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ABSTRACT: Single-molecule fluorescence resonance energy transfer (smFRET)
methods were used to study the assembly pathway and DNA unwinding activity of the
bacteriophage T4 helicase−primase (primosome) complex. The helicase substrates
used were surface-immobilized model DNA replication forks “internally” labeled in the
duplex region with opposed donor/acceptor (iCy3/iCy5) chromophore pairs in the
lagging and leading strands. The time dependence of the smFRET signals was
monitored during the unwinding process, and helicase rates and processivities were
measured as a function of GTP concentration. This smFRET approach was also used
to investigate the subunit stoichiometry of the primosome and the assembly pathway
required to form functional and fully active primosome−DNA complexes. We
confirmed that gp41 helicase monomer subunits form stable hexameric helicases in the
presence of GTP and that the resulting (gp41)6 complexes bind only weakly at DNA
fork junctions. The addition of a single subunit of gp61 primase stabilized the resulting primosome complex at the fork and
resulted in fully active and processive primosome helicases with gp41:gp61 subunit ratios of 6:1, while higher and lower subunit
ratios substantially reduced the primosome unwinding activity. The use of alternative assembly pathways resulted in a loss of
helicase activity and the formation of metastable DNA−protein aggregates, which were easily detected in our smFRET
experiments as intense light-scattering foci. These single-molecule experiments provide a detailed real-time visualization of the
assembly pathway and duplex DNA unwinding activity of the T4 primosome and are consistent with more indirect equilibrium
and steady state results obtained in bulk solution studies.

DNA replication helicases are ATP-dependent molecular
motors that unwind double-stranded DNA (dsDNA) at
replication forks to expose the single-stranded (ss) templates
for leading and lagging strand DNA synthesis and, as such, are
central components of the DNA replication systems of all
organisms. The DNA replication complex encoded by
bacteriophage T4 contains eight different types of subunits,
some present in multiple copies, and can be reconstituted in
vitro from its components. The reconstituted system performs
DNA synthesis at rates and with processivity and fidelity
comparable to those demonstrated by the in vivo complex.1,2

The reconstituted T4 replication system serves as an excellent
model system for the study of the replication mechanisms of
higher organisms, because it is the simplest system to use both
a sliding replication clamp−clamp loader subassembly to
control the processivity of the replication DNA polymerases
and a hexameric helicase−primase (primosome) subassembly
to unwind the base pairs ahead of the polymerases at the
replication fork in a processive fashion and to catalyze the
synthesis of the RNA primers required for reinitiation of
lagging strand synthesis at the 3′-ends of newly formed Okazaki
fragments. In this study, we use single-molecule fluorescence
resonance energy transfer (smFRET) methodology to inves-

tigate the assembly and unwinding reaction pathways of the T4
primosome helicase.

■ MATERIALS AND METHODS

DNA Substrates. The bacteriophage T4 gp41 helicase
unwinds oligomeric dsDNA substrates in the 5′ → 3′ direction,
with the reaction coupled to GTP hydrolysis.3,4 We designed a
model DNA replication fork for single-molecule (sm) helicase
unwinding smFRET experiments that contains a donor/
acceptor iCy3/iCy5 fluorophore pair “internally” labeled on
opposing strands within the duplex region, and a single-
stranded (ss) 5′ dT29 “loading sequence” upstream of the
duplex region (see Figure 1 and Table S1 of the Supporting
Information). As detailed below, bulk helicase unwinding assays
were performed to show that the T4 helicase activity is not
significantly inhibited by the incorporation of the internally
labeled Cy3/Cy5 FRET complex (see the Supporting
Information and Figure S1). Functionalized DNA strands,
which were assembled using phosphoramidite chemistry, were
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purchased from Integrated DNA Technologies (Coralville, IA)
and are designated as “leading” and “lagging” strands in Figure
1a (see the Supporting Information for DNA sequences).
These DNA fork substrates were prepared by mixing 100 nM
biotinylated leading strand and 100 nM nonbiotinylated lagging
strand in a 1:1.5 ratio in standard imaging buffer [10 mM Tris
(pH 8.0), 100 mM NaCl, and 6 mM MgCl2]. The DNA
construct was assembled and annealed by being heated to 90
°C for 3−4 min and then cooled slowly to room temperature
(∼22 °C). The annealed construct was then diluted to a
concentration of 50−100 pM, and a 50 μL aliquot was
introduced into the sample chamber and incubated for 2−3
min. This protocol resulted in the formation of a surface-
immobilized model replication fork construct with the FRET
donor/acceptor iCy3/iCy5 pair placed within the sugar−
phosphate backbone of the duplex region, as shown in Figure
1a. Unbound DNA molecules were washed away using the
standard buffer solution.
Protein Purification. The T4-encoded DNA replication

helicase (gp41) was cloned and overexpressed in Escherichia coli
OR1264/pDH518 cells5 and purified as previously described.6

The T4 primase (gp61) protein carries a His tag and was
prepared and purified, as reported previously.7 The concen-
trations of purified gp41 and gp61 were determined by UV
absorbance at 280 nm, using molar (per subunit) extinction
coefficients (εM,280) of 7.6 × 104 M−1 cm−1 for gp41 and 6.9 ×
104 M−1 cm−1 for gp61. These extinction coefficients were
calculated from amino acid composition data as described
elsewhere.8,9

Slide Cleaning and Sample Chamber Preparation. We
constructed microfluidic sample chambers for our smFRET
experiments using the following multistep procedure.10−12

Holes were drilled into quartz slides (GM Associates, Inc.,
catalog no. 7525-01, 76.2 mm × 25.4 mm × 1 mm) using 1.0
mm diameter diamond-tipped bits (catalog no. 1-0501-100,
Kingsley North Inc., Norway, MI). The slides were placed in a
Petri dish containing a 10% (w/v) aqueous Alconox
(detergent) solution and sonicated for 20 min, followed by
sonication for 5 min in doubly distilled water (ddH2O), 15 min
in acetone, and finally 20 min in 1 M KOH. Each slide was
hand-scrubbed with ddH2O, passed through a propane torch
flame to remove organic impurities and residual water, and
immersed in a basic “piranha” solution (1:1:5 NH4OH/H2O2/
ddH2O mixture) at 75−80 °C for 20−30 min. The slides were
then rinsed with ddH2O and passed again through a propane
torch flame. To avoid possible nonspecific adsorption of
protein or DNA to the slide surface, the slides were then amine-
functionalized with a solution of 1 mL of N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane (97%) (A0700, United Chemical
Technologies, Bristol, PA) mixed with an acidic methanol
solution (5 mL of acetic acid and 100 mL of methanol) and
treated for ∼4 h with a lightly functionalized polyethylene
glycol (PEG) solution consisting of a mixture of 8 mg of
methoxy-PEG-succinimidyl valerate (mPEG-SVA-5000, Laysan
Bio, Huntsville, AL) and 0.1−0.2 mg of biotin-PEG-SVA-5000
(Laysan Bio) dissolved in 64 μL of 100 mM NaHCO3. Glass
coverslips (catalog no. 48393-230, no. 1 1/2, 24 mm × 40 mm,
VWR) were sonicated in 1 M KOH for 20 min, rinsed with
ddH2O, treated with aminosilane, and then immersed for ∼4 h
in an mPEG solution not containing biotin. These PEG-coated
slides and coverslips were thoroughly rinsed with ddH2O,
blown dry with N2, and stored in vacuum-sealed bags at −20
°C until they were used.10

Microfluidic sample chambers were constructed by pipetting
a 1.5 μL drop of a standard buffer solution onto a PEG-coated
microscope slide. A coverslip (10 mm × 24 mm) was placed on
top of the slide with the PEG-coated side facing inward, and the
surfaces were sealed using 5 min epoxy cement. Two
polyethylene tubes (PE50, 0.965 mm outside diameter, Becton
Dickinson, Sparks, MD) were connected to the predrilled holes
in the slide and sealed with epoxy. After the sample chamber
had been dried, a 50 μL aliquot of 0.1−0.2 mg/mL neutravidin
(Thermo Scientific, Rockford, IL) was injected into the inlet
tube and incubated for 2−3 min before being flushed with
standard buffer. The 5′-biotin-labeled DNA substrates were
introduced into the sample chamber between the coverslip and
the neutravidin-coated slide (see Figure 1a and Figure S2a of
the Supporting Information). Using this procedure, we were
able to image hundreds [∼200−650 (see Figure S3 of the
Supporting Information)] of surface-immobilized fluorescent
molecules within an imaging area of ∼30 μm × 60 μm. We
found that quartz slides prepared in this way could be recycled
multiple times (≥10) by immersing the entire sample chamber
in acetone for a few days to dissolve the epoxy and using a razor
blade to remove residual debris. The standard cleaning
procedure outlined above was then repeated, excluding the
treatment with the basic piranha solution.

