzyme molecule in E .  coli. 

MATERIALS AND METHODS 
Construction of Expression Plasmids and Recombinant E.  

coli. Recombinant plasmids pUC9-1OF and pUC9-10s were 
prepared previously and contain the 437-bp 5’-terminal frag- 
ment and the 764-bp 3’-terminal fragment, respectively, of the 
1197 bp cDNA for rat DNA polymerase 0 (Zmudzka et al., 
1986). Plasmid pUC118, phage M13K07, E. coli strains 
MV1304 [A(lac-proAB), thi, rpsL (strep‘), erdA, sbcB15, 
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hspR4, (srl-recA) 306::TnlO (tet‘) F’: traD36, proAB, lacPZ 
M15)] and JM109 ((“1, endA1, gyrA96, thi, hsdR17, 
supE44, relAl, A(1ac-pro AB9) F’: traD36, proAB, lac19Z 
MlS)] were purchased from Takara Biotec Co. Synthetic 
oligodeoxynucleotides were made by the phosphaamidine 
method using a nucleic acid synthesizer (Nippon a n o n ) .  

The procedure for the construction of expression plasmids 
is illustrated in Figure 1. The 437-bp cDNA fragment of 
pUC9-1OF was purified by EcoRI digestion, agarose gel 
electrophoresis, and phenol extraction. This fragment was then 
ligated at the EcoRI site of pUCll8 and was used to transfect 
E. coli MV 1304. Transformants were selected from a plate 
containing 50 pg/mL ampicillin by colony hybridization using 
the cDNA probe. The orientation of cDNA inserts was de- 
termined by restriction mapping; clones containing cDNA in 
correct orientation were Mated. The recombinant E. coli was 
grown and infected with helper phage MV13K07. Progeny 
phages containing the recombinant plasmid DNA in a sin- 
gle-stranded circular form were recovered, and DNA was 
purified by phenol extraction. 

In order to construct a recombinant plasmid containing the 
complete amino-terminal structure of DNA polymerase @ 
molecule, we employed an ol igonucldedimted mutagenesis 
originally reported by Gillam et al. (1980) with modifications 
(Figure 1C). We prepared a synthetic 30-mer in which the 
5’-terminal 13 nucleotides were complementary to the region 
extending from the ribosome-binding site (Shine-Dalgamo 
sequence) to the first ATG of the E. coli &galactosidase gene; 
the 3’-terminal 1 1  nucleotides were complementary to the 
5’-terminal sequence of the DNA polymerase @ cDNA. 
Furthermore, between the 13-mer and the 1 l-mer, a 6-nu- 
cleotide segment that was complementary to the 5’-terminal 
coding sequence lacking in cDNA was added to obtain the 
complete coding sequence for DNA polymerase 8. By this 
procedure, the initiation codon for lac Z gene was converted 
into that for rat DNA polymerase @, keeping exactly the same 
distance between the Shine-Dalgarno sequence and the ini- 
tiation ATG codon in the lac gene. 

Singlestranded circular DNA (0.9 p g )  and phosphorylated 
30-mer oligonucleotide (7 ng) in 10 pL of buffer containing 
120 mM NaCl, 30 mM tris(hydroxymethy1)aminomethane 
hydrochloride (Tris-HCl), pH 7.9, 6 mM MgC12 and 10 mM 
@-mercaptoethanol were heated in a sealed capillary tube for 
1 min at 100 OC. Incubation was then continued for 3 h as 
the temperature was gradually lowered from 60 to 28 OC. The 
solution was transferred to a plastic tube and was mixed with 
1.6 p L  each of 2 pM dATP, dGTP, dClT, dlTP, and rATP, 
followed by 1 pL of DNA polymerase I Klenow large fragment 
(80 units) and 1 pL of T4 DNA ligase (5000 units). This 
mixture was incubated at 28 OC for 2 h; the reaction was then 
terminated by adding 3 pL of phenol. After extraction with 
ether 3 times, an aliquot (2 wL) containing heteroduplex DNA 
was used for transformation of E. coli HBlOl by a calcium 
chloride procedure (Maniatis et al., 1982). The trans- 
formant-containing mutagenized sequence was seleeted by 
colony hybridization using a 3ZP-labe.led 30-mer as a probe. 
Colony hybridization was performed by the method of 
Grunstein and Hogness ( 1  975) as modified by Hollenberg et 
al. (1984) for synthetic oligonucleotide probes. Since positive 
clones might contain both the original and the mutant:type 
plasmids, plasmids were extracted to transform JM 109, and 
positive clones were again isolated. The obtained clones now 
exclusively contained the mutant-type plasmid, which was 
confirmed from evidence that the mutant-type plasmid had 
one EcoRI site instead of the two sites in the original type. 

