
pubs.acs.org/Biochemistry Published on Web 09/30/2009 r 2009 American Chemical Society

10492 Biochemistry 2009, 48, 10492–10498

DOI: 10.1021/bi9010368

Single-Molecule Dynamics of the DNA-EcoRII Protein Complexes Revealed with
High-Speed Atomic Force Microscopy†

Jamie L.Gilmore,‡Yuki Suzuki,§ Gintautas Tamulaitis, )Virginijus Siksnys, )KunioTakeyasu,§ andYuri L. Lyubchenko*,‡

‡Department of Pharmaceutical Sciences, University of Nebraska Medical Center, 986025 Nebraska Medical Center, Omaha,
Nebraska 68198-6025, §Graduate School of Biostudies, Kyoto University, Yoshida-konoe-cho, Sakyo-ku, Kyoto 606-8502, Japan, and

)Institute of Biotechnology, Graiciuno 8, Vilnius LT-02241, Lithuania

Received June 18, 2009; Revised Manuscript Received September 15, 2009

ABSTRACT: The study of interactions of protein with DNA is important for gaining a fundamental
understanding of how numerous biological processes occur, including recombination, transcription, repair,
etc. In this study, we use the EcoRII restriction enzyme, which employs a three-site binding mechanism to
catalyze cleavage of a single recognition site. Using high-speed atomic force microscopy (HS-AFM) to image
single-molecule interactions in real time, we were able to observe binding, translocation, and dissociation
mechanisms of theEcoRII protein. The results show that the protein can translocate alongDNA to search for
the specific binding site. Also, once specifically bound at a single site, the protein is capable of translocating
along the DNA to locate the second specific binding site. Furthermore, two alternative modes of dissociation
of the EcoRII protein from the loop structure were observed, which result in the protein stably bound as
monomers to two sites or bound to a single site as a dimer. From these observations, we propose a model in
which this pathway is involved in the formation and dynamics of a catalytically active three-site complex.

The formation of synaptic protein-DNA complexes is central
to many biological processes that require communication be-
tween two or moreDNA regions, including recombination (1, 2),
replication (3), transcriptional regulation (4), repair (5), trans-
position (6), and restriction (7, 8). Restriction enzymes serve as
useful models in the study of mechanisms by which the intra-
cellular protein machinery functions on DNA, including synap-
sis. Restriction enzymes (REases), which require binding to two
or more cognate recognition sites to be catalytically active, are
widely spread (9). Amultisite mechanism suggests that restriction
enzymes serve as evolutionary precursors to many DNA regula-
tory factors in the cell (10, 11). Such amechanism could also serve
an inhibitory function to prevent rare unmethylated recogni-
tion sites in the host genome from undergoing restriction (12).
In addition to systems involving interactions of two DNA
helices, interactions of three or more DNA molecules may
occur (13-17).

EcoRII is a dimer that recognizes the 50-CCWGG-30 sequence.
It is generally known as a type IIE restriction enzyme. In general,
the definition of type IIE REases is that they bind two DNA
recognition sites to cleave one of the sites (18). However, recent
evidence suggests that the EcoRII protein actually requires three
sites to concertedly cleave both strands of one recognition site.

This formation of a triple synaptic complex (TSC)1 or two-loop
complex was proposed on the basis of kinetic studies with a
plasmid containing three recognition sites, which showed that
concerted cleavage of a single site occurred much more quickly
than with a one-site fragment (19). In addition, direct AFM
imaging of the complexes confirmed that the EcoRII protein and
a DNA fragment containing three sites could formTSCs (8). The
model proposed on the basis of the crystal structure suggests that
this occurs by an autoinhibition mechanism (12, 20). The
noncatalytic N-terminal binding domains occupy the catalytic
C-terminal domain in the unbound protein. ForDNA to interact
with the catalytic site, the N-terminal sites must first bind to a
DNA recognition site and undergo a conformational change to
expose the catalytic site of the protein for binding.

