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INTRODUCTION

Since DNA contains the genetic information of
an organism, accurate DNA replication is one of
the most important events of the life cycle of an
organism. DNA polymerases are the key enzymes
catalyzing the accurate replication of DNA. Howe-
ver, none of the known DNA polymerases can ini-
tiate de novo synthesis of a DNA chain without
a primer. Generally, small RNA molecules are
used as primers. These provide a 3'-hydroxyl
group for DNA chain elongation. However, a diffe-
rent type of DNA polymerase has been identified
in various systems. These enzymes utilize pro-
teins as primers for the initiation of DNA synthe-
sis.

PRDI is a member of a group of lipid-containing
phages and is a good model system for the protein
primed DNA replication. The genome of PRDI is
14.7 kilobases long with terminal proteins covale-
ntly linked at both 5 ends.

DNA polymerases have been classified, based
on their amino acid sequence similarities, into two
major groups . family A and family B(Jung et al.,
1987 ; Leavitt and Ito, 1989). The family A DNA
polymerases, represented by E. coli DNA polyme-
rase I, includes Streptococcus pneumoniae DNA po-
lymerase I(Lopéz et al., 1989), Taq DNA polyme-
rase I(Lawyer ef al., 1989), and the DNA polyme-
rases of bacteriophages T7(Dunn and Studier,
1983), T5(Leavitt and Ito, 1989), and SPO2(Ra-
den and Rutberg, 1984 ; Iwabe and Miyata, 1989).
The family B DNA polymerases include a wide
variety of DNA polymerases consisting of eukary-
otic DNA polymerases of cellular, viral, and plas-
mid origin, and of bacteriophage DNA polymera-
ses, such as T4(Spicer et al., 1988 ; Reha-Krantz,

1988) and ¢29(Yoshikawa and Ito, 1982). The fa-
mily B DNA polymerases share regions of highly
conserved amino acid sequences(Jung ef al., 19
87 ; Leavitt and Ito, 1989 ; Bernad et al., 1989 :
Spicer et al., 1988 ; Reha-Krantz, 1988 ; Yoshikawa
and Ito, 1982 : Argos ef al., 1986 ; Larder et al.,
1986 ; Wong et al., 1987 : Bernad et al., 1987 ;
Wong et al., 1988 ; Gibbs et al., 1985: Wang ef
al., 1989). These conserved regions occur in the
same order in all family B DNA polymerase mole-
cules. Therefore, it is likely that these sequence
conservations are a consequence of their contribu-
tion to the DNA polymerase function and struc-
ture. However, little is known at present about
functional roles of these highly conserved regions.
PRDI DNA polymerase is the smallest member
of the family B DNA polymerase(Jung et al., 19
87). This DNA polymerase is specified by bacte-
riophage PRDI which infects a wide variety of
gram-negative bacteria(Mindich and Bamford, 19
88). Because PRDI is highly amenable to genetic
and biochemical manipulation, it is a convenient
model system with which to study structure-func-
tion relationships of DNA polymerase molecules.
To determine the functional roles of the highly
conserved regions of the family B DNA polymera-
ses, we have initiated site-directed mutagenesis
with PRDI DNA polymerase, and our results show
that mutations at the conserved regions within
PRDI DNA polymerase inactivate polymerase co-
mplementing activity and catalytic activity.

MATERIALS AND METHODS

Bacteria, Phages and Plasmids
E. coli NM522(lac-proAB), thi, hsd5, supE, F’
[proAB, lacF, lacZAM15](Maniatis ef al., 1982)



and E. coli RZ1032[ HfrKL16, PO/45{1ysA(61-61)},
dutl, ungl, thil, relA1](Kunkel, 1985) were used
as the hosts for recombinant plasmids. The pha-
gemid expression vector pEMBLex3(Sollazzo ef al.,
1987) was obtained from the European Molecular
Biology Laboratory, E. coli HB94(pLM2), E. coli
HB94(pLM2, pLM3) and a mutant PRDI(sus 2)
were a generous gift of Dr. L. Mindich at the
Public Health Research Institute of the city of
New York. The helper phage M13KO7(Kunkel,
1987) was purchased from International Biotech-
nologies, Inc.

DNA sequencing

The plasmid pLM3 was cleaved with Pst I and
the resulting DNA fragment containing genes 1
and 8 of PRDI was recloned into Pst [ site of
bacteriophage M13mp9(Messing and Viere, 1982).
We then generated a nested set of deletions acco-
rding to the method of Dale ef @/.(1985). Each
set of deletions was sequenced by the dideoxy
chain termination(Sanger ef al., 1977), some re-
gions were sequenced by the method of Maxam
and Gilbert(1980).

