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ABSTRACT: Many helicases assemble into ring-shaped hexamers and bind DNA in their central channel.
This raises the question as to how the DNA gets into the central channel to form a topologically linked
complex. We have used the presteady-state stopped-flow kinetic method and protein fluorescence changes
to investigate the mechanism of single-stranded DNA (ssDNA) binding to the bacteriophage T7 helicase-
primase, gp4A′. We have found that the kinetics of 30-mer ssDNA binding to a preformed gp4A′ hexamer
in the presence of both Mg-dTMP-PCP and Mg-dTTP are similar, indicating that Mg-dTTP binding
is sufficient and hydrolysis is not necessary for efficient DNA binding. Multiple transient changes in
gp4A′ fluorescence revealed a four-step mechanism for DNA binding with Mg-dTTP. These transient
changes were analyzed by global fitting and kinetic simulation to determine the intrinsic rate constants of
this four-step mechanism. The initial steps, including the bimolecular encounter of the DNA with the
helicase and a subsequent conformational change, were fast. We propose that these initial steps of DNA
binding occur at a readily accessible site, which is likely to be on the outside of the hexamer ring. The
binding of the 30-mer ssDNA at this loading site is followed by slower conformational changes that
allow the DNA to transit into the central channel of gp4A′ via a ring-opening or threading pathway.

Helicases are ubiquitous enzymes that play an essential
role in all processes of nucleic acid metabolism (1, 2). DNA
helicases catalyze the unwinding of double-stranded DNA
(dsDNA1) by unidirectional translocation on DNA and by
destabilization of the intermolecular forces that maintain the
duplex DNA structure. Helicases are motor proteins that
couple the energy from NTPase turnovers to movement and
unwinding of the dsDNA. A large number of helicases have
been identified from various organisms at the present time,
and the mechanisms of energy transduction and nucleic acid
unwinding are being intensely studied in many different
helicases.

Over the past decade a number of helicases, most of which
are involved in DNA replication, have been shown to self-
assemble into ring-shaped hexamers that have a central
channel (1, 2). These helicases form hexamers in the absence
of DNA, and most require only the presence of Mg2+ and/
or NTP to form stable hexameric rings (3-19). The
Escherichia colihelicases DnaB, RuvB, Rho, and bacterio-
phage T7 gp4 and T4 gp41 DNA helicases, SV40 large
T-antigen, and bovine papilloma virus E1 helicases have been
visualized by electron microscopy (5, 9-11, 13, 14, 16, 20-
24). Many of these hexameric helicases, including bacter-

iophage T7 gp4A′, which is the subject of this study, have
been proposed to bind DNA in the central channel (13, 16,
21, 23, 25-27). Because many of these proteins can form
hexameric rings in the absence of DNA, mechanisms must
exist for loading the DNA into the central channel of these
rings. The studies presented here with T7 gp4A′ were carried
out to elucidate such a loading mechanism. Similar toE.
coli DnaB and T4 gp41, the T7 gp4 protein has been
proposed to pass only one strand of the dsDNA through the
central channel during DNA unwinding (21, 23, 25, 26, 28-
30). The gp4A′ binds the 5′-DNA strand through the central
channel and excludes the 3′-DNA strand (31). Although the
exact mechanism of duplex melting is unknown, it has been
proposed that translocation of the helicase on the DNA strand
that passes through the central channel plays an important
role in DNA unwinding.

In the present studies, we have used stopped-flow fluo-
rescence experiments to gain insight into the kinetic mech-
anism of 30-mer ssDNA binding to a preformed hexamer
of gp4A′. These studies were carried out with the goal of
understanding the events that occur during the initiation of
DNA unwinding and to dissect the steps that lead to binding
of the ssDNA in the central channel. Analysis of the kinetic
data revealed a four-step mechanism for DNA binding in
the presence of Mg-dTTP, and global fitting provided the
intrinsic rate constants of all steps. These studies revealed
that the initial encounter of the DNA with the protein was
very fast, and we propose that it occurred at a readily
accessible site on the outside of the ring. The bimolecular
encounter was followed by a fast conformational change,
and the subsequent steps, proposed to represent migration
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of the DNA into the central channel, were much slower.
Thus, even though the initial encounter with the DNA is fast,
our studies predict that the formation of a productive
helicase-DNA complex during initiation of DNA unwinding
would be a slow process. Studies are underway to test this
hypothesis.

EXPERIMENTAL PROCEDURES

Proteins and Enzymes.The gp4A′ was overexpressed,
purified, and stored as described previously (32, 33). The
concentration of gp4A′ was determined both by absorbance
measurements at 280 nm in 8 M urea (extinction coef-
ficient: 76 100 M-1 cm-1) and by the Bradford assay using
BSA as a standard. Both methods of determining the
concentration of gp4A′ gave similar results.

Nucleotides and Buffers.dTTP was purchased from Sigma,
and dTMP-PCP was purchased from USB. Buffer H contains
50 mM NaCl, 20 mM TrisCl, pH 7.5 (tris(hydroxymethyl)-
aminomethane chloride), and 10% glycerol.

Synthetic Oligodeoxynucleotides.A 30-mer ssDNA with
the sequence 5′-ACA GTA CTC TAG TTA CTG ATC TGA
GAT CAG-3′ was purchased from Integrated DNA Tech-
nologies and purified on a 15% polyacrylamide/3.2 M urea
gel in TBE buffer. The 30-mer ssDNA band was excised,
and the DNA was extracted by electroelution using an
Elutrap apparatus from Schleicher & Schuell. The DNA was
ethanol precipitated, and the concentration of the dissolved
DNA was determined from the absorbance at 260 nm (in
TE buffer containing 8 M urea) using a calculated extinction
coefficient of 326 760 M-1 cm-1.

