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Overexpression of the Bacteriophage PRD1 DNA Polymerase

Guhung Jung

Department of Biology Education, Seoul National University,
Seoul 157-724, KOREA

In order to overexpress bacteriophage PRD1 DNA polymerase in E. coli cells, the 2 kb Haell
fragment was isolated from phage genomic DNA. This fragment was then cloned into pEMBLex
3 expression vector. A specific 57 bp deletion was performed by using uracil containing ss DNA
and oligonucleotide spanning each region to remove an unwanted non-coding region. After this
deletion, the PRD1 DNA polymerase gene is totally under the control of the vector promoter
and SD sequence. Upon heat induction, a protein with an apparent size of 68 kdal was
overexpressed as an active PRD1 DNA polymerase. The expression of PRD1 DNA polymerase

was about 1% of total E. coli protein.
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A small lipid-containing bacteriophage PRDI
specifies its own DNA polymerase which utilizes
terminal protein as a primer for DNA synthesis
(I1). The PRD1 DNA polymerase gene has been
sequenced and its amino acid sequence deduced
(6). This protein-primed DNA polymerase consists
of 553 amino acid residues with a calculated
molecular weight of 63300 (6). Thus, it is the
smallest DNA polymerase ever isolated from
prokaryotic cells.

Sufficient quantities of homogeneous PRDI
DNA polymerase are required to perform detailed
biochemical studies of the enzyme. The major
difficulty in purifying this enzyme is its naturally
low abundance. To overcome this problem, two
approaches may be taken. One is to find a
relatively abundant source. The other is to clone
the DNA polymerase gene into an ecxpression
vector and overproduce the enzyme within a
suitable host. Although, the natural abundance
of a virus-encoded polymerase is high compared
to DNA polymerase Il of E. ¢oli and mammalian
polymerases, cloning of the PRDI DNA
polymerase gene into an expression vector will
make isolation of PRD1 DNA polymerase much
easier. This approach has been used successfully
with the Klenow fragment of pol 1 (5). The large
quantitics of the protein generated in this way
have facilitated subsequent biochemical and
crystallographic  studies (12). In order to
overexpress PRD1 DNA polymerase in £ coli
cells, the polymerase gene was cloned into
pEMBLex3 expression vector.
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MATERIALS AND METHODS

Bacterial, Phage and Plasmid strains

E. coli NM3522 (lac-proAB), thihsd 5. supE. [F',
proAB laclqZ M15] and E. coli RZ1032 [HfrKL16
PO/45 {lysA61-61)), dutl, ungl, thil, relAl] (7)
were the strains used as the hosts for all
recombinant plasmids. These were grown in 2X
YT or YT broth. Bacterial strain E. coli NM522
is an E. coli 71/1& mutant which lacks a restriction
system. E. coli 71/18 is E. coli K-12 (lac-pro) [F'
laclglacZ Ml15pro] supE. The phagemid expres-
sicn vector pEMBLex3 (16) was a gencrous gift
of Dr. G. Cesareni of the European Molecular
Biology Laboratory. The helper phage MI13KO7
(19) was purchased from IBIL
DNA Preparation

Phage were grown on S. ryphimurium LT2 in
LE broth (containing kanamycin S50 yg/ml) at
37°C. The phage DNA was isolated by phenol
extraction after digestion with proteinase K in
the presence of 0.2% SDS (1). Plasmid DNA
was prepared by the alkali lysis method (9).
(Table 1).
DNA Sequencing

To confirm mutants after site-specific muta-
genesis, sequenase {United States Biochemical.
Cleveland, OH) was used for sequencing ac-
cording to the manufacturer's recommenda-
tions.
Preparation of Uracil-containing ss-DNA

A culture of E. coli RZ1032 cells which contains
recombinant pEMBLex3 in 2X YT supplemented
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Table 1. List of Plasmid
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Plasmid Characteristics Selectie Marker Size (Kb)

pLM3 pBR322 derivative carrying PRD! DNA polymerase Tet 73
and terminal protein genes. -

pLM141 pBR322 derivative carrying PRD1 DNA polymerase Tet 6.8
gene and part o terminal protein gene,

pEMBLex3 Phagemid expression vector carrying pR promoter. Lac, Amp 49

pEJ3 pEMBLex3  derivative  carrying PRD1  DNA Amp 79
polymerase and terminal protein genes.