There is much interest in how site specific proteins search for
their cognate recognition site on DNA. It has been shown that
proteins are able to “find” their recognition site 100-1000 times
faster than what would be expected for random diffusion using
a two-step binding process where the protein first interacts non-
specifically with DNA and then undergoes a translocation
process to its specific binding sequence (21). In 1981, Berg,
Winter, and von Hippel proposed mathematical models of four
possible site search mechanisms: macroscopic dissociation-reasso-
ciation (random collision), microscopic dissociation-reasso-
ciation (hopping), intersegmental transfer, and sliding (22, 23).
Various approaches utilizing both bulk techniques (24-26) and
single-molecule techniques (27-29) have been applied to determine
the translocationmechanisms employed by different proteins. Total
internal reflection fluorescence microscopy (TIRFM) studies that
have beenpopular for studying translocation of protein alongDNA
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(reviewed in ref 30). This technique is useful because it allows for the
direct visualization of a fluorescently labeled protein moving along
the DNA; however, the DNA is stretched prior to experiments,
which may cause some limitations in what events can be seen.
For instance, intersegmental transfer mechanisms that require the
formationofDNA loops for theprotein tobe transferred to another
site on the DNA would be problematic to observe with this
technique.

For this study, we used high-speed atomic force microscopy
(HS-AFM) to directly image single-molecule dynamics of the
protein-DNA complexes formed by the EcoRII restriction
enzyme. It has been used previously to visualize looping and
translocation mechanisms of the type III restriction enzyme
EcoP15I (31). This HS-AFM relies on a small cantilever design
based on the original design byAndo (32). This technique has the
ability to observe molecular dynamics on a time scale that is 100
times faster than that of conventional AFM technology (31). On
average, we collected images at a rate of two frames per second.
With this experimental setup, we observed dynamics of specifi-
cally bound looped EcoRII complexes. We were able to observe
EcoRII dissociation, interaction, and translocation.We observed
that the protein can dissociate from a loop in two ways, resulting
in stable binding of a dimer to a single site or of a monomer
bound to each site. Also, the protein could be observed trans-
locating along nonspecific DNA from one region to another. In
addition, the complex was seen to move from one specifically
bound looped complex to another site, revealing a possible
translocation mechanism by which the protein may bind speci-
fically to one site and then bind nonspecifically to the second
strand and translocate along the DNA to form the looped
complex specifically bound at two sites. The observation of these
events helps us to develop a model of how the protein moves
along and interacts with DNA to conduct its catalytic functions
and also demonstrates the utility of this technique for observing
mechanisms of protein-DNA interactions.

METHODS

EcoRII Sample Preparation. The EcoRII protein and
PCR3 fragment were prepared in the laboratory of V. Siksnys
as described previously (8). All complexes were assembled in
Eppendorf tubes prior to deposition onto a mica surface for
imaging. Reaction mixtures contained 1.4 ng/μL PCR3 DNA
fragment (810 bp), 3 nM EcoRII protein, 40 mM HEPES
(pH 8.4), and 5 mM CaCl2 in a total volume of 10 μL. Mg2+

ions were replaced with Ca2+ ions, which are known to allow
binding but prevent cleavage for many restriction enzymes (33).
The interactions of the DNA are mediated by the Ca2+ ions
acting as a bridge between the DNA and the negatively charged
mica. Reaction mixtures were incubated at ambient temperature
for 15 min before 3 μL was deposited onto a 1 mm mica disk for
∼1 min and washed with buffer for imaging.
Fast-AFM Imaging. All images were acquired with the

HS-AFM microscope in K. Takeyasu’s laboratory as described
previously (31). Scan rates were one to three images per second.
For visualization of the complexes without cleavage, the imaging
buffer was the same as the binding buffer used to assemble the
complexes.
Analysis. All length measurements were taken using the

segmented line tool to manually trace the DNA backbone
using Image J, free image processing software available from
the National Institutes of Health (http://rsb.info.nih.gov/ij/).

The AFM scan software in K. Takeyasu’s laboratory (31) was
used to generate the real-time movies, as well as the volume
analysis. All volume measurements were taken by measuring the
width of the protein in the x plane (a) and in the y plane (b),
as well as the height of the protein in the z direction (h). The
volume (V) was obtained using the equation for a segment of a
sphere (34).

V ¼ hπ
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4
þ h2

� �

All errors are reported as the standard error of the mean (SEM).
Windows Movie Maker was also used extensively for image
viewing, as well as for image compression. The supplementary
videos and images were rendered in Adobe Photoshop 7.0 to
show only the molecule(s) of interest (see Figure S1 of the
Supporting Information).