Fluorescence Equilibrium Protein-DNA Binding. For
equilibrium DNA binding fluorescence measurements, a
solution containing 850 nM gp4A′ in buffer H with 2 mM
Mg-dTMP-PCP and 9 mM MgCl2 was excited at 295 nm,
and the emission spectrum was recorded from 300 to 500
nm in a Fluoromax-2 fluorometer (Instruments SA, Inc.).
The emission spectrum was collected again after 30-mer
ssDNA (2 µM) was added to an identical sample. Both
spectra were corrected for background fluorescence by
subtracting the fluorescence spectrum of buffer H containing
Mg-dTMP-PCP (2 mM) and MgCl2 (9 mM). The fluores-
cence spectrum of protein in the presence of 30-mer ssDNA
was also corrected for the inner filter effect due to DNA
absorption at 295 nm using the following equation:

Fc,i is the corrected fluorescence intensity at a particular
wavelength,i, Fo,i is the observed fluorescence intensity,Ax

is the absorbance of the DNA at 295 nm, andAm,i is the
absorbance of the DNA at the emission wavelengths.

Stopped-Flow Fluorescence Experiments.The helicase-
DNA binding kinetics were measured under pseudo-first-
order conditions in a stopped-flow instrument manufactured
by KinTek Corp., State College, PA. The dead time of the
instrument was 2 ms, and the flow rate, 6 mL s-1. A solution
(40 µL) of gp4A′ (850 nM monomer), Mg-dTTP or Mg-
dTMP-PCP (2 mM), and MgCl2 (7 mM) in buffer H was
rapidly mixed with a solution (40µL) of 30-mer ssDNA
(200 nM-10 µM), Mg-dTTP or Mg-dTMP-PCP (2 mM),

and MgCl2 (7 mM) in buffer H in the stopped flow
instrument at 18°C. The given concentrations are the final
concentrations in the reaction. The fluorescence changes in
gp4A′ were monitored using an excitation wavelength of 295
nm and monitoring the emission above 348 nm using a cutoff
high pass filter (model no. 51260) from Oriel Corp. The
upper limit of sensitivity of the photomultiplier tube was
about 650 nm. A schematic of the experiment is outlined in
Figure 2A. For each experiment, at least four fluorescence
traces were averaged.

Several control experiments were carried out: (1) A
solution containing the helicase, nucleotide, and MgCl2 in
buffer H was mixed with nucleotide and MgCl2 in buffer H
(without DNA). (2) A solution of helicase and MgCl2 in
buffer H (without nucleotide) was mixed with DNA and
MgCl2 in buffer H (without nucleotide). (3) Nucleotide and
MgCl2 in buffer H (without helicase) were mixed with DNA,
nucleotide, and MgCl2 in buffer H. No fluorescence changes
were observed in these controls.

Determination of the Helicase-DNA Binding Mechanism.
For the determination of the DNA binding mechanism,
stopped-flow fluorescence experiments were carried out at
increasing 30-mer ssDNA concentrations (see above). The
averaged traces at each DNA concentration were fit to the
sum of three exponentials to determine the rates of each
phase (eq 2):

F is the fluorescence as a function of time,a1, a2, anda3

are the amplitudes, andk1, k2, andk3 are the observed rate
constants of the first, second, and third phases of the observed
fluorescence changes, respectively.C is a constant. Due to
the presence of a very fast and two relatively slow phases,
data were collected in different time windows. At each
concentration of DNA, two types of experiments were carried
out. For accurate determination of the rate of the first phase,
data were collected from 0 to 6 half-lives of the first phase
in one window and up to 5 s in thesecond window. To
determine more accurately the rates of the second and third
phases, data were collected from 0 to 6 half-lives of the
second phase, up to 6 half-lives of the third phase in the
second window. In the presence of Mg-dTTP, both types
of experiments were conducted for the entire range of DNA
concentrations (0.2-8 µM). In the presence of Mg-dTMP-
PCP, the first phase was accurately measured from 0.2 to
10 µM and the rest of the phases were measured from 0.2
to 2 µM concentration of DNA. The first and the second
phases with Mg-dTTP were fit to the hyperbolic equation
(eq 3).

Vmax is the maximum observed rate,K1/2 is the concentra-
tion of DNA at which the observed rate is half of the
maximum observed rate, andkobs is the observed rate.

Global Fitting of the Proposed Binding Mechanism to the
Stopped-Flow Fluorescence Data.The intrinsic rate constants
(Scheme 1) were determined by globally fitting the stopped-
flow kinetic data collected at increasing concentrations of
30-mer ssDNA. The global nonlinear least-squares fitting

Fc,i ) Fo,i(100.5(Ax + Am,i)) (1)

F ) a1e
-k1t + a2(1 - e-k2t) + a3(1 - e-k3t) + C (2)

kobs)
Vmax[DNA]

K1/2 + [DNA]
(3)
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was carried out using the software “Scientist” (MicroMath
Research, LC). Differential equations were written for each
species in the mechanism shown in Scheme 1. For the global
fitting, a separate set of differential equations, distinguished
by different suffixes, was written for each DNA concentra-
tion. The stopped-flow fluorescence traces were directly fit
by assigning the observed total fluorescence (FA) as the sum
of the background fluorescence (FB), which is that part of
the protein and buffer fluorescence that does not change due
to ssDNA binding, and the contribution of each protein
species to the total fluorescence at any reaction timet,
specified by F through FD4:

whereF ) EV, FD1 ) ED1‚VD1, FD2 ) ED2‚VD2, FD3
) ED3‚VD3, and FD4) ED4‚VD4.

