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Abstract

We demonstrate the feasibility of a single-molecule microfluidic approach to both sequence
detection and obtaining kinetic information for restriction endonucleases on dsDNA. In this
method, a microfluidic stagnation point flow is designed to trap, hold, and linearize double-
stranded (ds) genomic DNA to which a restriction endonuclease has been pre-bound sequence-
specifically. By introducing the cofactor magnesium, we determine the binding location of the
enzyme by the cleavage process of dsDNA as in optical restriction mapping, however here the
DNA need not be immobilized on a surface. We note that no special labeling of the enzyme is
required, which makes it simpler than our previous scheme using stagnation point flows for
sequence detection. Our accuracy in determining the location of the recognition site is comparable
to or better than other single molecule techniques due to the fidelity with which we can control the
linearization of the DNA molecules. In addition, since the cleavage process can be followed in real
time, information about the cleavage kinetics, and subtle differences in binding and cleavage
frequencies among the recognition sites, may also be obtained. Data for the five recognition sites
for the type Il restriction endonuclease EcoRI on A-DNA are presented as a model system. While
the roles of the varying fluid velocity and tension along the chain backbone on the measured
kinetics remain to be determined, we believe this new method holds promise for a broad range of
studies of DNA-protein interactions, including the kinetics of other DNA cleavage processes, the
dissociation of a restriction enzyme from the cleaved substrate, and other macromolecular
cleavage processes.

Introduction

Restriction enzymes are routinely used for DNA modification and manipulation due to their
ability to cut or cleave DNA at specific nucleotide sequences known as restriction or
recognition sites. They are widely used in molecular biology, recombinant DNA
technology, 1 gene mapping techniques?19 and DNA sequencing.1l 12 In optical restriction
mapping, -7 for example, genomic length dsDNA is stretched and immobilized on a
substrate, digested with a restriction enzyme, stained with a fluorescent dye, and the
positions at which the enzyme has cut the DNA are used to identify the locations of the
restriction sites. Hence, understanding enzyme function, specificity, and kinetics is
technologically important for their extensive application. However, some basic questions,
such as how to easily determine cleavage mechanisms and kinetics for multiple recognition
sites simultaneously, remain challenging due to the limitations of existing approaches.13-24
The type Il restriction endonuclease EcoRI has been extensively studied;13-20: 22 jn the
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absence of the cofactor Mg?* it binds to its target sequence with high affinity and specificity
but does not cleave the DNA substrate. We use it here with wild-type bacteriophage A DNA
(which contains five EcoRlI restriction sites) as a model system to demonstrate our single-
molecule, microfluidic method of determining target sequence location and studying its
kinetics.

Traditional bulk studies of EcoRI cleavage at its recognition sites have revealed that the
cleavage rate varies from site to site on A-DNA, possibly due to effects of flanking
sequences. 13-15.17, 25,26 For some substrates and reaction conditions, bulk studies report
the reaction mechanism is altered, 16: 26. 27 complicating the interpretation and comparison
of bulk studies on different substrates. In addition, some bulk assays use mutant or short
DNA substrates on which there are only one or two recognition sites, 14 making comparison
with data obtained for wildtype DNA containing multiple recognitions sites ambiguous.

Single molecule studies offer a spectrum of advantages over bulk measurements, including
the direct measurement of the distribution of properties rather than the single, ensemble-
average value of a property, and the ability to follow complex, multi-step processes in real-
time without the need to synchronize the initial conditions for many molecules. Single
molecule approaches to studying the interactions of DNA and enzymes have revealed a host
of new insights into properties and function that are obscured by ensemble methods.28-32
However, the vast majority of single molecule studies involve immaobilization of either the
enzyme or the DNA substrate, typically on a glass slide, in a gel, or on a porous support.3!
This immobilization results in modification of the species conformation and may create
steric obstacles to interactions of the enzyme with the DNA and/or additional diffusional
limitations to these interactions. Typically, a process that includes immaobilization also
precludes the recovery of the species for downstream processing or analysis.