Imaging Buffer. All our single-molecule experiments were
conducted in standard imaging buffer [10 mM Tris (pH 8.0),
100 mM NaCl, and 6 mM MgCl2], and stock solutions of gp41
and gp61 proteins were created in this buffer as well. In
addition, these solutions contained the oxygen-scavenging and
triplet-quenching system [165 units/mL glucose oxidase
(Sigma), 0.8% (w/v) D-glucose (Sigma), and 2170 units/mL
catalase (Sigma) in saturated (≥2 mM) Trolox (Sigma)], which
has been shown to work well with the Cy3/Cy5 smFRET
chromophore system used in our experiments.10,13

Total Internal Reflection Fluorescence (TIRF) Micros-
copy and smFRET. For our smFRET experiments, we
employed the TIRF illumination geometry in which an
evanescent field is used to excite a very thin region of the
sample located 100−200 nm from the surface to which the
fluorescently labeled substrates had been bound.14−16 This
technique greatly enhances signal contrast by reducing
background noise caused by scattered excitation light and
fluorescence from unbound chromophores. We performed
smFRET measurements using a prism-type TIRF microscope,
which we constructed using an inverted microscope stage
(TE2000-U, Nikon, Tokyo, Japan) (see Figure S2a of the
Supporting Information). A fused silica prism (catalog no. 325-
3206, Pellin Broca Prism, Eksma, Lithuania) was mounted onto
a XYZ-microtranslation stage (PT3, Thorlabs, Newton, NJ; 1
in. travel), which was used to position the prism on the top
surface of the microscope slide as shown in Figure S2a of the
Supporting Information. A thin layer of immersion oil (Cargille,
Cedar Grove, NJ) was used to index-match the interface
between the prism and the quartz slide surfaces, and also the
glass coverslip surfaces and the objective lens. A diode-pumped
Nd:YAG laser (Coherent Compass model 215M-50, wave-
length of 532 nm) served as the excitation source for the FRET
iCy3/iCy5 chromophore pair. The incident laser intensity was
adjusted using a half-wave plate (λ/2 of 450−800 nm,
AHWP05M-630, Thorlabs) and a polarizing beam-splitting
cube (10FC16PB.3, Newport). The laser was focused into the
prism at the TIRF critical angle using a 100 mm focal length
lens (LA1207, Thorlabs). Fluorescence was imaged using a
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100× NA, 1.4 oil-immersion objective (Plan Apo, Nikon) and
filtered using a long-pass filter (catalog no. BLP01-532R-25,
Semrock, Rochester, NY).
Fluorescence from the iCy3 (donor) and iCy5 (acceptor)

chromophores was spatially separated and simultaneously
imaged onto a split screen digital CCD camera using short
beam paths and a minimal number of transmissive optical
components. This was accomplished by directing the
fluorescence image onto a dichroic mirror (catalog no.
FF650-Di01-25x36, Semrock), which had been placed at the
input of the beam-separation optics arranged as a Sagnac
interferometer. The dichroic mirror was placed at the beam
splitter position and produced two counter-propagating light
paths with two broadband dielectric mirrors (BB1-E02,
Thorlabs), as shown in Figure S2b of the Supporting
Information. The dichroic mirror reflected the shorter wave-
length emission from the iCy3 donor chromophores, while
transmitting the longer wavelength emission from the iCy5
chromophores. The separation between the iCy3 and iCy5
beam paths was adjusted by fine-tuning the angles of the
dichroic beam splitter and the broadband mirrors so that each
image was projected onto half of the active area of an electron-
multiplied charge-coupled device camera (EM-CCD, iXon

DV897-BB, 512 × 512 pixels, Andor Technology, Belfast,
Northern Ireland), as shown in Figures S2 and S3 of the
Supporting Information.
For a typical data acquisition run, sequential images were

recorded at 100 ms intervals for a total duration of 2 min.
Individual image frames contained, on average, ∼400 iCy3
(donor)/iCy5 (acceptor) single-molecule features, which were
analyzed using software written in IDL programming language.
These data were used to construct single-molecule time-
dependent trajectories for the donor (ID) and acceptor
chromophore intensities (IA), permitting calculation of the
FRET efficiency, defined as IA/(ID + IA). We have designated
the occurrence of a precipitous drop in the value of the FRET
efficiency, corresponding to a simultaneous decrease in IA and
increase in ID, as a “FRET-conversion event”, which we have
found to be diagnostic of a helicase-driven DNA fork construct
unwinding event (see Results).

ATPase Assays Monitored by Inorganic Phosphate
Release. ATPase assays (Figure S1 of the Supporting
Information) were performed in a reaction buffer containing
33 mM Tris-OAc (pH 7.8), 125 mM KOAc, and 6 mM
Mg(OAc)2 in addition to 3.5 mM ATP and 50 nM
[γ-32P]rATP. Unless otherwise indicated, the reaction mixtures

Figure 1. DNA replication fork construct used in this work. (a) The T4 helicase binds to the d(T)29 loading sequence on the lagging strand and
unwinds the double-stranded (ds) region in the presence of GTP. The strands within the dsDNA region are internally labeled with FRET donor
chromophore iCy3 and FRET acceptor chromophore iCy5. (b) The donor iCy3 and acceptor iCy5 chromophores are incorporated into the sugar−
phosphate backbone using a phosphoramidite oligonucleotide synthesis procedure (see the text). (c) Molecular model showing the three-
dimensional structure of the iCy3/iCy5-labeled duplex region of the DNA constructs. The chromophores are rigidly positioned within the sugar−
phosphate backbone with a transition dipole center-to-center distance R12 of ∼30 Å and a relative angle θ12 of ∼77°. When the primosome complex
unwinds the duplex, the distance between the donor and acceptor chromophores becomes greater than the Förster distance (∼50 Å), disrupting the
FRET efficiency and leading to a decrease in acceptor emission and a concomitant increase in donor emission.

Biochemistry Article

dx.doi.org/10.1021/bi400231s | Biochemistry 2013, 52, 3157−31703159



contained 300 nM gp41 and 50 nM gp61 (concentrations of
protein subunits) and 50 nM ssDNA constructs in a reaction
volume of 20 μL. The reaction mixtures were preincubated at
37 °C for 2 min. Reactions were started by the addition of the
protein components and quenched by spotting an aliquot of
reaction mixture onto a PEI-F cellulose TLC plate at various
times. The PEI cellulose plates were then developed in 35 mM
potassium phosphate buffer (pH 7.0). The dried plates were
exposed on a PhosphorImage plate, and radioactive ADP and
ATP were quantified using an Image Quantum method.
Molecular Modeling Calculations. We performed an

equilibrium geometry optimization calculation on a fragment of
the iCy3/iCy5 dsDNA construct used in our single-molecule
experiments based on the molecular mechanics force field
(MMFFaq). The MMFFaq model is parametrized to predict
geometries and conformations of organic molecules and
biological polymers, and it includes an aqueous solvent energy
correction in determining stability.17 For our calculations, we
used the same local sequence in the region containing the
chromophore residues as for our experiments, with lagging
strand sequence 3′-CT-iCy3-CG-5′ and leading strand
sequence 5′-GA-iCy5-GC-3′. The flanking bases about the
iCy3 and iCy5 residues were constrained to adopt their B-form
duplex structure, and the conformations of the probe residues
were allowed to relax to their most stable conformation (see
Figure 1c). All calculations were performed using the Spartan
’10 suite of programs (Wave function Inc., Irvine, CA).

