
C-terminal Phenylalanine of Bacteriophage T7 
Single-stranded DNA-binding Protein Is Essential 
for Strand Displacement Synthesis by T7 DNA 
Polymerase at a Nick in DNA

Citation
Ghosh, Sharmistha, Boriana Marintcheva, Masateru Takahashi, and Charles C. Richardson. 
2009. “C-Terminal Phenylalanine of Bacteriophage T7 Single-Stranded DNA-Binding Protein Is 
Essential for Strand Displacement Synthesis by T7 DNA Polymerase at a Nick in DNA.” Journal 
of Biological Chemistry 284 (44): 30339–49. https://doi.org/10.1074/jbc.m109.024059.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:41483376

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:41483376
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=C-terminal%20Phenylalanine%20of%20Bacteriophage%20T7%20Single-stranded%20DNA-binding%20Protein%20Is%20Essential%20for%20Strand%20Displacement%20Synthesis%20by%20T7%20DNA%20Polymerase%20at%20a%20Nick%20in%20DNA&community=1/4454685&collection=1/4454686&owningCollection1/4454686&harvardAuthors=aa1227f047aa7d00ea4b9bff60415216&department
https://dash.harvard.edu/pages/accessibility


C-terminal Phenylalanine of Bacteriophage T7
Single-stranded DNA-binding Protein Is Essential
for Strand Displacement Synthesis by T7 DNA
Polymerase at a Nick in DNA*

Received for publication, May 21, 2009, and in revised form, August 7, 2009 Published, JBC Papers in Press, September 2, 2009, DOI 10.1074/jbc.M109.024059

Sharmistha Ghosh, Boriana Marintcheva1, Masateru Takahashi, and Charles C. Richardson2

From the Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School,
Boston, Massachusetts 02115

Single-stranded DNA-binding protein (gp2.5), encoded by
gene 2.5 of bacteriophage T7, plays an essential role in DNA
replication. Not only does it remove impediments of secondary
structure in theDNA, it alsomodulates the activities of the other
replication proteins. The acidic C-terminal tail of gp2.5, bearing
a C-terminal phenylalanine, physically and functionally inter-
actswith the helicase andDNApolymerase. Deletion of the phe-
nylalanine or substitution with a nonaromatic amino acid gives
rise to a dominant lethal phenotype, and the altered gp2.5 has
reduced affinity for T7 DNA polymerase. Suppressors of the
dominant lethal phenotype have led to the identification of
mutations in gene 5 that encodes the T7 DNA polymerase. The
altered residues in the polymerase are solvent-exposed and lie in
regions that are adjacent to the bound DNA. gp2.5 lacking the
C-terminal phenylalanine has a lower affinity for gp5-thiore-
doxin relative to the wild-type gp2.5, and this affinity is partially
restored by the suppressormutations inDNApolymerase. gp2.5
enables T7 DNA polymerase to catalyze strand displacement
DNA synthesis at a nick in DNA. The resulting 5�-single-
stranded DNA tail provides a loading site for T7 DNA helicase.
gp2.5 lacking the C-terminal phenylalanine does not support
this event with wild-type DNA polymerase but does to a limited
extent with T7 DNA polymerase harboring the suppressor
mutations.

Single-stranded DNA (ssDNA)3-binding proteins have been
assigned the role of removing secondary structure in DNA and
protecting ssDNA from hydrolysis by nucleases (1). However,
in addition to these mundane roles, ssDNA-binding proteins
are now recognized as a key component of the replisome where
they physically and functionally interact with other replication
proteins and with the primer-template (2–4). ssDNA-binding
proteins are also engaged inDNA recombination and repair (5).

In view of these multiple roles, it has been difficult to identify
the specific defect in genetically altered ssDNA-binding pro-
teins that leads to an observed phenotype.
The crystal structures of several prokaryotic ssDNA-binding

proteins have been determined (6–8). These proteins have a
conserved oligosaccharide-oligonucleotide binding fold (OB-
fold) that is thought to bind the ssDNA by means of stacking
and electrostatic interactions (6). Prokaryotic ssDNA-binding
proteins also have an acidic C-terminal tail that is essential for
bacterial and phage growth (9–13).
The ssDNA-binding protein of bacteriophage T7 is encoded

by gene 2.5 (14). The gene 2.5 protein (gp2.5) is a homodimer in
solution, a structure that is stabilized by its C-terminal tail (9,
15). The C-terminal tail of one monomer of gp2.5 binds in a
trans mode to the ssDNA-binding cleft of the other subunit,
thus stabilizing the dimer interface observed in the crystal
structure (6). The current model proposes that the positively
charged DNA-binding cleft is shielded by the electrostatic
charges of the C-terminal tail in the absence of ssDNA, thus
facilitating oligomerization of gp2.5. Upon binding ssDNA, the
dimer dissociates to allow the C-terminal tail to interact with
other replication proteins (16). The tail modulates the affinity
for ssDNA and protein-protein interactions by functioning as a
two-way switch (6, 17). This mode of function is applicable to
other prokaryotic ssDNA-binding proteins, namelyEscherichia
coli SSB protein and T4 gp32 (10, 13, 15, 18–22).
gp2.5 is one of four proteins that include the T7 replisome.

The other three proteins are the T7 gene 5 DNA polymerase
(gp5), its processivity factor, E. coli thioredoxin (trx), and the
multifunctional gene 4 helicase-primase (gp4). gp5 and trx bind
with high affinity (KD of 5 nM), and the two proteins are nor-
mally found in complex (gp5/trx) at a stoichiometry of one to
one (23). The acidic C-terminal tail of gp2.5 is critical for the
interactions of the protein with gp5/trx and gp4 (9, 24). The
C-terminal tail binds to a positively charged segment located in
the thumb subdomain of the gp5 (25). This fragment, desig-
nated the trx binding domain (TBD), is also the site of binding
of the processivity factor, E. coli trx, and the C terminus of gp4.
Themultiple interactions of the C terminus of gp2.5 could thus
function to coordinate the dynamic reactions occurring at the
replication fork. gp2.5 is known to be critical for establishing
coordination during leading and lagging strand DNA synthesis
(26, 27).
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This C-terminal tail of gp2.5 is an acidic 26-amino acid seg-
ment with an aromatic phenylalanine as the C-terminal resi-
due. The C-terminal tail is not seen in the crystal structure
because gp2.5�26, lacking the tail, was used for crystallization;
the wild-type protein did not yield crystals that diffracted (6).
gp2.5�F designates a genetically modified gp2.5 lacking the
C-terminal phenylalanine. gp2.5�F does not support the
growth of T7�2.5 phage lacking gene 2.5 (28). Interestingly,
T7 gene 4 protein also has an acidic C-terminal tail with a
C-terminal phenylalanine (29). Again, the phenylalanine is crit-
ical for the interaction of gp4 with gp5/trx (29). Further evi-
dence for overlapping binding sites of theC termini of these two
proteins comes from studies with chimeric proteins (28, 29).
The C-terminal tails of gp2.5 and gp4 can be exchanged, and
the chimeric proteins support the growth of T7 phage lack-
ing the corresponding wild-type protein.
We recently designed a screen for suppressors of dominant

