
folded molecules decreases, there is a corre-
sponding increase in the number of folded
molecules (Fig. 2A), and eventually the dis-
tribution converges to its equilibrium form at
the final concentration of denaturant. The
positions of the peaks, however, remain con-
stant, indicating that the average end-to-end
distances of the molecules in the subpopula-
tions do not change significantly during the
course of the reaction. This is the behavior
expected for a two-state system, as inferred
for this protein from ensemble methods (13,
14). The fidelity of the technique for measur-
ing accurate kinetics is demonstrated in Fig.
2B, which shows that nearly identical folding
rates are obtained from single-molecule data
and ensemble stopped-flow measurements.

Whereas the peak positions are constant
during the folding reaction, the mean FRET
efficiency of unfolded molecules is shifted
from 0.51 in the presence of 4 M guanidinium
chloride (GdmCl) to 0.64 after mixing is
complete and solution conditions are condu-
cive to folding (Fig. 2A). The lower denatur-
ant concentration after dilution results in
more compact unfolded molecules, which ex-
hibit higher FRET efficiency. For a Gaussian
chain (16), this shift would correspond to a
decrease in the radius of gyration of about
20% (9), which implies a halving of occupied
volume. This reconfiguration is obviously
complete by the time of the first observation
at about 100 ms, consistent with ensemble
measurements on other proteins that show
collapse of unfolded molecules to be a sub-
millisecond process (17–21). It is noteworthy
that qualitatively different signal changes re-
sult from collapse and folding. Collapse of
the unfolded state causes a shift of the corre-
sponding peak to higher efficiency, whereas
folding increases the folded state population
(represented by peak height) and depopulates
the unfolded state. This permits separate ob-
servations of the two processes. In an ensem-
ble FRET experiment, both collapse and fold-
ing would result in an overall increase of the
transfer efficiency, and the respective contri-
butions could be identified only indirectly by
kinetic modeling.

The power of single-molecule measure-
ments is in the ability to resolve and analyze
the properties of subpopulations. The kinetic
experiment presented here extends the scope
of the technique so that such subpopulations
can be studied under conditions far from
equilibrium, where they exist only briefly.
Experiments in the absence of flow have
shown that unfolded Csp must reconfigure
quickly relative to the observation time of
about 1 ms (9), in that no broadening of the
measured energy transfer distributions was
observed beyond that seen for rigid polypro-
line peptides. These equilibrium measure-
ments were limited to solution conditions that
resulted in sufficiently high concentrations of

unfolded molecules. By transiently populat-
ing the denatured state with the microfluidic
mixer, we can now extend the observations to
denaturant concentrations that strongly favor
the native structure and are therefore closer to
physiologically relevant conditions. The
present results (Fig. 3) show that the unfolded
peak width is constant to GdmCl concentra-
tions as low as 0.5 M, indicating that, even
though there is significant compaction of the
unfolded state between 6.0 M and 0.5 M
GdmCl, there is no increase in the reconfigu-
ration time beyond the previously calculated
limit of 0.2 ms (22).
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Single-Molecule Kinetics of �
Exonuclease Reveal Base Dependence

and Dynamic Disorder
Antoine M. van Oijen,1 Paul C. Blainey,1 Donald J. Crampton,2

Charles C. Richardson,2 Tom Ellenberger,2 X. Sunney Xie1*

We used a multiplexed approach based on flow-stretched DNA to monitor the
enzymatic digestion of �-phage DNA by individual bacteriophage � exonuclease
molecules. Statistical analyses of multiple single-molecule trajectories ob-
served simultaneously reveal that the catalytic rate is dependent on the local
base content of the substrate DNA. By relating single-molecule kinetics to the
free energies of hydrogen bonding and base stacking, we establish that the
melting of a base from the DNA is the rate-limiting step in the catalytic cycle.
The catalytic rate also exhibits large fluctuations independent of the sequence,
which we attribute to conformational changes of the enzyme-DNA complex.