■ RESULTS
Assembly Pathway of the T4 Primosome Complex.

Assembly of functional T4 helicase hexamers depends on the
concentrations of gp41 subunits and the availability of NTP
ligands. At low concentrations, the gp41 helicase protein exists
in aqueous solution primarily as monomer subunits that can be
driven to assemble into ring-shaped hexameric helicases by the
addition of ATP or GTP.4,6,18 In previous bulk solution
studies,18 we used sedimentation velocity methods to show that
solutions containing 3 μM gp41 require ∼60 μM GTPγS
(guanosine 5′-O-γ-thiotriphosphate) to drive gp41 assembly
fully to the hexameric state, apparently via the sequential
formation of dimers, tetramers, and then hexamers, with
GTPγS ligands bound at the interfaces between each pair of
gp41 subunits thus serving to stabilize the smaller intermediates
and the resulting final hexagonal (gp41)6 structure. Lower
concentrations of either gp41 subunits or GTPγS resulted in
incomplete hexamer formation and significant concentrations
of dimer and tetramer gp41 intermediate structures.
We note that GTPγS is a useful ligand in this context because

it stabilizes the hexameric form of the T4 replication helicase
and permits it to bind to a model DNA replication fork, and to
subsequently form a complex with a single T4 primase (gp61)
subunit as a stable initial primosome−DNA fork complex (such
as that shown in Figure 1a). Further DNA unwinding is
inhibited because of the absence of an NTP substrate carrying a
hydrolyzable β−γ phosphate−phosphate bond.18,19 In the
smFRET activity studies described here, we used lower
concentrations of gp41 and hydrolyzable GTP (0.3 μM gp41
and 6 μM GTP) to maintain the gp41:nucleotide triphosphate
concentration ratio described above while avoiding the
occurrence of metastable protein−protein and protein−DNA
aggregates in our single-molecule sample cells, which did occur
(see below) at higher gp41 concentrations. In addition, the
dilution factor was necessary to keep the concentration of

Trolox (≥2 mM) and oxygen scavenger enzymes (described in
Materials and Methods) sufficiently high for stable single-
molecule detection. However, on the basis of our bulk solution
results, we would expect that gp41 oligomerization should not
go to completion at the lower component concentrations used
in these single-molecule studies. Rather, we might expect to see
a mixture of GTP-stabilized gp41 dimers and tetramers in labile
equilibrium with fully formed and active gp41 hexamer helicase
molecules.
Our recent bulk solution studies, using GTPγS to avoid GTP

hydrolysis, have also shown that a “correct” T4 primosome
assembly pathway involving both gp41 and gp61 primase can
be defined that leads to the formation of stable and
monodisperse equilibrium complexes comprising single-DNA
fork constructs bound to single-primosome complexes.18 In
those studies, we also demonstrated that the addition of
components in incorrect (“off-pathway”) orders resulted in
formation of metastable protein−DNA aggregates. We note
that those experiments were all conducted with “GTPγS-
locked” primosome complexes, which permitted stable
“initiation” binding of the primosome helicase to DNA fork
constructs, but no further helicase-catalyzed unwinding of the
replication fork until the nonhydrolyzable GTPγS ligands had
been exchanged with GTP. In the following section, we
determine the effects of order of addition changes on the
assembly of a fully functional primosome helicase.

Single-Molecule Helicase Unwinding Experiments as
a Function of the Primosome Assembly Pathway. We
used two distinct order-of-addition protocols to test whether
varying the primosome−DNA assembly pathway and the
helicase loading procedure also affects DNA fork unwinding
activity at the component input concentrations we used in
these single-molecule experiments. In the first protocol, we
used a sequential two-step process modeled after the procedure
we had found to be optimal for stable primosome complex
assembly and binding to DNA constructs in bulk solution with
nonhydrolyzable GTPγS ligands.18 A solution containing gp41
subunits and GTP was injected into the sample chamber,
followed by the injection of gp61 primase after a short
incubation period. This sequential procedure allowed the
hexameric helicase to assemble initially in a labile (component
concentration-dependent) fashion and establish a dynamic
(weak binding) equilibrium with the gp41 hexamer at the DNA
fork junction. This process was then followed by the addition of
primase, stabilizing the resultant gp41−gp61 complex because
of binding of the gp61 primase and formation of a stable
primosome complex with the DNA fork construct.
In the second protocol, the gp41 helicase and gp61 primase

subunits were mixed in the presence of GTP prior to injection
of the mixed solution into the sample chamber. In bulk solution
ultracentrifugation studies with GTPγS, we had previously
demonstrated that such direct mixing protocols result in the
formation of protein−DNA aggregates.18 As we show below,
the use of this direct-mixing procedure in smFRET studies also
resulted in reduced duplex DNA unwinding activity and the
formation of metastable aggregates, as manifested by the
appearance of light-scattering foci in the smFRET images (see
below). We note that the observation of such light-scattering
foci in single-molecule experiments may represent a much
easier way to detect the formation of metastable aggregates
(and thus to test for inappropriate assembly pathways) than do
the conventional bulk solution approaches we have used before.
The single-molecule experiments presented below provide a
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real-time visualization of T4 primosome assembly and helicase
function. Moreover, our results establish definitively, and at the
single-molecule functional level, that the component stoichi-
ometry of the T4 primosome complex that was previously
shown by bulk solution equilibrium methods to be (gp41)6−
gp61−DNA in GTPγS-locked primosome helicase initiation
complexes also applies in actual unwinding experiments.
Unwinding Assays with Internally and Externally

Labeled DNA Fork Constructs. As described in Materials
and Methods, we used DNA replication fork substrates that had
been internally labeled with donor/acceptor iCy3/iCy5
chromophore pairs (Figure 1a) for our single-molecule helicase
experiments. The chromophores were incorporated into the
sugar−phosphate backbones of the oligonucleotide strands as
an intermediate reaction step in the sequential-step phosphor-
amidite synthesis of the DNA strands (Figure 1b). Upon
assembly of the DNA replication fork substrate, our geometry
optimization calculations suggest that the iCy3/iCy5 chromo-
phores are likely positioned within the duplex structure of the
dsDNA region and held there with fixed donor−acceptor
separation and orientation [R12 ≈ 30 Å, and θ12 ≈ 77° (see
Figure 1c)]. If indeed the iCy3/iCy5 chromophores are buried
in this way, as our calculations suggest, this would also be
consistent with our observation that these internal iCy3 and
iCy5 chromophores are much less subject to dynamic
collisional quenching than are their externally labeled counter-
parts (see below). Further evidence of a buried chromophore
probe conformation in the duplex region is provided by our CD
measurements of the ssDNA components and the fully
annealed dsDNA replication fork construct. Figure S4 of the
Supporting Information shows that the CD spectra of the
separate ssDNA strands of the fork construct display no

measurable CD signal in the vicinity of the probe absorption
maximum, while the CD spectrum of the chromophore
complex of the annealed duplex over this wavelength range is
significant. This rigid conformation serves to minimize the
effects of thermal fluctuations on the Förster coupling strength,
which depends sensitively on the values of R12 and θ12. Thus,
our observations of changes in the FRET signal using the iCy3/
iCy5 chromophores can be attributed solely to the helicase
activity of the primosome complex.
We also tested DNA unwinding substrates that had been

externally labeled, i.e., fork constructs that carried eCy3/eCy5
chromophores attached by flexible amine-functionalized linkers
at the C6 positions of specific thymine bases. These externally
labeled unwinding substrates have often been used in smFRET-
detected helicase assays because the chromophores in these
positions should not perturb the sequence of the DNA fork
construct to the same extent as insertion of iCy3/iCy5
chromophores directly into the DNA backbones and thus
might be expected to interfere less with helicase function.20,21