pEJ2.S pPEMBLex3 derivative carrying DNA polymerase gene Amp 7.5
and part of terminal protein gene

pEJ2 pEMBLex3 derivative carrying DNA polymerase gene Amp 6.9
and part of terminal protein gene.

pEJG pEMBLex3 derivative carrying only DNA polymerase Amp 6.9

gene

with 0.001% thiamine, 150 gg/m/ ampicillin and
0.25 pg/ml uridine was grown to ODgy of 0.08 at
30°C and incubated for 3 min at 37°C.

This culture was then infected with MI13KO7
at a multiplicity of infection of 2-10 for 75 min
at low rpm. Afterwards the cells were diluted to
an ODg<0.2 and kanamycin was added to a
final concentration of 70 yg/m/. The culture was
then grown for 20-24 hr at 30°C and 300 rpm. The
cells were pelleted by centrifugation and
supernatant was removed to a fresh tube. One
quarter of the supernatant volume of 20% PEG
and 35M ammonium acetate were then added,
placed on ice for 30 min. This viral pellet was
isolated by centrifugation (12,000 g, 15 min). The
superntant was then discarded and the tube was
tamped dry on tissues. The pellet was then
resuspended in 400 4/ TE buffer by vortexing.
then centrifuged 2 min to remove insolubles.

A 200u! of buffered phcnol was added. the
solution was vortexed for 2min., and then
centrifuged for 2min. The aqueous layer was
removed to a fresh tube and the extraction was
repcated  with  phenol/chloroform until only a
slight interface was visible. The single-stranded
DNA was then precipitated by adding 0.5 volume

of 75M ammonium acetate and 2 volumes of

95% ethanol.

After the pellet dried. it was resuspended in TE
buffer (10 mM Tris ¢l. | mM EDTA).
Site-specific Deletion of pEJ2

A region of 57bp was deleted from the
recombinant plasmid pEJ2 (Fig. 1). Th e specific
57bp deletion was created by making uracil-
containing ss-DNA  and utilizing an oligo-
nucleotide spanning the desired deletion. The
uracil-containing ss-DNA pEJ2 DNA (1 g) and the
5" phosphorylated oligonucleotide were mixed in
equimolar ratio into a bufter containing 20 mM
Tris-HCl pH 74, 2 mM MgCl, and 50 mM NaCl.

The mixture was then cooled gradually from

80° to 30°C over a period of Shr in a large
waterbath. Synthesis of the second strand was
done according to the method of Kunkel (7).
A 29mer oligonucleotide. 5 TGTACTAAGG-
AGGTTTGATATGCCGCGCC3', was synthe-
sized chemically on an Applied Biosystems DNA
synthesizer. The final 57 bp deletion removes a
Pstl site from the vector (Fig. 3). Plasmids
containing the deletion were identified by
digesting DNA isolates with Pst I and analyzing
the products by agarose gel electrophoresis. DNA
sequencing was used for confirmation of this
deletion.
Analysis of Cloned Bacteriophage PRD1 Protein
A 1m/ of LB with ampicillin (100 yg/m/) was
inoculated with an overnight culture of E. coli NM
522 containing a recombinant expression vector
to a final dilution of 1:200. This | m/ culture was
induced at mid-log phase by increasing the
temperature to 42°C for 4 hr. 100 or 200 u/ of the
cell culture was centrifuged (12,000 g, 3 min). and
the cell pellet was resuspended and boiled in 20
ul of a gel loading buffer (50 mM Tris-HCI, pH
6.8. 10% glycerol, 5% 2-mercaptocthanol. 2% SDS
and 0.05% bromophenol blue). This sample was
loaded on a 10% SDS-polyacrylamide gel. The
total cellular protein in the gel was visualized by
staining with Coomassic Blue.

