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polymerases (Derbyshire et al., 1988; Soengas et al., 1992). However, there are some
clear differences between PRD1 DNA polymerase and the Klenow fragment. In the
case of the Klenow fragment, the bases on either side of the scissile phosphate are
positioned by interactions with the side chains of Phe- 473 and Leu-361. The PRDI
DNA polymerase has none of these amino acid residues at the corresponding
positions. Recent sequence alignment of more than 60 different 3” to 5° exonuclease
domains indicated that the Leu-361 and Phe-473 are not highly conserved amino acid

(Ito, unpublished data).

The D107 of PRD1 DNA polymerase is an important residue for both 3’ to 5’

exonuclease activity and DNA polymerase activity.

The site-directed mutagenesis studies showed that the Asp-107 of PRD1 DNA
polymerase could be an important residue in not only the 3’ to 5° exonuclease activity
but the DNA polymerase activity as well. This amino acid residue appear to be highly
conserved among family A, B and C DNA polymerases (Fig. 24). In the case of the
Klenow fragment, the corresponding residue is the Asp-459 which is located in the
o helix E (Ollis et al., 1985). Amino acid substitution studies indicated that the Asp-
107 of PRD1 DNA polymerase can be replaced at least partially with glutamic acid
and asparagine suggesting that charge and ligand geometry could be important as the
side chain at this position. It is of significant to note that mutations in the 3’ to 5’

exonuclease domain of the herpes simplex DNA polymerase severely impaired DNA
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polymerase activitiy and viral DNA replication in vivo (Gibbs et al., 1991).

Metal binding sites are also important for the strand-displacement activity of PRDI

DNA polymerase.

Soengas et al. (Soengas et al., 1992) have recently described three $29 DNA
polymerase mutants, which are all located in the region of the "Exo III motif" of the
3’ to 5’ exonuclease domain, which cannot perform strand-displacement DNA
synthesis. They have suggested that the strand-displacement domain of ¢29 DNA
polymerase may overlap with the 3’ to 5’ exonuclease domain. This study clearly
suggested that for the strand-displacement synthesis, all the metal binding ligands are
absolutely essential (Table V, Fig. 25). It has been shown that the exonuclease active
site can melt duplex DNA and bind single rather than double stranded DNA
(Freemont et al., 1988; Beese and Steitz, 1991). Therefore, it is reasonable that the
3’ to 5’ exonuclease domain is involved in the strand-displacement DNA synthesis.
It is somewhate paradoxical, however, that both T4 and T7 DNA polymerase mutants
lacking the 3’ to 5’ exonuclease activity can perform the strand-displacement synthesis
at nicks, but wild type DNA polymerase cannot (Tabor and Richardson, 1989; Reha-
Krantz et al., 1991). In contrast, wild type PRD1 and $29 DNA polymerases are quite
capable of perfoming the strand-displacement synthesis, but the 3’ to 5° exonuclease
mutants are not.

Evolutionary implications
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The purpose of the present study was to gain clear evidence indicating that the
family A DNA polymerases including E. coli DNA polymerase I are structurally and
evolutionarily related to the family B DNA polymerases. Sequence alignments and
site-directed mutagenesis studies with various systems have shown that the family A
and family B, and possibly family C, DNA polymerases are all related. Our results
showed that the 3’ to 5’ exonuclease domain of PRD1 DNA polymerase is smaller
than that of the Klenow fragment, but the active sites are colinearly arranged with
those of the Klenow exonuclease domain. Furthermore, metal binding ligands are
totally conserved, suggesting that these exonucleases share a common ancestor. The
importance of the highly concerved lysine residue among family A and family B DNA
polymerases also support the notion that these two family DNA polymerases are

related.
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Figure 1. A schematic three dimensional structure of the Klenow fragment
Regions of polypeptide that form a helix are represented by cylinders and
those that form (3 sheet by arrows (from Joyce and Steitz, 1987).
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Figure 2. A schematic representation of the domain structure of PRD1 DNA
polymerase (top) and the conserved regions in C-terminal portion of family B DNA
polymerases
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Figure 3. A schematic representation of the domain structure of PRD1 DNA
polymeras (top) and the conserved regions in N-terminal portion of family A, B and

