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A crystal structure of the bacteriophage T7 gene 5
protein/Escherichia coli thioredoxin complex reveals a
region in the exonuclease domain (residues 144-157)
that is not present in other members of the E. coli DNA
polymerase I family. To examine the role of this region,
a genetically altered enzyme that lacked residues 144 -
157 (T7 polymerase (pol) A144-157) was purified and
characterized biochemically. The polymerase activity
and processivity of T7 pol A144-157 on primed M13
DNA are similar to that of wild-type T7 DNA polymer-
ase implying that these residues are not important for
DNA synthesis. The ability of T7 pol A144-157 to cata-
lyze the hydrolysis of a phosphodiester bond, as judged
from the rate of hydrolysis of a p-nitrophenyl ester of
thymidine monophosphate, also remains unaffected.
However, the 3’-5' exonuclease activity on polynucle-
otide substrates is drastically reduced; exonuclease
activity on single-stranded DNA is 10-fold lower and
that on double-stranded DNA is 20-fold lower as com-
pared with wild-type T7 DNA polymerase. Taken to-
gether, our results suggest that residues 144-157 of
gene 5 protein, although not crucial for polymerase
activity, are important for DNA binding during hydrol-
ysis of polynucleotides.

Bacteriophage T7-encoded gene 5 protein is a replicative
DNA polymerase that also has an associated 3’-5" exonuclease
activity that is active on both single-stranded (ss)! and double-
stranded (ds) DNA (1). By itself, the 80-kDa gene 5 protein
(gpb) is distributive for DNA synthesis and catalyzes the addi-
tion of less than 15 nucleotides before dissociating from a
primer-template terminus (2). Association in a 1:1 complex
with the 12-kDa Escherichia coli host protein thioredoxin in-
creases the processivity of polymerization by gp5; the
gp5-thioredoxin complex catalyzes the addition of thousands of
nucleotides per cycle of polymerization at a rate of 300 nucle-
otides per second (3, 4). The association with thioredoxin also
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increases the exonuclease activity of gpb on dsDNA several
hundred-fold but has little effect on the hydrolysis of ssDNA
(2). The complex of gp5 and thioredoxin will be referred to as T7
DNA polymerase in this report.

T7 DNA polymerase, like other members of the E. coli DNA
polymerase I (Pol I) family, has a bipartite architecture with
distinct C-terminal polymerase and N-terminal exonuclease
domains (5). A 2.2-A resolution crystal structure of T7 DNA
polymerase in complex with a primer-template and an incom-
ing dideoxynucleoside triphosphate was solved in the polymer-
ization mode (see Fig. 1). This structure captured the poly-
merase in the act of adding a nucleotide to a growing chain of
DNA. The polymerase domain is likened to a right hand com-
posed of thumb, fingers, and palm subdomains that converge to
form a DNA binding groove that leads to the polymerase active
site. The processivity factor, E. coli thioredoxin, is bound to the
thumb subdomain. In this structure, there are no visible con-
tacts between the exonuclease domain and DNA. The exonu-
clease and polymerase active sites are separated by ~35 A.

Although T7 DNA polymerase and the Klenow fragment of
E. coli Pol I are structurally similar (5), they differ strikingly in
a number of ways. T7 DNA polymerase is a replicative DNA
polymerase and hence must physically and functionally inter-
act with the other proteins of the T7 replication system,
whereas E. coli Pol I is mainly devoted to DNA repair and thus
does not have strong interactions with other E. coli proteins. T7
DNA polymerase, by virtue of its bound processivity factor,
thioredoxin, has a processivity of polymerization in the range of
thousands of nucleotides, whereas Klenow fragment polymer-
izes less than 10 nucleotides per polymerization cycle (2, 6).
Remarkably, T'7 DNA polymerase incorporates a dideoxynucle-
otide almost as well as a deoxynucleotide while Klenow frag-
ment discriminates against these analogues several hundred-
fold (7). Finally, the 3'-5' exonuclease activity of T7 DNA
polymerase on dsDNA is several hundred-fold higher than that
of Klenow fragment (2).

One approach to understanding the molecular basis for these
differences in activities is to compare T7 DNA polymerase and
Klenow fragment for unique differences. Such an approach has
been used successfully to identify a loop in the DNA binding
crevice that interacts with the DNA primase domain of T7 gene
4 protein (8), a unique segment in the thumb subdomain of T7
gene 5 protein that binds thioredoxin (6), and a single amino
acid residue in the active site that accounts for the discrimina-
tion against dideoxynucleotides (7).

Following this approach, we identified an elongated helix
spanning residues 120-150 that is unique to T7 DNA poly-
merase (helix E*, see Fig. 1). There is limited sequence homol-
ogy in this region between T7 DNA polymerase and the Klenow
fragment; two glutamic acid residues are present in both T7
DNA polymerase (Glu-148 and Glu-149) and Klenow fragment
(Glu-474 and Glu-475). However, in T7 DNA polymerase, res-
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Exonuclease Domain of T7 DNA Polymerase

Fingers

Fic. 1. Crystal structure of T7 DNA
polymerase. A ternary complex of T7
gene 5 protein (blue) with its processivity
factor, thioredoxin (red), a primed DNA
template (gray), and an incoming 2',3'-
dideoxynucleotide (dldGTP) determined at
2.2-A resolution (7). Residues 144-157
(KRMLEEQGEEYVDG) are in orange.
The thioredoxin binding domain (7BD)
comprising residues 262-338 is in yellow.

idues 120-157 form an elongated helix and residues 144-157
protrude out from the rest of the exonuclease domain. This
region includes helix E* and the loop between helices E* and F
(see Fig. 1).