D A T E  E T  A L .  

By use of the same method and an oligodeoxyribonucleotide 
26-mer, the recombinant plasmid in which the second ATG 
of DNA polymerase @ gene [the first ATG present in the 
cloned rat cDNA fragment (Zmudzka et al., 1986)] was used 
for the initial codon. Therefore, in the polypeptide coded by 
the insert in this recombinant, 17 amino acids were deleted 
from the amino terminus of the intact enzyme molecule 
(Figure IC). In this recombinant, 42 5’-terminal nucleotides 
of the cDNA as well as the @-galactosidase coding sequence 
and EcoRI linker were deleted. 

Two types of plasmid DNAs, thus prepared, were cut by 
EcoRI at the 3’-terminal end of 10F cDNA inserts. The 10F 
cDNA fragment obtained from pUC19-10F by EcoRI di- 
gestion and gel electrophoresis was ligated to complete the 
whole DNA polymerase @ coding sequence, and then the o b  
tained plasmids were transfected into JM109. Clones con- 
taining plasmids with correct orientation were selected. Clones 
with sequences coding 335 and 318 amino acid residues were 
designated JMpB5 and JMp@2- 1, respactively. 

Purification of DNA Polymerase from Recombinant E. coli 
JMp@S. JMp@5 cells were cultivated at 37 OC in 1 L of 2 X 
YT medium supplemented with 50 pg/mL ampicillin. When 
the absorbance at 600 nm of the culture reached 0.5, isopropyl 
@-thiogalactopyranoside (IPTG) was added to a final con- 
centration of 0.5 mM, and culturing continued for an addi- 
tional 7 h before cell harvest. The wet weight of obtained E. 
coli was about 3 g. 

All procedures for enzyme purification were carried out at 
0-5 OC unless otherwise indicated. Two cell extraction 
methods were investigated. 

Method I. E. coli (1.6 g) was suspended in 8 mL of the 
extraction buffer [50 mM Tris-HCI at pH 7.6, 0.1 mM eth- 
ylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol, 
10% glycerol, 0.5 M KCl, and 1 mM phenylmethanesulfonyl 
fluoride (PMSF)], and cells were disrupted by sonication for 
1 min. The extract was clarified by centrifugation for 20 min 
at 12000g. 

Method 2. About 1.6 g of E. coli was suspended in a 5-mL 
solution containing 50 mM Tris-HCI, pH 7.8, and 25% su- 
crose, and then 12.5 mg of egg white lysozyme was added. The 
cell wall was digested by incubating for 1 h at 4 OC. Then 
EDTA was added to a final concentration of 50 mM, and the 
mixture was incubated ‘for an additional 5 min. Cells were 
lysed by mixing the cell suspension with 5 mL of lysing solution 
containing 0.5% Nonidet P-40,0.8 M KCI, 2 mM PMSF, and 
SO mM Tris-HC1, pH 7.8. The lysate was clarified by cen- 
trifugation at 12000g for 30 min. DNA in the supernatant 
was sheared by using a syringe with a 21-gage needle. The 
yield of DNA polymerase activity and 40-kDa polypeptide in 
method 2 was 5-fold or more greater than the yiel4 m method 
1. 

The extract obtained in either method was diluted by PC 
buffer (50 mM Tris-HCl at pH 7.6, 0.1 mM EDTA, 1 mM 
dithiothreitol, and 1096 glycerol) to adjust KCl concentration 
to 0.4 M and applied to a (diethy!amino)ethylcellulose 
(DEAE-cellulose) column (1 X 7 cm) that had been equili- 
brated with 0.4 M KCI-PC buffer. This process was to remove 
nucleic acids. The eluent that contained DNA polymerase 
activity was diluted by an equal volume of PC buffer to reduce 
KCl concentration and applied to a phosphocellulose column 
( 1  X 10 cm) equilibrated by 0.2 M KCI-PC buffer. After 
extensive washing, protein was eluted with a 150-mL linear 
gradient of KC1 from 0.2 to 0.7 M in PC buffer. Fractions 
of 4 mL were collected, and DNA polymerase activity in a 
l-pL aliquot of each fraction was determined. Although a 
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M EDTA/O.l% NaDodS04. An aliquot of each sample was 
analyzed by 0.5% agarose gel electrophoresis and autoradi- 
ography. 

Endonuclease activity was measured by detecting the con- 
version of a closed circular form of pUC 19 DNA into nicked 
circular form. Reaction mixtures (25-pL final volume) were 
identical with that for exonuclease assay, except that 2 pg of 
pUC 19 DNA (content of closed circular form was 80-90%) 
was added instead of [32P]DNA. In this experiment, 120 units 
of JMp@5 DNA polymerase or 80 units of Klenow’s large 
fragment were used. Incubation was at 37 “C, and 5-pL 
aliquots were taken at  indicated times. The reaction was 
terminated by mixing with 2 pL of dye mixture for agarose 
gel electrophoresis. DNA was analyzed by electrophoresis in 
an 0.6% agarose gel, followed by ethidium bromide staining. 