lethal mutations of gp2.5 (30). The screen identified mutations
in gene 5, the structural gene for T7 DNA polymerase (Fig. 1),
which suppresses the lethal phenotype of gp2.5 mutant in
which the C-terminal phenylalanine was moved to the penulti-
mate position (gp2.5�F232InsF231). One of the altered sup-
pressor genes (gp5, gp5-sup1) encodes a gp5 in which where
glycine at position 371 is replaced by lysine (G371K). Whereas
the other (gp5-sup2) encodes a protein in which threonine 258
and alanine 411 are replaced by methionine and threonine,
respectively (T258M andA411T). The suppressormutations in
gp5 are necessary and sufficient to suppress the lethal pheno-
type of gp2.5�F232InsF231. The affected residuesmap in prox-
imity to aromatic residues and to residues in close proximity to
DNA as seen in the crystal structure of gp5/trx in complex with
DNA (31). Throughout this study, gp2.5�F232InsF231 mutant
will be referred to as gp2.5-FD because it effectively switches
the positions of the C-terminal phenylalanine and the adjacent
aspartic acid. E. coli SSB protein also has a C-terminal pheny-
lalanine, and recent studies have shown that this residue inserts
into a hydrophobic region consisting of exonuclease I of E. coli
(45, 46).
In this study, we have purified the two suppressor DNA po-

lymerases and characterized them individually and in interac-
tion with the other T7 replication proteins. Whereas wild-type
gp5 binds with low affinity to gp2.5-FD, the DNA polymerases
harboring the suppressor mutations bind with a higher affinity.
An interesting finding is that whereas wild-type gp2.5 enables
gp5/trx to catalyze strand displacement synthesis at a nick in
DNA, gp2.5-FD does not support this reaction. Strand dis-
placement synthesis is necessary for the initiation of leading
strand DNA synthesis at a nick because it creates a 5�-single-
stranded DNA tail for loading of the T7 helicase (32).

EXPERIMENTAL PROCEDURES

Purification of Proteins—Wild-type gp5, gp5-sup1, and gp5-
sup2plasmids have beendescribed previously in the study iden-
tifying gp5 suppressors of the dominant lethal gp2.5-FD (30).
Wild-type gp5, gp5-sup1, and gp5-sup2 were purified from
E. coliHMS174(DE3)/pLysS cells overexpressing their genes as
described previously (23). The 1:1 complex of polymerase and
thioredoxin was purified to apparent homogeneity using three

chromatographic steps as follows: phosphocellulose (What-
man), anion exchange Poros HQ (PerSeptive Biosystems),
and ceramic hydroxylapatite (Bio-Rad) as described (23).
Wild-type gp2.5, gp2.5-FD, and gp2.5�26 were purified
from BL21(DE3)pLysS cells overexpressing their genes as
described previously (33). gp4 was purified as described (24).
Physical Interactions of Proteins—Surface plasmon reso-

nance analysis was performed using a Biacore 3000 instrument.
Wild-type and genetically altered gp2.5 were immobilized (150
response units) on a carboxymethyl-5 chip usingN-(3-dimeth-
ylaminopropyl)-N�-ethylcarbodiimide and N-hydroxysuccin-
imide chemistry. Immobilization was performed in 10 mM

sodium acetate, pH 5.0, except for gp2.5�26 protein, whichwas
immobilized at pH 4.5 at a flow rate of 10 �l/min. Binding
studies were performed in 20 mM HEPES (pH 7.5), 10 mM

MgCl2, 250 mM potassium glutamate, 5 mM DTT at a flow rate
of 40 �l/min (25, 28). The chip surface was regenerated using 1
MNaCl at a flow rate of 100�l/min. As a control, a flow cell was
activated and blocked in the absence of protein to account for
changes in the bulk refractive index. Apparent binding con-
stants were calculated under steady-state conditions, and the
data were fitted using BIAEVAL 3.0.2 software (Biacore).
Polymerase Assay—DNA polymerase activity was measured

using M13 ssDNA as a template as described previously (23).
The reaction contained 50 mM Tris-HCl (pH 7.5), 10 mM

MgCl2, 5 mM DTT, 50 mM NaCl, 20 nM M13 mGP1–2 ssDNA
annealed to a 24-nt oligonucleotide, with 500�M each of dATP,
dCTP, dGTP, and [3H]dTTP (2 cpm/pmol), 50 �g/ml bovine
serum albumin, and 0.3 nM gp5/trx in a total volume of 10 �l.
Reaction mixtures were incubated at 37 °C for the indicated
times and stopped by addition of 5 �l of 0.25 M EDTA (pH 7.5).
The incorporation of [3H]dTMP was measured on DE81 filter
disks as described (23).
Exonuclease Assay—The 3�–5�-exonuclease activity of T7

DNA polymerase was measured using uniformly labeled M13
[3H]dsDNA as described previously (34). TheM13 [3H]dsDNA
was prepared by annealing the 24-nt oligonucleotide to M13
mGP1–2 DNA and then extending the primer by 200 nM T7
DNApolymerase in a 50-�l reactionmixture containing 40mM

Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, 50 mM potas-
sium glutamate, 0.5 mM each of dATP, dCTP, dGTP, and
[3H]dTTP (3000 Ci/mmol). After incubation at 37 °C for 10
min, the DNAwas extracted with phenol/chloroform and then
purified by passing through Biospin 6 columns (Bio-Rad) to
remove free nucleotides. M13 [3H]ssDNA was prepared by
alkali denaturation of 3H-labeled M13 dsDNA (34). M13
[3H]dsDNA was treated by 50 mM NaOH at 37 °C for 15 min
followed by neutralization with HCl. Reaction mixtures (10 �l)
contained 50mMTris-HCl (pH 7.5), 10 mMMgCl2, 5 mMDTT,
50 mM NaCl, 0.5 nmol (in terms of total nucleotides) of 3H-la-
beledM13mGP1–2 dsDNA, and 0–20 nM gp5/trx. After incu-
bation for 20 min, the reaction was stopped by the addition of
EDTA at a final concentration of 125 mM. The hydrolysis of
DNA was measured by spotting the reaction mixture on DE81
filters and by determining the amount of radioactivity remain-
ing in DNA by scintillation counting.
Leading Strand DNA Synthesis—Leading strand DNA syn-

thesis catalyzed by gp5/trx and gene 4 helicase was measured
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using circular M13 containing a preformed replication fork
(35). The replication fork (see Fig. 4A, inset) was constructed by
annealingM13mGP1–2 ssDNAtoanoligonucleotide (5�-TAAT-
TCGTAATCATCATGGTCATAGCTGTTTCCT-3�). The oli-
goribonucleotide was then extended by gp5/trx to obtain dou-
ble-stranded DNA. Strand displacement DNA synthesis was
carried out in a reaction mixture (10 �l) containing 10 nM cir-
cular M13 DNA containing a preformed replication fork, 50
mMTris-HCl (pH 7.5), 10mMMgCl2, 5mMDTT, 50mM potas-
sium glutamate, 500 �M each of dCTP, dGTP, and dTTP, 0.05
�Ci of [�-32P]dATP, 10 nM gp4 (hexamer), and 2.5–20 nM of
wild-type or variants of gp5/trx. gp5/trx and gp4 were incu-
bated on ice for 15 min, and reactions were initiated by trans-
ferring to 37 °C. After 10 min, the reaction was stopped by the
addition of EDTA to a final concentration of 125 mM. Where
indicated, gp2.5, gp2.5-FD, and gp2.5�26 protein were present
at 4 �M unless otherwise specified.