The location and composition of this segment makes it par-
ticularly attractive for study. Most replicative DNA poly-
merases achieve high processivity by functioning as sliding
clamps. Processivity factors such as proliferating cell nuclear
antigen, the B subunit of E. coli DNA polymerase III, and the
gene 45 proteins of bacteriophage T4 and RB69 all form closed
sliding clamps that can accommodate duplex DNA in their
central cavities, effectively anchoring the catalytic subunits to
DNA (9). Such a closed clamp structure was not observed in the
published ternary complex of T7 DNA polymerase (5). Instead,
E. coli thioredoxin was bound to a 76-amino acid extended loop
between helices H and H1 of the thumb subdomain positioning
the loop over the duplex region of the primer-template, but was
rotated away from the primer-template (Fig. 1). It is possible
that, in this particular structure, T7 DNA polymerase was
frozen in an “open” conformation and the polymerase does in
fact flicker between open and closed conformations (10). During
such a conformational switch, the thioredoxin-binding domain
(TBD) could dock over duplex DNA, contacting another site on
the polymerase, and thereby encircling the DNA.

The TBD is comprised of 71 amino acid residues enriched in
glycines, prolines, and lysines. The average temperature factors
of the atoms in this loop are nearly twice as high as the rest of the
molecule indicating a region of high flexibility (5). Twenty-five
residues (219-317) at the distal end of the loop are disordered. Of
these, five are basic (Lys-268, Lys-285, Lys-300, Lys-302, and
Lys-304), and Lys-300, Lys-302, and Lys-304 have been shown to
be important in DNA binding and processivity of polymerization
(11). The loop between helices E* and F is poised on the opposite
of the DNA binding crevice in the exonuclease domain. Five
residues at the tip of this loop have acidic side chains (Glu-148,
Glu-149, Glu-153, Glu-154, and Asp-157) providing the possibil-
ity that the TBD swings over the primer-template and docks at
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this site in the exonuclease domain. The resulting clamp could
increase the stability of the duplex primer-template/polymerase
complex and thus bestow high processivity on either the poly-
merase or exonuclease reaction.

In the current study, 14 amino acids (residues 144-157)
within the unique loop were deleted and the biochemical prop-
erties of the genetically altered T7 DNA polymerase (T7
polA144-157) examined. The deletion of this charged region of
the loop has no effect on polymerase activity but, instead, plays
a critical role in the exonucleolytic activity on polynucleotides.

EXPERIMENTAL PROCEDURES
Materials

DNA—M13mp18 was from New England Biolabs. M13 mGP1-2 is a
9950-nt derivative of vector M13 mp8 containing an insert of phage T7
DNA (2). Oligo-68 (5'-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-
TTTTTTTGCACGAATTCGCGGATCCAGCTGCAGGTAT-3"), Oligo-70
(5'-TCCGCGAATTCGTGCGACCCAGTGATAGGTATTGTTGGTGAT-
TGTTGGTGGATTAGTAAGGACCCATACCTGCAGCTGGA-3'), the
24-nt (—47) M13 sequencing primer (5'-CGCCAGGGTTTTCCCAGTC-
ACGAC-3'), the 17-nt (—40) M13 sequencing primer (5'-GTTTTCCCA-
GTCACGAC-3'), and the 100-nt oligonucleotide (5'-GTTTAGCAAAAT-
CCCATACAGAAAATTCATTTACTAACGTCTGGAAAGACGACAAAA-
CTTTAGATCGTTACGCTAACTATGAGGGCTGTCTGTGGAATGC-3")
were from Integrated DNA Technologies. The 24-nt M13 sequencing
primer and M13 mGP1-2 DNA were mixed in a 1:1 molar ratio (100 nm)
in 40 mM Tris-Cl, pH 7.5, and 50 mm NaCl and annealed by heating to
95 °C for 5 min, followed by slowly cooling to room temperature. Oligo-
nucleotide concentrations were determined spectrophotometrically. Ol-
igonucleotide concentrations are expressed in terms of primer 3'-ends.
M13 DNA concentrations are expressed in terms of number of mole-
cules of M13.

E. coli Strains, Bacteriophage, and Plasmids—E. coli C600 was from
the laboratory collection. E. coli HMS174 (DE3) and DH5«a were from
Invitrogen. T7A5 (gene 5 deletion) phage was from the laboratory col-
lection. Plasmid pGP5-3 contains T7 gene 5 under the control of the T7
RNA polymerase promoter ® 10 (2). Growth and manipulation of bac-
teriophage T7 and E. coli were carried out as described previously (12).

Mutagenesis of T7 Gene 5—Plasmid pGP5 A144-157 was constructed
using standard PCR and cloning techniques. The identity of the clone
was confirmed by DNA sequencing.
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Enzymes and Proteins—Native T7 gene 5 protein and the genetically
altered gene 5 protein (T7 pol A144-157) were overproduced in E. coli
HMS174 (DE3) cells containing plasmid pGP5-3, and pGP5 A144-157,
respectively. The 1:1 complex of polymerase and thioredoxin was puri-
fied to apparent homogeneity as described (2). Protein concentrations
were determined by the method of Bradford (13). Restriction enzymes,
T4 DNA ligase, and T4 polynucleotide kinase were from New England
Biolabs.

Nucleotides—Sequencing grade nucleotides (dATP, dCTP, dGTP,
and dTTP), [*H]dTTP (3000 Ci/mmol), [methyl-*H]thymidine (25 Ci/
mmol), [y-**PJATP (2500 Ci/mmol), and [a-**P]dCTP (2500 Ci/mmol)
were from Amersham Biosciences. The 5'-p-nitrophenyl ester of thymi-
dine monophosphate (pNP-TMP) was from Sigma.