Here we use recent advances in trapping and controlling the conformation of large DNA
molecules in microfluidic stagnation point flows to a) determine the locations of target
sequences on genomic-length DNA without specially modified probes or surface
immobilization and b) to study enzyme kinetics by recognition site. Stagnation point flows
have a point of zero velocity at which a DNA molecule may be trapped and held using flow
forces without tethering the DNA to a surface or otherwise modifying it; flow forces may
then be used to linearize or alter the conformation of the DNA while holding it at a fixed
point.33: 34, 35-37 The steady-state extension of the DNA can be easily controlled through the
flow strength, and near complete extension of the DNA molecules has been achieved.33: 34
We have recently demonstrated the use of such a flow to detect target sequences on A-DNA
using specially designed and synthesized probes based on a biotinylated mutant of the
restriction enzyme EcoRI attached to Neutravidin-coated fluorescent nanospheres.2! In the
present work, we extend this research by demonstrating sequence detection using
unmodified, wildtype EcoRI. The target sequence location is determined by introducing the
dsDNA with the enzyme pre-bound (as a DNA-enzyme complex), linearizing the DNA-
enzyme complex at the stagnation point, and then introducing the cofactor Mg2* which is
required for cleavage of the dsSDNA. By observing the cleavage location, the position of the
target sequence is determined as in optical restriction mapping, but without surface
immobilization or the development of special probes. As in our previous work, we note that
this approach allows the detection of widely spaced target sequences across genomic lengths
of DNA while preserving information about order. Furthermore, by following the cleavage
process in real time at the single-molecule level and by restriction site, we may extract
information about cleavage kinetics by site. Ultimately, one may be able to extract subtle
differences in binding and cleavage frequencies among multiple recognition sites on a single
DNA substrate. This single molecule microfluidic method is suitable for a broad range of
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studies, including the kinetics of other DNA or macromolecular cleavage processes, and,
with a slight modification, the dissociation of enzyme from the cleaved DNA substrate.

Materials and Methods

DNA-Enzyme complex preparation

The DNA-Enzyme (DE) complex was prepared outside of the microfluidic device for
single-molecule studies as described below. The type Il restriction endonuclease EcoRI has
been extensively studied,13-20: 22 and here we use commercially available EcoRI as a model
system with wild-type bacteriophage A DNA. EcoRlI is a symmetric dimer of two protein
subunits?- 38 that binds with extremely high specificity to its recognition site 5'-
GAATTC-3". This sequence appears five times in A-DNA at 21.226 kb (or 43.7% of the total
length from the left end of the DNA, site 1), 26.105 kb (or 53.8%, site 2), 31.747 kb (or
65.5%, site 3), 39.169 kb (or 80.8%, site 4), and 44.973 kb (or 92.7%, site 5). In the absence
of the cofactor Mg?*, EcoRI binds sequence-specifically to its target site but cannot cleave
the substrate. After the binding of the cofactor Mg2* (each EcoRI dimer requires two
magnesium ions, see Supporting Information Fig. S1), EcoRI will catalyze the cleavage or
hydrolysis of dsSDNA at each recognition site. 39

First 8 nM wild-type EcoRI (New England Biolabs) and 0.3 nM A DNA (New England
Biolabs) in binding buffer (20 mM sodium phosphate, 100 mM NaCl and 1 M triethylene
glycol (TEG), 100pg/mL bovine serum albumin, pH7.3) were incubated in 50 pL reactions
at 4 °C for 1 h. For visualization, the DE complexes were fluorescently stained with the
intercalating dye YOYO-1; DNA cleavage has been found via bulk experiments to be
insensitive to the addition of YOYO-1.40 The above DE complexes were stained by adding
3.6pL of 50 uM YOYO-1 (Invitrogen) and incubating in the dark overnight at room
temperature, yielding a staining ratio of 4:1 (bp: YOYO-1). 22

Before single-molecule experiments, the above stained DE complex was diluted to 1.0 pM
DNA using Ho0 (350uL), TEG (150uL), visualization buffer (500uL, 10mM sodium
phosphate, 10 mM NaCl, and 1 M TEG, pH 7.3) and viscosified visualization buffer (1mL,
10mM sodium phosphate, 10 mM NaCl, and 25% PEG-8000, pH 7.3). Thirty minutes
before starting single molecule experiments, 2uL of 1000x glucose oxidase, 2uL. 1000x
catalase and 20uL. BME were added to the above solution to reduce DNA photocleavage.

Microfluidic stagnation point flow experiments

As in our earlier study,?! the microfluidic stagnation point flow was generated in a cross slot
device, consisting of two perpendicular, intersecting channels with two inlets and two
outlets. When flow is directed at equal flow rates into the opposing inlets, fluid exits at 90°
through the outlets, and a planar extensional flow with a stagnation point centered at the
channel intersection is generated. At the stagnation point, a single DE complex may be
trapped and held. The DE complex experiences compression along the inflow axis and
extension along the outflow axis which linearizes the molecule; the steady-state extension of
the DE complex is controlled by the flow rate (see below).

