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ABSTRACT: Complexes formed between phi29 DNA
polymerase (DNAP) and DNA ﬂuctuate discretely between
the pre-translocation and post-translocation states on the
millisecond time scale. The translocation ﬂuctuations can be
observed in ionic current traces when individual complexes are
captured atop the α-hemolysin nanopore in an electric ﬁeld.
The presence of complementary 2′-deoxynucleoside triphosphate (dNTP) shifts the equilibrium across the translocation
step toward the post-translocation state. Here we have
determined quantitatively the kinetic relationship between
the phi29 DNAP translocation step and dNTP binding. We demonstrate that dNTP binds to phi29 DNAP−DNA complexes
only after the transition from the pre-translocation state to the post-translocation state; dNTP binding rectiﬁes the translocation
but it does not directly drive the translocation. Based on the measured time traces of current amplitude, we developed a method
for determining the forward and reverse translocation rates and the dNTP association and dissociation rates, individually at each
dNTP concentration and each voltage. The translocation rates, and their response to force, match those determined for phi29
DNAP−DNA binary complexes and are unaﬀected by dNTP. The dNTP association and dissociation rates do not vary as a
function of voltage, indicating that force does not distort the polymerase active site and that dNTP binding does not directly
involve a displacement in the translocation direction. This combined experimental and theoretical approach and the results
obtained provide a framework for separately evaluating the eﬀects of biological variables on the translocation transitions and their
eﬀects on dNTP binding.

■

INTRODUCTION
Processive DNA polymerases (DNAPs) are molecular motors
that translocate along their DNA substrates in single nucleotide
increments during replication. With each step advanced,
DNAPs select and bind a 2′-deoxynucleoside triphosphate
(dNTP) substrate and catalyze its incorporation into a nascent
primer strand. Elucidating the mechanistic relationship between
the translocation1 step and dNTP binding is essential in order
to understand how the DNAP motor is driven forward during
synthesis. Little is known about the kinetic relationship
between the DNAP translocation step and dNTP binding,
despite the importance of this relationship to the integration of
the translocation step in the nucleotide addition cycle, to the
accuracy of the translocation step size, and to the steps in the
cycle that ensure correct dNTP selection. Some features of this
relationship have been inferred from crystal structures of
DNAP−DNA binary complexes and DNAP−DNA−dNTP
ternary complexes, which can be considered structural models
for the post-translocation and pre-translocation states,
respectively.2−4 In this view, the nascent base pair between
the templating base at n = 0 and the incoming complementary
dNTP in the ternary complex occupies the site that is occupied
by the terminal base pair of the duplex in a pre-translocation
state complex. Structural studies of both A and B family
© 2013 American Chemical Society

DNAPs reveal that the binding site for incoming dNTP
becomes available following the translocation step, and there is
no evidence of a secondary dNTP binding site that might be
available in the pre-translocation state.2−6 However, absence of
a secondary binding site does not preclude an inﬂuence of
dNTP on the translocation step, which could be exerted as a
power stroke driven by dNTP binding.7,8
The bacteriophage phi29 DNAP is a B-family replicative
polymerase that catalyzes highly processive DNA synthesis.9−11
It accomplishes this without the need for accessory proteins,
such as sliding clamps or helicases, because it remains tightly
associated with its DNA substrate and it promotes downstream
strand displacement during replication.2,12 The phi29 DNAP is
thus an excellent simpliﬁed model system for leading strand
DNA synthesis catalyzed in more complex replisomes.
Processive DNA synthesis catalyzed by individual phi29
DNAP complexes can be monitored at the single molecule
level using a nanoscale pore, with single-nucleotide spatial
precision and submillisecond temporal resolution.13−15
We have shown that phi29 DNAP−DNA complexes
ﬂuctuate between the pre-translocation and post-translocation
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Figure 1. Capture of phi29 DNAP complexes on the α-HL nanopore. In the nanopore device (a), a single α-HL nanopore is inserted in a ∼25 μmdiameter lipid bilayer separating two chambers (cis and trans) that contain buﬀer solution. A patch clamp ampliﬁer applies voltage across the bilayer
and measures ionic current, which is carried through the nanopore by K+ and Cl− ions. (b) Representative current trace for a binary complex formed
between phi29 DNAP and a DNA substrate (DNA1, in panel c) captured at 180 mV applied potential in buﬀer containing 10 mM K-Hepes, pH 8.0,
0.3 M KCl, 1 mM EDTA, 1 mM DTT, and 11 mM MgCl2. DNA and phi29 DNAP were added to the nanopore cis chamber to ﬁnal concentrations
of 1 and 0.75 μM, respectively. Cartoons above the current trace illustrate the sequence of events, which is described in the text. (c) DNA hairpin
substrate (DNA1) featuring a 14-base pair duplex region and a single-stranded template region of 35 nucleotides. The primer strand terminus is a
2′,3′-H CMP residue, and the template strand contains a reporter group of ﬁve consecutive abasic (1′,2′-H) residues spanning positions +8 to +12
(indicated as red Xs in the sequence). The structure of an abasic residue is shown below the DNA sequence. In the cartoons in (b), the abasic
residues are shown as red circles.