However, our control measurements indicate that DNA
substrates using externally labeled chromophores exhibit a
significant background of false positive FRET conversion
events, even in the absence of helicase proteins. This residual
FRET activity may reflect an increased number of collisional
quenching events or photochemical damage due to the
increased level of solvent exposure of these external
fluorophores. In either case, this increase in the number of
false positive FRET conversion events with the externally
labeled DNA fork constructs significantly decreased the signal-
to-noise ratios of our helicase unwinding experiments. To avoid
these problems, we used the internally labeled DNA fork
constructs for all of our measurements, because with these

Figure 2. Representative single-molecule donor/acceptor FRET trajectories. (a) DNA replication fork construct in the absence of gp41 or gp61
protein. Under these conditions, ∼99% of the molecules observed (excluding the FRET pairs showing donor-only signals) exhibited constant FRET
signals during the 120 s data acquisition period. (b) Representative single-molecule trajectory exhibiting a single FRET conversion event. (c)
Representative single-molecule trajectory exhibiting multiple FRET conversion events. For the experiments shown in both panels b and c, the
functional (gp41)6−gp61−DNA primosome complex was assembled using a sequential two-step injection protocol in the presence of 6 μM GTP
(see the text).
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fluorophores very little residual FRET conversion background
could be detected and unwinding proceeded very efficiently.
Control bulk solution unwinding assays (text and Figure S1 of
the Supporting Information) showed that the presence of the
iCy3/iCy5 labels within the fork construct helicase substrate
reduced the rate of the T4 primosome helicase unwinding
activity by less than 50% and had little if any effect on the
extent of the unwinding process. We further note that our
single-molecule measurements did not exhibit the quasi-
periodic FRET conversion patterns that have been reported
in previous single-molecule helicase-mediated dsDNA unwind-
ing experiments by others.20−22 Thus, the use of internally
labeled DNA fork constructs permitted us to eliminate a
significant source of background noise in our helicase
unwinding experiments.
Helicase-Dependent “FRET Conversion Events”. We

monitored single-molecule dsDNA unwinding activity by
injecting solutions containing helicase proteins into the sample
chamber and detecting the ensuing variation of the iCy3/iCy5
fluorescence. In Figure 2, we show examples of three time-
dependent single-molecule trajectories, each recorded over a
data acquisition period of 2 min. At the beginning of a typical
trajectory, the acceptor fluorescence was observed at high
levels, while the donor fluorescence was low. In many instances,
these relative intensities were maintained at constant levels
throughout the data run (see Figure 2a). A FRET conversion
event was associated with an abrupt drop in the acceptor
chromophore emission and a simultaneous increase in donor
emission. Often, just one FRET conversion event was observed
per DNA construct (Figure 2b), while in other instances,
multiple FRET conversion events were observed for a single
construct (Figure 2c). Soon after a FRET conversion event, we
often observed the donor emission fluorescence drop
irreversibly to zero, which we took to indicate completion of
the dsDNA unwinding process accompanied by the dissociation
and diffusion out of Förster energy transfer range of the iCy3-
containing lagging strand (see Figure 1a). To monitor the
helicase-catalyzed DNA unwinding activity quantitatively, we
determined the percentage of single molecules observed within
each illuminated area that experienced one or more FRET
conversion events.
In Figure 3, we summarize the results, obtained in standard

imaging buffer, of our experiments on surface-immobilized
DNA replication fork substrates. We compared the dsDNA
unwinding activity under a variety of experimental protocols in
which the different protein components were introduced
separately and in combination, as well as in the presence and
absence of GTP. Our control measurements with DNA
substrates alone indicate the existence of an ∼1% background
level of residual FRET conversion events. We interpret this
background as a reflection of the sum of fairly rare processes,
such as a spontaneous change in the conformation of the DNA
backbone or a photochemical reaction that disrupts the stability
or optical properties of the iCy5 acceptor chromophore. This
∼1% background FRET conversion level was unchanged upon
the injection into the sample chamber of either a 0.3 μM
solution of gp41 helicase subunits or a 50 nM solution of gp61
primase subunits in the absence of GTP. However, we observed
a marginal increase in the FRET conversion activity (∼2 ± 1%)
when a 0.3 μM solution of gp41 helicase subunits containing 6
μM GTP was introduced into the sample chamber.
As described above, in the presence of GTP, the gp41

helicase subunits assemble to form an equilibrium mixture of

GTP-stabilized oligomers, including significant concentrations
of the active (but weakly binding in isolation) (gp41)6
hexameric helicase form. The presence of these hexameric
helicases induced only very weak dsDNA unwinding activity as
observed by smFRET (Figure 3, column iv). However, upon
addition to this sample of a solution containing 50 nM gp61
primase in the presence of 6 μM GTP, we observed a
significant increase in dsDNA unwinding activity (∼10 ±
2.5%). These results show that (i) hexameric T4 (gp41)6
helicase, which in the absence of gp61 binds only weakly to
the DNA replication fork,18 also shows only minimal processive
DNA fork unwinding activity, (ii) this duplex DNA unwinding
activity is greatly enhanced in the presence of the fully
assembled and primase-stabilized primosome helicase complex,
and (iii) in both situations the observed levels of FRET
conversion may be lower than expected because, at the protein
and NTP component concentration levels tested, the helicase
hexamer, either alone or in the presence of primase, may not be
fully assembled.
To investigate the effects of varying the primosome complex

assembly pathway, we performed measurements in which a
“premixed” solution containing 0.3 μM gp41, 6 μM GTP, and
50 nM gp61 was injected into the sample chamber. In this
situation, the observed the DNA fork unwinding activity was
∼3% (see column vi of Figure 3). The diminished capacity of
the premixed primosome complex to conduct duplex DNA

Figure 3. Percentage of DNA constructs that undergo one or more
FRET conversion events per imaging area within 120 s as a function of
protein components and GTP ligands present and their concen-
trations. The bar heights represent the percentage of DNA constructs
that have undergone one or more FRET conversion events per
imaging area in 120 s. The structure of the DNA construct is shown in
Figure 1a (and the DNA sequence in the text of the Supporting
Information). n corresponds to the number of independent experi-
ments of each type conducted and N to the total detected number of
FRET pairs in the multiple image areas analyzed (n): (i) surface-
immobilized DNA replication fork constructs (rfDNA) without
helicase (n = 5; N = 2849), (ii) rfDNA with gp41 (0.3 μM) (n = 3;
N = 3162), (iii) rfDNA with gp61 (50 nM) (n = 3; N = 1107), (iv)
rfDNA with gp41 (0.3 μM) and GTP (6 μM) (n = 5; N = 3162), (v)
rfDNA with gp41 (0.3 μM), GTP (6 μM), and gp61 (50 nM) (n = 7;
N = 4416), and (vi) rfDNA with premixed gp41 (0.3 μM), GTP (6
μM), and gp61 (50 nM) (n = 8; N = 4401).
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unwinding, in comparison to the results with the two-step
assembly pathway described above, is consistent with the
results of recent ensemble measurements in which the same
premixing conditions resulted in the formation of nonfunc-
tional metastable aggregates.18 Furthermore, we were able to
observe what appeared to be aggregated structures within the
imaging area of these samples, manifested by enhanced light-
scattering foci, as illustrated in Figure 4a. Such light-scattering

foci were not observed under the conditions of our two-step
assembly pathway measurements (Figure 4b). These results
demonstrate, by direct single-molecule visualization, that the
order of addition of gp41, gp61, GTP, and DNA components is
also critical to the correct assembly of stable and functional T4
primosome complexes in our smFRET unwinding assays and
also provide a convenient single-molecule assay of potentially
general utility for detecting the occurrence of metastable
aggregate formation upon assembly of macromolecular
complexes.

