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ABSTRACT: Replisomes are multiprotein complexes that coordinate the
synthesis of leading and lagging DNA strands to increase the replication efficiency
and reduce DNA strand breaks caused by stalling of replication forks. The
bacteriophage T7 replisome is an economical machine that requires only four
proteins for processive, coupled synthesis of two DNA strands. Here we
characterize a complex between T7 primase-helicase and DNA polymerase on
DNA that was trapped during the initiation of Okazaki fragment synthesis from an
RNA primer. This priming complex consists of two DNA polymerases and a
primase-helicase hexamer that assemble on the DNA template in an RNA-
dependent manner. The zinc binding domain of the primase-helicase is essential
for trapping the RNA primer in complex with the polymerase, and a unique loop
located on the thumb of the polymerase also stabilizes this primer extension
complex. Whereas one of the polymerases engages the primase-helicase and RNA
primer on the lagging strand of a model replication fork, the second polymerase in
the complex is also functional and can bind a primed template DNA. These results indicate that the T7 primase-helicase
specifically engages two copies of DNA polymerase, which would allow the coordination of leading and lagging strand synthesis
at a replication fork. Assembly of the T7 replisome is driven by intimate interactions between the DNA polymerase and multiple
subunits of the primase-helicase hexamer.

The core elements of eubacterial replisomes include
multiple copies of DNA polymerase complexed to a

helicase that drives replication fork progression.1 The
replication complex is rounded out by a single-stranded DNA
binding protein, a processivity factor, and a clamp loader that
come on and off the DNA during replication. Replisomes are
dynamic machines that can exchange proteins and change
structure to accommodate the discontinuous synthesis of
Okazaki fragments on the lagging strand of the replication
fork.1 At a minimum, only two copies of DNA polymerase
would suffice to simultaneously copy two antiparallel DNA
strands, but it was recently discovered that some replisomes
contain additional copies of DNA polymerase that may
enhance replication efficiency. The best studied example is
the Escherichia coli replisome, for which both in vitro and in vivo
data provide strong support for three copies of DNA
polymerase in an active replisome.2−5

The E. coli replisome contains three copies of the clamp
loader τ subunit that bind to three molecules of DNA
polymerase.4 The γ and τ subunits of the clamp loader are
products of the dnaX gene, with γ being a truncated protein as a
result of a ribosomal frame shift.6 Both DNA Pol III and DnaB
helicase interact with the C-terminus of the τ subunit, which is
not present in γ.7−9 Although it was originally thought that the
E. coli clamp loader contains two copies of τ and one copy of γ,

single-molecule experiments performed in vivo have demon-
strated that the E. coli clamp loader actually contains three
copies of τ, which can bind with a 1:1 stoichiometry to three
molecules of DNA polymerase.4,5 The proposed function of a
third polymerase is to increase the processivity of the replisome
and to aid in lagging strand DNA synthesis.3

Bacteriophages T4 and T7 have long served as model
systems for studying the mechanisms of DNA replication
because of their relative simplicity while recapitulating the
essential activities of more complex eukaryotic replication
systems.10−14 The bacteriophage T7 replisome is a model of
simplicity, with only four proteins required for efficient,
coupled DNA replication in vitro.13 The gene 5 DNA
polymerase (gp5) and its processivity factor, E. coli thioredoxin
(Trx), form a 1:1 complex that functions in leading strand and
lagging strand synthesis. The gene 4 primase-helicase (gp4) is a
dual-function enzyme catalyzing template-directed RNA primer
synthesis with its N-terminal primase domain and unwinding
the DNA template with its C-terminal helicase domain. Gene
2.5 single-stranded DNA (ssDNA) binding protein (gp2.5)
coats the nascent ssDNA and binds to gp4 and gp5/Trx. The
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complete assembly of T7 replication proteins coordinately
synthesizes both leading and lagging strands with a processivity
of ∼17 kb.15 Unlike the E. coli replisome, the T7 system does
not utilize a clamp loader or a dedicated processivity factor that
encircles DNA. Instead, the core replisomal protein gp4
encircles the DNA and directly interacts with the gp5/Trx
polymerase to coordinate RNA primer synthesis, DNA
unwinding, and DNA synthesis.
The dynamic structure of the T7 replisome is underscored by

the alternative interactions between T7 replication proteins on
and off DNA that involve different domains of gp4 and gp5/
Trx. For example, an electrostatic interaction between the
acidic C-terminal tail of gp4 and two different basic patches on
gp5/Trx occurs in the absence of DNA.16 The acidic tail of gp4
binds to one of the basic patches, the front basic patch located
in the DNA binding groove of gp5, to help load the polymerase
on DNA.16 The interaction with the second basic patch, located
in the Trx binding domain of gp5, functions both to keep a
polymerase that has disengaged from DNA tethered to a
moving replisome and to allow a polymerase from solution to
exchange with a polymerase already associated with a moving
replisome.15,17 The interaction with the Trx binding domain
increases the processivity of the T7 replisome.15 Once gp5/Trx
engages DNA, the C-terminal tail of gp4 is no longer essential
for gp5/Trx binding but is still predicted to bind the front basic
patch of gp5.18

On the lagging strand of the T7 replication fork, the N-
terminal primase domain of gp4 initiates the synthesis of
Okazaki fragments by polymerizing oligoribonucleotides to
prime DNA synthesis by the gp5/Trx polymerase. The
tetraribonucleotides synthesized by the gp4 primase are not
readily extended by gp5/Trx alone, requiring gp4 to stimulate
primer utilization by gp5/Trx through an intermolecular
handoff.19,20 The N-terminal zinc binding domain (ZBD) of
the gp4 primase-helicase is essential for primer synthesis and
phage growth.21,22 High concentrations of the ZBD alone can
stimulate primer utilization by gp5/Trx,23 although it is not
absolutely required to prime DNA synthesis from a
ribooligonucleotide in vitro.24 The priming complex that
hands off the RNA primer from gp4 to gp5/Trx can be
trapped in a stable complex on DNA by incorporating a chain
terminating 2′,3′-dideoxynucleotide into the elongating RNA
primer.19,20,25 The correct incoming nucleotide matching the
DNA template is additionally required to lock gp5/Trx onto
the RNA−DNA substrate. These conditions trap the gp5/Trx
polymerase on a template DNA annealed to a longer primer
strand,26 whereas the gp4 protein is additionally required to
stabilize the primer extension complex with a tetraribonucleo-
tide primer.19,20,23 The T7 priming complex provides a
snapshot of a replication intermediate that is generally
informative with respect to the protein composition and
shape of the T7 replisome as well as the mechanisms for
coupling their enzymatic activities during replication.
The E. coli replisome incorporates three copies of DNA