■

states on the millisecond time scale.13,16 The ﬂuctuations across
the translocation step can be directly observed and quantiﬁed
when individual complexes are captured atop the α-hemolysin
(α-HL) nanopore in an electric ﬁeld. We have characterized the
equilibrium across the translocation step in binary complexes
and shown that the presence of complementary dNTP shifts
the equilibrium toward the post-translocation state in a
concentration-dependent manner.16 In a study of translocation
dynamics, we found that the pre-translocation and posttranslocation states are discrete kinetic states and extracted
the forward and reverse rates of translocation in phi29 DNAP−
DNA binary complexes as functions of applied force and activesite proximal DNA subtrate sequences. The study of translocation dynamics allowed us to characterize features of the free
energy landscape of translocation.13
In the current study, we have examined quantitatively the
kinetic relationship between the translocation step and
incoming dNTP binding. We show that dNTP binds to
phi29 DNAP−DNA complexes only after they have made the
transition from the pre-translocation state to the posttranslocation state; dNTP binding rectiﬁes the translocation,
but it does not directly drive the translocation. From these
ﬁndings and previously established results13,16 we propose a
three-state kinetic model for phi29 DNAP−DNA complexes in
the presence of dNTP, in which the translocation transition and
dNTP binding are sequential. Based on the dynamics of the
three-state model and the autocorrelation function of the
measured current amplitude,13,17,18 we have developed a
method to extract the forward and reverse rates of the
transitions across the translocation step as well as the dNTP
association and dissociation rates, as functions of applied force
(voltage), which opposes the forward movement of the
enzyme. We ﬁnd that the forward and reverse rates across
the translocation step and their dependence on voltage are not
inﬂuenced by dNTP and are thus an inherent property of phi29
DNAP−DNA binary complexes. The association and dissociation rates for complementary dNTP are unaﬀected by the
applied voltage, indicating that the force does not distort the
polymerase active site or perturb any conformational steps
associated with complementary dNTP binding.

METHODS

DNA and Enzyme. DNA oligonucleotides were synthesized at
Stanford Protein and Nucleic Acid Facility and puriﬁed by denaturing
PAGE. DNA hairpins were annealed by heating at 90 °C for 4 min
followed by snap cooling in ice water. Wild-type phi29 DNAP was
obtained from Enzymatics (Beverly, MA).
Nanopore Methods. Nanopore experiments were conducted as
described.16,19−22 Brieﬂy, a single α-HL nanopore is inserted in a ∼25
μm-diameter lipid bilayer that separates two chambers containing
buﬀer solution (10 mM K-Hepes, pH 8.0, 0.3 M KCl, and 1 mM
EDTA). DTT and MgCl2 were added to the nanopore cis chamber to
ﬁnal concentrations of 1 and 11 mM, respectively; DNA and phi29
DNAP were added to the cis chamber to ﬁnal concentrations of 1 and
0.75 μM, respectively; and dGTP was added to the cis chamber as
indicated in the text and ﬁgure legends. Ionic current was measured
with an integrating patch clamp ampliﬁer (Axopatch 200B, Molecular
Devices) in voltage clamp mode. Data were sampled using an analogto-digital converter (Digidata 1440A, Molecular Devices) at 100 kHz
in whole-cell conﬁguration and ﬁltered at 5 kHz using a low pass
Bessel ﬁlter.
Extraction of Dwell Time Samples. The dwell time samples in
each of the two amplitude states used in the analyses in Figures 2b,c
and 4 were extracted using the single-channel detection function in
Clampﬁt 10 (Molecular Devices). This software uses a half amplitude
threshold method to assign transitions between two user-deﬁned
amplitude levels.23 Amplitude levels for each of the two states were
determined for the single-channel searches from histograms of all
sampled amplitude data points. Complexes were captured at 180 mV.