The Hexameric Helicase Alone Unwinds DNA Fork
Constructs Very Inefficiently at Physiological GTP
Concentrations, while the Full Primosome Complex
Shows Significantly Increased Duplex DNA Unwinding
Activity. We next examined the smFRET unwinding activities
of the gp41 helicase and gp41−gp61 helicase−primase
(primosome) complexes as a function of GTP concentration.
Previous ensemble measurements had shown that the highest
rates of unwinding with gp41 helicase alone were obtained at
ATP or GTP concentrations approaching ∼1 mM23 and that
the addition of gp61 primase subunits increased the observed
unwinding rate.3

We performed smFRET experiments with the same
sequential two-step order-of-addition protocol used in the
previous section to test the effect of changes in GTP
concentration in single-molecule unwinding assays driven
both by the T4 helicase hexamer alone and by the fully
assembled helicase−primase (primosome) complex. The
concentrations of gp41 (0.3 μM) and gp61 (50 nM) were
held fixed, while the concentration of GTP was varied. When
we injected a 0.3 μM gp41 solution containing 3 mM GTP into
the sample chamber, we observed the dsDNA unwinding
activity (as measured by FRET conversion events) to be ∼5%,
approximately twice the level observed when 0.3 μM gp41 and
6 μM GTP were used. We next introduced into the same
sample a 50 nM gp61 primase solution in the presence of 3
mM GTP. Immediately after this injection, we observed that
nearly all of the iCy3/iCy5 donor/acceptor signals within the
illumination area rapidly disappeared, suggesting that primo-
some-catalyzed unwinding of the DNA fork constructs had
gone to completion and also that the unwinding rate at these
elevated GTP concentrations was too high to be measured
quantitatively using this direct injection approach.
If the smFRET-detected fork unwinding activity of the gp41

helicase is indeed enhanced in the presence of the gp61
primase, the number of duplex DNA molecules detected after
gp61 addition would be expected to decrease with time,
because the complete unwinding of the DNA replication fork
by the primosome will fully displace the lagging strand (which
contains the donor fluorophore, iCy3) from the leading strand
that contains the acceptor fluorophore (iCy5) and is attached
to the slide surface (Figure 1a), and as a consequence, the
fluorescence signal of the completely unwound fork construct
illuminated at donor absorbance wavelengths will effectively
disappear. Furthermore, if the reduction in the number of
detectable molecules with time is indeed due to the enhanced
(and processive) helicase activity of the fully assembled
primosome complex, we would expect the remaining intact
duplex DNA molecules to exhibit a time-dependent increase in
the percentage of FRET conversion events. Thus, observation
of a correlation between the total number of detectable
molecules and the percentage of molecules exhibiting FRET
conversion events (see Figure 5) supports the view that the
fully assembled primosome complex is responsible for the
dsDNA unwinding activity detected in our experiments.

Timed-Release Studies Involving the Slow Addition of
gp61 Primase. To achieve a more precise level of control over
the addition of the gp61 primase to the gp41 helicase−DNA
system in the presence of 3 mM GTP, we modified our
experimental setup to permit the introduction of the 50 nM
gp61 solution into the sample chamber slowly with the aid of a
programmable syringe pump. For this purpose, we employed a
100 μL glass syringe (catalog no. 1710RN, Hamilton, Reno,

Figure 4. Off-pathway primosome assembly results in the formation of
metastable aggregates. (a) In this experiment, gp41 (0.3 μM), GTP (6
μM), and gp61 (50 nM) were premixed and injected into the sample
chamber. These mixing conditions resulted in scattered excitation light
from aggregated structures in the illuminated sample area. (b) Samples
prepared using the two-step assembly pathway showed no evidence of
aggregation throughout all the measurements, indicating that the two-
step assembly pathway (gp41 with GTP and then gp61) prevents the
formation of metastable aggregates. The image is split into donor (left)
and acceptor (right) channels. A donor molecule and its paired
acceptor molecule are separated by 255 pixels on the CCD camera
(represented as three paired boxes in panel b).
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NV) fitted to a syringe pump (catalog no. NE-501, New Era
Pump Systems, Farmingdale, NY) that was operated at a flow
rate of 0.06 μL/min. We conducted such timed-release
experiments over a total duration of 40 min. Successive data
sets were acquired as described above, with a new imaging area
selected every 2 min.

In Figure 5, we present the results of such timed-release
smFRET unwinding experiments. As in our previous measure-
ments, we first injected a solution containing 0.3 μM gp41
helicase and 3 mM GTP into the sample chamber. The donor/
acceptor iCy3/iCy5 signal was calibrated by recording
successive 2 min data sets over a 10 min data collection

Figure 5. “Timed-release” experiments. A 50 nM solution of gp61 was injected into a sample chamber containing 0.3 μM gp41 and 3 mM GTP. (a)
Plot of the number of DNA constructs detected within the imaging area as a function of time before and after the slow introduction of gp61 using a
syringe pump (0.06 μL/min). (b) Percentage of DNA constructs that undergo one or more FRET conversion event(s) per imaging area within 120 s
as a function of time before and after the slow introduction of gp61. The vertical line at 10 min indicates the time at which sample injection was
initiated. (c) GTP concentration-dependent unwinding activity of helicase and the helicase−primase complex plotted as a percentage of DNA
constructs that undergo one or more FRET conversion events per imaging area within 120 s as a function of time before and after the slow
introduction of gp61. The bar graph shows the percentage of observed FRET conversion events under different sample conditions using the surface-
immobilized DNA replication fork (rfDNA): (i) rfDNA with gp41 (0.3 μM) and GTP (3 mM) (n = 4; N = 1224) and (ii) rfDNA with gp41 (0.3
μM), GTP (3 mM), and gp61 (50 nM) (n = 3; N = 979). (d) Representative single-molecule image obtained during the 0−2 min data acquisition
period in panels a and b. (e) Same as panel d, but during the 18−20 min interval. (f) Same as panel d, but during the 38−40 min interval. The image
scales are the same as those in Figure 4.
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period, after which we initiated the timed injection of the 50
nM gp61 solution. As shown in Figure 5a, the detected number
of DNA fork constructs per imaging area was relatively constant
(∼350) during the 10 min period prior to primase addition,
which likely reflects both the relatively low unwinding activity
of the helicase hexamer in the absence of primase and the
reduced processivity (relative to that of primosome-induced
unwinding) of the (gp41)6 helicase in the absence of primase.
Such less processive unwinding may also favor the formation of
“incompletely” unwound DNA constructs (see below), which
are then more likely to reanneal to form native DNA constructs
when the helicase has dissociated. After injection of the gp61
primase solution (vertical dashed line), the number of fork
constructs per imaging area gradually decreased to zero over
the 40 min period, indicating that the duplex DNA constructs
were being completely (and irreversibly, because of the loss
into solution of the donor-containing strand) unwound.
Furthermore, we observed a concomitant increase in the
number of FRET conversion events (Figure 5b), which we
interpreted as a direct measure of the primosome-catalyzed
dsDNA unwinding activity.