Computation

Protein data base searches were performed by
a FASTP microcomputer program(Lipman and
Pearson, 1985). DNA polymerase nucleotide se-
quences were obtained from GenBank database
and translated and screened against consensus
sequence with the use of the IBI(International
Biotechnologies, Inc.) sequence analysis system
program.

Cloning the PRDI DNA polymerase gene into
phagemid expression vector

3kb DNA fragment containing genes 1 and 8
and 2kb DNA fragment containing gene 1 were
cloned into the expression vector PEMBLex3(pE]
3 and pEJ2, respectively). The gene product was
analyzed on SDS-polyacrylamide gel. The expres-
sion of cloned genes 1 and 8 was also analyzed
by dGMP-terminal protein complex formation.

Site-directed mutagenesis

Site-specific deletion and site-directed mutage-
nesis of pEJG were done according to the method

of Kunkel(1985).

Complementation Test

Phage PRDI infects a variety of gram-negative
bacteria that harbor plasmids belonging to the P,
N or W incompatibility group(Bradley and Ruthe-
rford, 1975). To test the ability of a mutant PRDI
DNA polymerase to complement PRDI sus? mu-
tant, defective in the DNA polymerase gene, va-
rious recombinant plasmids were transferred into
E. coli HB94(pLM2) cells. Cells containing both
pLM2 and the recombinant pEMBLex3 clone were
selected on plates containing kanamycin (100 pg/
m/) and ampicillin(100 pg/m/). For the comple-
mentation test, the PRDI sus2 was plated with
these bacteria using plates containing both anti-
biotics.

Preparation of Cell Extracts

Cell extracts were prepared as described pre-
viously(Yoo and Ito, 1989 : Watabe et al., 1984).
The purification of PRDI DNA polymerase was
essentially accomplished as described by Watabe
et al(1984).

Assay conditions for DNA polymerase and for
the Exonuclease

The DNA polymerase and the 3’ to 5 exonuc-
lease activities were assayed as described pre-
viously(Watabe ef al., 1984).

1. DNA polymerase assay : The reaction mix-
ture(50 w) contained 50 mM Tris-HCI(pH 7.6), 10
mM MgCl, 1mM DTT, 1mM ATP, 15uM 3H-
dTTP(600 cpm/pmole). 5% glycerol, 0.5 mg/m/
BSA, 14 pg/m/ poly(dA)-oligo(dT)y;- s and 6w
polymerase fraction. The mixture was incubated
for 30 min at 30C. Then, the acid insoluble mate-
rials were collected on Whatman GF/C glass paper
and counted for radioactivity.

2. 3 to 5" exonuclease assay . The standard rea-
ction mixture(50 p/) contained 50 mM Tris-HCl
(pH7.6), 10mM MgCl, 1 mM DTT, 1 mM ATP,
5% glycerol, 0.5 mg/m/ BSA, 0.1-0.5 ug of heat de-
natured DNA and an appropriate amount of the
nuclease fraction. After incubation of the reaction
mixture at 30C for 20 min, the acid soluble mate-
rials were measured for their radioactivity.



RESULTS

Nucleotide Sequence and Predicted Amino Acid
Sequence of PRDI DNA Polymerase.

In agreement with genetic studies by McGraw
et l.(1983), nucleotide sequence analysis revealed
that there are only two major open reading frames
at the left end of the PRDI genome. One open
reading frame corresponds to gene 8, the terminal
protein gene consisting of 260 codons. The other
one is gene 1, the DNA polymerase gene that con-
sists of 554 condons. The nucleotide sequence of
the PRDI DNA polymerase gene along with the

predicted amino acid sequence and the flanking
sequences are shown in Fig. 1. The calculated mo-
lecular weight of PRDI DNA polymerase is 63,300,
which is in rough agreement with the reported
size(Mindich et al., 1982). This protein contains
approximately equal numbers of acidic(14.2%)
and basic(15.7%) amino acid residues and a high
percentage(41.2%) of hydrophobic residues.

The initiation codon ATG for the PRDI DNA
polymerase gene is- prececles by a reglon comple-

rRNA.
Homology to the other DNA Polymerase.
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Fig. 1. The nucleotide sequence and predicted amino acid sequence of the DNA polymerase. The Shine-Dalga-
rno sequence is underlined. Start and termination codons are boxed. Amino acid number is designated
in the left side of the Figure.
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Fig. 2. Regions of homology between the PRDI DNA polymerase and other
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DNA polymerases. Regions were

designated 1, 2, and 3 according to Larder et al.(1987).