Methods

Plating Efficiencies—Plating efficiencies of T7A5 phage were meas-
ured on E. coli C600 cells harboring either pGP5-3 or pGP5A144-157.
The cells were grown to a density of 2 X 10® cells/ml in LB media (1%
Tryptone, 0.5% yeast, 0.5% NaCl, pH 7.0, at 50 °C). Dilutions of phage
solutions in TB media were mixed with 0.5 ml of cells, 3 ml of top agar
(1% Tryptone, 0.5% yeast, 0.5% NaCl, 0.7% agar, pH 7.0, at 50 °C) and
200 pg of ampicillin, and plated on TB (1% Tryptone, 0.5% yeast, 0.5%
NaCl, 1.5% agar, pH 7.0) plates. The plates were incubated at 37 °C for
2-5 h before they were analyzed for the appearance of plaques.

Measurement of T7 Burst Size—The burst size of T7A5 phage was
measured by infecting logarithmically growing E. coli C600 cells har-
boring pGP5-3 or pGP5A144-157 at a multiplicity of infection of 0.1 at
37 °C. After 15 min, the infected cells were centrifuged to remove
unadsorbed phage, and then were diluted 10,000-fold. The infected cells
were titered on E. coli C600 cells harboring plasmid pGP5-3 or
pGP5A144-157 every 5 min from 15 to 40 min after infection.

DNA Polymerase Assays—Reaction mixtures (50 ul) contained 40 mm
Tris-Cl, pH 7.5, 10 mm MgCl,, 5 mm DTT, 50 mm NaCl, 500 uM each of
dATP, dCTP, dGTP, and [*H]dTTP (2 cpm/pmol), 50 ug/ml bovine serum
albumin, 20 nMm M13 mGP1-2 DNA annealed to a 24-nt M13 DNA se-
quencing primer, and varying amounts of T7 DNA polymerase. The reac-
tions were incubated at 37 °C for 10 min and terminated by the addition
of 10 ul of 0.5 M EDTA, pH 7.5. The incorporation of [PH]JdTMP into DNA
was measured on DE81 filter discs as described previously (14).

Polymerase Processivity Assays—The DNA used for processivity as-
says was a 5'-**P-labeled, 24-nt primer annealed to M13 mGP1-2
ssDNA as described before (2). Reactions were carried out at 37 °C as
previously described (15). Reaction mixtures contained 40 mm Tris-Cl,
pH 7.5, 10 mm MgCl,, 5 mm DTT, 50 mm NaCl, 500 um each of dATP,
dCTP, dGTP, and dTTP, the indicated amounts of primer-template, and
0-325 nMm T7 DNA polymerase.

Strand Displacement DNA Synthesis—A pre-formed replication fork
was constructed by ligating the 70-nt Oligo-70 into a circle using
Oligo-68 as a splint. To anneal the two oligonucleotides, Oligo-68 (50
pmol) was mixed with Oligo-70 (50 pmol) in a reaction mixture (120 ul)
containing 125 mm Tris-Cl, pH 7.5, and 0.15 M NaCl, incubated at 70 °C
for 5 min and then slowly cooled to room temperature. This mixture was
then incubated with T4 DNA ligase (40 units) and T4 polynucleotide
kinase (10 units) at 37 °C for 30 min in a reaction mixture (145 ul)
containing 345 um ATP, 15 mm Tris-Cl, pH 7.5, 10 mm MgCl,, 5 mMm
DTT, 0.5 mM B-mercaptoethanol, 20 pg/ul bovine serum albumin, and
35 um DNA template.

Strand displacement reactions (50 ul) contained 20 mm Tris-Cl, pH
7.5, 5 mm MgCl,, 3 mm DTT, 37.5 mm NaCl, 500 uMm each of dATP,
dCTP, dGTP, and [*HIdTTP (2 cpm/pmol), and 20 nM pre-formed rep-
lication fork. Reactions were initiated by the addition of 63 kDa of T7
helicase/primase (gene 4 protein) and T7 DNA polymerase to final
concentrations of 24 nM and 0—2 nM, respectively. The reaction mix-
tures were incubated at 37 °C for 10 min, and the reactions were
terminated by addition of 10 ul of 0.5 M EDTA, pH 7.5. The incorpora-
tion of [PHITMP was measured as described (14).

T7 Gene 4 Primase-dependent DNA Synthesis by T7 DNA Polymer-
ase—Reaction mixtures (50 pl) contained 40 mm Tris-Cl, pH 7.5, 10 mm
MgCl,, 5 mM DTT, 50 mm NaCl, 300 um each of dATP, dCTP, dGTP, and
[*HIdTTP (60 cpm/pmol), 500 um ATP and CTP, 50 pg/ml bovine serum
albumin, 4 nm M13 mGP1-2 DNA, from 0 to 80 nM 63-kDa gene 4
protein, and 15 nM T7 DNA polymerase. The mixtures were incubated
at 37 °C for 15 min and terminated by the addition of 10 ul of 0.5 M
EDTA, pH 7.5. The incorporation of [’H][dTMP into DNA was measured
on DES81 filter discs as described (14).

Hydrolysis of pNP-TMP—Reaction mixtures (250 ul) contained 50
mM Tris-Cl, pH 8.0, 50 mMm NaCl, 5 mm DTT, 1 mm MnCl,, 3 mMm
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TaBLE 1
Ability of gene 5 plasmids to complement T7 phage growth

Efficiency of plating of wild-type and A5 T7 phage on E. coli C600 was
measured as described under “Experimental Procedures.” E. coli C600
cells harboring the indicated plasmids were infected with wild-type or
A5 T7 phage. The efficiency of plating is calculated by dividing the
number of plaque-forming units observed when plated on cells contain-
ing the indicated plasmid by the number of plaque-forming units on
pGP5-3 and represents an average of three experiments.