polymerase through their interactions with the τ subunit of the
clamp loader.3,4 In the T7 replisome, the gp4 primase-helicase
loads as a hexamer on ssDNA27 and directly contacts the gp5/
Trx polymerase, raising the possibility that up to six copies of
the T7 DNA polymerase could associate with the T7 replisome.
However, the constraints of DNA binding and protein−protein
interactions within the replisome are likely to further limit the
number of subunits and their orientations. We examined the
subunit composition of the T7 priming complex bound to a

ssDNA or a model replication fork and found that two copies of
the gp5/Trx polymerase associate with a gp4 hexamer in the
RNA-dependent priming complex. These data support a model
in which each copy of the gp5/Trx polymerase is associated
with multiple subunits of the gp4 hexamer, excluding additional
copies of DNA polymerase from the complex. This subunit
composition suggests that the T7 replisome is assembled
through stable protein−protein interactions that in turn dictate
interactions with the DNA substrate.

■ MATERIALS AND METHODS
Oligonucleotides and Proteins. All deoxynucleotides

were synthesized on a 1 μmol scale using an Applied
Biosystems 394 DNA/RNA synthesizer, gel purified, and
desalted using SepPak cartridges (Waters Inc.). RNA substrates
were purchased from Dharmacon. To generate primed
templates and fork-shaped substrates, equal concentrations of
complementary oligonucleotides were mixed in 10 mM MES
(pH 6.5) and 40 mM NaCl, heated to 95 °C, and then allowed
to slowly cool to room temperature in a water bath. All DNA
and RNA substrates used in this study are listed in Table 1.

Full-length wild-type gp4, gp4ΔZBD, and gp4CΔ17 proteins
were expressed in BL21(DE3)pLysS cells and purified to
homogeneity using polyethylene glycol 4000 precipitation
followed by phosphocellulose, monoQ, and Superdex 200
chromatography. gp4E343Q was expressed in HMS174(DE3)
cells and purified using the same protocol that was used for
wild-type gp4. The gp4E343QCΔ17 mutant was generated by
site-directed mutagenesis using the gp4CΔ17 plasmid as the
template and was expressed and purified as described for wild-
type gp4. T7 produces both full-length gp4 and the gp4ΔZBD
protein during infection, with gp4ΔZBD production resulting
from an internal start codon at position 64.21 Our studies
utilized gp4 expression constructs in which the methionine 64
codon was mutated to encode glycine to prevent expression of
the N-terminally truncated gp4ΔZBD protein.21,28 The
exonuclease deficient gp55A7A polymerase29 was used for all

Table 1. Oligonucleotides Used in This Studya

RNA or DNA substrate

ACCC (RNA) Figures 1B and 7

ACCCdGddC (RNA) Figures 1A and 2−7
and Figures 1 and 2
of the Supporting
Information

5′-gcagtagcGGGTcgtttatcgtaggctctac-3′-TEG-biotin Figures 1A and 7A

5′-gcagtagcGGGTcgtttat-3′-TEG-biotin Figures 2,3, and 6 and
Figures 1 and 2 of
the Supporting In-
formation

5′-gcagtagcGGGTcgtttatc-3′ Figure 1B

5′-gcagtagcGGGTcgtttatc-3′-FAM Figures 4 and 5

5′-cgagccgactcgagcatccgcttacgtacg-3′ Figure 6

5′-cgtacgtaagcggatgc-3′ Figure 6

5′-gcagtagcGGGTcgtttatcgtaggctctacggaggcgagcgtgct-
tagcc-3′

Figure 7

5′-ggctaagcacgctcgcctcctctgctacccagtggcactggccgtggttttcg-
3′-TEG-biotin

Figure 7A

5′-cgaaaaccacggccagtgcca-3′ Figure 7A

5′-ggctaagcacgctcgcctcctttttttttttttttttttt-3′-FAM Figure 7B,C

5′-aaaaaaaaaaaaaaaaaa Figure 7B,C
aFor DNA oligonucleotides, primase recognition sequences are shown
in uppercase letters.
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experiments and purified as described previously.26 The gp55A7A
Δ401−404 mutant was generated by polymerase chain reaction
and was subcloned between the NdeI and XhoI sites of
pET21b. The gp55A7A Δ401−404 mutant was expressed and
purified using the same protocol that was used for gp55A7A.
Surface Plasmon Resonance (SPR). Surface plasmon

resonance experiments were performed using a BIAcore X
instrument in buffer containing 25 mM Tris (pH 7.5), 200 mM
NaCl, 10 mM MgCl2, 5 mM DTT, 0.1% NP-40, 100 μg/mL
BSA, and the indicated concentrations of dTTP; 0.2 mg/mL
streptavidin [final volume of 100 μL in 10 mM sodium acetate
(pH 4.5)] was coupled to a CM5 chip derivatized with N-
hydroxysuccinimide and N-ethyl-N0-(dimethylaminopropyl)-
carbodiimide, and then 150−200 resonance units of biotiny-
lated DNA containing a primase recognition sequence was
attached to the chip at a flow rate of 5 μL/min. Formation of
the priming complex was monitored at 25 °C by injecting 70
μL at a flow rate of 20 μL/min. Priming complexes containing 1
μM gp4 hexamer, 1 μM gp5/Trx, 0.2 μM terminated RNA
primer, and the correct incoming nucleotide (dTTP) at 1 mM
were injected on the chip at a flow rate of 6 μL/min.
Isolation of the Priming Complex Using Streptavidin