As shown in Figure 1A, the DE complex solution was directed, via a syringe pump (Harvard
PHD2000), into one of the two inlet channels (channel a), the cofactor Mg2* solution, which
consists of exactly the same buffer as the DNA solution without DNA or enzyme but with
Mg?2*, was flowed into the opposing inlet channel (channel b) using the same syringe pump
and same flow rates. Movies visualizing the DNA were captured by using a 100x, 1.4-NA
oil-immersion objective on a fluorescence microscope (Leica) and a monochrome, image-
intensified, cooled CCD camera (Photometrics 512b) and SimplePCI software. Images were
captured at 10 frames per second; i.e., the interval between images was 100 ms. Movies
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were analyzed with ImageJ software to get information about the waiting time for a cleavage
event and the location for the first cleavage on each DNA-enzyme complex. Cleavage
position is measured on a single frame by taking a 1D-projection of the molecule’s length
along the extensional axis and generating an intensity profile using Image J. Fractional
cleavage location is determined by normalizing the position of the intensity maximum by the
total measured length of the extended DNA molecule. Fractional location is converted to
DNA position by multiplying by 48.502 kb, the total length of A-DNA. Due to the optical
indistinguishability of the two DNA ends in this protocol, fractional locations are assigned
to yield the best match to expected target locations of EcoRI on A-DNA.21: 22 This procedure
is consistent with that used by others.”2

As for the Mg2* concentration range we used, it was found by Pingoud et al.,*! for
restriction endonuclease EcoRl, the optimal Mg2* concentration is 2.5 mM. If [Mg?*] is
higher than 2.5 mM, more than two magnesium ions will bind with an EcoRI dimer. The
excess binding of Mg2* will inhibit the enzyme activity. On the other hand, if the [Mg2*] is
too low, the longer waiting times for the first cleavage event makes it difficult to rule out
photo-cleavage from the enzyme-catalyzed cleavage process. Based on these considerations,
we varied the [Mg2*] from 0.25 mM to 2.0 mM.

Microfluidic cross slots with channel widths of 800 um and inlet lengths of 3 mm were
prepared using standard soft lithography techniques. 21 22 Device masters were fabricated to
a 130-pm depth using SU-8 2100 resist (MicroChem). PDMS (Sylgard 184, Dow Corning)
molds were cast from the master, and inlets and outlets were created using a 16-gauge blunt-
tipped needle. Molds were sealed to glass coverslips after treatment with oxygen plasma.
Microbore tubing (Tygon, 0.02”ID) was seated directly into the inlet and outlet holes,
providing a water-tight seal. Prior to each experiment, tubing and interior surfaces of the
sealed microfluidic device were treated for 10 min at room temperature with isopropy!l
alcohol and subsequently rinsed with ultrapure (18 MQ) water. This reduced the incidence
of trapped air bubbles during channel loading. Next, the tubing and device were incubated
for 10 min with 10 mg/ml BSA in PBS buffer (100 mM sodium phosphate, 1.37 mM NacCl,
27 mM KCI, pH 7.4), which helped to reduce surface adsorption of the fluorescent
molecules. BSA was rinsed out of the device using ultrapure water. Immediately before
experiments, the tubing and microfluidic device were first primed by loading viscosified
visualization buffer into the device. Following experiments, devices were flushed
thoroughly with water. The device consists of two channels that intersect at right angles,
channel dimensions were 130um in depth and 800 um in width.

The flow rate in all studies was held constant at 80uL per hour. For the channel dimensions,
flow rate, solution viscosity, and DNA used in all the present experiments, the mean steady-
state extension of the DNA is 88% of its contour length. Details of the flow and stagnation
point control, velocity field, and distribution of steady-state extensions can be found in
reference 21.

Results and Discussion

As shown in Fig. 1A the DNA-enzyme (DE) complexes, formed in the absence of Mg2*, are
introduced into one inlet (marked “a” in Fig. 1A) of a microfluidic “cross slot”, a buffer
solution containing the cofactor Mg2* is introduced into the opposite channel (b) at the same
flow rate. At the stagnation point, the linearized DE complexes are exposed to the Mg2* in
the opposing stream, which can bind to the EcoRI and catalyze phosphodiester bond
cleavage at the recognition site. 42 By fluorescently staining the DE complexes with the
intercalating fluorescent dye YOYO-1; such a cleavage event can be directly imaged via
fluorescence microscopy, as shown in Fig. 1B. Here, a sequence of images of a single DE
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complex, separated in time, is shown as the complex undergoes cleavage. In the initial
images, the partially coiled DE complex is extended by the flow; time t=0 corresponds to the
DE complex reaching its steady-state extension.