Efficiency of

plating b

Plasmid® Mutation Burst size
T7A5 T7 wt
No plasmid <1076 1
pT7-7 Nogene5 <10°° 1
pGP5-3 WwT 1 1 45
pGP5A144-157 A144-157 1 1 32

“ Plasmid pGP5-3 contains T7 gene 5 under the control of the T7 RNA
polymerase promotor ¢10, pGP5A144-157 contains T7 gene 5 lacking
the codons encoding residues 144—157, and pT7-7 is the parent vector of
pGP5-3 missing the gene 5 insert.

® Burst sizes were determined using T7A5 phage and are the average
of three experiments.

pNP-TMP (dissolved in 50 mm Tris-Cl, pH 8.0, and 50 mm NaCl), and
500 nm T7 DNA polymerase. The rate of hydrolysis of pNP-TMP was
determined spectrophotometrically by monitoring p-nitrophenol pro-
duction at 420 nm in a Hewlett-Packard 8452A diode array spectropho-
tometer. The molar extinction coefficient of p-nitrophenol at pH 8.0 and
420 nm is 12,950 M 'cm ! (16).

Exonuclease Activity—The 3'-5' exonuclease activity of T7 DNA
polymerase was measured using uniformly *H-labeled M13 ssDNA or
dsDNA. The substrates were prepared, and reactions were carried out
as previously described (15). Reaction mixtures (100 ul) contained 40
mM Tris-Cl, pH 7.5, 10 mm MgCl,, 5 mm DTT, 50 mm NaCl, 20 nM of
3H-labeled M13mp18 ssDNA or dsDNA, and varying amounts of T7
DNA polymerase.

Processivity of Exonuclease Activity—The DNA used for dsDNA pro-
cessivity assays was a 5'-**P-labeled, 100-nt oligonucleotide annealed to
M13 mp18 ssDNA. The oligonucleotide (1 pmol) was first labeled at its
5' terminus with *3P by incubation in a reaction mixture (20 ul) con-
taining 70 mMm Tris-Cl, pH 7.5, 10 mm MgCl,, 5 mMm DTT, 5 ul of
[y-**P]ATP (2500 Ci/mmol), and 1 ul of T4 polynucleotide kinase at
37 °C for 30 min, and then annealed to M13 DNA. The 5’-3*P-labeled,
100-nt ssDNA substrate used for processivity measurements on ssDNA
was prepared by alkali denaturation of the dsDNA substrate by treat-
ment with 50 mMm NaOH at 20 °C for 15 min, followed by neutralization
with HCL.

The reaction mixtures (12 ul) contained 40 mm Tris-Cl, pH 7.5, 10 mm
MgCl,, 5 mm DTT, 50 mm NaCl, and 2 nm M13 DNA. Reactions were
initiated by the addition of 4 ul of varying concentrations of T7 DNA
polymerase (0—16 nM). After 1 min at 30 °C, the reactions were stopped
by the addition of 12 ul of 95% formamide, 20 mm EDTA, 0.05% xylene
cyanol, and 0.05% Bromphenol Blue. The products were separated by
electrophoresis in an 8% polyacrylamide denaturing gel containing 50%
urea (w/v) in 89 mm Tris base, 89 mMm boric acid, and 2 mMm EDTA. After
electrophoresis, the gels were dried and autoradiographed.

RESULTS

T7 pol A144-157 Supports T7 Phage Growth—To examine
the role of residues 144157 in T7 DNA polymerase, an altered
gene 5 lacking the codons encoding these residues was con-
structed. The effect of the genetically altered gene 5 on the
growth of wild-type T7 phage and T7 phage lacking gene 5
(T7A5 phage) was examined. T7A5 phage is dependent on the
expression of plasmid encoded gene 5 for viability. Plasmid-
encoded T7 pol A144—-157 supports the growth of T7A5 phage
(Table I). While the efficiencies of plating of T7A5 phage on
E. coli C600 cells expressing wild-type T7 DNA polymerase or
T7 pol A144-157 are similar, plaques formed by T7 pol A144—
157 are smaller. T7 pol A144-157 also has a slightly smaller
burst size (Table I) than wild-type T7 DNA polymerase imply-
ing an overall defect in phage growth.

DNA Synthesis in Vitro—The polymerase activity of T'7 pol
A144-157 was compared with wild-type T7 DNA polymerase

1002 ‘2 yare uo Aq 610°ogl-mmm woly papeojumoq


http://www.jbc.org

The Journal of Biological Chemis

e

Exonuclease Domain of T7 DNA Polymerase

’, WTT7 pol
12001 ‘,.»‘O
T7 pol
* ® A144-157

800

[BH]dTMP Incorp. (pmol)
i
(=]
(=]

I 1

1 1
0 0.2 0.4 0.6 0.8 1
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Fic. 2. DNA synthesis catalyzed by wild-type T7 DNA polym-
erase and T7 pol A144-157. A 24-nt oligonucleotide annealed to
circular M13 ssDNA was used as the primer-template in a standard
polymerase assay. The incorporation of [*H]JdTMP in 10 min at 37 °C
was measured as described under “Experimental Procedures.” The
length of the template is 9950 bases. Reaction mixtures contained 20 nm
DNA.

by measuring the incorporation of [PH]dTMP into primed M13
ssDNA (Fig. 2). The concentration of the DNA primer-template
(20 nm) was at least ~20-fold in excess over the polymerase. As
shown in Fig. 2, the polymerase activity of T7 pol A144-157,
measured as the initial rate of DNA synthesis, is within a
factor of two of the activity of the wild-type polymerase.