C DNA polymerases
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Figure 4. The proposed two metal ion mechanism for the 3’ to 5’ exonuclease reaction

of the Klenow fragment

Metal A ia proposed to facilitate the formation of an attacking hydroxide ion.
Metal B is hypothesized to facilitate the leaving of the 3’ hydroxyl group and stablize
the o-p-o bond angle (from Beese and Steitz, 1991).
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Figure 5. 5’ gap created after RNA-primerd DNA synthesis of a linear DNA molecule
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Figure 6. Model of the protein primed initiation mechanism for PRD1 DNA
replication
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Figure 7. Genome organization of PRD1 and the functions of some gene products
The top end represents the genome left end and the bottom for the right end.
The scale of genome length is also presented.
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Figure 8. Diagram of pEMBLex3 used for the expression of PRD1 DNA polymerase
The recombinant expression vector is designated pEJG.
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Figure 9. Time course and solubility of PRD1 DNA polymerase expression

The E. coli JL 2443 cells harboring recombinant plasmid.pEJG were cultured
and samples were taken at time intervals of 15 min after heat induction at 42°C. The
cells were lysed as described under "Methods". The total cell lysate was centrifuged
for 1 hour at 15,000 rpm in a Sorvall SS-34 centrifuge at 4°C. The soluble
supernatant as well as the insoluluble pellet were separated and disolved in 2X SDS-
PAGE sample loading buffer. Equal amount of samples were loaded onto 10% SDS-
PAGE followed by 5 min at 100°C. The gels were stained with Coomassie Blue. In
panel A and B, lanes 1 to 10 represent the times of heat induction from 0, 15, 30, 45,
60, 75, 90, 105, 120 to 135 min respectively. Panel A represents the insoluble
fraction of cellular proteins and Panel B for the soluble fraction. The position of
PRD1 DNA polymerase is indicated by arrows.
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Add 2.5 ml ovemight\l’culture to 250 ml LB

Incubate at 30°€ to ODsgso = 0.3
Incubate at 4f°C for 2 hrs

Collect cells by centriiugation (250 ml total)
Lyse cell pellei with lysozyme
Homogenize ¢with Sonifier

Centrifuge at 15,000 rpm in the SS-34 rotor for 1 hr

Wash the pellet three times with the cell lysing buffer
Resuspend the pellet in 10 ml of 6M GuHCI denaturation buffer

Dilute the sample to ZOf ml renaturation buffer

Dialyze and apply the sample to Heparin-agarose column (5 ml)

Apply the assay positive fractions¢to Hydroxylapatite column (2 ml)

Analyze by 10% SDS-PAGE

Figure 10. The purification procedure for the insoluable form of PRD1 DNA
polymerase
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Add 100 ml overnight¢ culture to 10 liter LB
Incubate at 30°$ to ODseo = 0.3
Incubate at 4f°C for 2 hrs
Collect cells by centriiugation (50 liter total)
Lyse cell pellei with lysozyme
Homogenize with Sonifier
Centrifuge at 15,000 rpm Il the SS-34 rotor for 2 hrs
The supernatant was broughti(to 35% (INH4)2SO4 saturation

Centrifuge and the supernatant was brought
to 70% (NH4)2SO4 saturation
1

Centrifuge and the pellet V\fls disolved in DE52 buffer
Dialyze and apply to 400 ml DE 52 column chromatography
A
Apply the assay positive fractions to 10 ml Heparin-agarose

Apply the assay positive fractions to 5 ml Hydroxylapatite column

Collect assay positive fractions and concentrate
sample by Amicon concentrator

Apply to 200 ml Sephacryl¢S-2OO gel filtration column

Analyze by 10% SDS-PAGE

Figure 11. The purification procedure for the soluable form of PRD1 DNA polymerase
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Figure 12. Two-dimensional gel electrophoresis of the purified PRD1 DNA
polymerases