Magnetic Beads. To determine protein stoichiometry, the
priming complex was formed on a 3′-biotinylated 19-mer
ssDNA template attached to Dynabeads M-280 streptavidin
magnetic beads (250 pmol of DNA per 20 μL of beads) in
buffer consisting of 25 mM Tris (pH 7.5), 200 mM NaCl, 10
mM MgCl2, 5 mM DTT, 0.1% NP-40, and 100 μg/mL
lysozyme. The binding reaction (100 μL) was conducted at 25
°C for 30 min, and the mixture contained 0.5 μM gp4 hexamer,
0.5 or 3 μM gp5/Trx, 0.5 μM terminated primer, 2 mM dTTP,
and 25 μM poly-dT 25-mer to serve as a competitor. The beads
were washed four times with 500 μL of buffer containing 1 mM
dTTP and resuspended in 15 μL of sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) loading
buffer. Protein components of the complex were analyzed by
10% SDS−PAGE followed by Sypro Ruby staining and
quantified by fluorescence imaging. The band intensities were
converted to protein concentrations using a calibration gel
(Figure 2B).
To measure the ability of different gp4 proteins to form the

priming complex, 100 μL reaction mixtures were incubated at
25 °C for 10 min in 25 mM Tris (pH 7.5), 200 mM NaCl, 10
mM MgCl2, 5 mM DTT, 0.1% NP-40, 100 μg/mL lysozyme,
and 25 μM poly-dT trap on 3′-biotinylated 19-mer ssDNA.
Both Thermo MagnaBind and Spherotech streptavidin
magnetic beads were used in these experiments. Beads were
washed four times with 90 μL of buffer containing 2 mM dTTP
and 5 μM poly-dT trap and resuspended in 10 μL of SDS−
PAGE loading buffer. Protein components of the complex were
analyzed by 10% SDS−PAGE followed by Sypro Ruby staining.
For Figure 3, 2 μM gp5/Trx was mixed with 1 μM hexamer of
either wild-type full-length gp4, gp4E343Q, or gp4CΔ17 along
with 0.5 μM terminated primer and 2 mM dTTP. For Figure 7,
2 μM gp5/Trx was mixed with 1 μM wild-type full-length gp4
hexamer, 2.5 μM terminated primer, and 2 mM dTTP on either
a 31-mer 3′-biotinylated ssDNA substrate or a fork-shaped
substrate. The fork substrate contained a 20 bp complementary
region with a 31-mer ssDNA 5′-tail, a 33-mer 3′-biotinylated
tail, and a 21-mer primer annealed to the 3′-tail.
Primer Extension Assays. Primer extension reactions (20

μL) were conducted at 25 °C in 25 mM Tris (pH 7.5), 200
mM potassium glutamate, 10 mM MgCl2, 5 mM DTT, 0.1%

NP-40, and 100 μg/mL BSA, and the mixtures contained 20
μM template DNA, 0.5 μM gp4 hexamer, 2.5 μM gp5/Trx, 2
mM dTTP, 50 μM 5′-labeled ACCC primer, and 0.5 mM
dNTPs. Reactions were stopped after 3 and 30 min when 5 μL
aliquots were quenched with an equal volume of formamide
containing 20 mM EDTA. Samples were analyzed on 25%
acrylamide−4 M urea sequencing gels followed by phosphor-
imaging.
Mixtures for DNA extension reactions within the isolated

priming complex contained ∼0.1 μM isolated complex, 2 mM
dTTP, and 50 nM duplex DNA prepared by annealing a 17-
mer primer (labeled at the 5′-end with [γ-32P]ATP and T4
polynucleotide kinase) with a 30-mer template. Where
indicated, the reaction mixtures additionally contained 0.5
mM dCTP, 0.2 mM ddATP, and 10 mM dGTP. After a 15 min
incubation, half of the reaction (10 μL) was stopped by being
quenched with formamide containing 20 mM EDTA. The
priming complex from the remaining reaction was isolated
using magnetic beads and washed three times with buffer
containing 2 mM dTTP and 5 mM dGTP and then
resuspended in formamide containing 20 mM EDTA. Samples
were analyzed on 25% acrylamide−4 M urea sequencing gels
followed by phosphor-imaging.

Analytical Ultracentrifugation. All centrifugation experi-
ments were performed with an Optima XL-A analytical
ultracentrifuge using an An60Ti rotor (Beckman Coulter).
Experiments were performed at 22 °C in 25 mM Tris (pH 7.5),
200 mM NaCl, 10 mM MgCl2, 2 mM DTT, 5 mM dTTP, and
20% glycerol. Sedimentation velocity measurements were
performed at 35000 rpm using an Epon charcoal-filled
double-sector centerpiece. gp4E343QCΔ17 hexamer (3 μM)
was mixed with 6 μM fluorescein-labeled 20-mer ssDNA, 7.2
μM terminated RNA, and the indicated concentrations of gp5/
Trx, and samples were scanned every 8 min at 495 nm at a
spacing of 0.03 cm. The ssDNA, terminated RNA primer, and
incoming nucleotide (dTTP) were all present in excess relative
to the proteins so that the complex would be saturated.
Sedimentation velocity profiles were analyzed using Sedfit [P.
Schuck (Dynamics of Macromolecular Assembly, Laboratory of
Cellular Imaging and Macromolecular Biophysics, National
Institutes of Health, Bethesda, MD)],30 and the sedimentation
coefficients were corrected for buffer and temperature using
SEDNTERP [T. Laue (University of New Hampshire, Durham,
NH)]. Partial specific volumes for gp4E343QCΔ17 and the
gp4E343QCΔ17−gp5/Trx complex were calculated from
amino acid compositions to be 0.7304 and 0.7356 mL/g,
respectively. The buffer density was calculated to be 1.0652 g/
cm3.
Sedimentation equilibrium experiments were performed

using an Epon charcoal-filled six-sector centerpiece at rotor
speeds of 5000, 7000, and 9000 rpm. gp4E343QCΔ17 hexamer
(3 μM) was mixed with 2 μM fluorescein-labeled 20-mer
ssDNA, 2.4 μM terminated RNA, and the indicated
concentrations of gp5/Trx. Samples were scanned at 495 nm
every 4 h at spacing of 0.01 cm, with each scan taken as an
average of three scans. Equilibrium scans were analyzed using
Sedfit/Sedphat.31 All centrifugation figures were prepared using
GUSSI [C. Brautigam (Department of Biophysics, The
University of Texas Southwestern Medical Center at Dallas,
Dallas, TX)].