■

RESULTS AND DISCUSSION
To perform the nanopore experiments, a single α-HL nanopore
is inserted into a lipid bilayer separating two chambers (termed
cis and trans) containing buﬀer solution (Figure 1a). A patch
clamp ampliﬁer applies voltage across the bilayer and measures
the ionic current that ﬂows through the nanopore, which is
carried by K+ and Cl− ions in the buﬀer. Figure 1b shows a
representative ionic current trace that results when a complex
between phi29 DNAP and a DNA substrate (Figure 1c, DNA1)
is captured atop the nanopore at 180 mV applied potential. The
ionic current through the pore (Figure 1b, i) drops rapidly
when a complex is captured (Figure 1b, ii). The polymerase is
too large to enter the nanopore, and it thus holds the duplex
9150
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Figure 2. Complementary dNTP binding to phi29 DNAP complexes. (a) Ionic current traces for phi29 DNAP−DNA1 complexes, captured at 180
mV in the presence of 0 μM (i) or 10 μM (ii) dGTP. In the presence of dGTP, some of the transitions to the lower amplitude, post-translocation
state have dwell times that are signiﬁcantly longer than those typically observed in the absence of dGTP (indicated by red lines under the trace in ii).
(b) Plots of log dwell time vs amplitude for dwell time samples extracted from complexes captured at 180 mV in the presence of 0 μM (i) or 10 μM
(ii) dGTP. In the absence of dNTP (i) there are two clusters that are well separated in amplitude: the pre-translocation state dwell time samples
centered at ∼32 pA, and a cluster of post-translocation state samples centered at ∼26 pA. Upon addition of dGTP (ii) a third cluster, with longer
dwell times, emerges at the post-translocation state amplitude. (c) Histograms of log dwell time samples of the post-translocation, lower amplitude
state centered at ∼26 pA, extracted from ionic current traces for complexes captured at the indicated dGTP concentrations.

Complementary dNTP Binding to phi29 DNAP
Complexes. The primer strand of DNA1 bears a 2′-H, 3′-H
terminus (Figure 1c) rather than the 2′-H, 3′-OH terminus of
the natural substrate; DNA1 therefore supports the formation
of phi29 DNAP−DNA−dNTP ternary complexes but not the
chemical step of phosphodiester bond formation. Binding of
dGTP (complementary to the template dCMP residue at n =
0) to phi29 DNAP−DNA1 complexes stabilizes the posttranslocation state.16 The eﬀect of dGTP can be directly
observed in the current traces (Figure 2a). In the absence of
dNTP, complexes ﬂuctuate rapidly between the two states
(Figure 2a, i); the addition of dGTP (10 μM; Figure 2a, ii)
causes the dwell time of the lower amplitude, post-translocation
state to increase, due to the emergence of a subpopulation with
longer dwell times.
We used a half amplitude threshold method23 to extract
dwell time samples from ionic current traces for phi29 DNAP−
DNA1 complexes, captured at 180 mV, in the absence or
presence of dGTP. A plot of log dwell time vs amplitude for
dwell time samples extracted from complexes captured at 0 μM
dGTP (Figure 2b, i) shows two clusters that are well-separated
in amplitude: the pre-translocation state dwell time samples
centered at ∼32 pA, and a cluster of post-translocation state
samples centered at ∼26 pA. Upon addition of dGTP (10 μM;
Figure 2b, ii), a new cluster, with longer dwell times, emerges at