Leading strand synthesis on nicked DNA was carried out
using a circular M13 double-stranded DNA containing a nick
(see Fig. 4A, inset). TheDNAwas prepared by annealing a 24-nt
oligonucleotide to M13 mGP1–2 ssDNA. The primer was
extended to make a fully circular dsDNA in a reaction contain-
ing 10 nM gp5/trx, 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 5
mM DTT, 50 mM NaCl, with 500 �M each of dATP, dCTP,
dGTP, and dTTP, 50 �g/ml bovine serum albumin. The reac-
tion was incubated at 37 °C for 3 min and stopped by heating at
75 °C for 5 min. The nicked DNA was extracted with phenol/
chloroform and then purified by passing through Biospin 6 col-
umns (Bio-Rad) to remove free nucleotides. The structure of
the nicked DNA was confirmed by analysis on a denaturing
agarose gel.
Nicked DNA was also prepared by incubating supercoiled

pBR322 DNA with Nb.Bsml nicking enzyme (New England
Biolabs) as described by the manufacturer. The enzyme was
inactivated by heating the reaction to 80 °C for 20min (as spec-
ified by New England Biolabs). The conversion of the super-
coiled DNA to a relaxed form was confirmed by gel analysis.
Leading strand synthesis reactions were the same as

described above. To examine the role of gp2.5 proteins in this
reaction, varying amounts of gp2.5, gp2.5-FD, and gp2.5�26
protein were added to the reaction. DNA synthesis was moni-
tored by the amount of [�-32P]dAMP incorporated into DNA
(23). To visualize the products of DNA synthesis, the DNA
products were denatured and analyzed by electrophoresis in a
0.6% alkaline agarose gel.
Coordinated DNA Synthesis—Coordinated DNA synthesis

reactions were carried out using a mini-circle substrate as
described previously (26). The nucleotide sequence of themini-
circle DNA was modified slightly to more easily differentiate
synthesis of the leading strand from that on the lagging strand
using [�-32P]dTTP and [�-32P]dATP, respectively. The
sequences used in constructing the mini-circle are as follows:
5�-CCACCCCAAAAACACCAACAACCCAACACCACA
CAA CAC ACC ACA AAA CCA CAC GAC CAA AAC CAC
CAC C-3� for the 70-base circle and 5�-TTT TTT TTT TTT
TTT TTT TTT TTT TTT TTT TTT TTT TTT T GGT GGT
GGT TTT GGT CGT GTG GTT TTG TGG TGT GTT GTG
TGG TGT TGG GTT GTT GGT GTT TTT GGG GTG G-3�

for the complementary strand to the mini-circle, which will
result in a 5� overhang. Preparation of the mini-circle is identi-
cal to that described previously (26, 36). The replication reac-
tion is carried out for 5 min at 30 °C, with a mini-circle concen-
tration of 32 nM, 28 nM gp5/trx, 4 nM gp4, 2 �M gp2.5, 50 mM

Tris-HCl (pH 7.5), 10mMMgCl2, 5mMDTT, 50mMNaCl, with
500 �M each of dATP, dCTP, dGTP, and dTTP, and 50 �g/ml
bovine serum albumin. The rolling-circle substrate is designed
in a way that leading strand synthesis is monitored by incorpo-
ration [32P]dTMP and lagging strand synthesis by [32P]dAMP.
Radioactive products were separated and visualized on a 0.8%
alkaline agarose gel.

RESULTS

Aside from removing secondary structures upon binding
ssDNA, gp2.5 also coordinates protein-protein and protein-
DNA interactions at the replication fork (1, 15, 25–27). For
example, gp2.5 physically interacts with both T7 DNA poly-
merase in complex with thioredoxin (gp5/trx) and the gene 4
helicase-primase (25, 28). The acidic C-terminal tails of gp2.5
and gp4 both bind to two basic loops in the TBD of gp5 (25). In
the course of examining this electrostatic interaction, the
important role of the C-terminal phenylalanine of gp2.5
emerged (28). This aromatic residue, as well as the overall neg-
ative charge of the C terminus, is essential for its interaction
with gp5/trx. gp2.5 lacking the C-terminal phenylalanine can-
not support the growth of T7 phage lacking gene 2.5 (28). This
lethal phenotype is also seenwith gp2.5-FD, in which the C-ter-
minal phenylalanine (Phe-232) has been switched with the
adjacent aspartic acid (Asp-231). This latter phenotype enabled
the identification of suppressor mutations in gene 5 of bacteri-
ophage T7 that resulted in changes in residues that may engage
DNA in the DNA binding crevice of the polymerase (Fig. 1).
These altered polymerases, designated gp5-sup1 and gp5-
sup-2, both support the growth of T7�5 phage, lacking gene 5,
and both can support the growth of T7�2.5 phage comple-
mented with gp2.5-FD lacking the C-terminal phenylalanine
(28). Both suppressor polymerases support the growth of T7�5
phage expressing wild-type gp2.5. We have purified these two
suppressor DNA polymerases and examined their biochemical
properties and interactions with other T7 replication proteins.
gp5 expressed inwild-type E. coli exists in a one to one complex
(gp5/trx) with its processivity factor trx (37). In all the studies
described here, the polymerases are in complexwith trx and are
designated as gp5/trx, gp5-sup1/trx, and gp5-sup2/trx.
DNA Polymerase Activity of gp5-sup1 and gp5-sup2—The

polymerization of nucleotides catalyzed by gp5-sup1/trx and
gp5-sup2/trx was compared with that catalyzed by wild-type
gp5/trx (Fig. 2A). The initial rates of DNA synthesis with puri-
fied enzymes were measured following the incorporation of
[3H]dTMP into DNA using primed M13 ssDNA. The rate of
DNA synthesis of gp5-sup1/trx and gp5-sup2/trx is similar to
that of wild-type gp5/trx. The steady-state rate constants for
polymerization (kpol) for gp5/trx, gp5-sup1/trx, and gp5-sup2/
trx are 71, 82, and 75 s�1, respectively. Taken together, we con-
clude that the replacement of Gly 3 Lys at position 371 in
gp5-sup1 or the simultaneous substitution of Thr3Met and
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Ala3 Thr at positions 258 and 411, respectively, in gp5-sup2
does not significantly affect their polymerization activity.
Exonuclease Activity of gp5-sup1 and gp5-sup-2—T7 DNA

polymerase, like other members of the polymerase I family of
DNA polymerases, has an N-terminal exonuclease domain
(31). We measured the 3�–5�-exonuclease activities of the two

suppressor polymerases in comparison with wild-type gp5/trx
on both dsDNA and ssDNA at 37 °C (Fig. 2B). The fraction of
DNA hydrolyzed was measured as a function of enzyme con-
centration. gp5-sup1/trx and gp5-sup2/trx hydrolyzed the
dsDNA aswell as ssDNA at approximately the same rate as that
observed with wild-type gp5/trx when examined over a range
of concentration (0–20 nM) of enzyme. Thus the substitution of
glycine at position 371 (gp5-sup1) as well as the substitution of
threonine and alanine at positions 258 and 411 (gp5-sup2) do
not affect the polymerase or exonuclease activities of gp5.
These normal activities of the altered gp5 proteins are in agree-
ment with their ability to support the growth of T7�5 phage
lacking gp5 (30).
Physical Interaction of Suppressor DNA Polymerases with