DNA Unwinding Assays. DNA unwinding assays were
performed at room temperature in 25 mM Tris (pH 7.5), 40
mM NaCl, 10 mM MgCl2, 10 mM DTT, 100 μg/mL BSA, and
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10% glycerol. DNA fork substrates for unwinding were
generated by annealing oligonucleotides with 20 bp comple-
mentary sequences to generate a 31-mer 5′-tail and a 20-mer 3′
poly-dT tail labeled with fluorescein. An 18-mer poly-dA
annealed to the 3′-tail mimicked a leading strand synthesis
product. gp4 hexamer (2 μM) and gp5/Trx (4 μM) were
incubated with 100 nM labeled DNA substrate, 1 μM RNA
primer, and 10 mM dTTP for 30 min in Mg2+-free buffer
containing 1 mM EDTA. Reactions were initiated by addition
of an equal volume of 2× buffer containing 10 mM MgCl2 and
10 μM ssDNA trap; the trap in these reactions serves both to
sequester protein not bound to the fork and to prevent
reannealing of the fork substrates. Reactions were quenched at
2, 5, and 30 min by mixing 10 μL of the reaction mixture with
an equal volume of 100 mM EDTA, 0.4% SDS, and 20%
glycerol. Reactions were analyzed by running 8% native gels at
100 V for 1 h in 1× TBE buffer at room temperature, and DNA
products were quantified by fluorescence imaging.

■ RESULTS
Formation of a Stable, Functional T7 Priming

Complex. Previous work demonstrated that priming com-
plexes consisting of gp5/Trx together with the ZBD of gp4, the
N-terminal primase domain of gp4, or a monomeric form of
gp419,20,23 could be trapped on a ssDNA containing the T7
primase recognition sequence (PRS)32 in the presence of a
dideoxy-terminated RNA primer and the correct incoming
deoxynucleotide to lock gp5/Trx on the DNA. All of these gp4
constructs include the N-terminal ZBD of gp4, which is critical
for complex assembly and for efficient RNA primer utilization
by gp5/Trx.19 Using surface plasmon resonance, we found that
a stable priming complex assembles between gp5/Trx and full-
length gp4 (Figure 1A). A stable complex forms on ssDNA
only when gp4, gp5/Trx, a terminated RNA primer, and an
incoming nucleotide are present. When any of these
components are omitted, or if the correct incoming nucleotide
(dTTP) is substituted with dCTP, the priming complex fails to
assemble (Figure 1A). The incoming dTTP nucleotide serves
two important roles in priming complex assembly, binding in
the active site of gp5/Trx and stabilizing the gp4 hexamer on
ssDNA.27 Although gp4 forms both hexamers and heptamers in
vitro,33 only the gp4 hexamers are capable of binding DNA34

and, therefore, likely to participate in the T7 priming complex.
To minimize hydrolysis of dTTP, we used a mutant gp4
(gp4E343Q) with a glutamine substituted for the glutamic acid
residue serving as a general base for nucleotide hydrolysis in the
helicase active site. The gp4E343Q mutant binds tightly to
ssDNA but has no observable dTTP hydrolysis activity in the
presence of a ssDNA substrate.35 Increasing the concentration
of dTTP in the reaction buffer increases the stability of the
priming complex and slows its dissociation from ssDNA
(Figure 1A).
To confirm that the complex of gp5/Trx and full-length gp4

formed under these conditions can initiate DNA synthesis, we
measured primer extension activity on a ssDNA template
containing a PRS (Figure 1B). Whereas gp5/Trx alone does
not efficiently extend an RNA primer complementary to the
PRS, the combination of gp5/Trx with either wt gp4 or
gp4E343Q effectively incorporates the primer into a DNA
product (Figure 1B). gp4 lacking the ZBD (gp4ΔZBD) has
very little activity in the priming complex with gp5/Trx (Figure
1B), although these proteins can bind to the ssDNA (Figure 1
of the Supporting Information and ref 25). These results show

that full-length gp4 and gp5/Trx form a functional priming
complex that requires the ZBD of gp4 for priming complex

Figure 1. (A) Surface plasmon resonance analysis of the T7 priming
complex. A stable protein complex is formed on an immobilized
ssDNA containing a primase recognition site (PRS) when both gp4
and gp5/Trx are present with a 2′,3′-dideoxy-terminated RNA primer
and dTTP matching the template sequence. Increasing the
concentration of dTTP in the reaction buffer slows the dissociation
of proteins from the DNA. (B) gp4 stimulates utilization of the primer
by gp5/Trx. The gp4 primase-helicase is required for efficient
extension of a synthetic RNA primer by the gp5/Trx polymerase.
The ZBD of gp4 strongly contributes to the initiation of DNA
synthesis from an RNA primer (compare wt and ΔZBD reactions).
The helicase activity of gp4 is not required for utilization of the primer
by gp5/Trx (compare wt and E343Q reactions). The primer extension
products include the fully extended RNA−DNA product as well as n-1
and n-2 products, as observed previously.23 Minor radioactive species
migrating above the labeled RNA primer are invariant during the
course of the primer extension reaction and likely correspond to
impurities from RNA synthesis that could not be extended by the
DNA polymerase.
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assembly. Via incorporation of a 2′,3′-dideoxynucleotide chain
terminator early in the primer extension reaction, the
elongating polymerase is trapped on DNA, stabilizing the
priming complex19 and allowing analysis of its subunit makeup
and structure.
Two Copies of gp5/Trx Assemble in the Stalled T7