RESULTS

Imaging of EcoRII Complexes. The fragment design used
in this experiment is the same as reported previously (8) for
characterization the three-site binding behavior of the EcoRII
restriction enzyme in dry AFM images (Figure 1A). This frag-
ment is 810 bp long and contains three recognition sites located
almost symmetrically along the DNA fragment. The recognition
sites are separated by 283 and 312 bp and are flanked by 100 bp
“arms”.

A representative image is shown in Figure 1B demonstrating
the various types of complexes seen. The EcoRII protein can be
seen interactingwith a single recognition site (i), forming a looped
structure with two recognition sites (ii), or forming a double-loop
structure interacting with all three sites (iii). These results are in
line with previous AFM characterization of EcoRII complexes
utilizing the same DNA fragment (8), which have shown the

FIGURE 1: Experimental design. (A) PCR3 fragment design showing
the locationof the three 5 bpEcoRII recognition sites along an810bp
fragment. (B) Types ofEcoRIIDNA complexes in dry AFM images:
(i) one-site interactions, (ii) two-site interactions, and (iii) three site
interactions.
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occurrence of one-site complexes (43%), two-site complexes
(55%), and three-site complexes (2%).
Dynamic EcoRII-DNA Interactions. Next, the protein

was imaged under aqueous buffer conditions to obtain dynamic
images of EcoRII-DNA interactions. Figure 2 displays 24
frames acquired at a rate of two frames per second, demonstrat-
ing various aspects of the complex dynamics. Video 1 of the
Supporting Information also displays this event. Two instances
of protein translocation can be seen in this event, first from 4 to
6 s and then from 7 to 11.5 s. Although the protein is seen to
“track” theDNA, it appears to followan interesting pathwhere it
is seen to completely overlap the DNA in some frames (as seen at
10-10.5 s) but lie next to the DNA fragment in other frames
(as seen at 9-9.5 s). In addition, the protein appeared to briefly
interact with two sites to forma transient loop also, as can be seen
at 3.5 s and at 6.5 s. At 7 s, the protein can be seen to transfer to
another DNA fragment.Multiple blips of the proteinmotion can
be observed in this frame due to the raster scan pattern of the tip,
in which the protein is moving toward the other fragment as the
tip is scanning, causing the protein to be captured multiple times
in the same image. The contribution of the tip to the structure and
dynamics of themolecules is impossible to eliminate. However, in
this particular case, the protein translocation occurred in the
direction perpendicular to the scanning direction. Therefore, the
observed dynamics very likely relate to the protein translocation
rather than the protein motion exerted by the scanning tip. More
examples of one-dimensional diffusion can be observed in Figure
S2 and videos 1-5 of the Supporting Information.

In addition to simple translocation of the protein interacting
with a single DNA site, translocation was observed on looped
DNA as well. The protein remains bound at one recognition site,
while the adjacent strand is observed to gradually translocate
from one recognition site to another. Figure 3A displays eight
frames of this event spanning 20 s. The full event, imaged at a rate
of two frames per second, can be observed in video 6 of the
Supporting Information. To verify that the protein was interact-
ing with its specific binding sites, the changes in loop, arms,
and contour length were measured over time (Figure 3B).

The contour length stays close to the expected value of 275 nm
for an 810 bp fragment, showing that the dynamics of the
molecule do not interfere considerably with the measurements.
The short arm 1 also stays at a value close to the expected 34 nm
for specific binding 100 bp from the end throughout the imaging
period, which shows that the protein remains specifically bound
at this recognition site the entire time. Themeasurements for arm
2 are expected to correspond to either 388 bp (132 nm) or 417 bp
(142 nm) when bound at the middle site. This is seen for the most
part, although some increased dynamics of the molecule for this
arm at the beginning part of the imaging period cause the value to

FIGURE 2: EcoRII translocation. Consecutive frames of themovement ofEcoRII over DNAwith a time resolution of 500ms. The protein is seen
to bind and form loops. In addition, the protein is seen to bind apparent nonspecific regions of theDNAand translocate down theDNA (from5.0
to 6.0 s and from7.5 to 11.5 s). The protein is seen to “come away” fromand rebind the protein (8.0 and 9.5 s).Macrohopping to anadjacentDNA
strand is seen as well (7.0 s). The smearing effect is due to the raster scan pattern of the microscope in which the tip is tracking the protein as it
moves. This event can be seen in video 1 of the Supporting Information.