NaDodS04-Polyacrylamide Gel Electrophoresis and Im- 
munowestern Blot Analysis. Protein was analyzed by elec- 
trophoresis in a 10% polyacrylamide gel containing NaDod- 
SO4. Protein in gel was stained with Coomassie brilliant blue 
or subjected to an immunowestern blot analysis. In the latter 
experiment, protein was transferred electrophoretically from 
gel to a nitrocellulose membrane by using a blotting apparatus 
for 15 h at 2000 V at 4 OC in a buffer containing 25 mM Tris, 
192 mM glycine (pH 8.3), and 20% methanol. The membrane 
was blocked with TBS solution (50 mM Tris-HC1 at pH 8.3 
and 150 mM NaCl) containing 20% fetal calf serum for 30 
min at room temperature and then incubated with 500-fold- 
diluted anti-chick DNA polymerase @ rabbit antiserum 
(Yamaguchi et al., 1982) for 2 h at room temperature. After 
washing with TBS, the membrane was incubated with 500- 
fold-diluted anti-rabbit immunoglobulin G goat antibody 
conjugated with biotin, followed by avidin conjugated with 
horseradish peroxidase for 2 h at room temperature. Color 
was developed in the TBS solution containing 0.05% 4- 
chloronaphthol, 0.015% H202, and 16.5% methanol. 

RESULTS 
Construction of Expression Recombinants. The construc- 

tion of expression recombinant, clone JMp@5, was carried out 
as shown in Figure 1. In this recombinant, the insert DNA 
capable of encoding whole rat DNA polymerase @ was ar- 
ranged so as to use the regulatory region for E. coli lac operon; 
the expression can be induced by adding IPTG to the culture 
medium. The initial codon for @-galactosidase was converted 
into that for DNA polymerase @ by a synthetic oligonucleo- 
tide-directed mutagenesis. Therefore, messenger RNA of 
DNA polymerase @ might be as effectively translated as that 
of @-galactosidase. In addition, we constructed the recom- 
binant, JMp@2-1, in which 51 nucleotides at the 5’-terminal 
of the above insert were deleted by a oligonucleotide-directed 
mutagenesis, because the second ATG codon was previously 
thought to be the initial codon for this enzyme (Zmudzka et 
al., 1986). 

DNA Polymerase Activity in Extracts of the Recombinant 
E. coli. Recombinants JMp/35 and JMp@l-2 and the host E. 
coli JM109 were cultivated in 6 mL of 2 X YT medium 
containing 50 pg/mL ampicillin. When absorbance at 600 
nm reached 0.5, each culture was divided into two equal 
portions: one portion was supplemented with IPTG to a final 
concentration of 1 mM. After shaking for an additional 6 h 
at 37 OC, cell extracts were made in a procedure similar to 
extraction method 1 and used for determination of DNA 
polymerase activities (Table I). IPTG-induced JMp@5 extract 
yielded DNA polymerase activity of about 20-fold that of 
JM109 extract. Although JMp@5 cells produced high DNA 
polymerase activity in the absence of IPTG, its amount was 

minor portion of DNA polymerase activity was present in 
fractions passed through the column, the majority of the en- 
zyme activity was retained with the column and was recovered 
as a single peak at  about the 0.4 M KCl region. Most of the 
DNA polymerase in the unbound fraction, although not 
confirmed, might have been E. coli DNA polymerase I. The 
KCl concentration required for the elution of the major activity 
was almost identical with that for elution of chick DNA po- 
lymerase /3 from a phosphocellulose column (Yamaguchi et 
al., 1980b). Pooled active fractions were diluted 3-fold with 
PC buffer and then applied to a denatured calf thymus 
DNA-cellulose column (0.6 X 5 cm) equilibrated with 0.15 
M KCl-PC buffer (20% glycerol). After extensive washing, 
DNA polymerase activity was eluted with 0.6 M KC1-PC 
buffer (20% glycerol). A single peak of DNA polymerase 
activity was recovered. Purified enzyme was stored at -20 OC 
after glycerol was added to a final concentration of 50%. 