Priming Complex. The combination of a ssDNA oligonucleo-
tide with a PRS and a complementary RNA primer provides a
substrate for binding of the gp4 hexamer and one copy of gp5/
Trx. Additional copies of the polymerase could be incorporated
into the priming complex through protein−protein interactions.
To investigate the protein stoichiometry on ssDNA, we purified
the T7 priming complex consisting of gp4, gp5/Trx, the correct
incoming nucleotide (dTTP), and a terminated RNA primer on
a biotinylated ssDNA substrate containing a PRS using
streptavidin beads and then analyzed the ratios of gp4 to
gp5/Trx by SDS−PAGE and protein staining intensity. Figure
2 demonstrates that a priming complex can be purified on DNA

only when gp4, gp5/Trx, dTTP, and a terminated RNA primer
are all present. A quantitative analysis of the gel staining
intensities calibrated with purified protein standards (Figure
2B) reveals that two copies of gp5/Trx copurify with a gp4
hexamer. Trx is not required for priming complex assembly, as
gp5 lacking Trx also copurifies with gp4 in an RNA-dependent
manner (Figure 2 of the Supporting Information). This
indicates that the protein interactions essential for priming
complex formation occur between gp4 and gp5 and do not
involve Trx. The T7 priming complex consists of a fixed 2:1
ratio of gp5/Trx to gp4 hexamer irrespective of the addition of
limiting or excess gp5/Trx (Figure 2, lanes 4 and 6,
respectively). The results demonstrate that at both limiting
and saturating polymerase concentrations two copies of gp5/
Trx copurify with a gp4 hexamer in a priming complex that
incorporates a lagging strand template for RNA-primed DNA
synthesis. Although the DNA template in the priming complex
has only one binding site for gp5/Trx, a second copy of gp5/

Trx is stably incorporated into the replisome and could
function in leading strand replication.
The gp4 helicase translocates on ssDNA using dTTP as the

energy source to power DNA unwinding.36 Helicase activity
could cause the priming complex to dissociate as gp4
translocates away from the PRS while depleting the dTTP
pool required to trap gp5/Trx on DNA in the priming
complexes studied here. We compared priming complexes
formed with wild-type gp4 to the gp4E343Q mutant (Figure 3)

and saw no difference in the efficiency of complex assembly
based on the amounts of wild-type gp4 and gp4E343Q proteins
that were pulled down. Additionally, there is no difference in
the ratios of gp5/Trx to gp4 hexamer purified. This result
indicates that wild-type gp4 is immobilized in the priming
complex and unable to translocate on ssDNA. The results of
DNA unwinding assays discussed below further support this
conclusion.
We also examined the possible contribution of the C-

terminal tail of gp4 to binding gp5/Trx in the priming complex
with the mindset that one of the two polymerase molecules
may interact with the acidic tail of gp4 via the previously
described electrostatic binding mode.16 However, the C-
terminal tail of gp4 is not required to stabilize the priming
complex on ssDNA, in agreement with a recent report.25 Two
copies of gp5/Trx copurify with a mutant gp4 lacking the C-
terminal tail [gp4CΔ17 (Figure 3)].

Analysis of the Protein Stoichiometry in the T7
Priming Complex by Analytical Ultracentrifugation. To
accurately assess the protein stoichiometry of the T7 priming
complex, the native complex formed on ssDNA was analyzed
by analytical ultracentrifugation (Figure 4). The high
concentrations of nucleotide required to stabilize the priming
complex20,25 interfered with monitoring the protein absorbance
at 280 nm, so a fluorescein-labeled 20-mer ssDNA in the
complex was instead monitored at 495 nm. For these studies,
we used a gp4 variant (gp4E343QCΔ17) lacking the C-
terminal tail to increase protein solubility, with a helicase active
site mutation that minimizes nucleotide hydrolysis. Neither the
E343Q mutation nor the deletion of the C-terminal residues
alters the assembly of the priming complex (Figure 3). gp5/Trx
was titrated against a fixed concentration of gp4 hexamer in the
presence of fluorescein-labeled ssDNA, a terminated RNA
primer, and dTTP, and the resulting complexes were analyzed
by sedimentation velocity. Figure 4A shows representative
velocity scans for a 1:1 gp5/Trx:gp4 hexamer ratio in
complexes with and without a terminated RNA primer.
Addition of the RNA primer causes formation of a larger
species bound to the DNA, indicative of priming complex

Figure 2. Quantitative analysis of proteins pulled down with a
biotinylated ssDNA containing a PRS. (A) A priming complex is
purified on ssDNA when gp4, gp5/Trx, a terminated primer, and DNA
are all present. The same ratio of gp5/Trx to gp4 hexamer is purified
in the presence of both limiting and saturating concentrations of DNA
polymerase (compare lanes 4 and 6). A small amount of streptavidin is
observed leaching from the beads (lane 12). The streptavidin is similar
in size to gp4 but does not affect the calculated stoichiometry. Analysis
of the protein staining intensities using the calibration gel shown in
panel B reveals that two copies of gp5/Trx purify with a gp4 hexamer.

Figure 3. Mutation of the catalytic base in the helicase domain of gp4
(gp4E343Q) that abolishes gp4 DNA translocation activity35 does not
alter the subunit composition of the priming complex formed in the
presence of dTTP (compare gp4 to gp4E343Q). Additionally, the C-
terminal tail of gp4 can be deleted (gp4CΔ17) without affecting the
association of two copies of gp5/Trx in the priming complex.
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formation. A smaller species attributed to the excess free
ssDNA is also present in both samples.
In buffer containing low to moderate salt concentrations, the

gp4 hexamer binds to ssDNA in a sequence-independent
manner.34,37,38 This nonspecific complex of gp4 on ssDNA
sediments as a symmetrical peak with a sedimentation
coefficient of 12.3 S (Figure 4B). A titration of gp5/Trx in
the presence of an RNA primer and dTTP shifts the
sedimentation coefficient to higher values, saturating at a 2:1
molar ratio of gp5/Trx to gp4 hexamer with a sedimentation
coefficient of 16 S (Figure 4B). Omission of the terminated
RNA primer results in a sedimentation coefficient (12.5 S) that
is similar to that of gp4 alone, indicating no priming complex
forms in the absence of RNA. At subsaturating concentrations
of gp5/Trx, the c(s) traces show broad peaks, indicative of
multiple species in solution. This distribution becomes sharper

with increasing concentrations of gp5/Trx that saturate the
priming complex (compare the 0.5:1 and 2:1 input ratios in
Figure 4B). A 2:1 complex of gp5/Trx and the gp4 hexamer is
purified on streptavidin beads at a limiting or excess polymerase
concentration (Figure 2), which suggests that the multiple
species observed in the centrifugation experiment represent a
mixture of free gp4 on ssDNA and a 2:1 gp5/Trx−gp4 hexamer
complex. Finally, all of the c(s) distribution profiles show a
minor species (<10% of the total distribution) representing
higher-order aggregates of the proteins (Figure 4B).
The buoyant mass of the priming complex was determined

by sedimentation equilibrium centrifugation at 2:1, 3:1, and 6:1
gp5/Trx:gp4 hexamer input ratios (Figure 5). A priming
complex consisting of a gp4 hexamer, two molecules of gp5/
Trx, ssDNA, and a terminated RNA primer has a predicted
mass of 554259 Da, while a priming complex with just one