FIGURE 3: EcoRII translocation. (A) Individual frames are shown
every 2.5 s.Video 6 of the Supporting Information shows this event at
two frames per second. (B) Change inDNA length over a time period
of 20 smeasured in 0.5 s intervals.As the long armgradually becomes
shorter, the loop length gradually increases. The contour lengths of
the entire molecule and the short arm have consistent values over the
entire time scale. Translocation over the length of 300 bp occurs
within 10 s.
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fall below this value from time to time. These fluctuations are also
reflected in the contour length, as many of the “peaks” and
“valleys” match, suggesting that the end of the DNA becomes
detached from the surface, intermittently causing the DNA to
appear shorter. The starting value for the loop also corresponds
closely to the expected value for either 283 bp (96 nm) or 312 bp
(106 nm). At ∼6 s, the loop length begins to increase as the arm
length decreases, showing translocation occurs along one arm of
the DNA. After 10 s, translocation stops with the protein bound
at another specific DNA site. This is validated by the length
measurements which show that arm 2 stops at the expected length
of 34 nm expected for binding 100 bp from the end, and that the
loop stops at the expected value of 207 nm which corresponds to
the large 610 bp loop. The change in the loop length occurs over
a period of∼10 s covering a distance of∼300 bp (102 nm) until is
stops at another recognition site. Thismeans translocation occurs
at a rate of ∼30 bp/s (10.2 nm/s).
EcoRII Dissociation. For the next portion of the analysis,

the dissociation of the EcoRII protein from the DNA was
examined. For the dissociation of single-loop complexes, we
observed that there were two distinct modes of dissociation
(Figure 4A and videos 7-10 of the Supporting Information).
A model is shown in Figure 4B demonstrating the two pathways,
resulting in either a dimer or twomonomers which stably interact
with a single site. Of 31 observed loop dissociation events, 18
complexes (58%) were seen to dissociate to an intermediate
complex interacting with a single site, and 13 complexes (42%)
were seen to dissociate by the breaking apart of protein subunits,
resulting in a subunit left interacting with both sites.

To gain further insight into the protein stoichiometry in the
dissociated complexes, the volumewasmeasured before and after
loop dissociation (Figure 4C). The dissociation to two site-bound

complexes resulted in an average volume that was approximately
half of the volume (183.2 ( 19.0 nm3) of the predissociation
complex (365.1 ( 29.9 nm3), providing evidence that the protein
is, in fact, dissociating into its constituent subunits. When the
protein dissociates to bind one site, there is also a slight reduction
in volume (244.0 ( 20.1 nm3) from the predissociation complex
(306.5 ( 28.5 nm3), which could reflect the loss of the contribu-
tion of the second DNA strand to the volume of the complex.

In addition to single-loop complexes, 13 double-loop com-
plexes were observed to dissociate (Figure 5 and videos 11 and 12
of the Supporting Information). Of those 13 events, six (46%)
dissociated to a small loop, four (31%) dissociated to a large
loop, and two (15%) seemed to spontaneously dissociate without
a looped intermediate. In the last event of video 2 of the
Supporting Information, the two-loop complex actually ap-
peared to dissociate into a big loop and then possibly re-form
into the two-loop complexes once again and then dissociate to a
small loop intermediate (see Figure S4 of the Supporting
Information). These results show that two-site binding is an
intermediate complex formed during the dissociation process.
Furthermore, it also shows no clear geometrical bias for themode
of double-loop dissociation.

DISCUSSION

With HS-AFM, we have demonstrated the visualization of
single-molecule EcoRII-DNA complex dynamics at nanoscale.
One important finding is that the protein can perform the search
for a second cognate site on the DNA while being bound to the
first recognition site. This is an expected property of proteins that
can bind to several recognition sites but has never been observed
directly. The results obtained here also suggest that translocation