The content of the 40-kDa polypeptide at this purification 
stage was about 95%, as judged by a NaDodS04-polyacryl- 
amide gel electrophoresis. Further purification was carried 
out by using gel filtration and the second DNA-cellulose 
column chromatography with elution using a linear gradient 
system. The enzyme preparation at the first DNA-cellulose 
step was applied to a 1.2 X 50 cm column made of Sephadex 
G- 150, and chromatography was developed with PC buffer 
containing 0.15 M KCl. Fractions containing high DNA 
polymerase activity were pooled and applied to a DNA-cel- 
lulose column (0.6 X 5 cm) that had been equilibrated with 
0.15 M KCl in PC buffer. Protein was eluted by a 30-mL 
linear KCl gradient (0.15-0.7 M in PC buffer). Fractions with 
high DNA polymerase activity were pooled and supplemented 
with glycerol to a final concentration of 50%. The final 
preparation was stored at -20 OC. 

Assay for DNA Polymerase and Nucleases. DNA polym- 
erase activity was determined in the reaction conditions that 
had been used for chick DNA polymerase /3 (Yamaguchi et 
al., 1980b). Briefly, the reaction (25-pL final volume) con- 
tained 50 mM Tri-HC1 (pH 8.8 at 37 “C), 1 mM dithio- 
threitol, 0.5 mM MnC12, 40 pg/mL (rA)n, 40 pg/mL (dT)12-18, 
0.1 mM [3H]dTTP (1 5 or 60 cpm/pmol), 15% (v/v) glycerol, 
400 g/mL bovine serum albumin, 120 mM KCl, and 1-2 pL 
of enzyme solution. After incubation at 37 OC for 10 or 30 
min, radioactive DNA product was collected on a DEAE- 
cellulose paper (DE 81) disc as described by Lindell et al. 
(1970). Radioactivity was measured with a scintillation 
counter. One unit of DNA polymerase was defined as the 
amount catalyzing the incorporation of 1 nmol of deoxyribo- 
nucleotides in polymer DNA for 60 min. The units of Kle- 
now’s large fragment of DNA polymerase I were also calcu- 
lated by this definition in this study, although the reaction 
condition for this enzyme was different from that for DNA 
polymerase @. 

For 3’4’ exonuclease assay, 3’4erminal 32P-labeled DNA 
was made as follows. A 2347 bp DNA fragment was obtained 
from plasmid pML- 1 by cleaving with restriction endonuclease 
Hind111 and Sal1 and by agarose gel electrophoresis frac- 
tionation. The 3’-region of the DNA was 32P-labeled at the 
cleavage sites by using [ ~ r - ~ ~ p l d C T P  and Klenow’s large 
fragment. The reaction (50-pL final volume) contained 10 
mM Tris-HC1 (pH 7.5), 7 mM MgC12, 20 mM NaCl, 7 mM 
@-mercaptoethanol, 100 pg/mL gelatin, lo5 cpm of 32P-labeled 
DNA, and 60 units of DNA polymerase purified from JMp/35 
or 72 units of Klenow’s large fragment. Incubation was carried 
out at 37 OC. At indicated times, 10-pL aliquots were taken, 
and the reaction was terminated by mixing with 3 pL of 0.24 



2986 B I O C H E M I S T R Y  D A T E  E T  A L .  

m 

a u 

l- 

W 
W 
V 
W 
CJ i-) 

s 
5 

s 
I- I- 

W V 

I- I- 

a a 

a 

a 
2 
k 
V 
V 4: W 

i-- 
V 
V W 

V 

$1 
a 
a 

V 

v) 

0 

h 

W 
2 

u i a  u ma 

+,a= 

m O A V  
- + , > a  - 
-m-a I 

u - v  

0 z v  Q ali- 

W W W  t-u 
W - W  

W > W  
v z v  

c4c E 

o c  all- 
- a x a  

v nu a ma 
waa 

ai-a 

a -a  

W L W  
v c v  

v alv I - - t  

v hV 
W-CY 
W W W  
v hv 
W - W  
W W W  
u c v  
a ma aaa  v z v  
I- all- 
V-IU 
v L V  
V L V  

W z W  

W O W  
W e a  
V W V  
W O W  u L V  

v 4v 
v-v  
W m a  

aka  
a-a 

a-a 

vnv 

a a a  
a ha 
aAa 

wvau LD 

am a h- 2 
aAm r 

u m u  
- W  L W  

W L  3 

U 
U 
4 
U 
0 I 

v) 

U 

E 

c z  
a l o  a u  

r 

o a  

N 

r 

U E  1_ c 
W 

h 

n n PI 
m 

a 



E X P R E S S I O N  OF D N A  P O L Y M E R A S E  B I N  E. C O L I  

Table I: DNA Polymerase Activity in Crude Extracts of 
Recombinant and Host E. coli Cellsu 

1 mM IPTG DNA polymerase activity 
strain in culture (units/pL of extract) 

JM109 - + 
JMpfl2- 1 - + 
JMPfl5 + 

- 

6.2 
8.8 

12.3 
15.2 
34.9 

152.2 

V O L .  2 7 ,  N O .  8 ,  1 9 8 8  2987 

IPTG - t - t - t 

OEach E. coli strain was cultivated and IPTG induced as described 
in the text. Cells in 6 mL of culture were collected by centrifugation 
and suspended in 200 pL of extraction buffer (50 mM Tris-HC1, pH 
7.6, 0.1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, and 0.5 M 
KCl), and cells were disrupted by sonication. The extract was obtained 
by centrifugation at lOOOg for 15 min at 2 OC, and 5 pL of the 50- 
fold-diluted extract was mixed with the reaction mixture to determine 
the DNA polymerase activity. DNA polymerase activities were ex- 
pressed as unit numbers per microliter of extract. 