Recent advances in single-molecule enzymat-
ic assays have profoundly changed how bio-
chemical reactions are studied (1–7). With
the removal of ensemble averaging, distribu-

tions and fluctuations of molecular properties
can be characterized, transient intermediates
identified, and catalytic mechanisms eluci-
dated. Here, we report a simple and multi-
plexed single-molecule assay for studying
the mechanisms and dynamics of nucleic
acid enzymes.

Individual DNA molecules are attached
at one end to a glass surface by a biotin-
streptavidin linkage and at the opposite
end to polystyrene beads by a digoxigenin-
antidigoxigenin linkage (8). When a laminar
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flow is applied above the surface (Fig. 1A),
the DNA molecules are stretched by a force
of 0.1 to 10 pN, proportional to the flow rate
and the diameter of the polymer bead. The
flow’s parabolic velocity profile, with a zero
flow rate at the surface, maintains the beads
just above the surface. The glass surface is
coated with poly(ethylene glycol) to mini-
mize interactions with the beads and en-
zymes. The lengths of individual DNA mol-
ecules can be determined by tracking the
positions of the beads with a charge-coupled
device camera (1-nm precision of centroid
positions). The Brownian motion of the bead
in the transverse direction, perpendicular to
the flow and parallel to the surface, conve-
niently serves as a calibration for the stretch-
ing force, F. According to the equipartition
theorem, the bead’s mean-square displace-
ment ��x2� in this transverse direction is re-

lated to F by ��x2� � kBTl/F, where kB is the
Boltzmann constant, T is the temperature, and
l is the length of the DNA (9).

We performed experiments on �-phage
DNA consisting of 48,502 base pairs with a
B-form contour length of 16.2 �m. Figure 1B
shows the force-extension curves of a single-
stranded DNA (ssDNA) and a double-
stranded DNA (dsDNA) attached to a 2.0-�m
bead measured for the accessible range of
flow rates (0 to 15 ml/hour). The data are
consistent with previous reports (10) and the
wormlike chain model (11) (Fig. 1B, solid
line). The maximum attainable accuracy in
the length measurement is determined by the
amplitude of the Brownian motion of the
bead in the direction along the DNA, charac-
terized by a mean-square displacement of
��z2� � kBT/(�F/�z) (12). At a typical force
of 2 pN, �F/�z for both dsDNA and ssDNA
(Fig. 1B) gives ��z2�1/2 � 10 nm. Instabil-
ities in the flow and mechanical drift cause
the accuracy to be 	20 nm on the time
scale of seconds and 	100 nm on the time
scale of hours.

The coiling of ssDNA makes it shorter
than dsDNA at low stretching forces (
6
pN). Consequently, a conversion between
dsDNA and ssDNA can be monitored by the
variation of the DNA length at a constant
stretching force (13) (Fig. 1B, arrow). The
number of nucleotides that are converted can
be obtained from the difference in the length
between ssDNA and dsDNA. The maximum

force accessible with our method is less than
that for optical tweezing (13) or magnetic
trapping techniques (9), but the simultaneous
wide-field (200 by 200 �m2) observation of
many DNA molecules substantially improves
the data throughput and statistics.

We used this multiplexed single-molecule
method to study the enzymatic activity of �
exonuclease, a 24-kD enzyme required for
recombination in bacteriophage � that de-
grades each strand of duplex DNA in the 5� to
3� direction. The enzyme catalyzes the hydrol-
ysis of phosphodiester bonds in a highly pro-
cessive manner (14). The movement of �
exonuclease along the DNA is driven by the
free energy release of hydrolysis and requires
no cofactor other than magnesium. The x-ray
crystal structure of � exonuclease revealed a
toroidal homotrimer (14) that presumably en-
circles the DNA substrate (Fig. 2A). Because
� exonuclease initiates digestion at a 5� ter-
minus, our DNA substrate was designed so
that only one such terminus is available to the
enzyme (8), thereby preventing more than
one enzyme molecule from acting simulta-
neously on a particular DNA.