Gene 2.5 Proteins—Themutations identified in gene 5 detected
through the suppressor screen of gp2.5-FD resulted in amino
acid changes in T7DNA polymerase. One obvious biochemical
explanation for the suppressor effect is an alteration in their
interaction of gp5/trx relative to wild-type gp2.5. The C-termi-
nal phenylalanine of gp2.5 is known to interact with gp5/trx
(31). We have used surface plasmon resonance to examine the
physical interaction of wild-type gp5/trx and the two suppres-
sor DNApolymerases with wild-type gp2.5, gp2.5-FD.We have
also examined the interaction of gp2.5�26 lacking the entire
acidic C-terminal tail. In these experiments either gp2.5, gp2.5-
FD, or gp2.5�26 was immobilized on a carboxymethyl-5 chip,
and gp5/trx, gp5-sup1/trx, or gp5-sup2/trx was flowed over the
chip. Upon binding of the two proteins, the resulting change in
mass is reflected as a change in the resonance angle that is
detected in real time. The affinities of the binding partners were
examined over a range of concentrations to obtain the dissoci-
ation constants (KD) presented in Table 1. A representative
binding titration curve is shown in Fig. 3A, where gp2.5 is
immobilized on the carboxymethyl-5 chip, and gp5-sup1/trx
flows at a range of concentrations. The relevant binding con-
stants were calculated using steady-state kinetics. Fig. 3B shows

the binding curve used to calculate
the KD of 1.1 �M for the interaction
of gp2.5 with gp5-sup1/trx. The KD
values presented in Table 1 for the
other interactions were calculated
in an identical manner.
As reported previously (25, 28),

wild-type gp5/trx physically inter-
acts with gp2.5 with a KD of 2.5 �M

and to a significantly lesser extent to
gp2.5-FD (KD � 23 �M), lacking the
C-terminal phenylalanine (Table 1).
Elimination of the entire C-terminal
tail, gp2.5�26, which eliminates
both the negative charge and the
phenylalanine reduces the affinity of
the two proteins even more (KD �
69 �M) (28). These results are in
agreement with the finding that nei-
ther of these two altered gp2.5
mutants can complement T7�2.5
phage for growth (28). The suppres-

FIGURE 1. Amino acid changes in gp5 suppressor mutant polymerase(s).
The amino acid changes in gp5 arising from the suppressor mutations in gene
5 are identified in the crystal structure of gp5/trx in complex with a primer-
template and a nucleoside triphosphate (31). gp5 (light gray), trx (dark gray),
and primer/template (red) are depicted. The suppressor mutation G371K
(gp5-sup1) is shown in yellow and T258M and A411T (gp5-sup2) in orange.

FIGURE 2. DNA synthesis and exonuclease activity catalyzed by wild-type gp5/trx, gp5-sup1/trx, and
gp5-sup2/trx. A, rates of DNA synthesis. A 24-nt oligo annealed to circular M13 ssDNA (20 nM) was used as the
primer-template in a standard polymerase assay with gp5/trx (f), gp5-sup1/trx (‚), or gp5-sup2/trx (�) (0.3
nM). The rate of incorporation (incorp.) of [3H]dTMP was measured at 37 °C on DE81 filter disks as described
under “Experimental Procedures.” The data have been presented as the rates of incorporation of total deoxyri-
bonucleoside monophosphate. The length of the template is 9950 bases. B, 3�–5�-exonuclease activity on M13
dsDNA. Uniformly 3H-labeled M13 dsDNA was prepared by annealing a 24-nt oligonucleotide to M13 DNA and
then extending the primer using gp5/trx in the presence of [3H]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 (conc.). 100% dsDNA corresponds to 0.5 nmol of M13 DNA (in terms of
total nucleotides). wt, wild type.
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sor mutants, gp5-sup1/trx and gp5-sup2/trx, however, bind
much stronger to gp2.5-FD compared with wild-type gp5/trx,
with KD values of 3.8 and 3.7 �M, respectively. We were sur-
prised to find that gp5-sup1/trx and gp5-sup2/trx also bind to
gp2.5�26 with higher affinity compared with wild-type gp5,
with KD values of 4.7 and 11.2 �M, gp5-sup1/trx and gp5-sup2/
trx, respectively. Both suppressor polymerases bind somewhat
tighter (KD � 1–1.7 �M) to wild-type gp2.5 relative to the wild-
type gp5/trx. Both suppressor DNA polymerases support the
growth of T7�5 phage where they must interact with wild-type
gp2.5, but the efficiency of plating is somewhat reduced (0.6 for
sup1 and 0.9 for sup2 compared with 1 for wild-type gp5). The
tighter binding between the gp5 mutants and gp2.5 may pre-
vent the dynamic interactions of other proteins essential for
replication.
Effect of gp2.5 on Leading Strand DNA Synthesis Mediated by

gp5/trx and T7 DNA Helicase—gp5/trx catalyzes highly pro-
cessive DNA synthesis on ssDNA templates but is unable to

polymerize nucleotides on duplex DNA (23). In order for gp5/
trx to polymerize nucleotides on duplex DNA, the gene 4 heli-
case must unwind the duplex DNA to expose the ssDNA tem-
plate. In this reaction gp5/trx and the helicase form a stable
complex that increases the processivity of nucleotide polymer-
ization dramatically (38). Although the effect of gp2.5 on lead-
ing strand synthesis with DNAhelicase has not been previously
examined, it would not be surprising if it did influence the reac-
tion. The hexameric helicase must first load onto the nontem-
plate strand for its subsequent 5�–3�-translocation along the
DNA (see structure in Table 2), a process that could potentially
be affected by gp2.5 bound to this segment of ssDNA. Aside
from its interaction with DNA, gp2.5 also physically interacts
with both gp5/trx and with the gene 4 helicase (25). In fact, the
interaction with gp5/trx involves the C-terminal tail of gp2.5
that binds to two basic loops in the TBD of gp5. These same
basic loops also interact with the acidic C-terminal tail of the
helicase. Finally, gp2.5 is essential to establish coordination in
leading and lagging strand DNA synthesis that progress at the
same rate (26).
We first examined the ability of the two suppressor DNA

polymerases and T7 DNA helicase to mediate leading strand
synthesis (Table 2). In this assay we have used a primer-tem-
plate consisting of a circular M13 dsDNA molecule in which
one of the two strands bears a 36-nt ssDNA tail resembles a
replication fork (see structure in Table 2). The 5�-ssDNA pro-
vides a site for the assembly of the hexameric gene 4 protein.
Upon the addition of T7DNApolymerase and deoxyribonucle-
otides, the two proteins act together to mediate leading strand
DNA synthesis (39). In Table 2, we have compared the rate of
DNA synthesis catalyzed by gp5/trx, gp5-sup1/trx, and gp5-
sup2/trx in the presence of gene 4 helicase. The values are
expressed as a percentage of that obtained with wild-type gp5/
trx and helicase expressed as 100. Leading strand synthesis by
gp5-sup1/trx and gp5-sup2/trx is essentially identical to that of
gp5/trx.