V through VD4 are the values for the specific fluorescence
of each helicase species. These specific fluorescence values
describe only that part of the protein fluorescence that
changes due to DNA binding. Differences in the inner filter
effect for each species were accommodated by using different
values for the specific fluorescence of a given species at
different DNA concentrations.E through ED4 are the
amounts of each protein species at any given timet. Initial
values for the intrinsic rate constantsk1 throughk-4 were
estimated from the analysis of the plots of the observed rate
constants versus the DNA concentration (Scheme 1). Initial
values for the specific fluorescence of each species were set
to 1, arbitrarily. First, the set of parameters for the intrinsic
rate constants was kept constant and the specific fluorescence
values were floated. Subsequently, one or the other set of
parameters was kept constant and global fitting was used to
optimize the floating set. The fitting process was governed
by a modified Marquard-Levenberg algorithm, and the
differential equations were numerically integrated using the
stiff episode algorithm making use of the analytical Jacobian
matrix. The quality of the fit was judged by visual inspection
of overlays of the fitted curves and the data as well as
inspection of the residuals.

RESULTS

The kinetics of ssDNA binding to a preformed hexamer
of the T7 gp4A′ were investigated with the ultimate goal of
understanding the mechanism of initiation of DNA unwind-
ing. We know from previous studies that gp4A′ assembles
into a stable hexamer in the presence of Mg-dTTP or Mg-
dTMP-PCP, and the hexamer thus assembled is capable of
binding a 30-mer ssDNA (3, 4, 34). Here we wished to
elucidate the kinetic mechanism of 30-mer ssDNA binding
to the gp4A′ hexamer. Often, binding of a ligand results in
intrinsic protein fluorescence changes due to induced con-
formational changes in the protein. In such a case, the
fluorescence changes can be used as reporters to determine
the kinetics of ligand binding in real time using the stopped-
flow kinetic method.

Protein Fluorescence Changes Due to DNA Binding.The
fluorescence spectra of gp4A′ in the absence and presence
of ssDNA were compared to explore possible fluorescence
changes in T7 gp4A′ upon DNA binding. As shown in the
individual spectra and the difference spectrum (Figure 1A),

the gp4A′ fluorescence increased very little upon DNA
binding. In contrast, when the fluorescence of gp4A′ was
measured by the stopped-flow method, relatively large
changes in protein fluorescence were observed during the
first few seconds after mixing gp4A′ with the DNA (Figure
1B). The fluorescence of gp4A′ decreased rapidly and then
increased back to almost the initial value. The net change in
protein fluorescence was small, consistent with the small
change observed in the equilibrium fluorescence experiment.
The decrease and increase in fluorescence with time fit best
to a sum of three exponentials rather than two exponentials
as shown by the plot of the residuals in Figure 1B.

The time-dependent stopped-flow experiments were also
carried out using various fluorescent DNA molecules. The
changes in the fluorescence of these DNAs upon formation
of a protein-DNA complex were monitored (data not
shown). No fluorescence changes were observed in the
stopped-flow instrument when hexameric gp4A′ was mixed
with etheno-dA-DNA (internally labeled) or amino-purine-
DNA (internally labeled). When hexameric gp4A′ was mixed
with fluorescein-DNA (fluorescein at the end), fluorescence
changes were observed. However, they were sensitive to the
position of the fluorescein moiety (5′-end or 3′-end) and did
not show all of the phases obtained by monitoring the

FA ) F + FD1 + FD2 + FD3 + FD4 + FB

FIGURE 1: Change in the intrinsic protein fluorescence of gp4A′
upon 30-mer ssDNA binding. (A) The fluorescence spectra (excita-
tion at 295 nm) of gp4A′, corrected for the inner filter effect, in
the absence of DNA (thin, continuous line) and in the presence of
DNA (thick, broken line) are shown. The difference spectrum is
shown by the dotted line. (B) The transient changes in gp4A′
fluorescence upon 30-mer ssDNA binding are shown. These time-
dependent changes were measured in a stopped-flow instrument at
18 °C by mixing gp4A′ (0.142µM hexamer), Mg-dTTP (2 mM),
and MgCl2 (9 mM) from one syringe with 30-mer ssDNA (2µM),
Mg-dTTP (2 mM), and MgCl2 (9 mM) from a second syringe.
The above are final concentrations after mixing. The mixed solution
was excited at 295 nm, and the protein fluorescence was monitored
at >348 nm, from a few milliseconds to several seconds after
mixing with the DNA. The fluorescence data are shown as gray
circles. The data were fit to two and three exponentials (broken
and continuous lines, respectively). The residuals for the fit to two
and three exponentials (gray diamonds and black circles, respec-
tively) illustrate the necessity for using a three-exponential fit.
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enzyme fluorescence. Therefore, monitoring protein fluo-
rescence was the best method for measuring DNA binding
to hexameric gp4A′.