Recently, several laboratories have noted partial
homologies among various viral DNA polymerase
(Jung et al., 1987 : Bernard ef al., 1987 ; Wong et
1988 : Larder et al., 1987). When the amino
acid sequence of PRDI DNA polymerase is compa-
red with that of other viral DNA polymerases, th-

al.,

ree partially homologus regions are evident. Fig. 2
shows the amino acid sequence alignment of the
three conserved regions appear to be conserved
in all DNA polymerase compared, regardless of
size. Our computer search revealed that phage
T4 DNA polymerase also contains three conserved
regions.

Since the DNA polymerases of T4, herpes virus,
and vaccinia virus are not the protein-primed
DNA  polymerase, these conserved regions are
clearly not unique to the DNA polymerases which
use protein primers. Rather, it is likelv that these
3 conserved regions represent domains which pe-
rform important functions common to many DNA
polymerases. These function could include DNA
chain elongation, the 3' to 5" exonuclease activity,
DNA binding, nucleotide triphosphate binding or
pyrophosphate binding.

Cloning PRDI DNA Polymerase Gene into the
Expression Vector.

Total protein of cell was analyzed on SDS-poly-
acrylamide gels. Cells transformed with the reco-
mbinant plasmid pEJ3 produce two new protein
bands with approximate moleular weights of 68 kD
and 28 kD. These are consistent with reported va-
lues for PRDI DNA Polymerase and terminal pro-
tein(Mindich et al., 1982), and roughly agree with
the 63 kD and 29 kD value deduced from the nuc-

leotide sequence(Jung et al., 1987 ; Hsieh et al.,
1987). The amount of DNA synthesis occurring
in E. coli extracts harboring pEJ3 was found to
be five times higher than that found in E. coli
extracts harboring pLM3 and five hundred times
higher than PRDI infected cells(Bamford and Mi-
ndich, 1984).

The expression of cloned genes was also analy-
zed by characterization of dGMD-terminal protein
complex formation because this reaction is very
specific to the protein-primed PRDI DNA polyme-
rase. Based on autoradiographic results, E. coli
harboring pEJ3 has much more PRD1 terminal
protein than E. coli harboring pLM3. These results
indicate that PRDI DNA polymerase and terminal
protein are functionally expressed in cells contai-
ning pEJ3.

In order to overexpress only PRDI DNA poly-
merase, 2 kb DNA fragment was cloned into pEM-
BLex3(pEJ2). Expression of PRDI DNA polyme-
rase was very low, based on analysis of coomassie
blue-stained SDS polyacrylamide protein gel. To
remove a small segment of 3’ end coding seque-
nce for terminal protein, the ribosome binding site
of the DNA polymerase gene, and the small N-
terminal sequence of the lac Z gene of pEJ2, 57
bp of pEJ2 was deleted site-specifically(pEJG).
Then, PRDI DNA polymerase gene remained un-
der the control of lambda pR promotor and utili-
zed the ribosome-binding site of the lambda cro
gene. The expression level of DNA polymerase
from pEJG was slightly better than that observed
in pEJ3.

Site-specific Mutagenesis of Region 1,2 and 3
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within the PRDI DNA Polymerase.

In order to evaluate the function of the conser-
ved regions, one of the most highly conserved
amino acid residues within each domain was cha-
nged ; (1) In domain 2, aspartic acid and tyrosine
residues are present in all members of the group.
Initially, we focused on the negatively charged as-
partic acid-219. The codon for this amino acid is
GAT. Alternation of a nucleotide at any of the
three possible positions can generate 8 different
amino acid substitutions. Among these 8 amino
acids, only valine is hydrophoic, Conversion of as-
partic acid to valine will result in a change in
charge and hydrophobicity. To make this change,
GAT was converted to GTT in domain 2(Fig. 3).

(2) In domain 3, lysine, aspartic acid and gly-
cine are conserved in each polymerase. Based on
the above idea, lysine-340 was converted to iso-
leucine in domain 3(Fig. 4).

(3) In domain 1, serine, and aspartic acids at

two positons are 100 percent conserved. Aspartic

Fig. 3. DNA sequence of mutant(pEJG2) and wild-
type clones in the region of mutation. Arrow
indicates the mutated sequence.