Thus, from movies of cleavage events, we obtained the waiting time for the first DNA
cleavage event, defined as the time interval from the trapping of the extended DE complex
at the stagnation point to the cleavage or separation of the two fragments after hydrolysis or
cleavage of dsDNA. At the flow conditions considered, a large fraction of the DNA
molecules enter the stagnation point near their steady-state extension and we focus on only
those molecules in measurements of cleavage time. That is, we focus on those molecules
that reach steady-state extension within 100 ms (one frame) of entering the stagnation point.
We assume that the DNA molecule is exposed to Mg2* only at the stagnation streamline;
that is, we neglect any diffusion of Mg2* across the stagnation streamline that might result in
subtle variations in concentration over the length scale of the DNA molecule. Because the
DNA is essentially fully extended prior to cleavage, and because we see no evidence of non-
specific binding in bulk studies, 22 the cleavage position corresponds to the location of a
recognition sequence. For example, the distributions of the cleavage positions for over 300
DE complexes and the waiting times obtained for an experiment in which stream b contains
[Mg2*] =0.5 mM are shown in Fig. 2A and 2B. From Fig. 2A, we see cleavage positions are
not randomly distributed along the A-DNA backbone, but are centered about five distinct
positions. These five subpopulations were fitted to Gaussian distributions to obtain the mean
cleavage locations and the standard deviations. As expected, these locations coincide with
the five target sites of ECORI on X DNA as shown in Fig. 2A, indicating these cleavage
events should be attributed to the hydrolysis of A DNA catalyzed by the bound restriction
endonuclease EcoRI on recognition sites. The Gaussian best-fit statistics to the five
histograms in Fig. 2A, for DNA-enzyme complexes stretched to 88% of the contour length
of the DNA, are reported in Table 1. The histograms in Fig. 2B are the distributions of
waiting times corresponding to the above five different subpopulations; i.e., the waiting
times by recognition site. The average waiting times for the cleavage events are typically a
few seconds, and vary from site to site. Data for all recorded cleavage events are included in
Fig. 2B.

To confirm that these cleavage events are due to the bound EcoRI, we did the following
control experiments in the cross slot: (i) DNA, with no enzyme or Mg2* in channel a, and
buffer with no enzyme or Mg2* in channel b; (ii) DNA with no enzyme or Mg2* in channel
a, and buffer with [Mg2*]= 2.0 mM in channel b; (iii) DNA with bound enzyme, with no
Mg?2* in channel a, and buffer with no Mg2* or enzyme in channel b. As shown in Fig. 3A,
the first cleavage events in all three control experiments are randomly distributed over the
entire length of the DNA for these events rather than occurring predominantly at the five
recognition sites as in Fig. 2A. As shown in Fig. 3B, the average waiting time for the first
cleavage of DNA is about half a minute in all these control experiments, and is due to photo-
cleavage. The waiting time observed for the first cleavage event in all these control
experiments is thus much longer than that observed in experiments with both enzyme and
Mg?2* as shown in Fig. 2, and photo-cleavage could be ruled out as the main contributor to
the fast cleavage of dsDNA in experiments with both enzyme and Mg2* binding. Based on
these control experiments, then, we conclude that the cleavage reactions in the experiments
such as those shown in Fig. 2 are due to the hydrolysis of A DNA catalyzed by EcoRl.

Thus, the approach used here is a very simple method for the detection of specific dSSDNA
sequences since we do not need to label the enzymes with special probes, such as
fluorescent beads 18 21. 22 or otherwise modify the enzyme (for example, by biotinylation).
In Table 1, we report target-site prediction to within 1.2 % or 0.6 kb for all five sites with an
average precision (reported as the standard deviation) <2.5 % or 1.2 kb. This is comparable
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to or better than previous single molecule target sequence position determination; for
example resolutions of 1-5 kb, based on the full width at half maximum of populations of
100-600 slide-immobilized DNA molecules, have been recently reported by other single
molecule techniques.’~® We previously demonstrated the use of cross slot flows for
sequence detection using a biotinylated mutant of EcoRI attached to a NeutrAvidin coated
fluorescent nanosphere, 21 however in general the creation of such fluorescent probes is
expensive, time-consuming, and the biotinylation or labeling reactions may have low
efficiency or interfere with the enzymatic activity. We note that in our earlier study, the error
was higher and the precision slightly lower than that reported here; we believe the improved
precision in target sequence location in the present case is due to the absence of the
nanosphere, which leads to lower fluctuations in the length of the DE complex in this
stagnation point flow (see Supplementary information Fig. S1 in reference 21). In addition,
we do not need to immobilize the DNA on a surface, so we eliminate the potential steric and
diffusion limitations mentioned above; 30 31, 43 furthermore, in our device the DNA or the
fragments following the first cleavage event may be easily recovered for downstream
analysis or processing.