Polymerase Processivity Assays—The similar rates of DNA
synthesis by wild-type T7 polymerase and T7 pol A144-157
suggest that they have a similar processivity of polymerization.
We measured directly the lengths of the products synthesized
during a single round of DNA synthesis. M13 ssDNA annealed
to a 5'-33P-labeled, 24-nt oligonucleotide was used as the prim-
er-template. In one experiment, the primer-template was
maintained in 8-fold molar excess over the polymerase. Ali-
quots of the reaction mixture were removed at various times
and subjected to electrophoresis in an agarose gel (Fig. 3A). In
a second experiment, the polymerase concentration was varied
and the lengths of products formed in a 5-min reaction were
observed (Fig. 3B). T7 pol A144-157 is as processive as wild-
type T7 DNA polymerase as observed from the accumulation of
the full-length 9950-nt product in <5 min. This experiment
illustrates the similar processivity of the two enzymes in that
both enzymes catalyze the formation of the full-length DNA
product under conditions where DNA synthesis has not yet
been initiated on most of the primers (Fig. 3A, 2-min time
points).

Helicase-dependent Strand Displacement DNA Synthesis by
T7 DNA Polymerase—The ability of T7 pol A144—157 to inter-
act functionally with the bacteriophage T7 helicase encoded by
gene 4 (gp4) was evaluated on a minicircle template using
purified proteins (8). On a small minicircle template, once the
polymerase encounters duplex regions of the template, it can-
not catalyze further DNA synthesis; gp4 is required to unwind
duplex DNA for T7 DNA polymerase to further synthesize DNA
via a rolling circle mechanism (17, 18). In the absence of gp4,
there is no observable DNA synthesis (data not shown). Thus,
the resulting strand displacement synthesis requires a func-
tional coupling of the polymerase and helicase via a direct
physical interaction between the two proteins (19). As shown in
Fig. 4, T7 pol A144-157 catalyzes strand displacement DNA
synthesis in complex with gp4, implying that it interacts in a
functional mode with gp4 in a manner analogous to that of
wild-type T7 DNA polymerase.

Primase-dependent DNA Synthesis by T7 DNA Polymerase—
The primase domain of gp4 catalyzes the synthesis of tetrari-
bonucleotides at primase recognition sites in the presence of
ATP and CTP (20). These tetraribonucleotides are stabilized on
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Fic. 3. Processivity of polymerization catalyzed by wild-type
T7 DNA polymerase and T7 pol A144-157. A 5'-**P-labeled 24-nt
primer was annealed to a M13 ssDNA template. The primer was ex-
tended by the incorporation of 4 ANMPs in a standard polymerase assay
at 37 °C with either wild-type T7 DNA polymerase or T7 pol A144-157.
A, the molar ratio of polymerase (0.25 nM) to primer-template (4 nm)
was 1:16. For each reaction, aliquots were removed at the indicated
times and mixed with an equal volume of 0.2% SDS and 25 mm EDTA.
The reaction products were separated by electrophoresis in a 0.6%
agarose gel containing 0.06 ug/ml ethidium bromide and visualized by
autoradiography. B, effect of increasing polymerase concentration on
the length of products. The reaction time was 5 min. The markers on the
right correspond to the length of the labeled primer annealed to M13
DNA.

__. 400F 3

S WT T7 Pol
£ 0O
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- 300 s _T7 pol
o A144-157
S
g
= 200
a
=
5
T 100
e

i i i
0 0.5 1.0 1.5 2.0

Polymerase Concentration (nM)

FiG. 4. Gene 4 helicase-dependent DNA synthesis. DNA synthe-
sis catalyzed by T7 DNA polymerase and T7 gene 4 protein was meas-
ured using a 70-nt circular dsDNA template with a 40-nt 5’-oligo(dT)
tail (see inset). The 5'-tail allows the helicase to load onto the DNA
template. The helicase activity of gene 4 protein unwinds duplex region
of the template, allowing the T7 DNA polymerase to catalyze DNA
synthesis on the circular ssDNA template. The incorporation of
[*H]dTMP in 10 min at 37 °C was measured as described under “Ex-
perimental Procedures.” Reaction mixtures contained 20 nMm DNA, 24
nM gp4, and from 0 to 2 nm T7 DNA polymerase.

the DNA template by gp4 until utilized by T7 DNA polymerase
for priming DNA synthesis (21, 22). T7 DNA polymerase can-
not extend the primers in the absence of gp4. The gene 4
primase-dependent DNA synthesis catalyzed by T'7 pol A144—
157 on M13 ssDNA was compared with that catalyzed by wild-
type T7 DNA polymerase (Fig. 5). The rates of DNA synthesis
are comparable indicating that T7 pol A144—157 interacts func-
tionally with the T7 gene 4 primase.

Hydrolysis of the 5'-p-Nitrophenyl Ester of Thymidine 5'-
Monophosphate—The p-nitrophenyl ester of thymidine 5'-
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Fic. 5. T7 gene 4 primase-dependent DNA synthesis. The ability
of wild-type T7 DNA polymerase and T7 pol A144-157 to use primers
synthesized by T7 63-kDa gp4 on M13 ssDNA in the presence of ATP
and CTP (500 uM) was measured in a reaction containing 4 nm DNA, 15
nM T7 DNA polymerase, and from 0 to 80 nm gp4. The incorporation of
[PHIdTMP in 15 min at 37 °C was measured as described under “Ex-
perimental Procedures.” The data have been presented as the incorpo-
ration of deoxyribonucleoside monophosphate (4xX dTMP).

monophosphate (pNP-TMP) was used to examine the integrity
of the 3’-5' exonuclease active site of T7 DNA polymerase.
Examining the hydrolysis of a mononucleotide substrate allows
the isolation of specific interactions with the residues in the
active site from the more extensive interactions of longer
polynucleotide substrates (16, 23). The rates of phosphodiester
bond hydrolysis catalyzed by wild-type T7 DNA polymerase
and T7 pol A144—-157 were compared by monitoring the forma-
tion of p-nitrophenol, the product of pNP-TMP hydrolysis (Fig.
6). The substrate, pPNP-TMP, was maintained in 6000-fold mo-
lar excess over the polymerase for pseudo first-order kinetic
measurements. The catalytic rate constant (k) was deter-
mined from the initial velocity of the reaction. From initial rate
measurements, the pseudo first-order rate constants for wild-
type T7 DNA polymerase (k.,, = 0.026 s~ 1) and T7 pol A144—
157 (k. = 0.023 s~1) are comparable. Thus, deletion of resi-
dues 144-157 of the polymerase has little effect on its
exonuclease active site.