The time-dependent fluorescence changes were observed
only with ssDNA and only in the presence of Mg-dTTP or
Mg-dTMP-PCP. These are conditions under which gp4A′
is known to be a hexamer (3) and interact with ssDNA (4,
34). No time-dependent fluorescence changes were observed
when ssDNA in one syringe was mixed with gp4A′ and Mg-
dTDP or with magnesium ions alone (data not shown). These
results are consistent with previous observations that the
gp4A′ hexamer interacts weakly with a 30-mer ssDNA in
the presence of Mg-dTDP (4, 34). No fluorescence changes
were observed when gp4A′ was mixed in the stopped-flow
with a dsDNA hairpin in the presence of either Mg-dTMP-
PCP or Mg-dTTP (data not shown). The hairpin structure
was used to ensure that there was no free ssDNA in the
reaction. These results are consistent with the previously
reported data showing that the dsDNA interacts weakly with
gp4A′ (34).

Four-Step Mechanism for DNA Binding in the Presence
of Mg-dTTP.To determine the kinetic mechanism of 30-
mer ssDNA binding to the gp4A′ hexamer, stopped-flow
experiments were carried out at increasing 30-mer concentra-
tions. These experiments determined the number of inter-
mediate species in the DNA binding pathway and the rates

of their formation and disappearance. The gp4A′ (142 nM
hexamer) was preincubated with Mg-dTTP (2 mM) in
syringe A of the stopped-flow instrument. The resulting
hexamer was then rapidly mixed with a solution of 30-mer
ssDNA from syringe B (Figure 2A). Upon mixing of the
samples, several transient changes in the intrinsic protein
fluorescence of gp4A′ were observed, and these were
recorded in real time as shown in Figure 2B. The protein
fluorescence decreased rapidly after mixing with the DNA
and then more slowly increased to the original level of
fluorescence. Representative stopped-flow traces at increasing
30-mer ssDNA concentrations (0.3-2.0 µM) are shown in
Figure 2B. The kinetics traces from 0.3 to 8.0µM were fit
to the sum of three exponentials (eq 2), and the exponential
rate constants were plotted versus the 30-mer ssDNA
concentration to obtain the dependencies shown in Figure
3A-C.

The mechanism of DNA binding and the intrinsic rate
constants govern the observed kinetics. Therefore, a quantita-
tive analysis of the observed DNA concentration depend-
encies can provide that mechanism. The presence of three
phases indicated that at least three steps and two intermediate
species were present in the pathway of DNA binding. The
observed rate of the first phase increased linearly with DNA
concentrations up to 1µM, with a slope equal to 2.5× 107

M-1 s-1 (Figure 3A). This indicates that the formation of
the first protein-DNA species is limited by a bimolecular
step at 2.5× 107 M-1 s-1. At DNA concentrations greater
than 1µM the first phase began to saturate, and the entire
dependence fit to a hyperbola. The hyperbolic dependence
of the first fluorescence phase implies that there are two steps
in the initial DNA-binding process. The first step is the
bimolecular encounter between the helicase and the DNA,
and this is followed by a conformational change. The
hyperbola saturated at about 106 s-1 (the Vmax of the
hyperbolic fit; Figure 3A), which is an estimate for the rate
of the conformational change in the forward direction
(Scheme 1). The second phase increased in a hyperbolic
manner as the DNA concentration was increased and
saturated at 2.6 s-1 (Figure 3B). The hyperbolic DNA
dependence of the second phase provided evidence for a third
step in the DNA-binding pathway. This third step is a distinct
conformational change that occurs with a forward rate close
to 2.6 s-1. The third phase remained nearly constant with
increasing DNA at about 0.5 s-1 (Figure 3C), indicating that
there is a fourth step in the DNA-binding pathway with a
forward rate of approximately 0.5 s-1.

The above semiquantitative analysis of the DNA concen-
tration dependencies showed that the DNA-binding mech-
anism with Mg-dTTP consists of at least four steps. This
mechanism is outlined in Scheme 1, where E represents
gp4A′ hexamer, D is the free ssDNA, ED1 is the product of
the bimolecular encounter, and ED2, ED3, and ED4 are
subsequent states of the helicase-DNA complex. A forward
and a reverse rate constant characterize each step in this
mechanism, denoted aski throughk-i. The semiquantitative
analysis described above provided rough estimates for the
intrinsic rate constants in the forward direction as listed in
Scheme 1, but the reverse rate constants could not be
determined accurately without solving the explicit equations
describing the mechanism. The four-step mechanism presents
a challenge in terms of determining the intrinsic rate

FIGURE 2: Stopped-flow kinetics of DNA binding in the presence
of Mg-dTTP at increasing 30-mer ssDNA concentrations. (A) The
cartoon shows the design of the stopped-flow experiment. A motor
drive rapidly pushes the contents of two syringes through a flow
cell into a third syringe, which stops the flow and mixes both
solutions in the flow cell. The reaction occurring in the flow cell
can be observed by fluorescence measurements (excitation wave-
length, 295 nm; emission,>348 nm). (B) The gp4A′ (0.142µM
hexamer) was preincubated with Mg-dTTP (2 mM) and MgCl2
(9 mM) in one syringe, and a mixture of 30-mer ssDNA, Mg-
dTTP (2 mM), and MgCl2 (9 mM) was added from the other
syringe. The above are final concentrations after mixing. The
resulting time courses of transient fluorescence changes with
increasing 30-mer ssDNA concentrations (0.3-2 µM) are shown
(gray circles). The time axis is in the log scale, and the solid black
lines are the predicted kinetic curves according to the DNA binding
mechanism shown in Scheme 1.
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constants because an explicit solution for a reversible four-
step DNA binding pathway with eight intrinsic rate constants
cannot be determined. We therefore used the method of
numerical integration and global fit of the kinetic data at
various DNA concentrations to obtain the intrinsic rate
constants,ki-k-i.