Furthermore the magnesium concentration dependence of the cleavage kinetics may also be
probed by varying [Mg?*] in the inlet stream (stream b in Fig. 1A). At very low magnesium
concentrations, such as [Mg2*] = 0.25mM, the waiting time distribution for each recognition
site is a single exponential as shown in Fig. 2C. With increasing magnesium concentration,
the distributions of waiting times become double-exponentials (see Fig. 2B with [Mg2*]
=0.5 mM). However, when the Mg2* concentration is sufficiently high, at [Mg?*] = 2.0 mM,
the distribution of waiting times becomes a single exponential again (Fig. 2D).

The general mechanism of cleavage of dsDNA by a restriction endonuclease in our system,
in which the homodimeric enzyme is prebound to the dsDNA to form a DNA-enzyme
complex, may be written as the following: 14 1

Kia k Koy s k
DE+Mg>* —% DE,, +Mg>" — DE,,, —5 P'E,y,, — PE,y, ®

In Equation (1), DE represents the DNA-enzyme complex, DEpyg and DEppg the complex
after one and two cofactor Mg2* ions, respectively, bind with the enzyme, (the prefactor “2”
is due to the dimeric structure of EcoRlI in the DE complex),*! P’Epmg is the product in
which one of the two DNA strands has been cleaved at the recognition site, and PEppg is the
final product (or two fragments of dsDNA\) after the cleavage of both strands of dsDNA. k1,
and kyy, are the apparent rate constants for the first and second Mg?* binding, respectively,
and ko, and kop, are apparent first-order rate-constants for the two steps in the DNA
cleavage. In this mechanism, in order to simplify the data analysis, we assume the reverse
process of magnesium dissociation from the enzyme (which could in principle be
represented by additional rate constants k_1, and k_o,) is negligible compared with the
binding process in the magnesium concentration range used in our experiments.

At high magnesium concentrations, the overall rate of MgZ* ion binding will be fast and as a
result the waiting time will be dominated by the cleavage steps. If the cleavage of dsDNA in
our system is a two-step process as indicated in Eq 1 with rate constants ko, and kyy, of the
same order of magnitude,!® then the distribution of waiting times should follow a double
exponential (see supplementary information). However, as shown in Fig. 2D the distribution
of the waiting times at high [Mg2*] is only a single exponential, which suggests cleavage of
the first strand of DNA is fast compared with the second strand cleavage (or both strands are
cleaved simultaneously) at these conditions.1® Thus, we can only discriminate one step for
the cleavage of dsDNA at these conditions. For similar reasons related to the Mg?* binding
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process, the single exponential distribution of waiting times we observe at low [Mg2*] (Fig.
2C) suggests the binding of the two Mg?* ions takes place in essentially one step. That is, at
low magnesium concentrations, the waiting time will be dominated by the slow rate of Mg2*
ion binding; if the rate constants k;, and kjy, are the same order of magnitude, the
distribution of waiting times is expected to follow a double exponential. The measured
single exponential distributions at low [Mg?*] in Fig. 2C are consistent with a simpler, one-
step binding process. Based on this reasoning, the mechanism for the kinetic study of EcoRI
with L DNA was simplified as follows:

2+ ki ka
DE+2Mg** — DE,,, — PE,,,. @)

Note that each waiting time starts at the trapping of the DE complex at the stagnation point
and ends at the separation of the two DNA fragments. The waiting time thus does not
include the dissociation of the enzyme from the substrate following cleavage or the
recombination of free enzyme with another recognition site following cleavage since these
steps are not visible in our present experiments. Thus, our single molecule experiments, in
addition to allowing determination of recognition site location, measure the single-turnover
kinetics of dsDNA cleavage. We emphasize that the results reported pertain to the rate of
cleavage after binding of the enzyme to the DNA substrate and may not be relevant to which
site would be the cleaved most rapidly when DNA, enzyme, and Mg2* are simultaneously
combined in solution. In addition, our model does not account for the varying tension along
the DNA backbone due to the extensional flow field (i.e., the tension is highest near the
center of the molecule and lowest at the ends), nor does it account for the varying fluid
velocity, and hence varying magnesium ion residence time, along the length of the extended
DE complex.