3’-5' Exonuclease Activity on Polynucleotide Substrates—
Gp5 possesses 3'-5' exonuclease activity on both ssDNA and
dsDNA. Thioredoxin greatly stimulates the activity on dsDNA
(24). We measured the 3’-5' exonuclease activities of T7 pol
A144-157 on both ssDNA and dsDNA at 37 °C (Fig. 7). The
fraction of DNA hydrolyzed was measured as a function of the
enzyme concentration. The 3’-5’ exonuclease activities of T7
pol A144-157 on both ssDNA and dsDNA are reduced drasti-
cally compared with wild-type T7 DNA polymerase. The activ-
ity of T'7 pol A144-157 on ssDNA is reduced by ~10-fold com-
pared with wild-type T7 DNA polymerase (Fig. 7A), and on
dsDNA is reduced by ~20-fold (Fig. 7B). Because the exonucle-
ase active site of T7 pol A144-157 is intact, as evidenced by
rate measurements with pNP-TMP, this decrease in exonucle-
ase activity on polynucleotide substrates suggests a defect in
DNA binding.

Processivity of Hydrolysis of DNA—Because the processivity
of the 3'-5' exonuclease of T7 DNA polymerase has not been
reported, we first analyzed the processivity of hydrolysis cata-
lyzed by T7 DNA polymerase by visualizing the length of the
products of degradation of a DNA substrate by the method of
Bambara et al. (25). A 5'-33P-labeled, 100-nt oligonucleotide
was used to examine exonuclease activity and processivity on
ssDNA. This oligonucleotide, which is complementary to M13
DNA, was annealed to M13 ssDNA to form the dsDNA sub-
strate used for exonuclease activity measurements on dsDNA.
In all experiments, the DNA concentration was maintained at
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Fic. 6. Hydrolysis of the 5-p-nitrophenyl ester of thymidine
monophosphate (pNP-TMP). The rate of hydrolysis of pNP-TMP
catalyzed by T7 DNA polymerase and T7 pol A144-157 at 25 °C was
determined spectrophotometrically by monitoring p-nitrophenol pro-
duction at 420 nm. Reaction mixtures contained 3 mm pNP-TMP and 50
nM T7 DNA polymerase.
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Fic. 7. 8'-5' exonuclease activity on *H-labeled M13 DNA. A,
single-stranded DNA exonuclease activity. M13[*H] ssDNA was pre-
pared by alkali denaturation of M13[?H] dsDNA. B, double-stranded
DNA exonuclease activity. Uniformly labeled *H-labeled M13 dsDNA
was prepared by annealing a 24-nt oligonucleotide to M13 DNA and
then extending the primer using T7 DNA polymerase in the presence of
[*H]dTTP. Acid-soluble radioactivity was measured as described under
“Experimental Procedures.” The percentage of DNA hydrolyzed has
been presented as a function of polymerase concentration. 100% ssDNA
(A) or dsDNA (B) corresponds to 1 nmol of M13 DNA (in terms of total
nucleotides).

2 nM, whereas the polymerase concentration was varied from 0
to 16 nM. Reactions were initiated by the addition of polymer-
ase at 30 °C and stopped after 1 min. The products of the
reaction were analyzed by electrophoresis in an 8% denaturing
polyacrylamide gel (Figs. 8 and 9).

The processivity of the 3'-5" exonuclease activity on ssDNA is
shown in Fig. 8. The undigested 100-nt substrate is shown in
lane 1. The end-products of hydrolysis that include nucleoside
monophosphates and short oligonucleotides (up to 5-mers) can
be observed at the bottom of the gel in lanes 2-4. Under the
conditions used here, short oligonucleotides less than 5 nucle-
otides in length are not resolved. In lanes 6-9, where there is a
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Fic. 8. Processivity of the 3'-5' ssDNA exonuclease activity of
T7 DNA polymerase and T7 pol A144-157. A 5'-**P-labeled, 100-nt
primer (2 nM) was used as the substrate. Reaction mixtures contained
2 nM DNA and from 0 to 16 nMm T7 DNA polymerase. The reaction
mixtures were incubated for 1 min at 30 °C and then terminated by the
addition of 95% formamide, 20 mm EDTA, 0.05% xylene cyanol, and
0.05% Bromphenol Blue. Reaction products were separated by electro-
phoresis in an 8% denaturing polyacrylamide gel containing 50% urea
and visualized by autoradiography. Markers are shown on the left
(starting material) and right (degradation products).

WT T7 Pol T7 polA144-157
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Fic. 9. Processivity of the 3'-5' dsDNA exonuclease activity
of T7 DNA polymerase and T7 pol A144-157. A 5'-33P-labeled,
100-nt primer (2 nM) was annealed to M13 DNA and used as the
substrate for reactions. Reaction mixtures contained 2 nMm DNA and
from 0 to 16 nm T7 DNA polymerase. Reaction mixtures were incu-
bated for 1 min at 30 °C and terminated by the addition of 95%
formamide, 20 mMm EDTA, 0.05% xylene cyanol, and 0.05% Bromphe-
nol Blue. Reaction products were separated by electrophoresis in an
8% denaturing polyacrylamide gel containing 50% urea and visual-
ized by autoradiography. Markers are shown on the left (starting
materials) and right (degradation products).