Global Fit To Obtain the Intrinsic Rate Constants.The
four-step DNA-binding mechanism shown in Scheme 1 was
expressed in terms of protein fluorescence changes occurring
as a function of time. This procedure is described briefly
below and in more detail in the Experimental Procedures.
In the stopped-flow experiments, the observed fluorescence
is the sum of the background fluorescence of the reaction
mixture and the fluorescence of each helicase species present
at a particular time. The background fluorescence, and part
of the protein fluorescence, are constant through the time
course of the experiment. However, changes in the observed
fluorescence occur because part of the protein fluorescence
is affected by ssDNA binding. Therefore, the observed
fluorescence throughout a time course is determined by the
accumulation of the different species, which can be described
by differential equations. Instead of an explicit solution of
these equations, numerical integration of the differential
equations was used to fit the stopped-flow kinetic traces and
determine the intrinsic rate constants.

The initial conditions were specified according to the
reaction conditions (see Experimental Procedures). Initial
values were estimated for the parameters (the intrinsic rate
constants, the specific fluorescence values, and the back-
ground fluorescence). Estimates for the intrinsic rate con-
stants were obtained from the analysis of the concentration
dependence of the observed rate constants (Scheme 1). The
initial values for the specific fluorescence of each species
were set to unity, and those for the background fluorescence
were estimated from the fluorescence traces. The experi-
mental data for several DNA concentrations were fit
simultaneously. The global fit uses a set of equations with
several common parameters, which lowers the degrees of
freedom for the overall fitting process. This global fitting
approach also ensured that the derived model was consistent
with the entire experimental data set. To facilitate the fitting
process, an iterative approach was chosen, in which some
of the parameters were fixed and others were optimized.
Subsequently, the optimized parameters were fixed and the
remaining ones were optimized, etc. Thus, a single set of

rate constants and fluorescence factors was obtained that best
described the experimental data.

The global fit provided the intrinsic rate constants of the
four-step DNA binding mechanism in the presence of Mg-
dTTP as shown in Scheme 1. These intrinsic rate constants
were used to simulate the stopped-flow kinetics, shown as
solid lines in Figure 2B. The final numbers provided a good
agreement between the stopped-flow data and the simulated
curves. The mechanism for DNA binding shows that the first
two steps, comprising the initial DNA binding event to the
hexamer, occur at relatively fast rates. The bimolecular
encounter rate is close to diffusion-limited (k1 ) 2.1 × 107

M-1 s-1), and the dissociation of the resulting ED1 complex
into its components is also fast withk-1 ) 50.4 s-1. Thus,
the ED1 species has a weakKd of 2.5 µM. ED1 converts to
ED2 at a forward rate ofk2 ) 132 s-1 and a reverse rate of
k-2 ) 17 s-1. The ED2 intermediate subsequently converts
to ED3 and ED4 at relatively slow rate constants (k3 ) 3.5
s-1, k-3 ) 0.26 s-1, and k4 ) 0.6 s-1). There was no
detectable rate (k-4) for the conversion of ED4 to ED3.

It should be pointed out that two ssDNA molecules can
bind to a single gp4A′ hexamer at equilibrium (34). It may
be argued that the observed fluorescence changes may be
due to the binding of both of these two ssDNAs rather than
only one, as proposed in Scheme 1. However, theKd for the

FIGURE 3: Rate constants as a function of the 30-mer ssDNA concentration dependence in the presence of Mg-dTTP. The kinetic traces
at increasing concentrations of 30-mer ssDNA (0.2-8 µM) were fit to the sum of three exponentials (eq 2). The rate constants for each
phase were plotted versus the 30-mer ssDNA concentration. (A) The rate of the first phase increased hyperbolically with increasing DNA.
The fit of the data to a hyperbola (eq 3) provided aK1/2 of 2.9 µM, a maximum rate of 106 s-1, and ay-intercept of 4.5 s-1. (B) The rate
of the second phase increased hyperbolically with the DNA concentration and reached a maximum rate of 2.6 s-1 (y-intercept) 0). (C) The
rate of the third phase remained constant at about 0.5 s-1.

Scheme 1

Mechanism of DNA Binding to T7 DNA Helicase Biochemistry, Vol. 39, No. 21, 20006405



second molecule of DNA which binds to gp4A′ was reported
to be 5µM (34). Since the stopped-flow experiments were
carried out at DNA concentrations from 0.2 to 8µM, binding
of a second ssDNA should not occur at the lower DNA
concentrations. Yet, all phases of the fluorescence changes
were visible at all DNA concentrations (Figure 3). At higher
concentrations of DNA, no additional phases were observed.
We were able to globally fit the data to the linear mechanism
in Scheme 1, and hence, it appears that the second DNA
binding does not contribute in a significant way to the
observed fluorescence changes.