We determined the limiting values of the dsDNA unwinding
activity with 3 mM GTP for the gp41 helicase protein alone
(∼5%), and for the fully assembled primosome complex
(∼35%), from the asymptotic behavior of the time-dependent
data (Figure 5b). Figure 5b shows that before the addition of
gp61 the (gp41)6-driven unwinding process at 3 mM GTP
resulted in ∼5% FRET conversion events within each 120 s
time window, while after the addition of gp61 at the same GTP
concentration, the level of FRET conversion events per 120 s
window plateaued at ∼35%. As indicated above, the gradual
increase in the percentage of FRET conversion events seen in
Figure 5b likely reflects the multiple equilibria involved in the
primosome assembly process as the concentration of gp61
increases during the slow injection process. Our results again
indicate that the hexameric gp41 helicase binds only weakly to
the DNA replication fork (and may also be only partially
assembled), even at the elevated GTP concentration of 3 mM.
However, as shown in column ii of Figure 5c, the efficiency of
the dsDNA unwinding activity is greatly enhanced in the
presence of the fully assembled primosome complex under
these same conditions. Selected image frames taken over the
course of the 40 min data acquisition period are shown in

Figure 6. smFRET pattern as a function of GTP concentration using a properly assembled (gp41)6−gp61−DNA primosome complex in a sequential
two-step injection. The experiments were performed using the same concentrations of gp41 (0.3 μM) and gp61 (50 nM), but varying GTP
concentrations. Note that the donor fluorophore lies within the lagging (displaced) strand and the acceptor within the leading strand. (a)
Representative traces of a molecule exhibiting an “incomplete” unwinding FRET pattern. Following a high-to-low FRET conversion event, the donor
signals for the lagging strand remained on the surface and also within the Förster distance of the acceptor, exhibiting a pattern reflecting repeated
partial helicase unwinding events followed by rapid rewinding (reannealing) of the duplex portion of the fork construct. At a low concentration of
GTP (6 μM) with a properly assembled (gp41)6−gp61−DNA primosome complex, ∼83% of the fork constructs that we observed showed FRET
conversion events with this incomplete unwinding pattern. (b) Representative traces of a fork construct exhibiting a “complete” unwinding FRET
pattern, leading to a donor signal on the lagging strand that disappears abruptly right after the high-to-low FRET conversion event.

Biochemistry Article

dx.doi.org/10.1021/bi400231s | Biochemistry 2013, 52, 3157−31703165



panels d−f of Figure 5. We note that in the frame after gp61
injection for 38−40 min (Figure 5f) little donor (and thus also
acceptor) fluorescence remains, indicating that virtually all the
DNA fork constructs had been completely unwound by the
primosome helicase and the donor strands lost.
The Probability That a Duplex DNA Molecule Will

Undergo “Complete” Primosome-Facilitated Unwinding
Increases with GTP Concentration. We next asked whether
the concentration of GTP influences the assembly and the
processivity, and hence the duplex DNA unwinding efficiency,
of the fully assembled primosome complex. The pattern of
smFRET trajectories was sensitive to the total GTP
concentration. At relatively low and intermediate GTP
concentrations (≤1 mM), we observed a combination of two
types of behaviors. In general, immediately after a FRET
conversion event, the donor fluorescence intensity was high and
the acceptor signal was weak. In many instances, the donor
intensity retained its high level over the duration of the 2 min
trajectory, indicating that the lagging strand remained at least
partially annealed to the leading strand during this period
(Figure 6a). We refer to these single-molecule trajectories as
representing “incomplete” helicase-driven unwinding events. In
the alternative situation, we observed the donor fluorescence
intensity decrease to zero soon after the FRET conversion
event (Figure 6b), suggesting that the lagging strand had fully
dissociated from the construct. We refer to the latter as
“complete” helicase-driven unwinding events.
We used the same two-step assembly protocol described

above to prepare the fully assembled primosome complex, first
introducing a 0.3 μM gp41 solution into the sample chamber in
the presence of GTP and then adding a 50 nM solution of
gp61. We compared the populations of complete and
incomplete duplex unwinding events (as defined above) as a
function of GTP concentration, and our results are summarized
in Figure 7a. At the lowest GTP concentration that we used (6
μM), the majority of DNA constructs (∼83%) experienced
incomplete duplex unwinding. For samples with 1 mM GTP,
the relative proportion of complete and incomplete unwinding
events was equal. At the highest GTP concentrations examined
(3 and 5 mM), nearly all of the constructs (>97%) experienced
complete unwinding events.
Using only the single-molecule trajectories that we identified

as complete unwinding events, we constructed histograms of
the “unwinding time”. We defined the unwinding time as the
period between the FRET conversion event and the time that
the donor fluorescence intensity decreased to zero, indicating
full dissociation of the lagging strand. We summarize these
results in Figure 7b. At a low GTP concentration (6 μM), the
unwinding times were broadly distributed, with a mean value of
∼390 ms. The apparent unwinding time distribution narrowed
as the GTP concentration was increased, with the mean
unwinding time decreasing to ∼250 ms in 5 mM GTP. On the
basis of these numbers, we estimate the range of processive
unwinding rates catalyzed by the primosome helicase to be
∼40−60 bp/s, corresponding to primosome translocation rates
along the duplex DNA construct of ∼15−20 nm/s.
Functional and Fully Assembled gp41−gp61 Primo-

some Complexes Display a Helicase (gp41):Primase
(gp61) Subunit Stoichiometry of 6:1. Previous bulk
solution investigations have demonstrated that the duplex
DNA unwinding activity of the T4 gp41 hexameric helicase is
significantly enhanced by the addition of gp61 primase
subunits. The results of our smFRET experiments described

in the preceding section also show that the addition of primase
increases the RNA primer synthesizing activity of the resulting
complexes. To achieve maximal processivity and activity, a
functional helicase must bind as a fully formed stoichiometric
complex to the DNA fork construct that serves as the
unwinding substrate. Although previous bulk solution studies
had concluded that the subunit stoichiometry of the fully
assembled primosome complex is ∼6:1,3,4,18 other reports had

Figure 7. At an elevated GTP concentration (3 mM), 97% of the fork
constructs observed exhibited a “complete” unwinding pattern. (a)
Percentage of DNA constructs showing a “complete” unwinding
pattern, taken from the total number (N) of FRET-active single-
molecule trajectories, increased at high GTP concentrations. (b)
Histogram of unwinding times (number of trajectories, N, ranged from
33 to 210). Gray curves are Gaussian fits described by exp[−(t − tu)

2/
2σ2]. The best-fit values of the mean unwinding time, tu, and the
standard deviation, σ, are given. All histograms are normalized to the
number of traces, N.
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suggested that the ratio might be as high as 6:6.24−26 For a
complete discussion of the relevant literature, see ref 18.
We have used our smFRET approach to make a direct

functional measurement of the dependence of the observed
primosome-driven helicase unwinding rate on the subunit
stoichiometry of the T4 gp41−gp61 primosome complex. To
this end, we performed a series of experiments with our DNA
unwinding substrate construct in which we systematically varied
the relative concentrations of the protein components. We
assembled the primosome complex onto DNA replication fork
substrates using a protocol designed to achieve a proper “on-
pathway” loading sequence of the gp41 and gp61 components
while maintaining constant subunit ratios. For this purpose, we
prepared the DNA fork constructs at a strand concentration of
100 pM from annealed construct concentrations of 100 nM in
10 mM Tris (pH 8.0), 100 mM NaCl, and 6 mM MgCl2 and
then added 0.3 μM gp41 and 6 μM nonhydrolyzable GTPγS to
this solution. This procedure forms weakly associating DNA−
(gp41−GTPγS)6 complexes in the sample tube. Then, after
incubation for 2 min, various amounts of gp61 were introduced
to achieve gp41:gp61 subunit ratios in the solution ranging
from 6:0.1 to 6:6. After preincubation for 2 min, the resulting
DNA−primosome initiation complexes were immobilized onto
the surface of the sample chamber using biotin−neutravidin
linkages as described in Materials and Methods.
The procedure described above resulted in the generation of