40 kDa 

increased by adding IPTG. JMpfl2-1 cell extracts seemed to 
contain slightly higher DNA polymerase activity than those 
of JM109; however, we have not determined whether this 
increased amount of activity was due to overproduced recom- 
binant DNA polymerase or the difference between the 
amounts of E. coli DNA polymerase in JMpP2-1 and JM109. 
An approximate estimation of specific DNA polymerase ac- 
tivity with respect to the 40-kDa polypeptide in the JMpD5 
extract (estimated from the value in Table I) and the amount 
of the 40-kDa polypeptide in the crude extract (lane 1 of 
Figure 4A) was about 6 X 10s units/mg of protein. This value 
was similar to that of the homogeneous preparation of chick 
embryo DNA polymerase /3 (1 1 X lo5 units/mg) (Yamaguchi 
et al., 1980b). The evidence suggests that most of the enzyme 
extracted from recombinant JMpP5 cells has enzyme activity 
similar to that of animal cells. 

Analysis of Protein from the Recombinant E.  coli. Re- 
combinant E. coli cells were cultivated as above and collected 
by centrifugation. Cells were resuspended in 1/15 the original 
volume of sample loading solution for NaDodS04-poly- 
acrylamide gel electrophoresis. After cells were lysed by 
heating for 2 min at 100 OC, protein was analyzed by elec- 
trophoresis. As shown in Figure 2, the JMpB5 cell contained 
a predominant polypeptide band of about 40 kDa: its amount 
accounted for 19.3% of the total extracted protein after IPTG 
induction. The 4ekDa polypeptide was not detectable in either 
JMpB2-1 or the host strain JM109 cells even after cultivation 
in the presence of IPTG. 

Purification of DNA Polymerase Produced in Recombinant 
J.Mpfl5 Cells. DNA polymerase was purified from the extract 
of IPTG-induced JMpB5 cells by ion-exchange column chro- 
matographies, gel filtration, and DNA-cellulose column 
chromatography as described under Materials and Methods. 
The behavior of DNA polymerase activity along with the 
4ekDa polypeptide in this procedure was almost identical with 
that of chick DNA polymerase p (Yamaguchi et al., 1980b). 
Gel filtration (Figure 3A) demonstrated that DNA polymerase 
activity is associated with a protein of about 40 kDa, obviously 
different from E. coli DNA polymerase I or 111, but identical 
with animal cell DNA polymerase 6 (Yamaguchi et al., 1980b; 
Tanabe et al., 1979; Stalker et al., 1976; Chang, 1973; Wang 
et al., 1974). After only three steps, a considerably pure DNA 
polymerase preparation was obtained; that is, the purity of 
40-kDa polypeptide was about 95% (Figure 4B). Further 
purification using gel filtration (Figure 3A) and a second 
DNA-cellulose column chromatography (Figure 3B) yielded 
a preparation almost homogeneous with respect to the 40-kDa 
polypeptide (Figure 4B). Specific DNA polymerase activity 

FIGURE 2: NaDodSO4-plyacrylamide gel electrophoretic analysis 
of proteins in extracts of the expression recombinants JMpf?5 and 
JMpj32-1 and the host E. coli JM109. These recombinant E. coli 
strains were cultivated in the presence or absence of IPTG. Cells were 
lysed in the presence of NaDodS04 and 8-mercaptoethanol, and 
protein was analyzed. Extracts made of 0.25-mL original cultures 
that contained approximately 20 pg of protein were loaded to the gel. 
Proteins were stained with Coomassie brilliant blue. 

was estimated as about 7.5 X lo5 units/mg of protein on the 
basis of enzyme activity and protein content. 

A comparison of purified JMp/?5 DNA polymerase and rat 
DNA polymerase 0 by NaDodS04-polyacrylamide gel elec- 
trophoresis demonstrated that their sizes are indistinguishable 
(Figure 5A) and further suggests that the rat enzyme is also 
composed of 335 amino acids instead of 318. An immuno- 
western blotting analysis indicated that anti-chick DNA po- 
lymerase /3 antibody (Yamaguchi et al., 1982) reacted well 
with the 40-kDa polypeptide of JMpP5 DNA polymerase as 
with those of rat and chick DNA polymerase B (Figure 5B). 