portion of the DNA substrate atop the pore. The DNA
template strand of the captured complex is suspended through
the pore lumen, which is just wide enough to accommodate a
single strand of DNA.
Captured phi29 DNAP−DNA complexes reside atop the
nanopore for several seconds (Figure 1b, ii), during which the
measured ionic current ﬂuctuates on the millisecond time scale
between two amplitude levels. These ﬂuctuations are due to
movement of the DNA substrate relative to the enzyme and the
nanopore; the distance of this displacement is approximately
one nucleotide.16 Detection of the DNA displacement is
achieved by the use of a reporter group comprising ﬁve
consecutive abasic (1′, 2′-H) residues in the template strand
(Figure 1c). The ﬂuctuations between the two amplitude levels
are detected when the reporter group is displaced in the
nanopore lumen.16 In the upper amplitude state, the primer−
template junction of the DNA substrate is bound in the
polymerase active site, in the pre-translocation state. At 180
mV, the pre-translocation state amplitude is centered at ∼32
pA. In the lower amplitude state, the primer−template junction
of the DNA substrate resides in the polymerase active site, in
the post-translocation state.16 The post-translocation state
amplitude is centered at ∼26 pA at 180 mV. The amplitude
ﬂuctuations continue until complexes dissociate or are ejected,
after which another complex can be captured.
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the post-translocation state amplitude of ∼26 pA. Histograms
of log dwell time distribution for the dwell time samples at the
post-translocation state amplitude, extracted from ionic current
traces for complexes captured at diﬀerent dGTP concentrations, are shown in Figure 2c. Binary complexes (0 μM
dGTP) have a distribution centered at ∼0.4 ms (Figure 2c, i).
When dGTP is titrated into the chamber, a second cluster
emerges with dwell time centered at ∼30 ms (Figure 2c, ii). As
the dGTP concentration is increased, the counts in the longer
dwell time cluster, attributable to post-translocation state phi29
DNAP−DNA−dGTP ternary complexes, increase. As the
dGTP concentration increases above ∼10 μM dGTP, this
post-translocation state ternary complex cluster also shifts
toward longer dwell times (Figure 2c, iii−vi).
The Kinetic Relationship between Translocation and
dNTP Binding. In studying the equilibrium properties of the
phi29 DNAP translocation step and the eﬀects of complementary dNTP binding on the equilibrium across this step, we
used a four-state model that made no assumptions about which
transitions between the four states were permitted or about
which of the two translocation states were competent to bind
dNTP (Figure 3a). We found that while complementary dNTP
binds with high aﬃnity to complexes in the post-translocation
state (Kd ∼1.4 μM), complexes in the pre-translocation state
have negligible aﬃnity for dNTP,16 ruling out the existence of a
stable dNTP-bound pre-translocation state (Figure 3a, blue
dashed oval). There are two kinetic schemes that are consistent
with this behavior: In one scheme, dNTP can facilitate the
transition from the pre-translocation to the post-translocation
state and can bind to complexes in the post-translocation state
(Figure 3b). In the second scheme, dNTP can bind to
complexes only once they have reached the post-translocation
state; dNTP binding rectiﬁes the complex in the posttranslocation state, but it does not directly drive the
translocation (Figure 3c).
To distinguish between the models in Figure 3b,c, we used
dwell time samples extracted from current traces of phi29
DNAP−DNA1 complexes, captured at 180 mV in the absence
or presence of dGTP. Each dwell time sample in the upper
amplitude, pre-translocation state (Figure 4a, ΔTpre) is followed
by a dwell time sample in the lower amplitude, posttranslocation state (Figure 4a, ΔTpost). In the three-state
model shown in Figure 3b, there are two transition pathways
from the pre-translocation state to the post-translocation state.
The two transition rates are r1 and r3[dGTP]. The mean dwell
time of the pre-translocation state satisﬁes:

Figure 3. Potential models for the kinetic relationship between
translocation and dNTP binding. Phi29 DNAP−DNA binary
complexes ﬂuctuate between the pre-translocation and post-translocation states with the forward rate r1 and the reverse rate r2. (a) The
four-state model used for studying the equilibrium properties of
translocation state transitions in phi29 DNAP−DNA complexes. This
model includes no assumptions about the transitions that are
permitted between the four states or about in which of the two
translocation states complexes can bind dNTP. The existence of the
dNTP-bound pre-translocation state (dashed blue oval) was ruled out
by the results of the equilibrium study.16 (b) A three-state model in
which dNTP can inﬂuence the transition from the pre-translocation to
the post-translocation state (r3[dNTP]) and can bind to complexes in
the post-translocation state (kon[dNTP]). Dissociation of dNTP can
occur prior to (koff) and concurrent with (r4) the transition from the
post-translocation to the pre-translocation state. In the current study,
we rule out this model by showing r3 ≈ 0 and r4 ≈ 0 (Figure 4). (c) A
three-state model in which translocation and dNTP binding are
sequential: dNTP can bind to complexes only after the transition from
the pre-translocation to the post-translocation state (kon[dNTP]); the
transition from the post-translocation to the pre-translocation state
cannot occur before the dissociation of dNTP (koff). This is the model
used in the current study to determine transition rates from measured
time traces of current amplitude.

1/⟨ΔTpre⟩ = r1 + r3[dGTP]

Subtracting 1/⟨ΔTpre⟩|[dGTP]=0 = r1 from the equation above
and dividing by [dGTP], we can express r3, the ﬁrst-order rate
constant of the dGTP-binding driven translocation, in terms of
measured mean dwell times:
r3 = (1/⟨ΔTpre⟩ − 1/⟨ΔTpre⟩|[dGTP] = 0)/[dGTP]

transition exists it would be more prominent at the higher
concentrations. The estimated values of r3 are

Both ⟨ΔTpre⟩ and ⟨ΔTpre⟩|[dGTP]=0 have statistical uncertainty
caused by the ﬁnite sample size. Since ⟨ΔT pre ⟩ and
⟨ΔTpre⟩|[dGTP]=0 are measured in separate experiments, they
are also aﬀected by experimental uncertainty. We estimated the
values of r3 from data collected at 200 and 1200 μM dGTP (the
two highest concentrations tested), because at low [dGTP] the
uncertainties are magniﬁed and because if a [dNTP]-dependent

[dGTP] = 200μM:

r3 = ( −0.040 ± 0.037)μ M−1sec−1

[dGTP] = 1200μM:

r3 = (0.053 ± 0.011)μ M−1sec−1

Taking into consideration the statistical uncertainties (the
standard errors given above) and the experimental uncertainties
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(as manifested in that the estimated value of r3 is negative at
[dGTP] = 200 μM), we conclude r3 < 0.1 μM−1sec−1. Thus, r3
is negligible, indicating that the transition from the pretranslocation to the post-translocation is not driven or initiated
by dNTP; the translocation transition must precede dNTP
binding in phi29 DNAP−DNA complexes.
The principle of microscopic reversibility dictates that if the
pathway in which dNTP inﬂuences the transition from the pretranslocation to post-translocation state (r3; Figure 3b) does
not exist, then dNTP dissociation from the post-translocation
state ternary complex must precede the transition from the
post-translocation to pre-translocation state. The rate of direct
transition from the dNTP-bound post-translocation state to the
pre-translocation state (r4; Figure 3b) can also be estimated
from experimental data (Figure 4b). Since dNTP stabilizes the