“arrested” and stable helicase initiation complexes bound at the
DNA fork junction in an “activated state” due to the use of
nonhydrolyzable GTPγS in the assembly of the hexameric gp41
helicase.19 Upon subsequent injection of ∼200 μL of standard
imaging buffer, we were able to confirm the stable presence of
the DNA substrates at the sample surface by monitoring the
iCy3/iCy5 fluorescence.
We note that very little FRET conversion activity was

observed from samples prepared in this way. However, these
“dormant” prebound primosome complexes could be readily
converted into their active duplex DNA unwinding forms by
injecting 1 mM GTP into the sample chamber. After a short lag
time, presumably reflecting the relatively slow rate of exchange
with GTP of the nonhydrolyzable GTPγS ligands with which
the bound complex had been constructed,18 we observed the
initiation of FRET conversion events associated with duplex
DNA unwinding activity. In addition to initiating the
unwinding process, the introduction of the 1 mM GTP
solution served to displace unbound proteins (e.g., weakly
bound helicase, etc.) from the sample chamber so that only the
GTPγS-locked primosome complexes that were initially bound
to the DNA constructs as stable activated initiation complexes
could contribute to the single-molecule unwinding trajectories
(FRET conversion events) observed following the addition of
the GTP solution.
We prepared a number of samples following the procedure

described above, with various gp41:gp61 subunit ratios. A 1
mM GTP solution was injected into the sample chamber at
time zero, and sequential images were recorded for 2 min
intervals over a 20 min period. The results of these experiments
are summarized in Figure 8a. As a control measurement, the
DNA−primosome complex with a gp41:gp61 subunit input
ratio of 6:1 was monitored without introducing GTP (□).
During the 20 min data acquisition period, the FRET
conversion activity for this sample fluctuated between 1 and
4%. When a 1 mM GTP solution was injected into the sample
chamber, we observed, after an initial lag, that the duplex DNA

Figure 8. Comparison of smFRET and GTPase unwinding assays at
various gp41:gp61 ratios as a function of time. (a) Percentage of DNA
constructs that undergo one or more FRET conversion events per
imaging area within 120 s as a function of time after the addition of 1
mM GTP. FRET conversion events were initiated with preformed
GTPγS-locked helicase initiation complexes [(gp41)6−gp61−DNA].
GTPγS-locked helicase initiation complexes were prepared with
helicase:primase subunit input ratios ranging from 6:0.1 to 6:6, and
then the unwinding of the DNA fork constructs was monitored by
injecting 1 mM GTP into the sample chamber at time zero. (b)
Ensemble measurements of dsDNA unwinding by the primosome
complex were obtained by monitoring inorganic phosphate (Pi)
release resulting from GTP hydrolysis during DNA fork unwinding.
Two types of experiments were performed. In the first, the helicase
hexamers were preformed with nonhydrolyzable GTPγS (60 μM) and
then a 700-fold excess of GTP was added (●). In the second, the
solution did not contain any GTPγS and GTP (3.5 mM) was directly
added to the complex, so that GTP hydrolysis could begin
immediately after the gp41 helicase hexamer and gp61 primase
monomer had bound to the DNA fork construct (■). The time lag
observed in the single-molecule experiments is consistent with the
time lag measured in the ensemble studies and presumably
corresponds to the slow initial exchange of GTPγS with GTP. Both
the single-molecule experiments and the ensemble experiments used
the same DNA unwinding constructs and were conducted under
identical experimental conditions.
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unwinding activity reached a maximal value of ∼22% for
primosome complexes prepared with a gp41:gp61 subunit ratio
6:1. No other subunit ratios approached this level of efficiency.
The next highest performers, with subunit ratios of 6:6 and 6:3,
reached maximal unwinding activities of only ∼8%, while the
unwinding rates observed in experiments with suboptimal
gp41:gp61 subunit ratios (6:0.5 and 6:0.1) were lower yet.
We note (Figure 8a) that the maximal duplex DNA

unwinding activity in these single-molecule experiments was
attained only after a significant time lag, presumably reflecting
the time required for the exchange of the prebound
nonhydrolyzable GTPγS with hydrolyzable GTP. Similar results
were also obtained with ensemble measurements in which we
measured construct unwinding indirectly by monitoring the
GTPase activity of the primosome (Figure 8b). In these
experiments, we monitored the release of the inorganic
phosphate (Pi) resulting from the hydrolysis of GTP to GDP.
The maximal duplex DNA unwinding activity that we
determined with our single-molecule measurements was
∼22%, which is comparable to the maximal GTP hydrolysis
rate of ∼25% observed in the corresponding ensemble
measurements. We further note that the maximal activity for
the initially GTPγS-locked DNA replication fork substrates
(∼22%) was always lower than the unwinding rate obtained
when GTPγS was not initially contained in the reaction [∼35%
(see Figure 5c)]. This reduced activity in the presence of
GTPγS, as well as the initial lag in the ATPase rate, is in
agreement with the results of ensemble measurements in which
3.5 mM GTP was introduced to initiate unwinding of GTPγS-
locked DNA replication fork substrates. Our results suggest that
the initial GTPγS−GTP exchange process at the GTP binding
sites of the hexameric gp41 helicase is very slow under these
conditions. Possible molecular mechanisms that might account
for these effects are considered in the Discussion.

■ DISCUSSION
The single-molecule experiments presented in this work
represent a detailed examination of the functional duplex
DNA unwinding activity and assembly pathway of the
bacteriophage T4 helicase−primase (primosome) complex.
We note that we used “internally labeled’ Cy3/Cy5 constructs
(see Figure 1) throughout, and that our results show that the
T4 primosome helicase is apparently able to “unwind past”
these internal labels without significant difficulty (Figure S1,
text, and Table S1 of the Supporting Information). Our
smFRET results show that dsDNA unwinding activity depends
sensitively on the assembly pathway, the gp41 helicase, gp61
primase, and GTP concentrations, and the gp41:gp61 subunit
ratio. The following results, which are relevant to the assembly
pathway of the T4 primosome complex, have been established
or confirmed by these experiments.
Duplex DNA Unwinding Activity Is Significantly

Enhanced in the Presence of the gp61 Primase.
Ensemble studies of the T4 helicase have shown that dsDNA
unwinding activity with 5′-to-3′ polarity is significantly
stimulated by binding of the gp61 primase to the gp41
hexamer.5,7,23,27 Liu et al.27 suggested that the T4 helicase
simultaneously interacts with the gp61 primase to make the
pentaribonucleotide primers that initiate Okazaki fragments at
specific primer initiation sites. Venkatesan et al.23 showed that
the helicase activity of the gene 41 protein alone is low but is
increased 6−18-fold by the addition of gp61, as measured by
RNA primer synthesis. Jing et al.7 suggested that gp61 interacts

in binary complexes with both ssDNA and the gp41 hexamer
and that these interactions in both binary complexes involve
both termini of the gp61 protein. Furthermore, the interaction
affinities between the components are significantly increased
within the ternary (primosome) complex. Hinton et al.5

estimated that 62% of the DNA hybrid was unwound with
gp41 in the presence of gp61, while 2.3% was unwound by
gp41 alone at 500 μM ATP. In addition, Lionnet et al.28

performed single-molecule experiments involving magnetic
tweezers to vary the force destabilizing the DNA substrate
and also proposed that the T4 helicase hexamer alone cannot
efficiently unwind the T4 genome.
Recently, Jose et al.18 showed that hexamers of gp41

assembled with GTPγS in the absence of gp61 do not form
stable complexes with ssDNA in bulk solution, as measured by
sedimentation velocity ultracentrifugation and fluorescence
anisotropy experiments. They proposed a specific role for the
gp61 primase subunit in binding to both gp41 and the DNA
fork construct in the context of a rotating mechanism for the
translocation of the hexameric helicase into the DNA fork,
coupled with the concomitant movement of a single “mobile”
primase subunit from one gp41 subunit to the next.
Our single-molecule observations in this work show also that,

in the absence of the gp61 primase, the gp41 hexameric helicase
binds only weakly to the DNA replication fork. However, in the
presence of the gp61 primase, a stable primosome complex is
formed at the fork junction that is also a much more active
helicase than is (gp41)6 alone. The duplex DNA unwinding
activity of the hexameric gp41 protein in the presence of gp61
and 6 μM GTP was ∼10% (in terms of the number of FRET
conversion events per observation period), compared to the
∼2% level seen in the absence of the gp61 protein (see Figure
3). At a higher GTP concentration (3 mM), the duplex DNA
unwinding activity was ∼35% in the presence of the gp61
protein (Figure 5c). These observations confirm that the T4
gp41 protein alone cannot bring about processive and efficient
unwinding of the replication fork.