Figure 4. Velocity sedimentation reveals a 2:1 ratio of T7 DNA polymerase to hexameric primase-helicase in the priming complex. (A) Analytical
sedimentation velocity profiles for an input 1:1 ratio of gp5/Trx to gp4 hexamer demonstrate that the addition of a terminated primer results in a
larger complex formed on the labeled ssDNA, shifting the sedimentation coefficient from 12.5 to 14.9 S. (B) Sedimentation velocity analysis of the
priming complex. A titration of gp5/Trx against a fixed concentration (3 μM) of gp4 shows a shift in the sedimentation coefficient that saturates at a
2:1 molar ratio of gp5/Trx to gp4 hexamer. Omission of the terminated RNA primer results in a smaller complex, demonstrating that the larger
complex observed upon titration with polymerase is the priming complex.

Figure 5. Buoyant masses of the priming complex indicate two copies of gp5/Trx are bound to a gp4 hexamer. gp4 was mixed with ssDNA, a
terminated RNA primer, dTTP, and different concentrations of gp5/Trx, and the resulting complexes were analyzed by sedimentation equilibrium at
5000 (blue), 7000 (red), and 9000 rpm (purple). At all gp5/Trx:gp4 hexamer input ratios, the complexes sediment with a mass consistent with two
polymerase molecules binding a gp4 hexamer in the priming complex.
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gp5/Trx would be expected to have a mass of 462994 Da.
Equilibrium scans of the labeled DNA at 5000, 7000, and 9000
rpm are similar for the three different input ratios of proteins.
The masses calculated from these DNA complexes are in good
agreement with one another and range from 517524 to 528294
Da, which is consistent with a composition of two copies of
gp5/Trx and a gp4 hexamer in the priming complex. Taken
together, the velocity and equilibrium analytical ultracentrifu-
gation results confirm that two molecules of gp5/Trx are stably
associated with gp4 in the T7 priming complex.
The Second DNA Polymerase in the T7 Priming

Complex Can Bind a Primed Template DNA. To address
the functionality of the second gp5/Trx in the priming
complex, we investigated the ability of a primed template
DNA to copurify with the T7 priming complex captured on an
immobilized ssDNA containing the PRS (Figure 6). The

priming complex was assembled in the presence of a terminated
RNA primer and dTTP and then purified on a biotinylated
ssDNA substrate containing a PRS. After the priming complex
had been pulled down, a radiolabeled DNA primer−template
pair was added along with ddATP, dTTP, dCTP, and dGTP. If
the second molecule of DNA polymerase in the priming
complex can function in templated DNA synthesis, then the
radiolabeled primer−template pair should be trapped by the
ddATP chain terminator and added dNTPs (with dGTP
serving as the correct incoming nucleotide) and readily pulled
down with the priming complex. Following incubation with the
radiolabeled DNA and nucleotides, the priming complex was
pelleted a second time with the streptavidin beads and analyzed

using a sequencing gel. Figure 6 shows that the DNA primer−
template pair copurified with the priming complex only if DNA
synthesis was terminated by ddATP (lane 9); no DNA was
purified in the presence of only dTTP (lane 8) or in the
presence of only dNTPs (lane 10). This demonstrates that the
second copy of gp5/Trx in the complex is functional in DNA
synthesis while the other DNA polymerase molecule remains
bound to the RNA primer and the ssDNA immobilized on
streptavidin beads (compare lanes 9 and 15). These binding
activities demonstrate the presence of two functional copies of
gp5/Trx in the priming complex, which could be representative
of the leading and lagging strand polymerases at a replication
fork.

The Stalled Priming Complex Locks gp4 on DNA and
Prevents Helicase Activity. During DNA replication, the
hexameric gp4 helicase encircles the lagging strand of the
replication fork to catalyze DNA unwinding and fork
progression in a reaction requiring both magnesium and
nucleotide.27,39 To confirm that gp4 is being loaded
productively onto DNA under our experimental conditions,
we investigated priming complex formation on a fork-shaped
DNA substrate resembling a replication fork (Figure 7). As
with the ssDNA substrate, the priming complex can be
stabilized on an artificial replication fork by addition of a
terminated RNA primer with the correct incoming dNTP
specified by the lagging strand template (Figure 7A). A
nonterminated ACCC primer allows the incoming nucleotide
to be incorporated by the polymerase and then released, failing
to stabilize the proteins on the DNA template (Figure 7A).
Only in the presence of the terminated RNA primer can both
gp4 and gp5/Trx be purified on a model replication fork, in
agreement with the results on ssDNA. The priming complex
also requires magnesium in the buffer to facilitate nucleotide
binding in the active site of gp5/Trx,40 as no complex is
purified in the presence of a terminated RNA primer when
magnesium is omitted from the buffer (data not shown). The
similar staining intensities of proteins bound to a fork-shaped
DNA and ssDNA suggest that two molecules of gp5/Trx are
bound in the priming complex on a forked substrate as shown
above for the complex on ssDNA (Figures 2−5).
To confirm functional loading of gp4 on a forked DNA, we