These analyses support the conclusions that: (i) dNTP can
bind to phi29 DNAP−DNA complexes only after the transition
from the pre-translocation to the post-translocation state; (ii)
upon dNTP binding, the complex is locked in the posttransocation state; (iii) transition back to the pre-translocation
state cannot occur before the dissociation of dNTP; and (iv)
the dNTP binding process is not coupled or correlated with the
transition process between the two translocation states. In
particular, the dNTP binding process does not directly drive
the transition from the pre-translocation to post-translocation
state. We therefore adopt the three-state kinetic model shown
in Figure 3c, in which the transition to the post-translocation
state and the dNTP binding are sequential.
A Three-State Kinetic Model for Translocation and
dNTP Binding. In the model (Figure 3c), the phi29 DNAP−
DNA complex has three states: (i) pre-translocation state
(upper amplitude), state 1; (ii) post-translocation state (lower
amplitude), state 2; and (iii) post-translocation state with
dGTP bound (lower amplitude), state 2B.
The two post-translocation states yield the same ionic
current amplitude. The three states are connected by four
transition rates: r1, r2, kon[dGTP], and koff. Below we brieﬂy
describe a method for estimating the four transition rates from
data at individual values of voltage and [dGTP]. All
mathematical derivations are given in the Supporting
Information. I1 is the mean amplitude of the pre-translocation
state; I2 is the mean amplitude of post-translocation state; and
X(t) is measured time trace of amplitude.
We consider the scaled amplitude:

Figure 4. The kinetic relationship between translocation and dNTP
binding. (a) Segment of current trace from a phi29 DNAP−DNA1
complex captured at 180 mV, showing a pair of dwell time samples.
The ionic current ﬂuctuates discretely between the two amplitude
states; thus each dwell time sample in the upper amplitude pretranslocation state (ΔTpre) is followed by a sample in the posttranslocation state (ΔTpost). (b) In the plot of 1/[dGTP] vs 1/
⟨ΔTpost⟩, the error bars represent standard errors. The standard error
of 1/⟨ΔTpost⟩ is given by SE(1/⟨ΔTpost⟩) = SE(⟨ΔTpost⟩)/⟨ΔTpost⟩,2
where the standard error of /⟨ΔTpost⟩ is calculated from independent
samples of ΔTpost. Theoretically, we expect that 1/⟨ΔTpost⟩ ≈ α/
[dGTP] + r4 at high [dGTP], where r4 is the rate of direct transition
from the dNTP-bound post-translocation to the pre-translocation state
(Figure 3B). Fitting a straight line to data of 3 highest concentrations,
[dGTP] = 100, 200, and 1200 μM, we obtain r4 = (0.04 ± 0.3) ×
10−3(ms)−1 = (0.04 ± 0.3) sec−1. Thus, we conclude that r4 = 0 within
the given error range.

Y (t ) =

⎛
I1 + I2 ⎞
2
⎜ X (t ) −
⎟
(I1 − I2) ⎝
2 ⎠

The mean of Y(t), denoted by E[Y], is calculated directly from
the data. The autocorrelation R(t) ≡ E[Y(t0)Y(t0+t)] has the
expressions (see Supporting Information):
R(t ) = (E[Y ])2 + (1 − (E[Y ])2 )[c1exp( −λ1t )
+ (1 − c1)exp(−λ 2t )]

R(t) is calculated directly from the data. Quantities c1, λ1, and λ2
are obtained by ﬁtting the measured R(t) to the given function
form. Measured E[Y], c1, λ1, and λ2 are related to the four
transition rates (see Supporting Information) as:
r2
r1

post-translocation state in a concentration-dependent manner
without saturation,16 and r4 is independent of [dNTP], at
[dGTP] = inﬁnity, 1/⟨ΔTpost⟩ = r4. As we cannot directly
measure data at [dGTP] = ∞, we use the theoretical expression
(at high[dGTP]):

(

− 1+

1+

1/⟨ΔTpost⟩ ≈ α /[dGTP] + r4

1+

to extrapolate from data points at high [dGTP] mathematically
to [dGTP] = ∞ (see Supporting Information for derivation).
Figure 4b shows the measured data points of 1/[dGTP] vs 1/
⟨ΔTpost⟩ with error bars. Carrying out linear extrapolation to 1/
[dGTP] = 0, we estimate the direct transition rate as r4 = 0.04
± 0.3 s−1. Since the estimated value is much smaller than the
error range, we conclude that within the given error range we
have r4 = 0; the direct transition from the dNTP-bound posttranslocation state to the pre-translocation state has zero rate
within the error range. Thus, dNTP that is bound to complexes
in the post-translocation state must be released prior to the
transition to the pre-translocation state.