RESULT

Cloning of Bacteriophage PRD1 DNA Polymerase
Gene into the Expression Vector pEMBLex3
Nucleotide sequence analysis revealed that the
3kb PRDI insert within recombinant plasmid
pLM3 contains complete open reading frames for
PRDI DNA polymerase and terminal protein (4,
6). Therefore, the 3 kb Pst 1 fragment was isolated
and inserted into the Pst I sitc of pEMBLex3 (Fig.
1). pEMBLex3 has a single Pst I site located
downstream from a lambda pR promoter (16).
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Fig. 1. Construction of recombinant plasmids, pEJ3, pEJ2.5 and pEJ2.

Transcription of a gene inserted at this site will
be under the control of the pR promoter of the
vector. The PRDI terminal protein and the DNA
polymerase gene constitute an opcron  (6).
Transcription initiates upstream of the terminal
protein gene and proceeds through both genes
and terminates at some point downstream of the
DNA polymerase gene (15). When cloned in the
correct orientation, the 3 kb Pst I fragment from
pLM3 will synthesize PRDI terminal protein and
DNA polymerase using both the vector and viral
promoter (16). Plasmid isolates containing 3 kb
inscrt in the correct orientation were identified
by restriction enzyme analysis. This plasmid was
designated pEJ3. Another plasmid which carried
the insert in  the reverse orientation  was
designated pEJ3R. The orientation of the 3 kb
insert was further verified by DNA scquence
analysis using single-stranded DNA obtained
from pEJ3 and the helper phage MI3KO7.

As shown in Figure 2. cells transformed with
the recombinant plasmid pEJ3 produce two new
protcin  bands with approximate molecular
weights of 68kD and 28kD. The other cells,
containing cither plasmid pEMBLex3 or pEJ3R,
do not synthesize these two proteins. The

molecular weights of the two new proteins which
were produced at 42 are consistent with the
reported values for PRD] DNA polymerase and
terminal protein (11), and roughly agrec with the
63kD and 29kD values deduced from the
nucleotide sequence (4. 6).

Two other DNA fragments containing the PRD
I DNA polymcrase gene were obtained (described
in Materials and Methods). These fragments, 2.5
kb and 20kb in size. each contain the PRDI
polymerase gene and part of the tcrminal protein
gene. Both fragments were cloned into Pst I site
of pEMBLex3 in order to create a vector which
synthesizes only PRD1 DNA polymerase (Fig. 1),
The plasmids which contain the 2.5 kb and 2.0 kb
inserts  are  designated  pEJ25  and  pEJ2.
respectively. Expression of the cloned gene from
pEJ25 and pEJ2 was very low. based on analysis
of coomassie blue-stained SDS polyacrylamide
protein gels (Fig. 2).

Site-specific Deletion of pEJ2.

Because synthesis of PRDI DNA polymerase
from pEJ2 and pEJ25 was very low. a new
plasmid construction was prepared. 57 bp of pEJ2
DNA was deleted (Fig. 5). This dcletion removes
a small segment of 3’ end coding sequence for
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terminal protein (TP). Lane 1, 4 and 7 represent
the samples of cells harboring pEJ2.5, pEJ3
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terminal protein, the ribosome binding site of the
DNA polymerase gene, and the smali N-terminal
sequence of the lac Z gene of pEMBLex3 (Fig.
3). After this specific deletion, the PRD!I DNA
polymerase genc remained under the control of
thc lambda pR promoter and utilized the
ribosome-binding site of the lambda cro gene.

The specific 57bp deletion was created by
making uracil-containing single stranded DNA
and utilizing & 29-mer oligonucleotide. which
spanned the desired deletion. The first 16 bp of
the oligonucleotide corresponded to vector
sequence including the ribosome binding site(SD)
of pEMBLex3. The remaining nucleotides
represent the PRD1 DNA polymerase gene. The
distance between the vector SD sequence and the
initiation codon of the PRD1 DNA polymerase
gene was 6 nucleotides long (Fig. 3). Details of
the procedure used to create the deletion are
described in Materials and Methods. The 37 bp
deletion removes a Pst [ site from pEJ2. Plasmids
containing the deletion were identified by
digestion with Pst L.