Check of Associated Nuclease. Some DNA polymerases 
are associated with exonuclease activity. E. coli DNA po- 
lymerase I, for example, is associated with both 3’-5’ and 5‘-3‘ 
exonuclease activity (Kornberg, 1974). E. coli DNA polym- 
erase I11 is also associated with 3’4’ exonuclease activity 
(Bachmair, 1986). Animal cell DNA polymerases CY and 8, 
on the other hand, do not contain intrinsic nuclease activity 
(Wang et al., 1974; Kunkel et al., 1978; Chang & Bollum, 
1973). Therefore, we checked nuclease activity in the purified 
JMpD5 DNA polymerase to obtain further supporting evidence 
of the identity of this enzyme as DNA polymerase 8. As 
shown in Figure 6A, the JMpB5 enzyme at the purification 
stage after the first DNA-cellulose column chromatography 
did not significantly reduce the radioactivity from 3’-32P-la- 
beled DNA, whereas Klenow’s large fragment associated with 
3‘4’ exonuclease digested this substrate extensively. Although 
the Klenow enzyme preparation converted very slightly the 
form I plasmid DNA into form 11, the JMpD5 DNA polym- 
erase did not (Figure 6B), indicating that the JMpB5,DNA 
polymerase preparation did not contain detectable endo- 
nuclease activity. 

DISCUSSION 
The properties examined thus far of DNA polymerase 

produced in the recombinant E. coli JMpB5 were indistin- 
guishable from those of rat DNA polymerase /3. However, 
very minor differences between these enzymes have not yet 
been ruled out. One possible difference is NH2-terminal 



2988 B I O C H E M I S T R Y  D A T E  E T  A L .  

- 
V t  - VO BSA 

1 

- 

- 0.02 

R - 0.01. O 

' 0  

OD 

1 

10 20 30 

Fraction number 

B 
I I 

10 , 20 
Fraction number 

.8 fi  
d 

n 

.4 E 

1 

.02.> 
h) 
01 0 

.01 

D 
L 

FIGURE 3: Gel filtration and DNA-cellulose column chromatography 
of JMpB5 DNA polymerase. (A) DNA polymerase preparation after 
the first DNA-cellulose column chromatography was applied to a 
Sephadex G-150 column (1.2 X 50 cm), and chromatography was 
developed with PC buffer containing 0.15 M KCl. A 1 -pL aliquot 
of each fraction of 4 mL was used to determine DNA polymerase 
activity. Shaded fraction were pooled and further purified. The 
chromatography was calibrated by using blue dextran, bovine serum 
albumin (68 OOO Da), and dATP, whose elution positions are indicated 
by Vo, BSA, and Vt, respectively. (B) DNA polymerase after gel 
filtration were applied to a denatured calf thymus DNA-cellulose 
column (1 X 5 cm), and protein was eluted with a 30-mL linear KCl 
gradient from 0.15 to 0.7 M in PC buffer. Fractions of 1 mL were 
collected, and a 1-pL aliquot of each fraction was used to determine 
DNA polymerase activity. Under these conditions, the incorporation 
of dTMP was not linearly correlated with enzyme amounts, presumably 
due to shortage of substrate and/or template primer. Thus, the values 
over 15 units were underestimated in this figure. Eventually, the pooled 
fractions (indicated by shading) contained more than 50 units of DNA 
polymerase/pL. 

structure. Rat and chick DNA polymerase 8 are both blocked 
at this site so that no amino acid was recovered by Edman's 
reaction (Zmudzka et al., 1986). The NH2 terminus of the 
recombinant-produced enzyme, however, was not blocked (our 
preliminary data). 

An interesting question is what structure causes the dif- 
ference in the stabilities of enzymes produced by JMpS5 and 
JMp/32-1. The high degree of stability of the former seems 
to be supported by the additional 17 amino acid residues at 
the amino terminus that are absent in the product of the latter. 
Recently, Bachmair et al. (1986) proposed a "N-end rule" 
suggesting the half-lives of proteins in yeast are dependent on 
the species of amino acids at their amino termini: protein with 
Met, Ser, etc. as the terminal residue had a half-life exceeding 