The protein purification procedures were described under "Methods". The first
dimension was IEF with 3/10 Biolyte (Bio-Rad) and the second dimension was 10%
SDS-PAGE indicated by long arrows. The gels were stained with Coomassie Blue.
The corresponding pl and molecular weight are indicated by small arrows. Panel A:
10 pg of the soluble preparation; Panel B: 10 ug of the insoluble preparation; Panel
C: 5 pg of both soluble and insoluble preparations.
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Figure 13. Effects of different compounds on DNA polymerase activities of PRD1
DNA polymerase and the Klenow enzyme

The DNA polymerase assay was performed as described under "Methods" with

poly(dC)-oligo(dG)i12-18 as template.  Different compounds were added at the
concentrations indicated. Relative DNA polymerase activity as a function of
concentration of different compounds are shown. (@®): the PRD1 DNA polymerase
soluble preparation; (O): the PRD1 DNA polymerase insoluble preparation; (a): the
Klenow enzyme.
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Soluble preparation Insoluble preparation

I
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Figure 14. In vitro replication of PRD1 genome with purified DNA polymerase and
terminal protein

The reaction mixture was as described under "Methods". After incubation at
37°C for the times indicated, the samples were withdrawn and treated with proteinase
K. Alkaline agarose gel electrophoresis was performed as described (Yoo and Ito,
1989). Both [**P] labeled PRD1 DNA marker and DNA length markers are also
shown. For the 45 min lanes, half amount of the total samples were loaded.
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Figure 15. Strand-displacement synthesis of primed M13 DNA by PRD1 DNA
polymerase

The reaction mixture was as described under "Methods" which contained 100
ng of the purified PRD1 DNA polymerase, either the soluble preparation or the
insoluble preparation, or 5 units of the Klenow enzyme (from New England Biolab,
Inc.). The reactions were carried out at 30°C for 5, 10, 15, 30 and 60 min and
stopped by adding EDTA. Samples were processed and analyzed by alkaline agarose
gel electrophoresis along with DNA length markers. Lane A: Klenow enzyme
incubated for 30 min. Lanes b to f represent the soluble preparation and lanes g to
k represent the insoluble preparation of the PRD1 DNA polymerase. Lanes b and g,
lanes ¢ and h, lanes d and i, lanes e and j, lanes f and k correspond to the times of 5,
10, 15, 30, 60 min, respectively. The size of DNA length and M13 DNA are shown
on the right side by arrows.
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! 1 4 i
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Figure 16. Processive synthesis of primed M13 DNA by PRD1 DNA polymerase
The processivity assay was carried out under the same conditions as the strand-
displacement assay described under "Methods". The template-primer to DNA
polymerase ratios are indicated. The reactions were carried out at 30°C for 30 min.
The samples were processed and analyzed by alkaline agarose gel electrophoresis.
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Figure 17. A Schematic representation of the PRD1 DNA polymerase domain
structure and the sequence alignment of conserved region 3 among family B DNA
polymerases with family A DNA polymerases

The enlarged portion of the conserved region contains lysine residue 340 and
tyrosine residue 347, which are highly conserved among both family B and family A
DNA polymerases as indicated by vertical bars. The amino acid sequence alignment
is according to Ito and Brathwaite (1991).
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Figure 18. SDS-PAGE of the purified wild type and K340 mutant PRD1 DNA
polymerases
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Figure 19. Effects of the K340 mutations on PRD1 DNA polymerase
Panel A: PRD1 terminal protein-d GMP complex formation assay. The assay
was carried out under the standard reaction conditions as described under "Methods".
Panel B: DNA polymerase filling-in assay. The assay conditions were
described under "Methods™. The Ban I digested PRD1 DNA served as a template-
primer with a 5° extension of 5’-CPuPyG-3’.
Panel C: DNA polymerase exchange-replacement assay. The reaction
conditions were as described under "Methods". The Dra I digested PRD1 DNA was

used a5 template with a blunt end of 53’:3&_35’»
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Figure 20. Time course of simultaneous detection of DNA polymerization and 3’-5’
exonuclease activities

