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We present a method for rapid measurement of DNA-protein

interactions using voltage-driven threading of single DNA

molecules through a protein nanopore. Electrical force applied

to individual ssDNA-exonuclease I complexes pulls the two

molecules apart, while ion current probes the dissociation rate

of the complex. Nanopore force spectroscopy (NFS) reveals

energy barriers affecting complex dissociation. This method

can be applied to other nucleic acid–protein complexes, using

protein or solid-state nanopore devices.

The strength and specificity of DNA-protein interactions are
typically quantified using bulk biochemical and biophysical meth-
ods. Although these methods yield information about the behavior
of populations of molecules, they are limited in their ability to
detect variationwithin populations and detailed features of binding
kinetics. In contrast, single-molecule measurements can reveal
information masked by ensemble averaging in bulk, such as bond

strength and the presence of short-lived intermediate states1. To
obtain meaningful statistics with single-molecule approaches, hun-
dreds of copies of the same complex must be analyzed. This often
represents a challenge for methods such as atomic force microscopy
and optical tweezers that require specific immobilization of the
molecules to the force probe at one end, and to a reference surface
at its other end1.
We present a method for single-molecule analysis of DNA-

protein interactions using NFS that can be used to analyze
hundreds of molecules in minutes. Instead of surface immobiliza-
tion, nanopores are used to capture and manipulate DNA-protein
complexes. This allows rapid determination of association and
dissociation rates by combining measurements under equilibrium
and nonequilibrium conditions.
A single a–hemolysin (a-HL) nanopore is inserted into a planar

lipid bilayer, resulting in a steady open-channel ionic current
(Fig. 1a). Passage of short ssDNA molecules through the pore
results in brief, measurable blockades of the current (Fig. 1b). The
electrical field, temperature and ssDNA length can be adjusted to
yield a translocation distribution time around 100 ms (ref. 2).
Binding of streptavidin to biotinylated ssDNA allows capture but
not translocation of the polynucleotide because the protein bound
at one end is larger than the pore diameter3. This results in very
long (c1 s) blockades that require voltage reversal to clear. By
comparison, weaker DNA-protein complexes are expected to dis-
sociate in the pore under applied voltage and thus result in modest,
yet measurable increases in translocation time relative to ssDNA
alone (from microseconds to milliseconds). This increase in trans-
location time can be discerned setting the stage for nanopore-based

Figure 1 | Detecting ssDNA-ExoI complexes using

a nanopore. (a) Schematic of the experimental

setup14,15. Voltage is applied across a single a-HL

channel inserted in an B20-mm-diameter bilayer

(trans side positive). Current through the open

pore is carried by K+ and Cl– ions (1 M bulk

concentration). (b) I0 is the open channel current

in the absence of DNA. Capture of ssDNA or

enzyme-bound ssDNA results in partial blockade of

the current. We denote the average current level

and the translocation dwell time during each

individual blockade as I and tD, respectively.

(c) Dwell time versus normalized event amplitude

for ssDNA alone (top) and for equimolar ssDNA

and ExoI (bottom). Each point represents the

event amplitude (I/I0) and its dwell time, at

180 mV applied potential. In the bottom panel, the cluster on the left with the tight dwell-time distribution represents free oligonucleotide translocations,

and the population on the right, with the broader time distribution, represents translocations that occur after capture of ssDNA-ExoI complexes.
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analysis of biologically relevant interactions between nucleic acids
and proteins.
We illustrate this approach using the interaction of ssDNA with

Exonuclease I (ExoI; see Supplementary Methods online). Each
translocation of DNA through the a-HL channel is characterized by
two parameters: (i) the averaged normalized blocked current, IB ¼
I/I0, where I is the measured blockade conductance and I0 is the
open-pore current, and (ii) tD, the translocation dwell time. We
plotted IB versus tD values for nearly 2,000 translocation events at
180 mV potential for a ssDNA 64-mer (SS1) in the absence of ExoI
(Fig. 1c). We observed a well-defined distribution, with a current
peak at 16% of the open-pore current (IB ¼ 0.16) and a character-
istic (most probable) translocation time, tp of 66 ± 10 ms. Upon
addition of ExoI (without Mg2+), an additional broadly distributed
population of events appeared with IB ¼B0.22 and tp ¼ 380 ± 50
ms (Fig. 1c). Backward escape of ssDNA molecules into the cis
compartment would result in very long dwell times (B102 s)4,5 and
therefore cannot explain this observation. Thus the new population

of translocation events was due to capture
and retention of the ssDNA-ExoI complex
until it dissociated in the nanopore. The
relative number of ssDNA translocations in
the presence or absence of ExoI can be used
to solve for the equilibrium dissociation
constant of the ssDNA-ExoI binding reac-
tion (Supplementary Note online) giving
an equilibrium dissociation constant (KD)
of 4.8 � 10–7 ± 1.7 � 10–7 M.
The 3¢-exonucleolytic activity of ExoI is

dependent uponMg2+ ions, which form the
enzyme’s catalytic site when coordinated by
essential carboxylate residues6. Bulk assays
based on fluorescently labeled ssDNA
(Supplementary Fig. 1 online) showed
that Mg2+-dependent catalytic activity was
fully retained under conditions used for the
nanopore experiments. Nanopore experi-