FIGURE 3. Binding of gp5-sup1/trx to gp2.5. The interaction of gp5 with
gp2.5 as measured by surface plasmon resonance. gp2.5 (150 response units
(RU)) was immobilized on a Biacore carboxymethyl-5 chip, and increasing
concentrations (conc.) of gp5-sup1/trx were flowed over the surface of the
chip. A, sensorgrams of the binding of gp5-sup1/trx (0.002–16 �M) to gp2.5.
Only 9 of 14 concentrations tested are shown for clarity. B, KD determination
of the binding of gp5-sup1/trx to gp2.5. Data points represent the equilib-
rium average response for the last 10 s of the injection in each of the experi-
ments shown in A, where steady-state conditions have been obtained. The KD
of 1.1 �M was calculated using the steady-state fit model provided by BIAE-
VAL 3.0.2 software (Biacore). It should be noted that the calculated KD value is
apparent and not absolute due to the random immobilization of gp2.5 on the
surface of the chip with some molecules having a conformation that may not
support interaction with the polymerase.

TABLE 1
Physical interaction between gp2.5 and gp5/trx, apparent
dissociation constants
The apparent binding constant, KD, was calculated using the steady-state fit model
provided by BIAEVAL 3.0.2 software (Biacore). The experimental values for each
interaction were performed in triplicate. Wild-type gp2.5, gp2.5-FD, and gp2.5�26
were coupled to three different flow cells on a carboxymethyl-5 chip, and then the
indicated gp5/trx was flowed over a range of concentrations to obtain steady-state
binding. Binding studies were carried out as described under “Experimental Proce-
dures.” A representative binding profile of the interaction of gp2.5-wt with gp5-
sup1/trx is shown in Fig. 3,A andB,which shows the binding curve used to calculate
the KD of 1.1 �M for the interaction of gp2.5 with gp5-sup1/trx. Other interactions
were examined in the identical manner. Approximately 150 response units of gp2.5
were coupled to the chip. A control flow cell lacking gp2.5 is used to subtract the
response units resulting from nonspecific interaction and bulk refractive index;
coupling step was omitted and base line adjusted to zero.

gp2.5 gp2.5-FD gp2.5(�26)

gp5 2.5 (�0.8) 23.6 (�3.0) 69.5 (�8.0) �M
gp5-sup1 1.0 (�0.2) 3.8 (�0.3) 4.7 (�1.0)
gp5-sup2 1.7 (�0.2) 3.7 (�0.4) 11.2 (�1.0)

TABLE 2
Stimulation of leading strand synthesis of gp5 by gp2
Strand displacement synthesis catalyzed by gp5/trx and T7 gene 4 helicase was
measured using M13 circular dsDNA with a preformed replication fork (see struc-
ture) in the presence of gp2.5. Reaction mixtures contain 10 nM DNA, 10 nM gp4
(hexamer), 10 nM of the indicated gp5/trx, and 4 �M of the indicated gp2.5. The
incorporation of [�-32P]dAMP is measured at 37 °C for 10 min as described under
“Experimental Procedures.” The activity observed with wild-type gp5/trx (400 pmol
of DNA synthesis/min) was normalized to 100%, and all other values are expressed
relative to this value. The results are derived from two independent experiments.
The rate of strand displacement synthesis of gp5-sup1/trx and gp5-sup2/trx was
similar to gp5/trx (data not shown).
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We next examined the effect of wild-type gp2.5 on leading
strand synthesis. Leading strand synthesis with all three DNA
polymerases was stimulated �3-fold (Table 2). Whether this
stimulation is due to a facilitated loading of gene 4 protein or to
a coating of the ssDNA produced is not known. gp2.5-FD pro-
vides only a 50% stimulation with wild-type gp5 and a slight but
significant increase over this value with the two suppressor po-
lymerases. gp2.5�26 lacking the entire C-terminal tail inhibits
leading strand synthesis with all three DNA polymerases.
Perhapsmore striking is the dramatic increase in stimulation
by gp2.5�26 when used with the two suppressor DNA
polymerases.
Effect of gp2.5 on Initiation of Strand Displacement Synthesis

Catalyzed by gp5/trx at a Nick in DNA—Wild-type gp5/trx is
unable to initiate DNA synthesis at a nick in duplex DNA (32).
However, reduction or elimination of the 3�–5�-exonuclease
activity of gp5, either by chemicalmodification or genetic alter-
ations (41, 42), enables gp5/trx to catalyze limited strand dis-
placement synthesis of several hundred nucleotides (32, 43).
The resulting 5�-ssDNA tail provides a site to which the heli-
case can assemble, an event that is followed by extensive strand
displacement synthesis. The inability of wild-type gp5/trx and
helicase to initiate leading strand synthesis at a nick is shown in
Fig. 4A where there is no detectable synthesis of M13 dsDNA
containing a nick in one strand (Fig. 4A, inset). As a control, the

circular dsDNA containing a
5�-ssDNA tail of 36 nucleotides
allowed for extensive leading strand
synthesis.
The detection of limited strand

displacement synthesis is difficult as
the resulting DNA product with an
ssDNA tail of only �100 nucleo-
tides has physical properties similar
to that of the original nicked DNA.
A sensitive assay for this limited
strand displacement synthesis is an
amplification of the event by cou-
pling it to leading strand DNA syn-
thesis mediated by gp5/trx and
helicase. Provided the strand dis-
placement synthesis proceeds for 40
ormore nucleotides, gene 4 helicase
can assemble on the resulting
5�-ssDNA tail, interactwith gp5/trx,
and initiate extensive leading strand
DNA synthesis. We initially used
this assay to detect the strand dis-
placement synthesis mediated by
gp5/trx having reduced exonuclease
activity (32). Using this assay we
have previously shown that wild-
type gp2.5 enableswild-type gp5/trx
to carry out limited strand displace-
ment synthesis fromanick (44). The
ability of gp2.5 to enable gp5/trx to
catalyze strand displacement syn-
thesis using this assay is shown in

Fig. 4B, and the high molecular weight products (�40 kb) of
leading strand DNA synthesis are seen in the gel presented in
Fig. 4E, lane 6.
We were surprised to find that gp2.5-FD does not support

this reaction (Fig. 4, B and E) (28). The inability of gp2.5-FD to
enable leading strand synthesis clearly demonstrates an inter-
action of gp2.5 with the polymerase rather than just a role in
forming and stabilizing the ssDNA tail because it binds to
ssDNA as well as does wild-type gp2.5 (28). Not surprisingly,
gp2.5�26, lacking the entire C-terminal tail, does not support
leading strand synthesis (Fig. 4E, lane 8). gp2.5�26 has a 10-fold
higher affinity for ssDNA compared with wild-type gp2.5 (28).
Like wild-type gp5/trx, both suppressor DNA polymerases

together with helicase are unable to catalyze strand displace-
ment synthesis at a nick sufficient to allow loading of the heli-
case (Fig. 4, C and D). However, wild-type gp2.5 does promote
strand displacement synthesis with both of these suppressor
polymerases. In fact, the observed leading strand synthesis is
significantly enhanced over that observed with wild-type gp5/
trx, 1.5-fold for gp5/trx-sup1 and 2.5-fold for gp5/trx-sup2,
suggesting that initial strand displacement synthesis was more
efficient. Most significant is the finding that gp2.5-FD enables
gp5-sup1/trx and gp5-sup2/trx tomediate strand displacement
synthesis (Fig. 4,C–E, lanes 7 and 11). Recall that gp2.5-FDdoes
not allow for synthesis to initiate with wild-type DNApolymer-