The assay was carried out as described under "Methods". The PRD1 wild
type DNA polymerase was assayed and the template:primer molar ratio was 0.8:1.
Lane 1 is the 17-mer marker. Lane 2 to Lane 8 represent reaction incubation times
of 1, 2.5, 5, 7.5, 10, 15, and 20 min. respectively.
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Figure 21. Analysis of the mutational effects of K340 on the polymerization activity
and the 3’-5’ exonuclease activity

A 5’-end labeled 17-mer primer was annealed to a M13 mp18 single-stranded
circular DNA template in different template:primer molar stoichiometries. The
reaction mixture of 10 ul contained: 50mM Tris-HCl pH 7.6, 20mM MgCl,, ImM
DTT, 1 mg/ml BSA, 150uM of each dNTP, 0.1 pmol of template-primer, and 100ng
DNA polymerase. The reaction mixture was incubated at 30°C for 15 min. The
products were heated to 90°C for 2 min and subjected to 20% polyacrylamide/7M urea
denatured gel and autoradiography. Panel A shows the template:primer at a molar
ratio of 0.8:1. Panel B shows the template:primer at a molar ratio of 3:1. The
mobility of the 17-mer is as indicated and the top band indicates the synthesized M13
DNA.
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Figure 22. A Schematic representation of the PRD1 DNA polymerase domain
structure and the sequence alignment of the N-terminal portion of PRD1 DNA
polymerase with that of the Klenow fragment of E. coli DNA polymerase I

The top bar represents PRD1 DNA polymerase. The N-terminal portion is
enlarged and the amino acid residues 1-168 are aligned to amino acid residues 338-
531 of E. coli DNA polymerase I. Conserved amino acid residues are indicated by
black boxes. The amino acid residues of PRD1 DNA polymerase subjected to
mutagenesis are indicated by arrows. The amino acid residues involved in the 3’ to
5’ exonuclease active site of the Klenow fragment are indicated by asterisks and the
positions are noted.
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Figure 23. SDS-PAGE of the purified wild type and mutants in the N-terminal of
PRD1 DNA polymerase
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Figure 24. The sequence alignment of conserved D107 among family B as well as

family A and C DNA polymerases
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Figure 25. Mutational effect on the strand-displacement activity of PRD1 DNA
polymerase

Lane 1 represents the Klenow fragment of E. coli DNA polymerase I. Lane
2 represents the wild type PRD1 DNA polymerase. Lanes 3 to 8 represent PRD1
DNA polymerase exonuclease mutants: D17A, E19A, N71D, F75Y, D76A, D149A,
respectively. The DNA length markers are indicated as well.
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Table I List of family B DNA polymerases (from Braithwaite and Ito, 1992)

Amino acids Mol. Wt. Isoelectric pt.
(No.)
. Family B DNA polymerases
. Bacterial DNA polymerase
E.coli DNA polymerase II 783 90.020 6.85
2. Bacteriophage DNA polymerases
a) PRD1 DNA polymerase® 553 63.336 6.68
b) 029 DNA polymerase™ 575 66,714 8.83
¢) M2 DNA polymerase* 572 66,423 7.69
d) T4 DNA polymerase 898 103.609 6.20
. Archaebacterial DNA polymerases
2y Thermococcus litoralis DNA polymerase (Vent) 774 89.913 8.29
") Pyrococcus furiosus DNA polymerase 775 90.112 7.92
<1 Sulfolobus solfataricus DNA polymerase 382 101.332 9.72
. Eukaryotic Cell DNA polymerases
1) DNA polymerase alpha
a) Human DNA polvmerase (alpha) 1,462 165,859 371
b) S.cerevisiae DNA polymerase [ (alpha) 1.468 166,776 6.14
o) S.pombe DNA polymerase [ (alpha) 1.405 159.348 6.85
d) Drosophila melanogasier DNA poivmerase (alpha) 1.505 171.167 8.22
¢y Trepanosoma brucei DNA polymerase 1aipha) 1,339 151.611 6.39
-2) DNA polymerase deita
a) Human DNA polymerase 1delta) 1.107 123,634 6.94
b) Bovine DNA polymerase (delta) 1.106 123,707 7.52
o) S.cerevisiae DNA poivmerase HI (delta) 1.097 124,618 7.96
Jd) S.pombe DNA polymerase 1l (delta) 1.084 123.211 T.63
2} Plasmodium falciparum DNA polymerase (delta) 1.094 126.883 8.76
-3) DNA polymerase epsiion
S.cerevisiae DNA polvmerase 1l (epsilon) 222 255.669 6.92
+4) Other eukaryotic DNA polymerases
s.cerevisiae DNA polymerase Rev3 1.504 172.956 3.86
3. Viral DNA polymerases
1 Herpes Simplex virus type | DNA poivmerase 235 136.547 7.35
~) Equine herpes virus type | DNA poivmerase 220 135.955 6.67
o) Varicella-Zoster virus DNA polymerase 194 134.047 7.80