42023

4- to 17-fold excess of template over polymerase, most of the
DNA substrate is not hydrolyzed, suggesting that the products
observed are due to a single cycle of polymerase binding and
exonuclease degradation. Under these conditions, the proces-
sivity of wild-type T7 DNA polymerase appears to be less than
50 nucleotides. With higher amounts of T7 DNA polymerase
(lanes 4 and 5), there are a pair of strong bands corresponding
to fragments ~50 nucleotides in length. This represents a site
that is a strong kinetic pause for T7 DNA polymerase, presum-
ably due to secondary structure in the single-stranded DNA. It
is only at higher enzyme concentrations (lanes 2-4) where
there is an excess of wild-type T7 DNA polymerase over ssDNA
that the end-products of exonucleolytic hydrolysis are
observed.

The processivity of the 3’'-5" exonuclease of T'7 pol A144-157
on ssDNA is much lower than that of wild-type T7 DNA po-
lymerase (Fig. 8). Under conditions where the DNA substrate is
in 2- to 16-fold excess over the polymerase (lanes 14-17), the
polymerase dissociates from the substrate after the degrada-
tion of less than 5 nucleotides. T7 pol A144-157 dissociates
from DNA at two additional pause sites as judged by the
accumulation of premature degradation products of ~95 and 90
nt. This result suggests that T7 pol A144—157 is more prone to
dissociation from ssDNA than the wild-type polymerase. The
lower processivity of T7 pol A144—157 is further demonstrated
by the fact that, at concentrations where T7 pol A144-157 is in
8-fold molar excess over DNA (lane 10), the DNA is not yet fully
degraded, with the predominant fragments still ~50 nucleo-
tides in length, whereas at a comparable concentration of wild-
type T7 DNA polymerase, the DNA is essentially completely
degraded (<5 nucleotides, lane 2).

The processivity of 3'-5' exonucleolytic hydrolysis on a
dsDNA template was measured using the 5'-3P-100-nt primer
annealed to M13 DNA (Fig. 9). As the binding of thioredoxin to
gp5 bestows a high processivity for polymerization, as well as
dramatically increases the exonuclease activity on dsDNA, it is
likely that it also increases the processivity of the exonuclease
(2). Fig. 9 shows that wild-type T7 DNA polymerase does ap-
pear to processively catalyze the hydrolysis of dsDNA. Under
conditions where most of the primer is not degraded (lanes 8
and 9), where there is an 8—16 fold excess of DNA over poly-
merase, the primers that have been degraded are reduced in
size by about 50 nucleotides.

T7 pol A144—-157 has much lower processivity than wild-type
T7 DNA polymerase on dsDNA (Fig. 9). T7 pol A144-157
hydrolyzes only a few nucleotides before dissociating from DNA
as judged by the distinct band at ~98 nt (Fig. 9, lanes 15 and
16). Even under conditions where the enzyme is in molar excess
over DNA, T7 pol A144-157 dissociates at additional pause
sites (lanes 10-13), resulting in the accumulation of products
that are ~90 nt in length. These pause sites are not observed
with wild-type T7 DNA polymerase, indicating that T7 pol
A144-157 stalls or dissociates from the dsDNA substrate upon
encountering these sequence-specific sites, whereas wild-type
T7 DNA polymerase can navigate through these regions in a
more processive manner.

DISCUSSION

T7 DNA polymerase has a higher processivity of polymeri-
zation and an exonuclease activity that is several hundred-fold
higher than that of E. coli Pol I (6). Both proteins belong to the
pol I family of polymerases and share extensive sequence and
structural homology. One approach toward understanding dif-
ferences in activity is to identify regions that are unique to
either protein. The crystal structure of T7 DNA polymerase
shows that residues 144—157 in the exonuclease domain form
an extended helix that is absent in E. coli Pol 1.
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This region was examined for a possible role in processive
DNA polymerization and exonucleolytic hydrolysis of DNA,
because it is located in a position to serve as a docking site for
the thioredoxin-binding domain. The structure of T7 gene 5
protein in complex with thioredoxin and a primer-template
showed the processivity factor and its binding domain poised
on the thumb subdomain over the DNA binding crevice. This
particular structure provides a snapshot of the complex that is
stabilized by the inability of the 3'-dideoxy-terminated primer
chain to carry out a nucleophilic attack on the incoming nucle-
oside 5'-triphosphate. However, processive polymerization re-
quires the stabilization of the polymerase'DNA complex during
the translocation of the primer-template with each cycle of
polymerization. We postulate that the binding of thioredoxin
confers this stability by one of two mechanisms. In the first
mechanism, thioredoxin and its TBD would dock at an unspec-
ified site located in the exonuclease domain of the DNA binding
crevice. The resulting clamp, one half composed of the DNA
binding crevice itself, and the other half provided by the TBD,
would then function essentially as a sliding clamp. In the
second possible mechanism, the TBD, which is highly basic,
would make electrostatic contacts with DNA to lock it into
place.

From the crystal structure, residues 144-157 seem uniquely
poised at the tip of the exonuclease domain to make contact
with the TBD. In addition, this region is rich in acidic residues
(5 out of 14 residues), making the model of electrostatic inter-
actions with the highly basic TBD tractable. However, we find
that this relatively large deletion of 14 amino acids has only a
slight effect on DNA polymerase activity, less than 2-fold. Like-
wise the processivity of polymerization of nucleotides by the
altered enzyme on a primed M13 DNA template was compara-
ble to that observed with the wild-type enzyme. We conclude
that residues 144-157 do not play a critical role in processivity
of polymerization. Because there are no other apparent sites on
T7 DNA polymerase where the TBD might dock, our results
suggest that the TBD does not form a closed clamp structure
around DNA during polymerization, and may in fact confer
processivity by direct electrostatic interactions with duplex
DNA.