Fig. 4. DNA sequence of mutant(pEJG3) and wild-
type clones in the region of mutation. Arrow
indicates the mutated sequence.

acid-428 and serine-432 were changed to tyrosine
and threonine, respectively, in mutant pEJGI(Fig.
5). In mutant pEJGam, tyrosine was changed to
an amber codon(Fig. 6).

Complementation

PRDI can infect only those host cells which con-
tain the plasmid pLM2. The receptor for the PRDI
virion is believed to be encoded on this plasmid.
To test the function of the cloned PRD1 DNA pol-
ymerase generated in this work, the ability of va-
rious recombinant pEMBLex3 plasmids to comp-
lement PRDI(sus2) mutants was tested. This mu-
tant strain of PRDI has an amber mutation which
has been mapped within the DNA polymerase
gene(Mindich and Mcgraw, 1983). In a host which
does not contain a tRNA suppressor for this
phage, viral replication will only occur if PRDI
DNA polymerase is supplied in trans. The E. coli
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Fig. 5. DNA sequence of mutant(pEJG1) and wild-
type clones in the region of mutation. Arrow
indicates the mutated sequence.

host cell HB94(pLM2) was transformed with va-
rious pEMBLex3 plasmids isolated from plates co-
ntaining kanamycin and ampicillin at 42€. In ini-
tial control experiments, it was determined that
PRDI(sus2) could produce plaques efficiently on
a sus” host(S. Typhimurium DB7156) but gave
only a very low background of revertant plaque
formation on the non-permissive sus  host HB94
(pLM2). The PRDI(sus2) mutant formed a large
number of plaques only on E. coli HB94(pLM2)
which contained pEJG and pEJG2, but not pLM3,
PEJG1, pEJG3 or pEJGam. Although pEJG2 can
complement PRDI(sus2), the number of plaques
obtained was 1% of that obtained with pEJG. To
confirm the presence of the pLM2 plasmids, wild
type PRDI phage was also used. Wild type PRDI
formed plagues efficiently on all host cells which
were used in these experiment.

Fig. 6. DNA sequence of mutant(pEJGam) and wild-
type clones in the region of mutation, Arrow
indicates the mutated sequence.

Assay for DNA polymerase Activity

To characterize PRD] mutant DNA polymerases,
we have partially purified each enzyme. During
the course of PRDI DNA polymerase can be sepa-
rated from the bulk of host cell DNA polymerase
by DEAE-cellulose column chromatography. Fi-
gure 7 shows DEAE-cellose chromatography of
DNA polymerases in extracts of the E. coli cells
containing wild type and mutant PRDI DNA poly-
merase gene. The activity of the wild type PRDI
DNA polymerase was eluted from the column af-
ter 0.3M NaCl. Only trace polymerase activities
were detected with 3 mutant extracts(Fig. 7). To
determine the effect of mutations in the conserved
regions on the 3’ to 5’ exonuclease activity of the
PRDI DNA polymerase, we assayed each column
fractions for exonuclease activity using the me-
thod described previously(Yoo and Ito, 1989).
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Fig. 7. DEAE-Cellulose chromatography. Cell extract
(1m/) was dialyzed for 8 to 10 hrs against
250 m/ of Tris-HCI buffer(20 mM, pH 7.4) co-
ntaining 1 mM EDTA. 1mM DTT. A column
of whatman DE-52 DEAE-Cellulose(10X0.9
cm) was prepared and equilibrated with the
same buffer. The dialyzate was applied to the
column, which was then rinsed 20 m/ of the
Tris-HCI buffer and eluted with buffer with
increasing NaCl concentration. Fractions(1 m/
each) were collected and assayed for DNA
polymerase activity. The DNA polymerase ac-
tivity was determined using synthetic poly
(dA)-oligo(dT),; s as described in Materials
and Methods.

While levels of the exonuclease activities fluctua-
ted somewhat, all mutant DNA polymerases were
active. From these results we concluded that mu-
tations introduced into highly conserved regions
inactivate DNA polymerase catalytic activities, but
not exonuclease activities.

Very recently, Dorsky and Crumpacker{1990)

reported that point mutations introduce into re-
gion 1 of the Herpes simplex virus type 1 DNA
polymerase abolished the enzyme activity. During
the preparation of this paper, we also learned that
Bernad et al.(1990) have performed similar stu-
dies with 29 DNA polymerase. They have sugge-
sted that region 1 of the family B DNA polymera-
ses is involved in metal binding at the polymerase
active site.