While the sample cell was infused with
a buffer containing 500 nM � exonuclease,
a subpopulation of the DNA decreased in
length, indicating the enzymatic conversion
of dsDNA to ssDNA. We examined about
500 DNA molecules, of which 44 were
partially or completely digested. This low
fraction is explained by the fact that the

Fig. 2. (A) Model of
the � exonuclease–
DNA complex, based
on crystallographic
data [image from
(14)]. (B) Two diges-
tion traces showing
complete enzymatic
conversion of �-phage
dsDNA into ssDNA.
The inaccuracy in re-
porting the enzyme’s
position on the tem-
plate (	400 nt) due
to mechanical insta-
bilities is indicated
by the error bars. The
black traces cor-
respond to simulta-
neously monitored
beads tethered to
�-phage ssDNA (top)
and dsDNA (bottom).
(C) Time derivatives
of the two traces
from (B) as a function
of template position,
smoothed over 500
nt. The error bar indi-
cates the error in de-
termining the digestion rate (18 nt/s for the blue trace; 9 nt/s for the red trace). (D) Histograms
of the digestion rates corresponding to the traces shown in (C). The black curve depicts the
experimental uncertainty obtained from the distribution of rates in the ssDNA and dsDNA control
traces in (B).

Fig. 1. (A) Schematic representation of the
experimental arrangement (not drawn to
scale). The flow cell is formed by carving a
narrow channel out of a 100-�m-thick spacer
and sandwiching it between a microscope cover
slip and glass slide. (B) Extension of �-phage
ssDNA (open circles) and dsDNA (filled circles)
as a function of the flow rate, each linked to a
2-�m bead. The right vertical axis displays the
corresponding stretching force, based on F �
kBTl/��x

2�. The gray vertical line at 16.2 �m
represents the crystallographic length of
B-form �-phage dsDNA. The dsDNA data are
fitted with the wormlike chain model, with a
persistence length of 53 nm (11). The length
shortening of the DNA caused by the enzymat-
ic conversion from dsDNA to ssDNA at the
force used in the experiments (2 pN) is illus-
trated by the horizontal arrow.
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enzyme is a stable trimer that must open to
load onto our DNA substrate, which lacks a
free 3� end.

Once the digestion of DNA molecules
began, we flushed the chamber with a buffer
lacking � exonuclease. Continued shortening
in cases where digestion had started proved
that single enzyme molecules are responsible
for the processive digestion of DNA. The
average processivity of � exonuclease (the
number of base pairs converted to ssDNA
before dissociation of the enzyme) during the
44 observed digestion reactions was
18,000 � 8000 base pairs. The spatial distri-
bution of dissociation events along the
�-phage DNA is discussed in the supporting
online material text. The average rate of di-
gestion was 32 nucleotides per second (nt/s)
among all digestion trajectories, compared
with rates of 18 nt/s (15) and 	1000 nt/s (16)
previously measured with low-resolution sin-
gle-molecule techniques. Ensemble assays
gave a rate of 	12 nt/s (17). Underestimation
of the digestion rate from ensemble assays is
not surprising, because the measurement is
complicated by the broadly distributed en-

zyme processivities, slow binding of the �
exonuclease with the DNA, and uncertainties
about the number of enzyme molecules
bound to each DNA. These complications are
eliminated in single-molecule experiments.

Of the 44 observed digestions, 4 went to
completion, with all 48,502 bases of one
strand hydrolyzed. Figure 2B shows two of
these trajectories, with the digestion rates
as a function of template position depicted
in Fig. 2C. The digestion rate exhibits large
fluctuations during the processive degrada-
tion of dsDNA. The distributions of rates
during these two full digestions of the DNA
are shown in Fig. 2D. DNA molecules that
were not being digested were simultaneous-
ly monitored as a control to rule out per-
turbations in the experimental conditions,
such as variation in flow rate or mechanical
instability, as a cause for the observed fluc-
tuations (Fig. 2B, black traces for both
ssDNA and dsDNA). The fluctuations are
not reproducible from trace to trace, with a
low Pearson’s correlation coefficient r of
0.15 � 0.05 for any two trajectories (18).
Because r is not distributed symmetrically

about zero, a weak correlation must be
present. One obvious source of such a cor-
relation is the variation in the DNA se-
quence encountered by the enzyme.