The efficiency of deletion mutagenesis was 63%.
Several plasmids were checked for expression of
DNA polymerase on SDS polyacrylamide protein
gels. Every clone except one expressed the 68 kD
PRDI1 DNA polymerase well and no expression
of terminal protein was observed (Fig. 4).

The plasmid created by specific deletion which
has only the PRD1 DNA polymerasc gene was
named pEJG. The expression level of DNA
polymerase from pEJG was slightly better than
that observed in pEJ3. Further confirmation of

AAGGAGGT T GTIATHOAT ((GTIGACLTGLAG LT CAA AMA CGC GUE TRT GGC AGC ARG GGG GTI[TAa|Gaf (WTG)CCE CLC CGT TCC C6T Aad WG 616 -
L= S TER

Aot [Pro Arg Arg Ser drg Lys Lys vl
ONA  Polymerase

Fig. 3. The nucleonde sequence of the deletion region in pEJG before and after 57 bp specific deletion.
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Fig. 4. Expression of PRD1 DNA polymerase (DF) after
specific 67 bp deletion (pEJG). Lanes from 1
t0 6 represent the different clones of cells
harboring pEJG plasrud. Lane 7 and 8
represent the samples of cells harboring
pEMBLex3 and pEJ3, respectively. Lane 9
contains standard protein molecufar markers.
Numbers indicate size in kDa.

the deletion was obtained by producing pEJ2 and
pEJG single-stranded DNA using the helper
phage MI13K07. The single-stranded DNAs were

used to sequence the deleted region by the
dideoxy chain-termination method (Fig. 5).
Unexpectedly, nucleotide sequence  analysis

revealed that the vector used in these experiments,
pEMBLex3, deviates from the published sequence
(16) at three positions located between the pR
promoter and the start codon of the lac Z' gene.

The published nucleotide sequence adjaccent to
the ribosome binding site  is  given  as
AGGAGGTTTTTTATG and the vector used here
contained the sequence AGGAGGTTGTATG.
where the underlined bases represent the Shine-
Dalgarno sequence and the start codon for lac
Z'. respectively. The 29 mer oligonucieotide used
to create a deletion in these experiments was
designed based on the published sequence. but
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Fig. 5. Autoradiogram showing nucleotide sequence

of the region that has been deleted. 1
represent  before  deletion (pEJ2) and 2
represent after defetion (PEJG). ATG indicales
start codon of PRDT DNA polymerase gene
and arrow represent the direction of gene.

fortunately contained ecnough homology in the
region of the altered bases to anncal properly. It
is likely that the published sequence of pEMBLex
3 is incorrect  because further investigation
revealed that the sequence obtained in this work
is identical to that published for the lambda pR
region including the disputed base pairs (14). As
described earlicr, one plasmid derived from the
deletion mutagenesis appeared to contain the 57
bp deletion. but did not make significant
amounts of PRDI DNA polymerase. Single
stranded  DNA  obtained from this clone was
sequenced to reveal that there is a one base-pair
alteration (G-A) located between the ribosome-
binding site and the ATG start codon of the DNA
polymerase gene (Fig. 6). The clone which
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Fig. 6. Autoradiogram showing nucleotide sequence
of pEJSG plasmids which show different

expression. 1 represents the clone which
shows poor expression and 2 represent clones
which  shows  higher expression. Double-
headed arrow indicates the base difference
between two these clones.

produces large amouts of PRDI DNA
polymerase. pEJG, does not have this base
change. It is interesting that a nucleotide

difference at one position between the ribosome
binding site and the start codon appears to
decrcase expression of PRD1 DNA polymerase
significantly.

DISCUSSION

Many processes contribute to the level of
protein synthesis inside cells. The initial rate of
protein synthesis is determined by the rate of
transcription, mRNA  stability and translation
efficiency. The final steady-state level of a protein
inside the cell also depends on its turn over rate.
The strength of a promoter is probably the most
important factor in transcription.