[dGTP]
Kd

[dGTP]
Kd

4r2
[dGTP]
Kd

+

+

r2
r1

r2
r1

) = E[Y ]
= (1 − (E[Y ])2 )[c1λ1 + (1 − c1)λ 2]

⎛r
⎞
[dGTP]
r1koff ⎜ 2 +
+ 1⎟ = λ1·λ 2
Kd
⎝ r1
⎠
(r1 + r2) + (kon[dGTP] + koff ) = λ1 + λ 2

In the four equations above, all quantities on the right-hand
side are calculated from data. The four transition rates are
solved from these four equations. Thus, we can estimate a set of
four transition rates from each measured time trace of ionic
current amplitude. At each individual voltage and [dGTP], we
have measured time traces from 20 to 60 individual captured
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Figure 5. Translocation rates and dNTP association and dissociation rates determined from the three-state model. Plots of (a) log(r1) vs voltage and
(b) log(r2) vs voltage for phi29 DNAP−DNA1 complexes captured in the presence of 0, 5, 10, 20, or 40 μM dGTP. Plots of (c) kon vs voltage and
(d) koff vs voltage for complexes captured in the presence of 5, 10, 20, or 40 μM dGTP. Rates were extracted from ionic current traces using the
autocorrelation function and the three-state model in Figure 3c. The data for log(r1) vs voltage and log(r2) vs voltage for phi29 DNAP−DNA1
binary complexes (0 μM dGTP) are from ref 13. Because kon is calculated by dividing the apparent rate by the concentration of dGTP added to the
experiments, the variability in the values for this rate may be attributable to small diﬀerences in the actual dGTP concentration between experiments
due to pipeting inaccuracies. Errors bars indicate the standard error. Numerical values for the rates and standard errors are given in Table S1.

complexes. From the multiple estimated sets of parameter
values, we use the mean as a more accurate estimate and use the
standard error as the error bar.
Translocation Rates and dNTP Binding Rates in phi29
DNAP−DNA Complexes. Using the method described above,
we determined the forward (r1) and reverse (r2) rates across the
translocation step and the association (kon[dNTP]) and
dissociation (koff) rates of dNTP binding, for phi29 DNAP
complexes captured across a range of applied voltages and at
several dGTP concentrations. We extracted the rates from the
data ﬁles collected under each condition separately. The eﬀects
of applied force and dGTP concentration on the four transition
rates are plotted in Figure 5.
We have shown that for phi29 DNAP−DNA binary
complexes, log(r1) and log(r2) vary as a linear function of the
applied voltage.13 Because dNTP does not inﬂuence the
transition from the pre-translocation to post-translocation state
and must dissociate prior to the transition from the posttranslocation to pre-translocation state (Figure 4), the values of
r1 and r2 (at each voltage) derived by applying the three-state
model to data collected in the presence of dGTP are predicted
to be same as the values of r1 and r2 previously determined for
binary complexes (0 μM dGTP) using a robust two-state
model.13 Plots of log(r1) vs voltage (Figure 5a) and log(r2) vs
voltage (Figure 5b) for complexes captured in the presence of
0, 5, 10, 20, or 40 μM dGTP verify this prediction; the vertical
intercepts and the slopes of log(r1) vs voltage and log(r2) vs
voltage are unaﬀected by dGTP concentration, indicating that
dGTP does not inﬂuence the rates at a given voltage or the
dependence of the rates on voltage. The rates across the
translocation step are an inherent property of phi29 DNAP−