Despite extensive studies (14, 17, 19), the
catalytic mechanism of � exonuclease is not
well understood. The enzymatic cycle consists
of hydrolytic cleavage of a phosphodiester
bond in DNA, translocation along the DNA,
and melting of the 5� terminal base from neigh-
boring bases (Fig. 3A). However, the order of
these events is not known. Hydrolysis of the
phosphodiester bond is thermodynamically fa-
vorable, with a free-energy change of –5.3 kcal/
mol in the absence of enzyme (20), which is
expected to be largely independent of the iden-
tity of the nucleotides. In contrast, melting of
the 5�-terminal base is expected to be sequence-
dependent, with the Gibbs free-energy change
�G°melt having two sequence-dependent con-
tributions. The first is the hydrogen-bonding
free energy of a Watson-Crick base pair, which
is different for an AT pair (two hydrogen
bonds) than for a CG pair (three hydrogen
bonds). The second contribution is the free
energy of the base-stacking interaction between
the 5�-terminal base and its neighboring base in
the same strand, which depends on the identity
of both bases.

Figure 3B shows the free energies of base
stacking (upper trace), hydrogen bonding
(center trace), and the sum of the two (lower
trace) along the known sequence of � DNA
(GenBank code NC_001416) (21, 22). All
curves are smoothed over 500 nt, roughly
corresponding to the experimental resolution.
The natural variation in the base content of
�-phage DNA gives rise to a distinct modu-
lation of the average thermodynamic proper-
ties on experimentally accessible length
scales. Even though the presence of enzyme
might alter the free energies, it is reasonable
to assume that their relative variation along
the DNA remains the same.

The sequence dependence of the digestion
rate suggests that melting of the base is the
rate-limiting step in the catalytic cycle. This
notion can be validated by calculating the vari-
ation of the digestion rate �k(n) at template
position n based on the variation in �G°melt(n)
and comparing it with the observed rate. Con-
sidering that the variation of the activation
barrier is proportional to the variation of
�G°melt(n), ��G°melt(n), with a proportionality
constant , the Brønsted value (23), the varia-
tions in �k(n) are given by �k(n)/k(n) � (–1/
kBT)��G°melt(n) [derived in (8)].

Figure 3C shows the average of the rate
traces of the four full-length trajectories
(black). The data are smoothed over 500 nt,
which averages out the stochastic fluctua-
tions of the digestion times for individual
bases. The overlaid trace (green,  � 1.2)
is the calculated rate fluctuation based on
�G°melt(n) (Fig. 3B, lower trace). The ex-

Fig. 3. (A) DNA structure perti-
nent to the products of enzy-
matic hydrolysis of a phosphodi-
ester bond. Hydrogen-bonding
and base-stacking interactions
involved in the melting of the
terminal guanine are indicated.
The gray arrow indicates the 5�
to 3� direction of enzymatic di-
gestion. The small blue arrows
indicate the movement of the
scissile and its 3� neighboring
phosphate groups before hydro-
lysis. Nucleophilic attack of the
scissile phosphate by the hy-
droxide anion is depicted by the
red arrows. (B) Free energy
�G °melt(n) for base melting
(bottom trace) along the
�-phage DNA, which is the sum
of the hydrogen-bonding (cen-
ter) and base-stacking compo-
nents (top). (C) Average of ex-
perimentally observed rate �k/k
along the DNA of four full-length
trajectories (black), overlaid with
the calculated rate changes
(green). All traces in (B) and (C)
are smoothed over 500 bases.
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perimental and calculated traces are closely
correlated with a Pearson’s correlation co-
efficient r � 0.72. Lower r values are
obtained when either the hydrogen-bonding
or the stacking contribution alone is used to
calculate �k(n), indicating that both contri-
butions are necessary to account for the
observed fluctuations.