GTP Activates the Duplex DNA Unwinding Activity of
the gp41 Helicase and the gp41−gp61 Helicase−
Primase Complex. It has previously been shown that the
highest rates of unwinding of the bacteriophage T4 gene 41
helicase, as measured in ensemble experiments, were obtained
at ATP or GTP concentrations of >1 mM.3,23 Richardson et al.3

also reported that when the GTP concentration was increased
to 1 mM (with 0.5 mM ATP and 0.2 mM CTP and UTP), the
rate of DNA unwinding by gp41 protein alone, or by gp41 and
gp61 proteins together, was increased about a factor of 2, as
measured in ensemble experiments. Venkatesan et al.23 also
found that the highest rates of DNA unwinding by the gp41
protein alone were achieved at 5 mM ATP. Similarly, single-
molecule unwinding studies of the T4 gp41 helicase using
magnetic tweezers showed that the DNA unwinding rates were
significantly influenced by ATP concentration when a
destabilizing force (F = 3−12 pN) was applied to the duplex
DNA.28

Our single-molecule FRET studies have shown that the
dsDNA unwinding activity of the gp41 helicase hexamer alone
is very low, with only ∼2% of the fork constructs demonstrating
FRET conversion events in the presence of 6 μM GTP (Figure
3) and only ∼5% in the presence of 3 mM GTP (Figure 5c).
However, upon addition of the gp61 primase, the dsDNA
unwinding activity of the helicase−primase complex increased
to ∼35% in the presence of 3 mM GTP (Figure 5c). This
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activity level of the primosome complex should be compared to
the level of ∼10% observed in our single-molecule studies with
6 μM GTP (Figure 3). Our observations indicate that the
hexameric gp41 helicase binds and unwinds DNA fork
substrates more effectively at higher GTP concentrations, in
accord with our previous demonstration using bulk solution
experiments that the extent of gp41 helicase hexamer formation
is a function of both total GTP (or GTPγS) and gp41 and gp61
subunit concentrations.
The Functional dsDNA Unwinding Activity of the

Fully Assembled gp41−gp61 Primosome Complex Is
Strongly Dependent on GTP Concentration. FRET-based
single-molecule DNA unwinding studies of non-ring-shaped
helicases, such as the tetrameric HCV NS320 and E. coli Rep,22

exhibited a quasi-periodic unwinding pattern when the helicases
encountered the biotin−streptavidin linkages that immobilize
the DNA substrates to the sample surface, a so-called “biotin−
streptavidin blockade”. Myong et al.20 reported that when the
dsDNA substrate was tethered to the sample surface via a
biotin−streptavidin linkage, duplex DNA unwinding by the
NS3 helicase could not be completed because of steric
hindrance by the biotin−streptavidin complex. In their
experiments, the majority of the molecules (75%) exhibited a
quasi-periodic dsDNA unwinding pattern, in which the NS3
helicase appeared to snap back to the primer−template
junction upon encountering a biotin−streptavidin blockade.
Although our DNA fork constructs were tethered to the

sample surface via a chemically identical biotin−streptavidin
linkage (see Figure 1a), we did not observe, under any of the
conditions we investigated, a quasi-periodic helicase unwinding
pattern. However, at low and intermediate GTP concentrations
(6 μM and 1 mM, respectively), we observed that a substantial
fraction of molecules underwent “incomplete dsDNA unwind-
ing”, in which the lagging strand remained at least partially
bound to the tethered leading strand after the primosome
complex had made its first pass through the duplex region
(Figure 7a,b). At higher GTP concentrations (3 and 5 mM),
almost all of the observed FRET conversion events
corresponded to “complete” DNA construct unwinding.
The incomplete dsDNA unwinding events that we observed

at low GTP concentrations are likely due to a decreased
helicase processivity rate or a decreased level of complete
primosome assembly, leading to an increased likelihood of the
occurrence of “paused” states during unwinding of the DNA−
primosome complex. During such paused states, a variety of
processes that compete with translocation may occur, including
dissociation of the primosome and reannealing of the exposed
DNA template strands. Because our control experiments
revealed only a baseline activity of FRET conversion events
[∼1% (Figure 3)], we associate our observations of incomplete
fork construct unwinding with the dynamic properties of the
primosome complex. Conversely, we associate our observations
of “complete” duplex DNA unwinding at elevated GTP
concentrations with increased primosome stability coupled
with an increased rate and processivity of primosome
translocation (Figure 7a,b).
The Functional and Fully Assembled gp41−gp61

Primosome Complex Has a Subunit Stoichiometry of
6:1. In previous ensemble experiments, it was demonstrated
that the gp61 primase activity of gp41−gp61 primosome
complexes prepared in vitro reached a maximal value at a
gp41:gp61 number ratio somewhat in excess of 6:1, i.e.,
approximately one gp61 primase subunit per six gp41 helicase

subunits. It was found that the addition of more gp61 subunits
resulted in a progressive decrease in the rate of primase activity,
which showed that primase concentrations beyond the level
required to reach 6:1 stoichiometry resulted in the inhibition of
RNA primer synthesis.18

Our current single-molecule studies are also consistent with
the a 6:1 helicase:primase subunit stoichiometry for the
formation of stable and functional gp41−gp61 primosome
complexes. This is evident from our comparison of the duplex
DNA unwinding activities of a series of samples in which the
gp41:gp61 number ratio was systematically varied (Figure 8a).
The maximal dsDNA unwinding activity of ∼25% FRET
conversion was reached at a stoichiometric subunit ratio of 6:1,
while the 6:6 and 6:3 subunit ratios resulted in much lower
dsDNA unwinding activities (∼8%). This reduced functional
helicase activity at non-optimal protein subunit concentrations
is likely a consequence of the formation of metastable
aggregates of gp61 and DNA, as also observed in sedimentation
velocity ultracentrifugation and RNA primer synthesis studies.18

For helicase:primase subunit ratios below 6:1 (6:0.1 and 6:0.5),
the observed dsDNA fork unwinding activities were even lower
than those observed for the 6:3 and 6:6 ratios. This may reflect
a combination of the weak binding affinity of the gp41
hexameric helicase lacking a gp61 primase subunit with the
likely tendency of the labile functioning primosome helicase
complexes containing a mobile primase subunit to dissociate
into smaller (and inactive) gp41 oligomers between reaction
cycles as the limiting gp61 subunits may dissociate and move
from one gp41 hexamer to another during function.
We emphasize that the protocol we developed to examine

the protein subunit stoichiometry of the primosome−DNA
complex could be applied to many other protein−nucleic acid
systems. Fully assembled (gp41−GTPγS)6−gp61−DNA com-
plexes were prepared in solution and then chemically bound to
the sample surface. Subsequent injection of GTP, followed by
the slow chemical exchange between the nonhydrolyzable
GTPγS and hydrolyzable GTP at the gp41 binding sites, served
to initiate dsDNA unwinding by the primosome complex. This
initializing injection of the GTP solution also served to displace
and flush out weakly bound species, perhaps including excess
DNA−primosome complexes, and weakly bound gp41
helicases. We further note that a similar procedure could be
applied to study the kinetics of the exchange of GTP with
nonhydrolyzable GTPγS at the single-molecule level and thus
obtain further insight into the role of GTP in stabilizing the
hexameric helicase and of GTP hydrolysis in driving primase
release and perhaps gp41 hexamer rotation during the helicase-
driven dsDNA unwinding process.
Finally, given the paradigmatic nature of the bacteriophage

T4-encoded DNA replication complex for the replication
complexes of higher organisms (bacteria, yeast, and humans), it
is relevant to ask whether observation of the full unwinding
activities of the respective replication helicases of these higher
organisms in isolation might also require the presence of at
least one bound primase subunit per helicase hexamer. We note
that most published in vitro experiments examining the
unwinding rates and mechanisms catalyzed by the isolated
helicases of these higher organisms have been performed in the
absence of added primase subunits, and it might be worth
considering whether assessing the fully processive and bio-
logically relevant unwinding activities of the helicases of these
organisms might also require the use of primosome helicase
complexes rather than just hexameric helicases alone.
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