Kinetic Mechanism of 30-mer ssDNA Binding in the
Presence of Mg-dTMP-PCP.To determine if the DNA-
binding process was facilitated by the Mg-dTTP hydrolysis
reaction, the stopped-flow studies were carried out as
described above with dTMP-PCP, the nonhydrolyzable
analogue of dTTP. Previous studies have shown that the
gp4A′ hexamer forms a very stable complex with ssDNA in
the presence of Mg-dTMP-PCP (Kd ) 100 nM) (34).
However, it was not known if the mechanism of DNA-
binding would be different in the presence of the nonhy-
drolyzable analogue. It was possible that the DNA binding
process could be more efficient in the presence of Mg-
dTTP, because nucleotide binds at the subunit interface (27),
and hydrolysis of Mg-dTTP may facilitate the ring-opening
step and thus promote faster binding of the DNA to the
protein.

To determine the DNA-binding mechanism in the presence
of Mg-dTMP-PCP, the stopped-flow experiments were
carried out at increasing 30-mer ssDNA concentrations with
2 mM Mg-dTMP-PCP. We verified that 2 mM Mg-dTMP-
PCP was saturating, by conducting stopped-flow experiments
from 2.5µM to 2 mM Mg-dTMP-PCP, and no significant
changes in the rates of 30-mer ssDNA binding were observed
(data not shown). The kinetics of DNA binding with Mg-
dTMP-PCP showed three phases of changing fluorescence
(Figure 4A). A decrease in fluorescence was observed in
the first phase, which was followed by two phases of
increasing fluorescence. Figure 4B-D shows the DNA
concentration dependence of the rate constants of the three
phases. The observed rates of these phases were very close
to those in the presence of Mg-dTTP. This indicated that
the intermediate species in the presence of Mg-dTMP-PCP
were the same as those in the presence of Mg-dTTP. The
only difference in the DNA binding kinetics with Mg-
dTMP-PCP versus Mg-dTTP was in the DNA concentration
dependence of the first phase (Figure 4B). In contrast to the
hyperbolic change observed in the presence of Mg-dTTP,
the rate of the first phase increased in a linear manner in the
presence of Mg-dTMP-PCP, in the range of DNA concen-
trations used. We did not attempt to see if the rates would
saturate at higher concentrations of DNA because it required
a large amount of material. The linear DNA dependence in
the presence of Mg-dTMP-PCP indicates that the transition
from ED1 to ED2 is faster with Mg-dTMP-PCP than with
Mg-dTTP. Thus, in the range of DNA concentrations used,
the ED1 species does not accumulate measurably and is not
observed in the kinetics.

The intrinsic rate constants of the DNA binding mecha-
nism with Mg-dTMP-PCP were determined using the
method of numerical integration and global fitting. The final
mechanism in Scheme 1 shows that the initial DNA binding

event, which results in ED1, is fast withk1 ) 2.2 × 107

M-1 s-1 andk-1 ) 9 s-1. The conversion of ED1 to ED2 is
a fast step; thus, the forward and reverse rate constants could
not be assigned. An estimate for the lower limit ofk2 is 200
s-1, since the rate of the first phase remains linear up to the
highest measured DNA concentration. The last two steps
occurred at almost the same rates as with Mg-dTTP,k3 )
2.8 s-1, k-3 ) 0.07 s-1, k4 ) 0.2 s-1, andk-4 ) 0. These
results indicate that DNA binding occurs by the same
mechanism (Scheme 1), even in the absence of Mg-dTTP
hydrolysis. In the presence of Mg-dTMP-PCP, the rate
constants for the second step are increased in comparison to
Mg-dTTP. This is the opposite of what would be expected
if Mg-dTTP hydrolysis facilitated DNA binding. In the
presence of Mg-dTMP-PCP, the observed increase in the
rate constants for the second step may be due to the different
structure of the nucleotide. Therefore, Mg-dTTP hydrolysis
does not appear to play a role in the DNA-binding process.

Kinetics of 30-mer ssDNA Binding as a Function of
Protein Concentration.To investigate if gp4A′ hexameriza-
tion played a role in the observed DNA binding kinetics,
the stopped-flow kinetic experiments were carried out at
increasing protein concentrations. We wanted to investigate
if the mechanism of DNA binding involved disassembly and
assembly of gp4A′ subunits around the DNA. In the stopped-
flow experiments, we therefore kept the DNA concentration
(1 µM) in excess of the protein concentration (8-400 nM).
Under these conditions, the observed rate will be largely
dictated by the concentration of the ligand that is in excess

FIGURE 4: Stopped-flow kinetics of 30-mer ssDNA binding in the
presence of Mg-dTMP-PCP. The experimental conditions were
the same as in Figure 2A, except 2 mM Mg-dTMP-PCP was used
instead of Mg-dTTP. (A) The time courses of fluorescence changes
at increasing 30-mer ssDNA concentrations in the presence of Mg-
dTMP-PCP are shown (gray circles). The time axis is in a log scale,
and the solid black lines are the predicted kinetic curves according
to the DNA-binding mechanism with Mg-dTMP-PCP shown in
Scheme 1. The plots in (B)-(D) show the 30-mer ssDNA
concentration dependence of the rate constants obtained from the
fit of the kinetic traces in (A) to eq 2. The rate of the first phase
increased linearly with increasing concentrations of DNA, the slope
provided akon of 2 × 107 M-1 s-1, and they-intercept provided a
koff of 15.7 s-1. The rate of the second phase increased hyperboli-
cally with the concentration of DNA and reached a maximum rate
of 2.5 s-1 (y-intercept) 0). The rate of the third phase remained
constant at about 0.2 s-1.
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(which is DNA), and since the DNA concentration does not
change, the observed rates are not expected to change
significantly. Thus, if gp4A′ is a stable hexamer that does
not disassemble and reassemble around the DNA, then the
observed rates of DNA binding will change only slightly.
However, if hexamer formation was occurring during DNA
binding, a protein concentration dependence would be
expected for the observed rates. Figure 5A-C shows the
plot of each of the three rates at increasing gp4A′ hexamer
concentration, in the presence of Mg-dTMP-PCP. The
observed rates of the three phases change very little with
protein concentration. The rate of the first fast phase
remained constant at around 25 s-1, and the subsequent
phases, at 1.2 and 0.15 s-1. These are the values expected at
1 µM 30-mer ssDNA concentration, as shown in Figure 4B-
D. This protein concentration independence therefore indi-
cates that gp4A′ is not disassembling and assembling around
the DNA.