DISCUSSION

The predicted amino acid sequence indicates
that this polymerase contains 553 amino acids. To
our knowledge, this is the smallest DNA polyme-
rase ever isolated from prokaryotic cells.

Several groups have recently reported partial
amino acid homologies among various DNA poly-
merases. A comparative amino acid sequence ana-
lysis between the PRDI DNA polymerase and
other DNA polymerases was performed. These re-
sults are consistent with others and show that
PRDI DNA polymerase shares three highly conse-
rved homologous regions with the other DNA pol-
ymerases. This suggests that neither insertion nor
frameshift mutation have occurred within these
regions since the separation of eukaryotes from
prokaryotes more than 2 billion years ago. This
also implies that both protein-primed and RNA-
primed DNA polymerases share a common ances-
tor.

Based on evolutionary relatedness, we propose
to classify DNA polymerases as follows. Adopting
Doolittle’s terminology(Doolittle, 1981), we desig-
nated E. coli DNA polymerase I and T7 DNA pol-
ymerase to be DNA polymerase family A. All DNA
polymerases carrving the three conserved regions
described above are designated family B. It is po-
ssible that there are other families of DNA poly-
merases, which do not have any homology with
family A or B enzymes. Such DNA polymerases
can be classified in families C, D, and so on.

The 3kd PRDI insert which was used in the
construction of pEJ3 also cloned into other expre-
ssion vectors such as pPLc236, pKK233-2, and pT
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7-6. pPLc236 is a derivative of pBR322 and carries
the lambda pL promoter(Remaut ef al., 1981).
PKK 233-2 is also a pBR322 derivative carring the
tac promoter and a lac Z' ribosome binding site
(Amam and Brosius, 1985). The pT7-6 plasmid
contains a T7 RNA promoter.

Although the 3 kb PRDI insert was cloned into
several expression vectors, pEMBLex3 was the
only vector which could produce enough PRD]
DNA polymerase to visualize distinctly as a pro-
tein band on SDS-polyacrylamide protein gels.
High expression of PRDI DNA polymerase in pE-
MBLex3 than other plasmid vectors may be due
to the difference in copy number. PEMBLex3 is
a pUC plasmid derivative and the others are pBR
322 derivatives. The copy number of pUC is app-
roximately 200 plasmids per cell while that of pBR
322 is a approximately 50 copies per cell(Balbas
et al., 1988). Despite the importance of DNA poly-
merase, only a few DNA polymerase gene have
been sequenced, and very few DNA polymerase
have been cloned into expression systems for su-
bsequent study. Up to this time only the Klenow
fragment of E. coli DNA Pol I(Joyce and Grindly,
1983), phage subunit of T7 DNA polymerase(Ta-
bor and Richardson, 1985 ; Reutimann et al., 19
85), phage T4 DNA polymerase(Lin et al., 1987)
and phage 029 DNA polymerase(Blanco ef al.,
1984) have been cloned and the proteins purified
for study from overexpressing cells.

As a result of several studies, two tentative co-
nclusions related to localizing the enzymatics acti-
vities of the DNA polymerase family B have been
drawn ! one is that conserved region 2 and 3 may
represent dNTP binding sites.

The second conclusion drawn from past studies
is that the polymerase activity appears to reside
in the carboxy-terminus and the 3'-5" exonuclease
function is located within the amino-terminus. A
new conserved region between DNA polymerase
family A and B in the N-terminal portion has been
identified which contains four highly conserved
amino acids known to be involved in the 3-5' exo-
nuclease active site of Klenow fragment of E. col

polymerase 1(Ollis et al., 1985). This strongly sup-
ports the idea that the 3-5" exonuclease activity
is located within the amino terminus,

There exists no experimental evidence concer-
ning the function of region 1. It may be that mu-
tant cannot be isolated within this region because
any amino acid substitution is lethal. It seems li-
kely that the function of regions 1 wil] be different
from that of regions 2 and 3 because more than
ten mutants have been isolated in region 2 and
3 from random screening but none were found
which mapped to region 1.

Argos(1988) proposes that the amino acid se-
quence(YGDTDS) of region 1 is very similar to
the RNA directed polymerase core hydrophobic
(YGDD-), including the two five-residues hydro-
phobic flanking spans and secondary structure of
this region. The major difference between two as-
partic acids in the conserved region 1 sequence
of DNA polymerase family B. He also suggests
that the two conserved aspartates may bind mag-
nesium cation as well as act catalytically in the
polymerization reaction.
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