ments accurately reported this catalytic activity as an abrupt
decrease in translocation-event frequency after addition of 5 mM
Mg2+ to SS1-ExoI complexes (Fig. 2a). In contrast, event frequency
for a 3¢-phosphorylated DNA oligomer (SS3P) remained stable
after Mg2+ addition (Fig. 2a), consistent with previous biochemical
studies showing that this modification inhibits hydrolysis by ExoI
(ref. 7). Moreover, the addition of Mg2+ to SS3P-ExoI complexes
revealed a new subpopulation of translocation events (Fig. 2b),
characterized by a longer dwell time (tp ¼ B10 ms), indicative of
tighter DNA-ExoI binding.
We probed the dissociation kinetics of the ssDNA-ExoI com-

plexes under time-varying force using NFS. Similar to conventional
dynamic force spectroscopy, NFS reveals information about energy
barriers affecting molecular dissociation. This technique recently
has been used to measure the unzipping kinetics of DNA hair-
pins4,8. It resembles constant voltage nanopore unzipping of duplex
DNA4,9, but NFS automatically ramps the applied voltage upon
capture of a molecule. When bonds are ruptured under steady
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Figure 2 | Monitoring ExoI digestion of DNA using a nanopore. (a) The DNA capture rate in the nanopore

as a function of time. After addition of 5 mM Mg2+ (arrow), the event rate sharply declines for SS1 (3’-OH

end). In contrast, the event rate is maintained for SS3P (3’-phosphorylated end). (b) Translocation-time

distributions for complexes of SS3P-ExoI in the presence and absence of 5 mM Mg2+. Lines represent

binomial smoothing of the data.

200

100

0
1050

200

100

0

I (
pA

)

1050
Time (ms)

*
*

20

10

0

N
um

be
r 

of
 e

ve
nt

s

200150100500
VU (mV)

150

100

50

1 10 100 
Loading rate (V/s)

V
 (

m
V

)

V
c 

(m
V

)

SS1-ExoI complex
SS3P-ExoI complex

a b c

Figure 3 | NFS of DNA-protein complexes. (a) Current and voltage profiles during two typical events in a nanopore voltage-ramp force spectroscopy experiment.

Plotted are the time-dependent voltage applied to each individual complex (top), and the measured pore current (bottom). Dissociation of the complexes results

in an abrupt rise of the current (asterisks) to the open-pore level. Dashed lines are shown to indicate the voltage where dissociation occurred for each of the two

events (VU). (b) A typical distribution of dissociation voltage, measured at a loading rate of 30 V/s. (c) Plots of log loading rate versus VC for SS3P-ExoI and

SS1-ExoI complexes. The VC for each loading rate was determined to be the maximum of the histogram of at least 500 dissociation events, such as those shown

in Figure 3b. Error bars represent the width of the bins in each histogram.
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ramps of force, the rupture force depends on the loading rate,
.n

(force/time or voltage/time)1. We analyzed the dependence of the
most probable rupture voltage, Vc, on

.n for ssDNA-ExoI complexes
by measuring the distributions of rupture voltages over a wide
range of

.n values. For each loading rate value, .n, we collected at least
500 unbinding events (Fig. 3a). The voltage level at which complex
dissociation occurs (VU) was marked by an abrupt rise in the
current. A typical distribution of VU values at

.n ¼ 30 V/s (Fig. 3b)
displays a clear peak defined as VC (and is fitted by equation 4 in
Supplementary Note).
We repeated these measurements for

.n values ranging from
1.6 V/s to 53.3 V/s, obtaining the voltage-induced dissociation dis-
tributions in each case. When VC was plotted as a function of log

.n
(Fig. 3c) we observed two regimes for both the SS1-ExoI complex
and the SS3P-ExoI complex. At high ramp values (

.n 4 8 V/s), VC

scaled with log
.n, but at lower ramp values (

.no 8 V/s) the curve
reached a plateau at a voltage ofB60 mV. The logarithmic scaling
of the critical force (voltage) with the loading rate has previously
been observed for other bimolecular systems using conventional
force spectroscopy1 and for DNA hairpins using NFS4,8. Applica-
tion of time varying force (or voltage) gradually lowers energy
barriers and thus destabilizes the captured complex1,10–12.
A model developed independently of these experiments predicts

the two regimes if rebinding is allowed (Supplementary Note
online). That is, it predicts a logarithmic scaling at high

.n,

VC ¼ kBT

qy
log

.nqy
kdkBT

� �

and a region where the critical voltage is independent of
.n at very

low loading rates,

VC ¼ kBT=q logðK �1
D Þ:

In these equations kBT is the thermal energy, q is a constant in
units of charge, y is a dimensionless constant describing the shape
of the barrier, kd is the bulk off-rate constant, and KD is the
equilibrium dissociation constant.
This model not only predicts the two regimes we observed

(Fig. 3c), but it can be used to calculate the kinetic binding
constants of the ssDNA-ExoI interaction. When we substituted
the measured value of KD, the value of VC at the plateau regime
and the slope of the logarithmic regime into the two equations
above, they together gave kd ¼ 37 ± 6 s–1, y ¼ 0.10 ± 0.02 and
q ¼ (6.1 ± 1.1)e. Once kd has been determined, the measured
value of KD can be used to calculate the association rate constant,
ka ¼ kd/KD ¼ (1.0 ± 0.3) � 108 s–1M–1.
The association rate constant ka obtained from our data is

approximately equal to the theoretical diffusion limit of the protein,

and is consistent with previous studies that suggest a lower limit for
ka on the order of 10

7 s–1M–1 for DNA-ExoI interaction13. Thus the
two-regime curve for VC versus log

.n obtained by NFS, along with
KD (also measured using the nanopore) revealed details of ExoI-
DNA binding kinetics that would be otherwise difficult to detect,
demonstrating the power of this method for the analysis of nucleic
acid-protein interactions.

Note: Supplementary information is available on the Nature Methods website.
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