i
]
1
41 Epstein-Barr virus DNA polymerase 1.015 113.417 7.38
1
1

21 Herpesvirus satmiri DNA poiymerase 009 113.934 7.31
7+ Human cytomegalovirus DNA polymerase 242 137.101 7.2
2) Murine cytomegalovirus DNA polymerase 1.097 123.573 6.68
1) Human herpes virus type 6 DNA poivmerase 1.012 115.819 ~.H
i+ Channel Cattish virus DNA polymerase 985 113.468 7.98
1 Chloreila virus DNA polymerase 913 104.955 6.66
%) Fowlpox virus DNA polvmerase 988 116,658 3.1
i+ Vaccinia virus DNA polymerase 937 108.564 7.50
m) Chonstoneura biennis DNA polymerase 964 114.818 7.95
1) Autographa calitornica nuclear polyhearosis

virus (ACMNPV)Y DNA polymerase 984 114.337 8.35
o Lymantna dispar nuclear polyhedrosis virus

DNA polymerase 1.013 115.921 9.08
p) Adenovirus-2 DNA polymerase™® 1.056 120,431 6.65
q) Adenovirus-7 DNA polymerase® 1,122 128.648 6.73
r) Adenovirus-12 DNA polymerase* 1.053 120,863 6.86

. Eukarvotic linear DNA plasmid encoded DNA polymerases

a) §-1 maize DNA polymerase* 917 105.935 3.62
by kalilo neurospora intermedia DNA polymerase* 970 112.902 9.71
¢) pAl2 Ascobolus immersus DNA polymerase* 1.202 138.279 10.10
&) pCLKI Claviceps purpurea DNA polymerase” 1.097 126.627 8.76
¢) maranhar neurospora crassa DNA polymerase® 1.021 119.074 9.62
) pEM dAgaricus bitorquis DNA polymerase™ 797 91.922 "8.24
a) pGKL1 Kluvveromyces lactis DNA polymerase* 995 116,345 8.04
h) pGKL2 Kluvveromyces lacns DNA polymerase” 994 117.560 8.33

i) pSKL Saccharomyces kluyveri DNA polymerasc” 999 117.544 9.79
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Table II. Sequences of synthetic oligonucleotides used for site-directed mutagenesis

Mutations Oligonucleotide sequence
1 (K340H) 5’-CAATATTTTTTATCATCTGATTTTAAA-3’
2 (K340N) 5-TATTTTTTATCAACTGATTTT-3’
3 (K340E) 5-TATTTTTTATGAACTGATTTT-3’
4 (D17A) 5’-GCCGCCTTTGCCTTTGAAACTGAC-3’
5 (E19A) 5>-TTTGACTTTGCAACTGACCCTTTC-3’
6 (N71D) 5’-TACGCTCATGACGGCGGCAAGTTTG-3’
7 (F75Y) 5’-GGCGGCAAGTATGATTTTCTTTTTCTC-3’
8 (D76A) 5’-GGCAAGTTTGCTTTTCTTTTTCTC-3’
9 (D107H) 5’-AATTCCGCCATAGTTATG-3’
10 (D107A) 5’-AAATTCCGCGCTAGTTATGCA-3’
11 (D107N) 5’-AATTCCGCAATAGTTATG-3’
12 (D107E) 5’-TTCCGCGAAAGTTATGCA-3’
13 (Y145F) 5’-ATTTTAGAATTCCTGAAAGGCGAT-3’
14 (D149A) 5’-CTGAAAGGCGCTTGTGTAACCCTG-3’