DISCUSSION

The results reported here establish the minimal mechanism
of a 30-mer ssDNA binding to a preformed hexamer of T7
gp4A′. The kinetic pathway of 30-mer ssDNA binding was
determined by following the transient changes in the intrinsic
gp4A′ protein fluorescence upon DNA binding using the
stopped-flow method. In these experiments, we have moni-
tored the protein tryptophan fluorescence because the protein
was excited at 295 nm. T7 gp4A′ has a total of 10
tryptophans, with 4 in the helicase domain and 6 in the
N-terminal primase domain. The crystal structure of the
helicase domain of T7 gp4A′ was recently solved (27).
Although there are no tryptophans or tyrosines in the loop
proposed to be involved in DNA binding, there are tryp-
tophan residues close to the proposed subunit-subunit
interface. The observed fluorescence changes could result
from the disruption of a subunit interface, from global
conformational changes in the protein upon DNA binding,
or from both.

DNA Binding Kinetics with Mg-dTTP and Mg-dTMP-
PCP. The kinetic pathway of 30-mer ssDNA binding was
determined both in the presence of dTTP and its nonhydro-
lyzable analogue, dTMP-PCP. The elucidated kinetic path-
ways in the presence of either Mg-dTMP-PCP or Mg-
dTTP were almost identical. With both, Mg-dTTP and Mg-
dTMP-PCP, an initial close to diffusion-limited DNA binding
step was observed. The second step in the DNA binding

pathway was fast in the presence of Mg-dTTP and too fast
to measure in the presence of Mg-dTMP-PCP. The rates
of the two subsequent steps were slow and similar with both
nucleotides. No DNA binding was observed in the presence
of Mg-dTDP, although Mg-dTDP promotes hexamer
formation of gp4A′ (3, 4). This is consistent with previous
results that showed very weak DNA binding with Mg-dTDP
(4, 34). The results from these studies indicate that Mg-
dTTP or Mg-dTMP-PCP binding is necessary for DNA
binding, but Mg-dTTP hydrolysis is not necessary for DNA
binding.

Kinetic Mechanism of 30-mer ssDNA Binding.We have
used numerical integration and global fitting to obtain the
intrinsic rate constants of the four steps of 30-mer ssDNA
binding (Scheme 1). The stopped-flow kinetic traces obtained
at various DNA concentrations were globally fit to the four-
step model. The constraints provided by the DNA concentra-
tion dependencies of the observed rate constants result in a
more accurate determination of the intrinsic rate constants.
The 30-mer ssDNA binding mechanism with Mg-dTTP
consists of the following steps: The initial encounter of the
DNA with the gp4A′ hexamer occurs at a close to diffusion-
limited rate constant (k1 ) 2.1× 107 M-1 s-1). The rate for
the dissociation of this complex into its components isk-1

) 50.4 s-1. The first protein-DNA complex, ED1, resulting
from the bimolecular encounter, is transient and converts to
ED2 at a forward rate ofk2 ) 132 s-1 and a reverse rate of
k-2 ) 17 s-1. This step was not observed and was considered
to be fast with Mg-dTMP-PCP. The ED2 intermediate
subsequently converts to ED3 and ED4 at rate constants that
are relatively slow (k3 ) 3.5 s-1, k-3 ) 0.26 s-1, andk4 )
0.6 s-1). Thus,k3 andk4 are the slowest forward rate constants
in the pathway of DNA binding and may limit the overall
process of DNA binding in the central channel of the gp4A′
hexamer. There was no detectable rate (k-4) for the conver-
sion of ED4 to ED3.

To better understand the relationship between the ac-
cumulated species and the observed fluorescence, the forma-
tion and decay of the various species and the observed
fluorescence were simulated as a function of time for the
DNA binding pathway with Mg-dTTP (Figure 6A). It is
clear that the ED1 intermediate does not accumulate to a
significant extent because it is rapidly converted to ED2.
The intermediates ED2 and ED3 accumulate the most, and
thus, the formation of ED4 occurs with a distinct lag. Only
a part of the protein fluorescence changed upon ssDNA

FIGURE 5: Kinetics of DNA binding as a function of gp4A′ concentration. The stopped-flow kinetics of 30-mer ssDNA binding were
measured in the presence of 1 mM Mg-dTMP-PCP at constant 30-mer ssDNA (1µM) and increasing gp4A′ (8-400 nM hexamer). The
kinetic traces at various protein concentrations were fit to eq 2, and plots in (A)-(C) show the dependence of the observed rate constants
of the three phases as a function of the gp4A′ hexamer concentration.
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binding, suggesting that the binding process does not affect
all 10 tryptophans in gp4A′. The global fitting provided
information about the proportion of the protein fluorescence
that is affected by ssDNA binding (Figure 6B). ED1 has the
lowest fluorescence of all species, but it does not contribute
much to the observed fluorescence changes since it does not
accumulate to a significant extent. Most of the decrease in
fluorescence is due to the accumulation of ED2. The
subsequent increase in fluorescence occurs because the
fluorescence of ED3 and ED4 is similar to that of E.