From single molecule theory (Supplementary information) for the waiting time (t)
distribution, we can obtain an expression for the probability density function (pdf), f(z) as
shown in the following:

k%o
()= (e — &7k, )
17 82

where k9=k; [Mg2*]”. Note that at very low [Mg2*] such that ky > ki, the second term in
Eq. (3) dominates and Eq. (3) predicts a single exponential; similarly, at high [Mg2*] such
that ky <« k19, the first term dominates and Eq. (3) again simplifies to a single exponential
form.

More generally, at arbitrary [Mg?*], from Eq (3) we can get (see Supplementary
information):

2412
<r>"l=— 1 = kz[MgZ ]
fo f(r)dr [Mg2+] +%

O

Statistically, <t>"1, where <t> denotes averaging, represents the time-averaged single
recognition site endonuclease cleavage rate. When averaged over many cleavage events
from the same recognition site, Eq. 4 predicts the dependence of <t>"1 on magnesium
concentration [Mg2*]. In our experiments, <t>~1 for each recognition site indeed shows a
dependence on magnesium concentration [Mg?*] consistent with the form of Eq. (4) as
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shown in Fig. 4A. By fitting the data with Eq. 4, we obtain the kinetic parameters
simultaneously for all five recognition sites: ky= 1.6+0.3 s"ImM~2 (site 1), 2.0+0.6

s ImM~2 (site 2), 2.42£0.9 s~ImM2(site 3), 2.7+1.1 s"ImM2(site 4), and, 2.9+1.0

s ImM~2(site 5) and k,=0.530.04 s~1(site 1), 0.44+0.04 s~ 1(site 2), 0.38+0.04 s 1(site 3),
0.37+0.04 s~ 1(site 4) and 0.36+0.03 s~ 1(site 5). The values of k; and ky characterize the
magnesium binding and cleavage reactivity, respectively, of each recognition site. While
these k» values are much larger than the apparent rate constants obtained by Halford et al. 14
with plasmid or mutant A DNA on which there was only one recognition site, Halford and
co-workers used a different experimental protocol (adding the enzyme to a solution
containing DNA and Mg?2*) and a different kinetic model which neglected the binding of the
enzyme and the Mg2*. We note that our ky values are consistent in magnitude with values of
about 0.5 s1 obtained for EcoRV with a short oligonucleotide substrate and Mg?* as
cofactor. 24 In the EcoRV study and in the present work, the binding of Mg?* or enzyme are
explicitly included in the kinetic mechanism. Fig. 4A thus supports our kinetic mechanism
and the inclusion of the Mg2* binding step, and we believe one reason for the differences
between our ks values and those of Halford et al.1# relates to the different kinetic models
used to analyze the data, although the reasons related to our extensional flow noted above
likely also play a role. In addition, we note that in contrast to Halford’s experiments, our
measurements were performed on DNA which had been labeled with the intercalating dye
YOYO-1, which may affect the cleavage reaction kinetics.

In order to get more information about the kinetic properties of the five recognition sites, we
studied the correlation between kq and ko obtained above for different recognition sites as
shown in Fig. 4B (m). A correlation coefficient of —0.95 was obtained, indicating a negative
linear relationship between these two Kinetic parameters. This relationship clearly indicates
for each recognition site on the same DNA molecule, that higher cleavage activity on
dsDNA is associated with weaker binding of the cofactor Mg?* with the enzyme. Similar
relationships have been observed in other heterogeneous surface systems 44 45, however we
believe this is the first example revealed on the molecular surface at the single molecule
level. We also studied the distribution of k1 and ko among different recognition sites as
shown in Fig. 4C; k1, the magnesium binding rate constant, increases and ko decreases with
the recognition site’s proximity to the end of the DNA molecule (i.e., with target site
number). Variations in the activity of EcoRI on sites 2, 4, and 5, under certain conditions,
were first noted by Halford et al.14, using bulk studies on mutants of A-DNA containing only
one recognition site. Halford suggested the different reactivities were related to variations in
the sequences adjacent to each of the recognition sites. In our study, the monotonic
variations in k1 and ko with distance from the end of the molecule (or target site number),
suggest that flow forces may also be playing a role. Clearly, additional studies, to tease apart
the effects of flanking sequence, the presence of YOYO-1, tension along the backbone, and
residence time of magnesium ions near a particular site are needed. These studies are
currently underway using different DNA substrates and different restriction enzymes.