FIGURE 4. Effect of gp2.5 on strand displacement DNA synthesis catalyzed by gp5/trx at a nick in DNA.
Strand displacement synthesis catalyzed by gp5/trx on nicked DNA was monitored by coupling the reaction to
leading strand synthesis mediated by gp5/trx and DNA helicase. A, strand displacement synthesis on M13
nicked circular DNA and M13 circular dsDNA bearing a 5�-ssDNA tail of 36 nucleotides (see inset). Each reaction
contained 10 nM DNA, 10 nM helicase, and the indicated amounts of gp5/trx (0 –20 nM) in a total reaction
volume of 10 �l. After incubation for 10 min at 37 °C, the amount of [32P]dTMP incorporated (incorp.) into DNA
was measured. B, effect of gp2.5 on strand displacement synthesis at a nick. The reaction with nicked DNA
described in A was carried out with the addition of 4 �M gp2.5 or gp2.5-FD as indicated. C, effect of gp2.5 and
gp2.5-FD on strand displacement synthesis catalyzed by gp5-sup2/trx. gp5-sup2/trx was substituted for wild-
type gp5/trx in the reaction described in B, and the effect of wild-type gp2.5 or gp2.5-FD was examined.
D, effect of gp2.5 and gp2.5-FD on strand displacement synthesis catalyzed by gp5-sup1/trx. gp5-sup1/trx was
substituted for wild-type gp5/trx in the reaction described in B, and the effect of wild-type gp2.5 or gp2.5-FD
was examined. E, radioactive products of strand displacement synthesis. The DNA products of the reaction
shown in B and C for a single concentration (conc.) of gp5/trx (10 nM) were denatured and analyzed by elec-
trophoresis on 0.6% alkaline-agarose gel.
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ase. The observed leading strand synthesis is less than that
observed with wild-type gp2.5, but the activity is significant. In
the case of gp5-sup1/trx, synthesis is �50% that observed with
wild-type gp2.5. The high molecular weight of the products of
these reactions documents the extensive leading strand synthe-
sis (Fig. 4E). In this analysis we also examined the ability of the
two suppressor DNA polymerases to allow gp2.5�26 to stimu-
late strand displacement synthesis. Limited but detectable
strand displacement synthesis is observedwith both suppressor
DNA polymerases in the presence of gp2.5�26 (Fig. 4E). Recall
that gp2.5�26 also has a stronger affinity for the two suppressor
DNA polymerases than it does for wild-type gp5/trx (Table 2).
The nicked DNA in the above experiments was prepared by
completing the synthesis of the complementary strand of
primed M13 DNA using T7 DNA polymerase. T7 DNA poly-
merase cannot catalyze any strand displacement synthesis,
leaving a nick after completion of synthesis on the circularDNA
(45). However, we have also carried out the experiments pre-
sented in Fig. 4E using nicked DNA prepared by converting
supercoiled pBR322 DNA to the relaxed form with the nicking
enzyme Nb.Bsml. Essentially identical results as presented in
Fig. 4E were obtained (data not shown).
Effect of gp2.5 on the Coordination of Leading and Lagging

Strand Synthesis—Leading strand synthesis is continuous,
whereas that of the lagging strand is discontinuous leading to
formation of Okazaki fragments. Although lagging strand syn-
thesis requires multiple initiation events, the rates of synthesis
of both strands are equal strongly indicating that leading and
lagging strand synthesis are coordinated (26, 46). As gp2.5 is
known to be essential for the coordination of leading and lag-
ging strand synthesis, it was of interest to see if gp2.5-FD is able
to support coordinated DNA synthesis with wild-type DNA
polymerase as well as with the two suppressor DNA polymer-
ases. We have used a mini-circular DNA to examine coordi-
nated DNA synthesis as described previously (26). In this reac-
tion, [�-32P]dTTP and [�-32P]dATP are used to measure
leading and lagging strand synthesis, respectively, because the
incorporation of these nucleotides into the two strands is dic-
tated by the nucleotide composition of each chemically synthe-
sized strand. The radioactive products of synthesis with
[�-32P]dTTP (leading strand) or [�-32P]dATP (lagging strand)
are displayed on an alkaline agarose gel (Fig. 5).
Wild-type gp5/trx, gp4, and gp2.5mediate coordinatedDNA

synthesis as seen by the production of high molecular weight
leading strand product and ofOkazaki fragments on the lagging
strand (Fig. 5, lanes 1 and 2). The majority of the products of
leading strand synthesis exceeds the resolving power of the aga-
rose gel, having lengths greater than 30,000 nucleotides (46),
whereas the Okazaki fragments range in length from 800 to
3000 nt (27). Substitution of gp2.5-FD for wild-type gp2.5 does
not affect coordinated DNA synthesis but does lead to Okazaki
fragments of a slightly greater length (Fig. 5, lanes 3 and 4). The
increase in length of the Okazaki fragments are well within the
range previously observed for coordinated DNA synthesis (46).
Both suppressor DNA polymerases mediate coordinated

DNA synthesis with wild-type gp2.5, although again the length
of the Okazaki fragments is slightly increased (Fig. 5, lanes 5, 6,
9, and 10). When wild-type gp2.5 is replaced with gp2.5-FD,

coordination of synthesis is decreased as seen by the greater
length of lagging strand products, particularly with gp5-sup1/
trx (Fig. 5, lanes 7, 8, 11, and 12). The Okazaki fragment of
gp5-sup1/trx in the presence of wild-type gp2.5 is about 3000
nt, a length beyond which coordination of synthesis is lost (27,
46). However, gp5-sup1/trx in the presence of gp2.5-FD is not
coordinated as evidenced by the elongated Okazaki fragments
of around 6000 nt in length (Fig. 5, lane 12).