The lac. trp. lambda pL and tac promoters have
been used most often for the construction of
expression vectors. The lambda pL promoter is
the strongest in this group. The lambda pR
promoter is as strong as the pL promoter. pR and
pL arc not only strong promoters but also can
be regulated by a repressor and thus transcription
of a gene. cloned downstream of cither promoter.
can be turned on after a bacterial cell culture has
reached the desired density. This regulation is
particularly important when the expressed protein
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is lethal to the cell when overproduced.
Regulation is also important when the cloned
gene must be expressed to a high level in the
cells because cells devote a large portion of their
energy to the synthesis of the cloned gene when
it is overexpressed from a multicopy plasmid.

Furthermore, if the presence of the cloned gene
on a multicopy plasmid is deleterious to cell
growth, then faster-growing segregants may
eventually comprise a large fraction of a cell
culture. The mutant repressor lambda cI857 is a
temperature sensitive repressor which becomes
non-functional at 42°C. Thus expression of a
cloned gene transcribed from a pR or a pL can
be regulated by a change in temperature when
cI857 is present.

DNA polymerase is one of the most important
and presumably one of the oldest enzymes.
because its function is genetic information
transmission from one generation to the next
Despite the importance of this enzyme. only a
few DNA polymerase genes have been sequenced
and very few DNA polymerase have been cloned
into expression systems for subsequent study. The
low natural abundance of this enzyme in the cell
is one of the most important problems
encountered in studying DNA polymerase.

Up to this time only the Klenow fragment of
E. coli DNA polymerase 1 (3) which is the most
intensively studied DNA polymerase, phage T4
DNA polymerase(8), phage subunit of T7 DNA
polymerase  (13,18) and phage 29 DNA
polymerase (2) have been cloned and the proteins
purified for study from overexpressing cells.

Three DNA polymerases (Klenow fragment. T4
and T7) were synthesized to more than 10% of
total cellular protein under the best conditions.
Expression of PRD1 DNA polymerase in pEJ3
was low, about 1% or less of total protein. This
is better than the results obtained with the 29
DNA polymerase expression system.

High level expression of the klenow fragment.
the T4 DNA polymerase and the T7 subunit of
DNA  polymerase was achieved by placing a
strong  promoter upstrcam of the ribosome
binding site and start codon of each genc.
Therefore, the wild type translational regulatory
sequence was present in these constructions.

Expression of a cloned gene is not limited
solely by the rate of trancription initiation. After
transcription, the mRNA structure determines its
stability and influences translational efficiency.
Also. the initiation codon, which is gencrally
AUG of GUG. the Shine-Dalgarno (SD) sequence
and the distance between these two sites are very
important factors in determining the rate of
translation. The nucleotide sequence composition
from about —20 to + 15 (with respect to the start
codon) are also important factors (17). The
nucleotide sequence encompassing the ribosome-
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binding site and adjacent base-pairs of pEMBLex
3 is derived from the lambda Cro gene, whose
product is known to be translated very cfficiently.
Thus the reason that low expression of pEIG is
observed may be due to a characteristics of the
nucleotide sequences after the ATG start codon.

It is well known that mRNA secondary
structure around the Shine-Delgarno sequence
and/or the start codon can inhibit translation
initiation (3). but computer analysis predicts no
secondary structure around this region of pEIG.
mRNA stability is also a very important factor
in determining gene expression. Most £ cofi
messenger RNA's have a half-life of about one
to two minutes. Thereforc gene expression might
be drastically increased by enhancing the half-life
of an mRNA. but the factors which determine
mRNA stability are not known.

There exists a controversy over the correlation
between codon usage and gene expression.
Williams er al., (20) have shown that a synthetic
gene whose codon bias resembled that found in
highly expressed E. coli genes (high codon
preference) was expressed at levels 16 times higher
than that of the native gene. They also confirmed
that this higher expression was a direct result of
the high codon prefercnce, and was not due to
altered promoter efficiency, mRNA secondary
structure or mRNA stability. The PRDI DNA
polymerase gene was examined using a
Codonpreference program (The University of
Wisconsin Genetics Computer group) and was
shown to have low codon preference. The low
level of PRDI DNA polymerase expression. in
comparison to other DNA polymerases, is quite
possibly a result of poor codon usage.
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