FIGURE 4: NaDodSO,,-polyacrylamide gel electrophoresis of proteins 
in JMp/35 DNA polymerase preparations. Polypeptides in the pooled 
fractions at various purification steps were analyzed (A). Since the 
crude extract used in this experiment was made by method 1, the 
amount of 40-kDa polypeptide was not high in comparison with that 
shown in Figure 2. Extract made by method 2 contained 5 times more 
40-kDa polypeptide than did extract made by method 1 (data not 
shown). (B) Analysis of polypeptide in 50-pL aliquots of fractions 
obtained in the second DNA-cellulose column chromatography. The 
lane numbers correspond to those fractions in Figure 3B. Lane X 
shows the preparation after the first DNA-cellulose step. Small 
amounts of polypeptides other than the 40-kDa one were detected. 
Most of these contaminants were removed after the second DNA- 
cellulose step. 
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FIGURE 5: Comparison of JMp/35 DNA polymerase with rat DNA 
polymerase 8. (A) NaDodS04-polyacrylamide gel electrophoresis 
of the purified JMp/35 DNA polymerase (lane indicated by E. coli), 
rat DNA polymerase p (rat), and the mixture of two enzymes (rat 
and E. coli) were analyzed. (B) Immunowestern blotting analysis 
of JMp/35 DNA polymerase (E. coli), rat DNA polymerase /3 (rat), 
and chick embryo DNA polymerase @ (chick) were electrophoresed 
and electrophoretically blotted onto a nitrocellulose membrane. 
Antigenic substances were then visualized by using anti-chicken DNA 
polymerase /3 rabbit serum and horseradish peroxidase conjugated 
second antibody. Cross-reactivity of this antibody to murine DNA 
polymerase p was reported previously (Tanabe et al., 1984). 

20 h, whereas protein with Leu, Phe, etc., had a half-life of 
about 3 min. They also suggested that the N-end rule might 
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FIGURE 6: Detection of 3’4’ exonuclease (A) and endonuclease (B) 
in the preparations of JMp/35 DNA polymerase and Klenow’s large 
fragment of DNA polymerase I. In these experiments, the recombinant 
enzyme preparation after the first DNA-cellulose step was used. (A) 
DNA polymerases were mixed with 3’-terminal labeled DNA frag- 
ment. Aliquots of the reactions were withdrawn at indicated times 
of incubation and analyzed by agarose gel electrophoresis and au- 
toradiography. The amount of radioactivity in the DNA band de- 
creased in the reaction with Klenow’s large fragment, which is as- 
sociated with 3’4’ exonuclease, whereas no significant reduction of 
radioactivity was detected in the reaction with the recombinant enzyme. 
(B) Enzymes were incubated with pUC19 plasmid DNA (form I 
content of about SO%), and the reaction products were analyzed by 
agarose gel electrophoresis with ethidium bromide staining. 

be applicable to prokaryotes. Our preliminary results of the 
amino-terminal sequencing of the JMp@5 product indicate that 
the (formy1)Met might be removed from the terminus and that 
Ser was detected. If the (formy1)Met is also removed from 
the product of JMp@2-1, the terminal amino acid is Leu. Thus, 
the difference in the stabilities of these two products may 
reflect the different amino acids at the amino termini. 

The recombinant with the coding region for 335 amino acid 
residues, but not that for 318 residues, produced active DNA 
polymerase in a stable form. This evidence in combination 
with the identical sizes of the rat and the recombinant-pro- 
duced enzyme indicates that the rat DNA polymerase @ 
consists of 335 (or 334) amino acid residues and has a mo- 
lecular weight of about 38 300. This value is larger than the 
value reported previously (Zmudzka et al., 1986). 

Although the recombinant strain JMp@5 produced DNA 
polymerase @ in large quantities in the presence of IPTG, cell 
growth was identical (data not shown) with that of the host 
strain JM 109, indicating that the production of active enzyme 
is neither deleterious nor fatal. It will be interesting to de- 
termine whether the DNA polymerase @ produced in E. coli 
can replace the DNA repair function of DNA polymerase I 
in DNA polymerase I-negative and radiation-sensitive mutants. 

We have established a simple procedure to obtain a ho- 
mogeneous preparation of DNA polymerase @ in a nuclease- 
free form from recombinant JMp@5 cells. Since the amount 
of DNA polymerase @ polypeptide accounted for almost 20% 
of total protein in IPTG-induced recombinant cells, it may be 
possible to obtain about 50 mg of DNA polymerase @ from 
E. coli cells cultured in 1 L of medium. Availability of a large 
quantity of purified DNA polymerase @ opens various fields 
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of applications. For example, X-ray diffraction analysis of 
the crystallized enzyme in free or complex form with DNA 
or dNTP may resolve the difficulties concerning structural 
organization of active sites of this enzyme. Another interesting 
approach is sitedirected mutagenesis, which may identify sites 
of the enzyme responsible for various functions, for example, 
binding to template, recognition of primer, binding to dNTP, 
signaling for the nuclear localization, etc. In this respect, the 
multicopy plasmid pUCll8 used in this study seems to be a 
useful expression vector: it has a strong lac promoter as well 
as a multicloning site downstream of the initiation codon for 
@-galactosidase gene. This plasmid also can be converted into 
a single-stranded circular form that simplifies the mutagenesis 
by using synthetic oligonucleotide. Using this technique in 
this study, we designed the expression plasmid that has the 
complete original lac sequence at the 5’-untranslated region, 
facilitating translation of rat DNA polymerase p mRNA. 
Finally, overproduced DNA polymerase @ may be useful in 
place of Klenow’s large fragment of DNA polymerase I in 
recombinant DNA technology. The DNA polymerase activity 
free from exonuclease activity seems to allow the 3’-OH ter- 
mini of DNA to effectively form blunt ends. 