DISCUSSION

Acidic C termini and OB-folds are common structural fea-
tures of prokaryotic ssDNA-binding proteins regardless of their
amino acid sequences. The essential C-terminal phenylalanine
found in T7 gp2.5 is conserved among gp2.5 and E. coli SSB
protein homologs (28). On the other hand, the ssDNA-binding
protein encoded by bacteriophage T4, gp32, as well as all gp32
homologs have either a leucine or isoleucine as the C-terminal
residue. Interestingly, the gene 4 helicase-primase of phage T7
has an acidic C-terminal tail with a C-terminal phenylalanine.
As is the case for gp2.5, both the acidic charge and the C-ter-
minal phenylalanine of the C-terminal tail of gp4 are critical for
function (29).
C-terminal Phenylalanine Is Essential for gp2.5 Function in

Vivo and in Vitro—The C-terminal phenylalanine of gp2.5 is
essential for T7 DNA synthesis in vivo (28). Either deletion of

FIGURE 5. Effect of gp2.5 on coordinated DNA synthesis using mini-circle
DNA. Coordinated synthesis of gp5/trx variants is studied in the presence of
gp2.5 and helicase on a mini-circle DNA. The effect of gp2.5-FD on coordi-
nated DNA synthesis was also examined on gp5/trx, gp5-sup1/trx, and gp5-
sup2/trx. The leading and lagging strand synthesis of each polymerase is
studied by formation of DNA products. The product of leading strand synthe-
sis is more than 30,000 nucleotides that lie beyond the resolution of the gel.
The product of lagging strand synthesis, Okazaki fragments, forms within a
size range of 800 –3000 nucleotides, beyond which the system loses the coor-
dination with the leading strand polymerase. Marker, M, on left measures
length of the Okazaki fragments. wt, wild type.
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the phenylalanine or switching it with the adjacent residue
results in a gp2.5 that cannot function in vivo. The critical loca-
tion of the phenylalanine became most apparent during the
isolation of the suppressor mutations used in this study; most
suppressor mutations restored the phenylalanine to the C-ter-
minal position (30). These studies also revealed that gp2.5-FD is
dominant lethal.
Themajor biochemical alteration initially found in gp2.5-FD

is a 10-fold lower affinity for gp5/trx (28). The extragenic sup-
pressor mutations found in gene 5 were therefore not unex-
pected (30). gp2.5-FD binds to ssDNAwith the same affinity as
the wild-type protein (28). However, one altered gp5, gp5-
F232L, in which the phenylalanine has been replaced with
leucine, has a 3-fold higher affinity for ssDNA (40). Interest-
ingly, gp2.5-F232L allows gp5/trx to catalyze strand displace-
ment synthesis on nicked DNA even in the absence of DNA
helicase (40).
gp2.5 Enables gp5/trx to Catalyze Strand Displacement Syn-

thesis at a Nick in DNA—T7 gp5/trx is highly processive on
ssDNA templates with a processivity of�800 nucleotides poly-
merized per binding event (47). However, gp5/trx is unable to
polymerize nucleotides through duplex regions of DNA unless
associated with T7 gene 4 helicase. The helicase and gp5/trx
form a stable complex, an interaction that increases the proces-
sivity to �16,000 nucleotides (38). However, in order for this
association to occur both gp5/trx and the gp4 helicase must
load onto the primer template. gp5/trx can bind to the 3�-hy-
droxyl group at a nick in duplex DNA and initiate either 3� to 5�
hydrolysis of the DNA or extend the 3�-hydroxyl terminus at
the nick by invading the duplex region and displacing the oppo-
site strand (40). This latter polymerization reaction requires a
significant reduction in the 3�–5�-exonuclease activity of gp5
(40, 42). Normally, gp5/trx “idles” at a nick, removing and
replacing nucleotides.
Loading of the helicase onto DNA poses a greater problem.

gp4 helicase cannot load onto duplex DNA, instead requiring a
single-stranded stretch of DNA (39). To load onto DNA at a
nick, a 5�-ssDNA tail of at least 36 nucleotides is required. Once
the hexameric helicase is assembled on the 5�-tail it can trans-
locate 5�–3� to contact gp5/trx bound on the opposite strand.
The two proteins then mediate leading strand DNA synthesis.
The strict requirement for an ssDNA for loading obviously pre-
cludes the ability of the helicase to interact with gp5/trx at a
nick.
At the T7 origin of replication, it is likely that a replication

bubble is an early intermediate in the initiation of DNA repli-
cation (4). If so then the helicase can load directly onto one or
both of the single strands ofDNA.The requirement for a region
of ssDNA for initiation at a nick necessitates that either T7
DNA polymerase or one of the E. coli DNA polymerases cata-
lyze strand displacement synthesis or that some other compo-
nent separate the duplex DNA. E. coli DNA polymerase I can
catalyze strand displacement synthesis and T7 gp5/trx as well,
provided that its exonuclease activity is reduced (32, 41).On the
other hand, gp2.5 or E. coli SSB protein allows T7 gp5/trx to
catalyze strand displacement synthesis in a reaction dependent
on stoichiometric amounts of these proteins to bind the
exposed ssDNA (44). In this reaction E. coli SSB protein is far

more efficient in promoting strand displacement synthesis by
gp5/trx, perhaps a result of its 10-fold higher affinity for ssDNA.
Here we show that the resulting ssDNA tail provides an effec-
tive site for loading of the helicase to provide for extensiveDNA
synthesis by gp5/trx and helicase.
C-terminal Phenylalanine of gp2.5 Is Essential for StrandDis-

placement Synthesis by gp5/trx—Does the ability of gp2.5 and
SSB protein to enable gp4 and gp5/trx to initiate DNA syn-
thesis at a nick derive solely from their ability to partially
denature the DNA at a nick? This scenario is unlikely
because gp2.5 �26 binds considerably more tightly to ssDNA
but yet is unable to mediate strand displacement synthesis
with gp5/trx alone (43). gp2.5-FD does not enable gp5/trx to
catalyze strand displacement synthesis as monitored by the
inability of gp5/trx to catalyze sufficient strand displacement
synthesis to generate a 5�-ssDNA tail sufficient for the
assembly of DNA helicase. The inability to establish this
reactionmost likely resides in a defective interaction of gp2.5
with gp5/trx because no strand displacement synthesis is
seen even in the absence of the helicase. The results obtained
with the interaction of suppressor DNA polymerases and
gp2.5 support this interpretation (see below).
Interactions of C-terminal Tail of gp2.5 with gp5/trx Required

for Strand Displacement Synthesis at Nicks—Inasmuch as the
C-terminal tail of gp2.5 is known to interact with gp5, it is plau-
sible that the defect leading to the lethal phenotype of gp2.5-FD
arises from a defective interaction with gp5 in vivo. Indeed,
gp2.5-FD has a 10-fold lower affinity for gp5/trx (28). Conse-
quently, we recently carried out a screen for suppressor muta-
tions in bacteriophage T7 that would allow for the growth of T7
phage requiring the use of gp2.5-FD (30). We had anticipated
that extragenic suppressormutations would be found in gene 5,
the DNA polymerase gene, and indeed two such suppressor
mutants were identified. Here we designate the products of the
mutated genes as gp5-sup1 and gp5-sup2 bearing a single
amino acid and a double amino acid substitution, respectively
(Fig. 1).
In our characterization of these two suppressor DNA poly-

merases, the only defect observed is an inability of either to
support leading strand synthesis by gp5/trx and DNA helicase
at a nick. Both of these suppressor polymerasesmediate leading
strand synthesis with wild-type gp2.5 to a greater extent than
observed with wild-type gp5/trx. More important, both sup-
pressorDNApolymerases can function, albeit to a lesser extent,
with gp2.5-FD and DNA helicase to initiate leading strand syn-
thesis at a nick. Clearly, this initiation event involves a physical
interaction of the C terminus of gp2.5 with gp5/trx.
Physical Interaction of gp2.5 with gp5/trx—Previous studies