monitored DNA unwinding activity in the presence of gp5/Trx
and both nonterminated and terminated RNA primers (Figure
7B). The complexes were preassembled on the fork in the
absence of magnesium,27 and unwinding was initiated by
addition of magnesium and a DNA trap to prevent rebinding of
dissociated proteins and reannealing of the unwound DNA
strands. The gp4 helicase unwinds the fork substrate in the
presence of a nonterminated ACCC primer, demonstrating that
gp4 is in fact properly loaded and can translocate on the 5′-tail
of the fork to catalyze DNA unwinding (Figure 7B). In
contrast, when the proteins are locked on DNA in a chain-
terminated priming complex, fork progression and unwinding
are effectively blocked (Figure 7B), confirming that the priming
complex is properly oriented on the fork substrate and,
remarkably, that the complex is stable enough to tether gp4 in
place and prevent DNA unwinding. gp4 rapidly unwinds the
forked DNA in the presence of the terminated RNA primer if
gp5/Trx is omitted from the reaction mixture (data not
shown), lending further support to the idea that a specific
blockade of DNA unwinding activity results from the strong
interaction of the DNA polymerase with gp4 on the lagging
strand of the model replication fork. Together, our results show

Figure 6. A second copy of DNA polymerase in the T7 priming
complex is competent for DNA synthesis. The priming complex was
isolated on a biotinylated ssDNA containing a PRS using a terminated
RNA primer and dTTP. After purification, a radiolabeled primer−
template DNA was added to the complex along with dNTPs and
ddATP to terminate the primer−template pair, and the complex was
again isolated in the presence of high concentrations of dTTP and
dGTP that stabilize the DNA polymerases on the biotinylated ssDNA
and radiolabeled primer−template DNA, respectively. The radio-
labeled primer−template DNA can be copurified with the priming
complex only when it is terminated by a dideoxynucleotide (compare
lanes 8−10). The primer−template pair fails to purify if the RNA
primer is omitted (lane 15), demonstrating that the primer−template
pair is associated with the priming complex.
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the assembly of a functional priming complex on a replication
fork mimic that properly orients gp4 for DNA unwinding and
engages two copies of gp5/Trx.
Key Protein Contacts Stabilizing the Priming Com-

plex. The N-terminal ZBD of gp4 functions in the sequence-
specific recognition of PRS sites32 and has a direct role in
primer handoff to gp5/Trx during the initiation of Okazaki
fragment synthesis.19 However, recent reports have indicated
that primer utilization by gp5/Trx can be stimulated by a
variant of gp4 that lacks the ZBD24 and that an RNA-
dependent priming complex containing gp5/Trx and
gp4ΔZBD can be observed by fluorescence anisotropy on
ssDNA.25 Our results in Figure 1 demonstrate that on a ssDNA
substrate the ZBD of gp4 markedly stimulates primer utilization
by gp5/Trx. We investigated the importance of the ZBD in

priming complex assembly on fork substrates using unwinding
assays (Figure 7C). In contrast to wild-type gp4 (Figure 7B),
the helicase activity of gp4ΔZBD is not blocked by addition of
gp5/Trx and a terminated RNA primer, confirming that the
ZBD plays a crucial role in stabilizing the interaction of gp4
with gp5/Trx on a fork-shaped DNA.
The gp5 polymerase contains a unique four-residue loop

(residues 401−404) that lies in the DNA binding crevice at the
base of the thumb subdomain26 where it can support primer
utilization during the handoff from gp4.41 To investigate if this
loop is important for the priming complex, we tested the ability
of a gp5Δ401−404/Trx mutant polymerase lacking the loop to
block the helicase activity of wild-type gp4 on a fork-shaped
DNA. Using conditions that promote a stable priming complex
of wild-type gp5/Trx and gp4 on a fork-shaped DNA (Figure
7B), the gp5Δ401−404 mutant polymerase is unable to block
DNA unwinding by gp4 (Figure 7C). These results
demonstrate that, like the ZBD of gp4, the 401−404 loop of
gp5 plays a critical role in stabilizing priming complex assembly.

■ DISCUSSION
We have identified conditions for the assembly of an Okazaki
fragment initiation complex on DNA in which the hexameric
T7 primase-helicase specifically binds two copies of DNA
polymerase. The presence of two functional copies of DNA
polymerase in this priming complex points to an intimate and
predetermined relationship between two core proteins of the
T7 replisome, which coordinate leading and lagging synthesis
and the initiation of each Okazaki fragment by the priming
complex. The gp4 primase-helicase is a central organizer of the
T7 replication fork, encircling the lagging strand and providing
a physical linkage to leading and lagging strand polymerases.
The linkage to the leading strand polymerase is typically
considered a static interaction between the advancing helicase
and the polymerase synthesizing DNA in a continuous manner.
Events on the lagging strand are more complicated, as the
lagging strand DNA polymerase recycles from a completed
Okazaki fragment to the next site of RNA-primed DNA
synthesis while keeping pace with the advancing replication
fork.42,43 The stable binding of two DNA polymerase molecules
to the primase-helicase protein could reinforce the coupled
synthesis of leading and lagging strands of the replication fork
and contribute to the processivity of DNA synthesis. In contrast
to eukaryotic replisomes that have specialized polymerases for
leading and lagging strand synthesis,44 the T7 replisome uses
the same enzyme to synthesize both strands. This opens up the
possibility that two gp5/Trx molecules bind gp4 in a quasi-
equivalent fashion and that during active replication a single
polymerase can interconvert as a leading or a lagging strand
polymerase. This concept is further supported by the dynamic
structure of the gp4 with its multiple, flexibly tethered primase
domains33 that could service either polymerase molecule to
prime lagging strand synthesis.
The involvement of two polymerases in the T7 priming

complex compared to the three-polymerase replisome of E. coli4

suggests that extra copies of gp5/Trx may be unnecessary for
processive replication of the smaller T7 genome (39937 bp45)
compared to the E. coli genome (4.6 Mbp46). However, a
counterargument can be found in the relatively small T4
genome (168903 bp47) and evidence of a third polymerase in a
subpopulation of T4 replisomes visualized by electron
microscopy.48 Whereas the number of polymerases in the E.
coli replisome is determined by the number of τ subunits in the