Residues 144-157 of T7 DNA polymerase are also not in-
volved in interactions with the T7 helicase/primase encoded by
gene 4. Bacteriophage T7 DNA polymerase interacts with a
number of accessory proteins to reconstitute a replisome in
vitro (26, 27). One of the most important protein-protein inter-
actions is with the T7 helicase/primase. T7 DNA polymerase
requires the helicase to unwind sections of duplex DNA to carry
out strand displacement DNA synthesis on the leading strand,
and a primase to initiate the synthesis of Okazaki fragments on
the lagging strand. These interactions are also crucial for co-
ordinating leading and lagging strand DNA synthesis (26). To
examine the ability of T7 pol A144-157 to function with gp4 on
a replication fork in vitro, we examined strand displacement
DNA synthesis via a rolling circle mechanism catalyzed by the
two proteins. T'7 pol A144-157 catalyzes strand displacement
DNA synthesis in complex with gp4 at approximately the same
rate as the wild-type T7 DNA polymerase. T'7 pol A144-157 can
also extend DNA from tetraribonucleotide primers synthesized
by the primase domain of gp4 as well as the wild-type protein.
These results establish that T7 pol A144-157 interacts func-
tionally with both the helicase and primase domains of gp4.

We find that residues 144-157 are important in the hydrol-
ysis of polynucleotides, a reaction catalyzed by the exonuclease
domain of T7 DNA polymerase. Residues 144157 are not a
part of any of the three conserved 3’-5’ exonuclease motifs (Exo
I, Exo II, and Exo III) (28). Nevertheless, to examine whether

Exonuclease Domain of T7 DNA Polymerase

the deletion of residues 144-157 perturbs the exonuclease ac-
tive site, the rate of hydrolysis of a single phosphodiester bond
was examined using the p-nitrophenyl ester of thymidine 5'-
monophosphate (pNP-TMP). This substrate allows one to ana-
lyze the interactions of the key residues of the exonuclease
active site separately from the more extensive interactions
with a polynucleotide substrate. The similar pseudo first-order
rate constants (&) of 0.026 and 0.023 s~ ! determined at 25 °C
and pH 8.0 for wild-type and T7 pol A144-157, respectively,
establishes that the phosphodiester bond hydrolysis reaction
catalyzed by the polymerase is not affected by the deletion. The
rate of hydrolysis of pNP-TMP catalyzed by T7 DNA polymer-
ase is much lower compared with the rate of hydrolysis of
polynucleotide substrates. The rate constant attending hydrol-
ysis of ssDNA is 700 s~1(29). Previous studies that have used
pNP-TMP to measure the 3'-5’ exonuclease activity of proof-
reading enzymes also report lower rates of hydrolysis of pNP-
TMP in comparison to rates of hydrolysis of polynucleotide
substrates (16, 23). Lehman et al. (23) measured the rate of
hydrolysis of pNP-TMP catalyzed by Klenow fragment (& ,, =
0.065 s~ ! at 37 °C and pH 9.0) and found the corresponding %,
for a polynucleotide substrate to be 4- to 40-fold higher. The e
subunit of E. coli pol III catalyzes the hydrolysis of pNP-TMP
(16) with a k.., = 0.32 s~ ! at 25 °C and pH 8.0 and of ssDNA
(30) with a k., = 200 s~ at pH 7.5. The higher catalytic
efficiency of hydrolysis of polynucleotide substrates has been
ascribed to the DNA substrates making more extensive inter-
actions within the exonuclease domain, thereby positioning the
substrate in an orientation that favors phosphodiester bond
hydrolysis (16).

The major consequence of deleting residues 144-157 is the
reduction in the rates of hydrolysis of single- and double-
stranded M13 DNA, which are only 9 and 4%, respectively, of
the activity observed with the wild-type polymerase. This pro-
nounced effect on the 3’'-5’ exonuclease activity on DNA, but
not on pNP-TMP, suggests that T'7 pol A144-157 has a reduced
affinity for polynucleotides. We show that T7 pol A144-157 has
a dramatically lower processivity for hydrolysis of ssDNA and
dsDNA compared with wild-type T7 DNA polymerase, consist-
ent with a reduced affinity for DNA.

The exonuclease activity on dsDNA is reduced more than on
ssDNA. This result may also be suggestive of a defect in shut-
tling the primer terminus of dsDNA to the exonuclease active
site. A kinetic partitioning mechanism has been proposed for
T7 DNA polymerase whereby duplex DNA binds preferentially
to the polymerase site and only the 3'-primer terminus shuttles
intramolecularly between the polymerase and exonuclease ac-
tive sites (29). Crystal structures of polymerases in the Pol I
family bound to a primer-template either in the polymerization
or editing mode also show that the duplex region of the primer-
template resides in the same region of the polymerase (31, 32).
Yet, the primer terminus needs to traverse the ~35 A that
separate the polymerase and exonuclease active sites. This
switch is effected by conformational changes in the polymerase
as well as in the orientation of the helical axis of DNA, such as
those observed in the crystal structure of RB69 DNA polymer-
ase in the editing mode (33). The fact that the exonuclease
activity on dsDNA is lowered even more than on ssDNA raises
the possibility that T7 DNA polymerase undergoes a conforma-
tional change during the proofreading reaction and that resi-
dues 144-157 may play a role during the postulated conforma-
tional change.

In summary, we find that the deletion of residues 144-157
has no effect on the processive polymerization of nucleotides
or on the integrity of the exonuclease active site. However,
exonuclease activity on polynucleotide substrates is drasti-
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cally reduced. We conclude that residues 144-157 of T7 DNA
polymerase are important for DNA binding during exonucleo-
lytic hydrolysis.
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