established that gp2.5 physically interacts with gp5/trx (25, 28).
In the absence of DNA, the C termini of both gp2.5 and gene 4
helicase contact T7 DNA polymerase through two basic loops
on the TBD, the 76-amino insert in the thumb subdomain to
which the processivity factor thioredoxin binds (25). Both the
acidic nature of the C-terminal tail and the terminal phenylala-
nine are, however, crucial for this electrostatic interaction of
gp2.5 with gp5/trx (28). Elimination of the entire C-terminal
tail, elimination of 4 of the 13 acidic residues, or replacement of
the phenylalanine all reduce the binding by �10-fold. Here we
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have shown that, as anticipated, gp2.5-FD binds to each of the
suppressor DNA polymerases with an affinity �6-fold greater
(3.8 and 3.7 �M) than with wild-type gp5/trx (KD � 23.6 �M). It
is not unreasonable to propose that the restoration of this inter-
action leads to the ability of gp5-FD to promote leading strand
synthesis with gp5-sup1/trx or gp5-sup2/trx.
The residues that affect the interaction of gp2.5-FD with

gp5, glycine 371 in gp5-sup1 and threonine 258 and alanine
411 in gp5-sup2, are not in direct interaction with DNA (Fig.
6). However, from the crystal structure of gp5/trx in complex
with the primer-template, residues adjacent to glycine 371 in
gp5-sup1, i.e. valine 364 and aspartate 366 (Fig. 6, circled in a
black oval), are in contact with DNA. These two residues are
in close proximity to the amino acid change G371K (Fig. 6,
shown in yellow). Likewise the residues Lys-404 and Asp-403
lie adjacent to the DNA interface, and they lie in the vicinity
of the two amino acid changes (T258M and A411T) in gp5-
sup2 (data not shown). The aromatic side chain residues in
proximity to the suppressor mutations may be interacting
with some of the aromatic residues (Fig. 6, shown in green).
Unfortunately, the crystal structure and the identity of the
suppressor mutations provide little insight into the mecha-
nism by which gp2.5 enables gp5/trx and the helicase to ini-
tiate leading strand synthesis. Furthermore it is not known if
the suppressor mutations lie within the binding pocket for
the C-terminal phenylalanine of gp2.5 or if they have arisen
elsewhere on gp5 to accommodate the new C terminus of
gp2.5. The arrangement described above is somewhat simi-
lar to that observed in the crystal structure of E. coli exonu-
clease I in complex with the C-terminal peptide correspond-
ing to the last 8 amino acids of the E. coli SSB protein (48, 49).
SSB protein also has a C-terminal phenylalanine. This C-ter-

FIGURE 6. Amino acid changes in gp5-sup1. The location of the amino acid
change in gp5-sup1 arising from the suppressor mutations in gene 5 is iden-
tified in the crystal structure of the gp5/trx in complex with a primer-template
and a nucleoside triphosphate (31). gp5 with trx is depicted in gray. The prim-
er-template is shown in red. Hydrophobic residues are displayed in green, and
aromatic residues are displayed in dark green (Trp-351 and Tyr-356). Positively
charged residues are displayed in blue (Glu-535 and Glu-546). Residues in
direct contact with DNA (Val-364 and Asp-366) are circled in a black oval.

FIGURE 7. Model for the role of gp2.5 in the initiation of leading strand synthesis at nicks in DNA. A, gp5/trx binds to 3�-hydroxyl at a nick in duplex DNA.
Alternate hydrolysis of the DNA by the 3�–5�-exonuclease activity of gp5 and nucleotide polymerization allows gp5/trx to idle at the nick. B, transient breathing
of the 5� terminus at the nick allows ssDNA to give rise to 5�-ssDNA tail. C, gp2.5 binds to ssDNA tail, and the C-terminal tail of gp2.5 binds to gp5/trx to stabilize
the complex and allow for limited strand displacement synthesis. D, when the 5�-tail is sufficiently long gp4 assembles as a hexamer and displaces gp2.5. gp4
and gp5/trx form a stable complex and initiate leading strand DNA synthesis.
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minal phenylalanine inserts into a hydrophobic region com-
posed of conserved residues of exonuclease I. The hydropho-
bic region and the �-carboxyl group of phenylalanine
contribute to this stable interaction. The electron density
map of the C-terminal peptide of E. coli SSB protein as seen
in the crystal structure with exonuclease I is strongly sugges-
tive of the interaction within the C-terminal tail, more so
with the last 3 amino acids from a 10-mer peptide (48). These
observations parallel our results on the importance of the
C-terminal phenylalanine and the flexibility of the tail as a
means to accommodate multiple interaction partners (50).
It is also plausible that the suppressor mutations result in

conformational changes within the gp5/trx that alter the bind-
ing of gp2.5. Indeed, such a conformational change could in
part bypass the role of the acidic C-terminal tail and the C-ter-
minal phenylalanine rather than provide an altered binding site.
In this regard it is interesting to note that gp2.5�26, lacking the
C-terminal tail, binds considerablymore tightly to the two sup-
pressor polymerases than it does towild-typeDNApolymerase.
Likewise, wild-type gp2.5 enables the two suppressor DNA po-
lymerases to catalyze strand displacement synthesis consider-
ably better than it does with wild-type DNA polymerase. These
observations, along with the nonproximity of the suppressor
mutations, clearly favor a conformational change in the poly-
merase that alters the interaction with gp2.5.
Model for gp2.5, gp5/trx, and Gene 4 Helicase Interactions at

a Nick—In the model presented in Fig. 7 gp5/trx binds to the
3�-hydroxyl at the nick in duplex DNA (Fig. 7A). During idling
at the nick transient, gaps occur facilitating breathing of the
5�-end at the nick to expose short stretches of ssDNA (Fig. 7B).
In the absence of gp2.5, the 3�–5�-exonuclease activity of gp5
prevents strand displacement synthesis. However, when gp2.5
is present the transient ssDNA tail binds within the OB-fold of
gp2.5, displacing the acidic C-terminal tail of gp2.5 (16) (Fig.
7C). Coating of the 5�-tail with gp2.5 is in itself not sufficient for
strand displacement synthesis as evidenced from the results
obtainedwith gp2.5-FD and gp2.5�26. Instead, we propose that
the free C-terminal tail of gp2.5 establishes an electrostatic
interaction with the basic patches in the TBD of gp5 and the
C-terminal phenylalanine of gp2.5 with a hydrophobic region
in gp5 (Fig. 7C). Whether these two modes of binding occur
simultaneously or independently is not known. In any case the
interaction of gp2.5 and gp5/trx allows for limited strand dis-
placement synthesis until the length of the tail is sufficient for
the assembly of the functional gene 4 hexamer, displacing gp2.5
(Fig. 7D). The displacement of gp2.5may involve a competition
of theC-terminal tails of each protein for the same binding sites
on gp5. In fact, it is of interest to determine whether the sup-
pressor mutations in gene 5 also suppress the phenotype of
gene 4 proteins lacking the C-terminal phenylalanine. If so,
then the C-terminal phenylalanines of gp2.5 and gene 4 pro-
teins also have similar interactions with gp5/trx. Once polym-
erization of nucleotides is established within the complex, the
electrostatic interaction of gp4 with gp5/trx shifts to a far more
stable interaction that does not involve the C-terminal tail of
gp4 (38). It is not unreasonable to postulate that strand dis-
placement at nicks may occur during recombination, repair,
and initiation of DNA replication.
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