Are the Proposed Intermediates Kinetically Competent?
The proposed four-step model for 30-mer ssDNA binding
of T7 gp4A′ is considerably more complex than a simple
bimolecular DNA binding process. Two questions arise:
First, are all of the proposed intermediates kinetically
competent? Second, are there additional helicase-DNA
intermediates that are needed to form a productive helicase-
DNA complex but may not have been observable with the
methods used here? The first question can be answered by
determining whether each of the proposed intermediates is
part of the kinetic pathway leading to a final species that
exhibits all the functionally meaningful activities of the
enzyme, such as dTTPase and helicase. The second question
can be addressed by determining whether the proposed

mechanism sufficiently describes the formation of such a
productive helicase-DNA species. In case of T7 gp4A′, a
productive species would be stably bound to ssDNA, able
to unwind dsDNA, and hydrolyze Mg-dTTP at a stimulated
level. The studies addressing these issues are in progress and
will be reported elsewhere (35).

Fast DNA Binding Step Indicates the Presence of a Readily
Accessible Site on the gp4A′ Hexamer.In the presence of
either Mg-dTTP or Mg-dTMP-PCP, the bimolecular bind-
ing of DNA to the protein was observed as a very fast step,
approaching the rate of diffusion (2× 107 M-1 s-1). The
observation of a close to diffusion-limited binding of DNA
to the hexamer in the first step suggested that a readily
accessible site was available for DNA binding. If the DNA
binding site was sterically occluded or hidden (either directly
in the channel or in a transient site), many of the encounters
between the DNA and the protein would be nonproductive
and the bimolecular binding step would be much slower than
the rate of diffusion. We argue that the DNA-binding site in
the central channel of a preformed closed ring is not readily
accessible and propose that the DNA first interacts with a
readily accessible site on the outside of the ring.

Previous equilibrium DNA binding studies have shown
that the gp4A′ hexamer binds two 30-mer ssDNA molecules,
one with a tightKd (100 nM) and a second with a 50-fold
weakerKd (34). The DNA-binding site in the central channel
is most likely the tight one, and the weaker DNA binding
site may be located on the outside of the ring. This weaker
site on the outside of the ring would be readily accessible
for fast DNA binding. There are six potential DNA binding
sites, and this would make the initial binding process a very
fast step. The only known DNA binding site that has been
proposed to be located on the outside of the gp4A′ ring is
the primase site (36). It is therefore possible that the primase
site serves as a loading site and facilitates the binding of
DNA in the central channel.

There are several kinetic pathways starting from a
preformed hexamer by which DNA can bind in the central
channel. A small oligo such as a 30-mer can thread into the
central channel of a closed ring through one of its ends.
Alternatively, the hexamer ring has to open in order for the
DNA to access the site in the central channel, or the hexamer
can disassemble and then reassemble around the DNA. We
have eliminated the mechanism in which gp4A′ subunits
assemble around the DNA, on the basis of two results: First,
the DNA binding kinetics under the conditions of excess
DNA were independent of the gp4A′ concentration, as shown
in Figure 5. Second, we have shown previously, using an
inactive mutant of gp4A′ that is capable of forming mixed
hexamers and inactivating the wild-type 4A′ activity, that
the subunits of a preformed hexamer do not exchange during
the DNA binding process (37). Therefore, disassembly and
assembly of subunits does not occur during the DNA binding
process, and the threading and the ring-opening are the only
possible mechanisms for a 30-mer ssDNA binding to a
preformed ring. As discussed above, we have proposed that
the initial interaction of the DNA occurs at an easily
accessible site on the outside of the ring. Hence, the simplest
threading and ring-opening mechanisms require additional
steps in which a DNA first binds on the outside of the ring.
The DNA that is already bound to the outside either threads
into the closed ring or the ring opens and the DNA transits

FIGURE 6: Kinetic simulation of 30-mer ssDNA binding to the
gp4A′ hexamer in the presence of Mg-dTTP. (A) The formation
and decay of various species in the DNA binding pathway with
Mg-dTTP was simulated using the final intrinsic rate constants
shown in Scheme 1. The concentrations of gp4A′ hexamer and
DNA were 142 nM and 1µM, respectively. Note that the time
axis is shown in the logarithmic scale to enable better visualization
of events occurring both at short and long times. The open circles
show the decay of free protein (E). The squares, triangles (up),
and triangles (down) show the formation and decay of the
intermediates ED1, ED2, and ED3, respectively. The diamonds
show the formation of the final, stably bound protein-DNA
complex (ED4). The overall fluorescence change is represented by
the solid black line and is scaled on an independenty-axis
(fluorescence). (B) The bars show the total fluorescence of equal
amounts of each pure species. The gray portions of the bars show
the protein fluorescence (and the background) that does not change
due to ssDNA binding. The hatched portions of the bars represent
that part of the protein fluorescence that is affected by ssDNA
binding. The total fluorescence of E was set to 100%.
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into the central channel of the open ring. We can therefore
propose that the ED1 species represents a helicase-DNA
complex in which the DNA is bound on the outside, and the
subsequent species represent different conformational states
of the helicase-DNA complex that are necessary for the
DNA to bind in the central channel.
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