Registry No. DNA polymerase, 901 2-90-2. 
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ABSTRACT: Factor D, a DNA binding protein that enhances the activities of diverse DNA polymerases with 
a common restricted set of templates, was initially characterized in mouse liver but has resisted extensive 
purification. In this paper, we report that a similar stimulatory activity can be obtained in highly purified 
form from nuclei of rabbit hepatocytes. The rabbit liver protein increases the rates a t  which several DNA 
polymerases copy sparsely primed natural DNA templates and primed synthetic poly(dT), but it has no 
effect on the rates of copying of activated DNA or of poly(dG), poly(dA), and poly(dC). Direct binding 
of the puritied stimulatory protein to an oligomer that contains a ( d q l 6  base stretch is visualized by retardation 
of the nucleoprotein complex on mdenaturing electrophomtog”. In the presence of the enhancing factor, 
Michaelis constants, K,, of responsive polymerase for singly primed bacteriophage M13 DNA and for 
poly(dT), but not for poly(dA), are decreased. Product analysis of M 13 DNA primer extension indicates 
that the rabbit factor augments the apparent processivity of DNA polymerase by decreasing the extent of 
enzyme pausing at  a tract of four consecutive thymidine residues in the template. Gel filtration of the native 
stimulatory protein yields an apparent relative molecular size of 58 f 2 kilodaltons. Stimulatory activity 
is readily inactivated by heat or by trypsin digestion, but it is resistant to micrococcal nuclease, N-ethyl- 
maleimide, or calcium ions. 

s t u d i e s  on Escherichia coli indicate that DNA binding 
proteins are required for the replication of DNA (Komberg, 
1980). Several DNA binding proteins from animal cells have 
been shown to enhance the activities of DNA polymerases 
[reviewed by Chase and Williams (1986), Richter et al. (1986), 
and Fry and Loeb (1986)l. However, in contrast to such 
proteins in prokaryotes, the role of singlestrand DNA binding 
proteins in the replication of eukaryotic cell DNA is debatable 
(Chase & Williams, 1986; Richter et al., 1986). Yet, analysis 
of the modes of enhancement of DNA polymerase activity by 
eukaryotic DNA binding proteins affords insight into the 
molecular details of DNA synthesis. A unique templatese- 
lective DNA polymerase stimulating protein, that has been 
designated factor D, was isolated recently from regenerating 
liver of the mouse (Fry et al., 1985). By selectively increasing 
the affinities of DNA polymerases from diverse sources for 
sparsely primed DNA and for the synthetic template poly(dT), 
factor D enhances the rates of their Copying (Fry et al., 1987a). 
The murine stimulatory protein has no significant effect, 
however, on the efficacies of copying of activated DNA or of 
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polY(W, polY(dG), polY(dC), polY[d(A-T)I, or polY[d(G-C)I 
(Fry et al., 1985,1987a). It was demonstrated recently that 
factor D enhances the copying of singly primed bacteriophage 
M13 DNA by increasing the efficiency at which either E. coli 
pol I or bovine polymerase a traverses a cluster of at least four 
contiguous thymidine residues in this template (Fry et al., 
1987b). Hence, by binding to DNA, factor D decreases the 
frequency at which polymerases pause at stretches of con- 
secutive dT residues in synthetic or natural templates, thus 
increasing the apparent processivity of the enzymes (Fry et 
al., 1987b). 

Definitive studies on factor D and on analogous activities 
require their purification to a very high degree. Purification 
of factor D has been hindered, however, by the limited amounts 
of extractable mouse tissue as well as by the instability of the 
partially purified murine protein. In this paper, we report the 
isolation and extensive purification of a DNA binding protein 
from rabbit liver that stimulates DNA polymerases in a 
template-specific manner analogous to that of mouse factor 
D. 

MATERIALS AND METHODS 
Materials. Tritium- or ~ ~ ~ ~ P - l a b e l e d  deoxynucleoside 5’- 

triphosphates ( [a-32P]dNTPs), and adenosine 5’- [ ~ - ~ ~ P ] t r i -  
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