* The mutagenic oligonucleotide corresponds to respective mutants shown in
parentheses(). The position of point mutation is marked with underline.
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Table III Comparison of the soluble and the insoluble preparations of PRD1 DNA
polymerase

Activities Soluble preparation Insoluble preparation
Km (dNTP), uM 1.3 1.8

Kcat, S.l 2.5 4.0

Kea/Km, s M 2.0 2.2

Km (primer terminus), nM 11.0 31.0

5°—3’ Polymerase activity:
Initiation———complex forming activity,

(units/mg) 38.2 41.9
Elongation filling-in activity,
(units/mg) 3.98 3.93
3’—5’ Exonuclease activity:
on single-stranded DNA, (units/mg) 118.5 177.3
on double-stranded DNA, (units/mg) 69.9 104.9
Replacement reaction, (units/mg) 3.6 5.1

DNA replication on different templates:
poly(dC) -oligo(dG)12-18,

(units/mg) 970.0 1299.4
primed Mis single-stranded DNA,

(units/mg) 225.1 188.8
activated calf thymus DNA,

(units/mg) 175.4 169.0
PRD1 DNA-TP complex, (units/mg) 482.9 522.7

Inhibitions:

KCl, (Iso, mM) 266 268
NaCl, (Iso, mM) 256 257
NHAaCl, (Iso, mM) 253 251
Aphidicolin, (Iso, pM) 335 350
N-Ethylmaleimide, (Iso, mM) 0.75 0.6

dideoxy-GTP, (Iso, pM) 48 45
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Table IV. Effects of K340 mutations on the catalytic activities of PRD1 DNA

polymerase

Wild Type K340H K340N K340E
DNA polymerase
activity (%) 100 <0.01 <0.01 <0.01
Protein-primed
initiation (%) 100 <0.01 <0.01 <0.01
Filling-in
activity (%) 100 <0.01 <0.01 <0.01
Replacement
activity (%) 100 <0.01 <0.01 <0.01
3’-5’ exonuclease
activity (%) 100 129.7 103.5 87.6




90

Table V Effects of mutations in N-terminal portion on the catalytic activities of PRD1 DNA polymerase

Replication on Ratio of 3'-5' Replication on Strand
3-5' Exo poly(dC)-oligo(dG) Exo to replication  Filling-in Initiation TP-DNA complex displacement
U/ing(%) U/mg(%) % U/mg(%) U/mg(%) U/mg(%)

Wild type 177.4(100) 1307.1(100) 100.0 2.70(100) 6.05(100) 519.0(100) +++
DI17A <0.01(<0.01) 1529.3(117) <0.01 2.78(103) 5.26(86.9) 17.6(3.49) +/-
E19A <0.01(<0.01) 1261.4(96.5) <0.01 2.38(88.1) 4.15(68.6) 14.002.7) -
N71D 23.1(13.0) 1288.8(98.6) 13.2 3.83(88.1) 1.28(21.2) 325.9(62.8) o+
F75Y 168.2(94.8) 1269.2(97.1) 97.6 4.64(172) 3.61(59.6) 353.4(68.1) ++
D76A <0.01(<0.01) 1211.7(92.7) <0.01 2.24(83.0) 4.73(78.2) 9.3(1.8) -
DI07H <0.01(<0.01) 98.0(7.5) <13.3 0.08(3.0) 0.25(4.1) 0.5(0.1) -
DI07A 6.6(3.7) 474.5(36.3) 10.2 N.D. N.D. N.D. 4
D107N 21.3(12.0) 766.0(58.6) 20.5 N.D. N.D. N.D. ot
DIO7E 44.4(25.0) 1141.1(87.3) 28.6 N.D. N.D. N.D. -+
Y 145F 83.6(47.1) 1281.0(98.0) 48.1 2.35(87.1) 7.50(124) 183.7(35.4) ++
D149A <0.01(<0.01) 949.0(72.6) <0.01 4.94(183) 6.96(115) 3.6(0.7) -
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