The structural similarity of the active-site
regions of � exonuclease and members of the
Eco RV family of restriction endonucleases
[in particular Eco RV and Pvu II (24)] and
the common requirement of Mg2� suggest
that these proteins share a common catalytic
mechanism. Catalysis of this class of restric-
tion endonucleases is substrate-assisted in the
sense that an oxygen of the phosphate to the
3� side of the scissile phosphate deprotonates
a water molecule, creating the hydroxide an-
ion that attacks the scissile phosphate (Fig.
3A, red arrows). A motion of the scissile and
the 3� neighboring phosphates toward each
other is required for hydroxide generation
(Fig. 3A, blue arrows) (25). Molecular
dynamics simulations on the active site of

Pvu II have shown that this decrease in
phosphorous-phosphorous distance is accom-
panied by a large local distortion of the DNA
structure (25), possibly coinciding with the
disruption of Watson-Crick hydrogen bonds
and base stacking. Although we could not
experimentally resolve whether the rate-
limiting base-melting step occurs before or
after hydrolysis, these structural consider-
ations allowed us to conclude that it occurs
before hydrolysis. The presence of a melting
step before hydrolysis has also been implicat-
ed for a different exonuclease (26). Trans-
location of the enzyme to the next nucleotide
is expected to follow and be driven by
the hydrolysis.

Each of the four individual rate traces cor-
relates only weakly with the calculated rate
trace (average r � 0.34 � 0.1), indicating that
uncorrelated fluctuations mask the sequence-
dependent variation. We can distinguish the
sequence-independent fluctuations �k* in the
enzymatic rate from the sequence-dependent
modulations by subtracting the averaged rate
trace (Fig. 3C, black trace) from the individual
single-molecule traces (Fig. 2C). The sequence-
independent fluctuations are analyzed by calcu-
lating the autocorrelation function of �k*,
C(�) � ��k*(0)�k*(�)� � ��k*�2, where the
data are evaluated as a function of time instead
of nucleotide position (Fig. 4A, black trace).
The time scale of the decay directly indi-
cates the time scale of fluctuations in the
enzymatic rate.

A better fit of the measured C(�) with a
stretched-exponential decay (Fig. 4A, blue
trace, normalized �2 � 0.76) than with a
single-exponential decay (Fig. 4A, red trace,
normalized �2 � 2.29) suggests the presence
of multiple time scales in the rate fluctua-
tions. Previous single-molecule studies have
already shown that a single enzyme molecule
exhibits dynamic disorder (4)—large fluctu-
ations in catalytic rate at a time scale compa-
rable to or longer than the enzymatic cycle—
associated with many long-lived conformers
undergoing interconversion over a broad
range of time scales (27, 28). The existence
of dynamic disorder in our system associated
with conformational changes of the enzyme-
DNA complex is also supported by the
broad distribution of digestion rates at the
beginning of the 44 digestion traces (Fig.
4B). Static heterogeneity among individual
enzyme molecules has been seen previous-
ly with time-resolved single-molecule ex-
periments (29, 30). Our time-resolved ex-
periment shows that the initial distribution
(Fig. 4B) has a width comparable to the
distribution of rates for a single enzyme
(Fig. 2D), indicating the existence of slow-
ly interconverting conformers.

The multiplexed nature of our new assay
and the natural variation of nucleotide compo-
sition in � DNA allowed us to uncover the

sequence dependence of the rate of DNA diges-
tion by � exonuclease from the more pro-
nounced effect of dynamic disorder. This led to
the identification of terminal-base melting as
the rate-limiting step in the enzymatic cycle
of � exonuclease and the description of an
enzyme as a dynamic entity without a con-
stant catalytic rate, illustrating how single-
molecule assays can provide new insights
into the catalytic mechanisms of enzymes.
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Fig. 4. (A) Autocorrelation function of
sequence-independent rate fluctuations, calcu-
lated from a rate trace of an individual � exo-
nuclease enzyme digesting �-phage DNA
(black). The red trace represents a single-expo-
nential fit with a decay time of 350 � 13 s. The
blue trace corresponds to a stretched exponen-
tial fit C(�) � exp[(�/�0)

], with �0 � 145 � 20 s
and  � 0.5 � 0.1. The autocorrelation func-
tions of traces corresponding to both ssDNA
and dsDNA in the absence of digestion are
calculated (gray traces), excluding variations in
the experimental conditions as a cause for the
fluctuations. (B) Histogram of the average di-
gestion rates of the first 5000 nt for 44 �
exonuclease molecules.
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