Furthermore by fitting the five subpopulations such as those shown in Fig. 2A, we obtained
the average fraction of the population cleaved by each target site averaged over all [Mg2*]
shown in Fig. 4D (m). The cleavage frequency at the endmost target site is not the maximum
one. We note that Thomas and Davis 23 reported similar data from a bulk study (Fig. 4D
(e)), but found the lowest cleavage frequency at the innermost target (site 1, located near the
center of the fully-extended DNA molecule, cf Fig. 2A) and the highest frequency at the
endmost target (site 5). However, their experimental protocol, which involved a very brief
pre-incubation of the DNA with the enzyme in the absence of Mg?*, suggests that their
results reflect a convolution of the diffusion-limited enzyme binding to the recognition site,
the binding of the Mg2* to the DE complex, and the cleavage reaction. Indeed, the trend
observed by Thomas and Davis 23 is similar to the trend reported by Dylla-Spears et al. 21
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(Fig. 4D (A)) for the frequency of EcoRI binding on A DNA in the absence of Mg2* under
conditions that were mass-transfer limited; that is, when either little mixing or short
incubation times are used, EcoRI binds with highest frequency to the endmost recognition
site. In contrast, Dylla-Spears and co-workers 21 found that with sufficient mixing during
incubation (Fig. 4D(%)), the enzyme binding frequency is more uniform across target sites.
In our present experiments, the fraction of the population that cleaves a particular site is a
function of both the EcoRI binding frequency and the cleavage activity of the DNA-enzyme-
Mg?2* complex. As shown in Fig. 4C, the cleavage rates for the last three sites (3, 4, and 5)
are lower than for the innermost sites. So, for example, if EcoRI dimers are bound to target
sites 5 and 1 on the same DNA molecule, since only the first cleavage event is counted in
our experiments then due to the higher cleavage rate of site 1, there is a high probability that
only cleavage at site 1 is observed or counted in our statistics. Obviously this will lead to a
completely different fraction of the population in our experiments (m in Fig. 4D) compared
with the fractions obtained from a pure binding assay (m in Fig. 4D). 21 We note that if we
scale the pure binding data (Fig. 4D (%)) by multiplying them with corresponding k;’s
obtained from [Mg?2*] titration, the result (shown in Fig. 4D (o)) is in very good agreement
with our present data (m). Thus, these single molecule experiments may allow us to
discriminate, by site, subtle differences in binding and cleavage frequency.

Conclusions

The experiments described here demonstrate the feasibility of a single-molecule
microfluidic approach to both sequence detection and obtaining information about the
kinetics of restriction endonucleases with dsDNA. In this method we “see” the binding
location of the enzyme by the cleavage process of dsDNA as in optical restriction mapping.
We note that no special labeling of the enzyme is required, which makes it simpler than our
previous scheme using stagnation point flows for sequence detection. 21 Our accuracy in
determining the location of the recognition site is comparable to or better than other single
molecule techniques’=2 due to the fidelity with which we can control the linearization of the
DNA molecules. In addition, since the cleavage process can be followed in real time, we
obtained kinetic information for all recognition sites simultaneously on the same DNA
substrate to which the enzyme has been pre-bound. Among these different target sites, the
data show higher activity of cleavage of dsDNA is associated with weaker binding of Mg2*
with the EcoRI enzyme. The data are consistent with a one-step mechanism of cleavage of A
DNA by EcoRI. The single molecule approach reveals that the closer a target site is to the
end of the DNA, the lower the activity for the cleavage of dsDNA and the stronger the Mg2*
binding with pre-bound enzyme. While the roles of the intercalating dye YOYO-1 and the
varying fluid velocity (and hence magnesium ion residence time) and tension along the
chain backbone on the measured kinetics remain to be determined, we believe this new
method holds promise for a broad range of studies of DNA-protein interactions. These
include the kinetics of other DNA cleavage processes (involving other types of restriction
endonucleases, 4! zinc complexes, 4 biosynthesized cleaving proteins, 47 etc. 48) or other
macromolecular cleavage processes. Indeed, we expect that this method can yield insights
into enzyme Kinetics even for those enzymes that bind non-specifically in the absence of
their cofactor as long as the time scale for enzymatic cleavage (on exposure to the cofactor
at the stagnation point) can be well separated from the time scale for photocleavage. Note
that in principle, one of the cleaved fragments may be captured and held at the stagnation
point following the first cleavage event with the technique reported recently by Tanyeri et
al.3%, thus allowing the study of subsequent cleavage events. Finally, if the enzyme as well
as the DNA is fluorescently labeled, this microfluidic stagnation point flow may also be
used for studies of the enzyme target site search and binding process, and the dissociation of
a restriction enzyme from the cleaved DNA substrate.
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Fig. 1.