DNA binary complexes and are independent of the presence or
absence of dNTP.
Plots of kon vs voltage (Figure 5c) and koff vs voltage (Figure
5d) show that these binding rates do not vary as a function of
[dGTP] or applied voltage (across the range of voltages
tested). The absence of an eﬀect of voltage on the dNTP
association and dissociation rates is consistent with our prior
conclusion that the Kd for dNTP binding is independent of the
voltage.16 We can conclude two things from the ﬁnding that
opposing force in the translocation direction does not aﬀect the
dNTP association or dissociation rates: (i) dNTP binding (or
dissociation) does not directly involve a displacement in the
translocation direction. The eﬀect of the applied force on the
free energy diﬀerence between the two states is proportional to
the displacement along the direction of the force. If the free
energy diﬀerence is varied, at least one transition rate must be
aﬀected; (ii) the opposing force in the translocation direction
does not distort the polymerase active site or perturb any
conformational steps that may be associated with complementary dNTP binding. In addition to changing the free energy
diﬀerence, force can inﬂuence the dynamic transition rates by
changing the free energy barrier between the two states. The
plots of kon and koff vs voltage show that the free energy
landscape associated with dNTP binding is unaﬀected by
opposing force in the translocation direction. Since neither kon
nor koff displays a systematic trend with the applied voltage or
[dGTP], by treating all data points in each panel as
independent samples, we calculate the mean and standard
error for each of these two rates as kon = 17.46 ± 0.60
μM−1sec−1 and koff = 30.18 ± 0.54 s−1.
The three-state model and the values determined for the four
transition rates provide a rationale for the increase in dwell time
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of the dNTP-dependent post-translocation state cluster
observed in dwell time histograms as [dGTP] is increased
(Figure 2c). The 3′-H terminus of DNA1 prevents
phosphodiester bond formation, and thus bound dGTP
dissociates from phi29 DNAP complexes, at the rate koff.
After dGTP dissociation, the complex has two possible fates; it
can transition to the pre-translocation state at rate r2, or another
molecule of dGTP can bind with the rate kon[dGTP]. At a
given voltage, as the concentration of dGTP is increased, the
rate of association increases, while r2 does not change; therefore
the probability that another dGTP molecule will bind before
the complex can transition to the pre-translocation state
increases. There is a kinetic competition between kon and r2 that
leads to an continual increase in post-translocation state dwell
time as [dGTP] is increased (Figure 2c) due to iterative
binding of dGTP to complexes in the post-translocation state.
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■

CONCLUSION
The results of this study, taken together with our prior studies
on the equilibrium properties of the translocation step16and the
dynamics of the translocation ﬂuctuations in phi29 DNAP
binary complexes,13 yield an integrated model for the kinetic
mechanism of translocation and dNTP binding for phi29
DNAP. The pre-translocation and the post-translocation states
are two metastable states, separated by an energy barrier.
Fluctuations between the two states are driven by Brownian
thermal motion, and complexes are rectiﬁed in the posttranslocation state by dNTP binding. There is no direct
transition between the pre-translocation state to the dNTP
bound post-translocation state: dNTP can bind only when the
complex is in the post-translocation state, and dNTP binding
does not directly drive any movement along the translocation
direction. Conversely, dNTP dissociation does not directly
involve any translocation displacement, and it must precede the
transition back to the pre-translocation state. The rates of
transitions between the pre-translocation and post-translocation states, the response of those rates to applied force
and the energy landscape of the spatial displacement across the
translocation step are inherent properties of phi29 DNAP−
DNA binary complexes and are not inﬂuenced by the presence
of dNTP. Furthermore, the rates of dNTP binding and
dissociation are not aﬀected by the opposing force in the
translocation direction, conﬁrming that neither dNTP binding
nor dissociation is directly accompanied by any displacement in
the translocation direction.
The current study yields the capability to quantify the eﬀects
of duplex mismatches, rNMPs in the duplex or in the template
strand, or polymerase mutations on the translocation state
transitions separately from their eﬀects on dNTP binding to
complexes in the post-translocation state. The eﬀects of
alterations in the base or sugar moieties of nucleotide substrates
on binding to the post-translocation state can be determined. In
addition, this study provides a quantitative kinetic framework in
which to evaluate processive DNA synthesis catalyzed by phi29
DNAP at the single molecule level as a function of controlled
opposing force.
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