Figure 7. Assembly of a stable priming complex stalls the unwinding of
a fork-shaped DNA. (A) Cartoon representation of fork-shaped
substrates used in these experiments. The PRS where the priming
complex assembles is colored red. A priming complex can be purified
on both a fork-shaped substrate and ssDNA, and both substrates
require a terminated RNA primer. The similar protein staining profiles
for both complexes confirm they contain two gp5/Trx molecules in
complex with gp4. (B) The ability of gp4 to unwind a fork-shaped
DNA was tested in the presence of both a terminated and
nonterminated RNA primer. gp4 can efficiently unwind a fork in the
presence of gp5/Trx and a nonterminated RNA primer. However, a
terminated RNA primer inhibits unwinding activity, demonstrating the
formation of a stable priming complex. (C) A DNA polymerase variant
with a deletion of residues 401−404 shows this loop is required to stall
the DNA unwinding activity of gp4 in the priming complex.
Additionally, the N-terminal ZBD of gp4 is critical for the interaction
with gp5/Trx.
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clamp loader,4 the observation of two gp5/Trx polymerases in
the T7 priming complex is likely driven by intimate contacts
between the DNA polymerase and the gp4 primase-helicase.
The assembly of two molecules of gp5/Trx in a functional

priming complex with gp4 requires two specific protein
contacts. The ZBD of gp4 transfers the RNA primer from
the RNA polymerase domain of gp4 to the active site of gp5/
Trx,19,23 and our results demonstrate the importance of the
ZBD in forming a stable, functional priming complex with gp5/
Trx on DNA. Two recent reports24,25 have suggested that the
ZBD is not required for RNA primer utilization by gp5/Trx. As
reported in ref 25, we confirmed that an RNA-dependent
priming complex can be formed between gp4ΔZBD and gp5/
Trx on ssDNA (Figure 1 of the Supporting Information).
However, the complex lacking the ZBD is not functional in a
primer extension assay (Figure 1B) and is unable to stall gp4
helicase activity on an artificial replication fork (Figure 7C). In
ref 24, the coupled synthesis of DNA strands in a rolling circle
replication reaction is supported by the gp4ΔZBD protein at
very high concentrations of a synthetic primer. However, for
efficient coupled replication activity with the de novo synthesis
of primers for lagging strand synthesis, the ZBD of the gp4
primase-helicase protein is essential.24 Additionally, we also find
that a unique four-residue loop found in gp5/Trx26,41

contributes strongly to priming complex formation on a forked
DNA. Our results clearly show that the ZBD of gp4 and the
401−404 loop of gp5/Trx are key determinants in T7 priming
complex formation.
Similar results are seen for gp4 bound to a model replication

fork. The RNA-dependent contact between gp4 and the 5′-tail
of the forked substrate, corresponding to the lagging strand of a
replication fork, also incorporates two molecules of the gp5/
Trx polymerase. The second polymerase is capable of binding a
primed template DNA (Figure 6), demonstrating that both
gp5/Trx molecules in the priming complex are functional. Our
results contrast with a recent report that only one gp5/Trx
assembles with gp4 in the T7 priming complex.25 We see no
evidence of an intermediate with one polymerase bound to the
gp4 hexamer on ssDNA or on the forked DNA substrate, even
at limiting polymerase concentrations. This suggests that gp4
preferentially binds two copies of gp5/Trx, which could satisfy
the requirements for simultaneous replication of the leading
and lagging strands of the replication fork. It has been
established that the lagging strand polymerase forms an
intimate contact with the N-terminal domain of gp4 and the
RNA primer,19,23 but the mode of binding of the second gp5/
Trx in the priming complex remains to be determined. A recent
report has suggested that binding of the leading strand gp5/Trx
by gp4 occurs through two interactions.18 The first occurs at a
cleft formed by two monomers of gp4 that bind the palm
domain of gp5, while the second is an electrostatic interaction
between the C-terminal tail of gp4 and a basic patch on the
polymerase. Whether the second gp5/Trx molecule in the
priming complex binds via this electrostatic mode awaits further
experimental verification, although it is clear that neither the C-
terminal acidic tail of gp4 (Figure 3) nor the Trx processivity
factor (Figure 2 of the Supporting Information) is required to
bind two DNA polymerase molecules in the priming complex.
Our results demonstrate that the RNA-dependent contact

between gp5/Trx and gp4 on a model replication fork is
sufficient to stall DNA unwinding and have implications for
coordinated replication of both the leading and lagging DNA
strands. Lee et al. propose that the synthesis and handoff of an

RNA primer from gp4 to gp5/Trx cause leading strand
synthesis to pause so that replication fork progression is tightly
coupled with the synthesis of both strands.49 Replication fork
pausing is attributed to an intimate contact between gp4 and
the leading strand polymerase. An alternative model proposed
by Pandey et al. predicts no replisome pausing and the
formation of a priming loop that allows gp4 to maintain contact
with its oligoribonucleotide product and the PRS even while its
associated helicase activity advances the replication fork.50 Both
models of coordinated synthesis by the T7 replisome
emphasize the functional interactions of gp4 with leading and
lagging strand polymerases, which is additionally illustrated by a
complete block of the rolling circle replication reaction caused
by strand-specific termination of lagging strand synthesis.43 The
ability to block the DNA unwinding activity of gp4 by the
formation of a stalled priming complex (Figure 7) is further
evidence of a very stable interaction between gp4 and gp5/Trx.
The observation that two gp5/Trx molecules associate with

the priming complex suggests that gp5/Trx covers multiple
subunits of the hexameric gp4 protein, excluding binding by
additional polymerases. The mode of interaction between gp4
and gp5/Trx in the priming complex is distinct from the
electrostatic interaction seen in the absence of DNA16 because
the C-terminal tail of gp4 is not required in the priming
complex. Previous experiments using surface plasmon reso-
nance have suggested that three copies of gp5/Trx can bind a
gp4 hexamer in the absence of DNA,51 which brings up the
intriguing question of whether the stoichiometry of the T7
replisome changes during different stages of replication. The T7
replisome is dynamic and can exchange with polymerases from
bulk solution while continuing DNA synthesis,15,17 creating the
possibility for other compositions of subunits that may
assemble at different stages of the replication cycle.
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