Experimental setup and images of cleavage event. (A) The scheme for single molecule
experiments with stagnation point flow, arrows show the flow directions in the cross-slot
device. DNA-Enzyme complexes flow in through the top channel (channel a) and Mg?*
solution flows in from the bottom channel (channel b); DNA-Enzyme complex is trapped at
the stagnation point at the intersection of the channels and stretched along the outflow axis.
(B) Images of molecular configurations with non-uniform time intervals (smallest time
interval, at cleavage, is 100 ms) to show the trapping, stretching and subsequent cleavage of
dsDNA. In this experiment, [Mg?*] = 0.25 mM, the steady-state length of the extended
DNA is 18.4 um; the cleavage position is at 53.3% from the left end of the molecule
indicated by the yellow arrow. Scale bar: 5 um.
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Fig. 2.

Distribution of cutting location and waiting time. (A) Histogram of measured cleavage
positions on 336 . DNA-Enzyme complexes in an experiment with [Mg2*] =0.5 mM. Solid
line is a best fit to the data of a linear combination of Gaussians. The dashed vertical lines
indicate the known EcoRI target sites on fully stretched A DNA numbered from 1 to 5; site 5
is the endmost site. (B) Histograms of waiting times for cleavage events on each of the five
target sites of ECoRI on A DNA,; from left to right for target sites from 1 to 5, respectively,
with [Mg?*] =0.5 mM, (C) Histograms as in (B), with [Mg2*] =0.25 mM, and (D) [Mg?*]
=2.0 mM. Solid lines are the single or double exponential fits.
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Control experiments. (A) Location distributions of the first cleavage events for three control
experiments, ordered, from bottom to top: (i) DNA, with no enzyme or Mg2* in channel a,
and buffer with no enzyme or Mg2* in channel b; (ii) DNA with no enzyme or Mg2* in
channel a, and buffer with [Mg2*]=2.0 mM in channel b; (iii) DNA with bound enzyme,
with no Mg2* in channel a, and buffer with no MgZ* or enzyme in channel b. The solid dots
indicate expected EcoRI target sites on fully stretched X DNA numbered from 1 to 5. (B)
Distributions of waiting time before the first cleavage event for three control experiments.
From bottom to top: (i) <t>=27.1s; (ii) <t>=27.2s; (iii) <t>=29.1s.
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Fig. 4.

Kinetic analysis of cleavage. (A) Magnesium concentration dependence for five recognition
sites of EcoRI on A DNA. Each point is an average of > 60 cleavage events on the same
recognition site. Solid lines are the fits with equation (4): ky = 1.6 = 0.3 s ImM~2(site 1),
2.0 0.6 s"ImM~2(site 2), 2.4 £ 0.9 s ImM~2(site 3), 2.7 + 1.1 s~ ImM~2(site 4), 2.9 + 1.0
s ImM~2(site 5), and ky=0.53+0.04 s~ 1(site 1), 0.4420.04 s~ 1(site 2), 0.38+0.04 s~ 1(site 3),
0.37+0.04 s 1(site 4), 0.3620.03 s~ (site 5), respectively. Inset shows the digestion map of
EcoRI on L DNA. (B) The correlation between the parameters k; and ky; and (C) the
comparison between the parameters k; and k» obtained from [Mg?2*] titration (e for kq and o
for ky) at each recognition site of EcoRI on A DNA. (D) Average fraction of population for
each target site: m from our experiments; A from Ref. 21 with limited mixing; * from Ref.
21 with thorough mixing; o from Ref. 21 with thorough mixing after scaling by k»; e from
Ref. 23. All the errors here are standard deviations.
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Table 1

Gaussian best-fit statistics for histograms shown in Figure 2A. Error is reported as A, the distance in
percentage or kb from the expected EcoRlI target site on A-DNA,; e.g. for an experimentally determined
binding location of 43.34% for Site 1, A = 43.34% — 43.77% = —0.43%, which multiplies 48.502 kb, the total
length of A-DNA, to be —0.21 kb. Precision is reported as o, the standard deviation of each Gaussian peak.
Both A and o values are shown in two different units: % and kb.

A©) | Akb) | 6 (%) | e(kb)

Site 1: 43.77% | —0.43 | —0.21 2.45 1.2

Site 2: 53.83% | —0.26 | —0.13 2 0.97

Site 3: 65.46% | —0.53 | —0.26 2.7 13

Site 4: 80.76% | —0.28 | —0.14 11 0.53

Site 5: 92.7% -1.1 —-0.53 1.6 0.76
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