FIGURE 4: EcoRII dissociation. (A) Images showing the two modes of dissociation by the EcoRII protein, one that results in two protein
monomers bound to either site (video 7 of the Supporting Information) and another resulting in a dimer bound to a single site (video 9 of the
Supporting Information). (B) Models illustrating the two routes of possible dissociation of the protein with dissociation of the protein into the
monomers (topdiagram) andwithout protein dissociation (bottomdiagram). (C)Volumeanalysis for both types of events. For the dissociation to
two sites, the protein volume is cut in half, as expected if a dimer is breaking intomonomers. For the dissociation to one site, the volume is smaller
after dissociation, presumably because there is a contribution of the second DNA strand to the volume measurement.
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along the DNA strand by either sliding or hopping mechanisms
in search of the initial binding site and the second binding site.
The current view of search mechanisms suggests that the optimal
route for the protein to quickly locate its target site involves a
combination of short-range slides and hops with long-range
jumps (35). One study using computer simulations came to the
conclusion that the most efficient search occurs when a protein is
sliding along DNA 20% of the time, and hopping and jumping
for the other 80%of the time (36).Generally, hopping overDNA
is considered to occur in increments of <10 bp (<3.4 nm) (35).
These small-scale dissociation-reassociation events are difficult
to observe with the resolution limits of HS-AFM which usually
ranges from ∼5 to∼10 nm. Although the resolution limits make
it difficult to make any definitive conclusions about the degree of
hopping or sliding employed by this protein, comparison to a
previous HS-AFM study using the same imaging system for the
ATP-dependent type III restriction enzyme EcoP15I shows that
the protein translocates over the DNA for long distances result-
ing in accumulated supercoiling (31). In contrast, the EcoRII
protein translocated along the DNA for an average distance of
74 nm (218 bp), ranging from 47 nm (138 bp) to 128 nm (376 bp)
before dissociating from the DNA. This value is slightly larger
than the previously suggested value of 100 bp (37) but is within
reason because translocations over shorter distance may have
been missed because of the time resolution of the microscope.
If translocation occurred over 1-2 s, this event would last four
frames or fewer, which makes it difficult to identify events that
might have occurred on shorter time scales. Similar HS-AFM
studies with different DNA-binding proteins may improve our
understanding of how proteins utilizing various search mecha-
nisms behave during the imaging process.

It is interesting to consider how fast the protein is moving
along the DNA. From our images, the Einstein equation yields
values of 7.2� 10-4 μm2/s for one-dimensional diffusion and
∼1.8 � 10-5 μm2/s for two-dimensional diffusion (Figure S3 of
the Supporting Information). The protein movement was ob-
viously impaired for two-dimensional diffusion due to inter-
actions with the surface, but the influence of the surface or the tip
is not clear. A previous study using the same imaging system
attempted to vary the scan rate to see if there was an effect on the
measured diffusion rates and found that the diffusion coefficients
obtained were not significantly changed (38). Currently, TIRF
studies are the standard technique for the measurement of
diffusion coefficients, but the measurement of looped transloca-
tions cannot be performed with such a technique because the
DNA must be stretched over the surface (30, 39).

In this study, EcoRII was shown to have two distinct dissocia-
tion pathways resulting in either a dimer or two monomers,
which remain stably bound to a single site following dissociation
of the complexes. These observations support our previous
assumption based on imaging of a bilobed shape of the protein
in some looped complexes (8) and are in line with the results of gel
shift experiments (40, 41). These observations prompted us to
propose the following model of formation of the EcoRII-DNA
complex and dynamics (Figure 6). The catalytically active triple
synaptic complex loses one contact, resulting in one-loop com-
plexes bound at two recognition sites. We did not find a
preference for either possible arrangement of the loops as both
small and large loops were observed. In this scenario, the looped
complex is shown bound to the N-terminal regions of the protein
dimer, but we cannot exclude binding to N- and C-termini. The
final step has two possible outcomes that were both observed in
our AFM images. Either the protein dissociates from one site
with the dimer being bound to the other site, or the dimer can fall
apart, forming monomeric complexes. Interestingly, free protein
is primarily a dimer in solution (42), suggesting that dissociation
into monomers is promoted by the protein-DNA interaction.
The dissociation of the TSC may proceed via intermediate
states shown in brackets. The crystal structure shows that the
noncatalytic N-terminal domains block binding to the catalytic

FIGURE 5: Frames showing two-loop dissociation every 10 s. The triple synaptic complex (TSC) at the left dissociates to a single loop at 20 s,
followed by the TSC on the right dissociating to a single loop at 50 s. At 160 s, the loop on the left dissociates to a one-site complex. These events,
originally imaged at two frames per second, can be seen as movies in video 11 of the Supporting Information.

FIGURE 6: Dynamic model of the catalytically active triple synaptic
complex (TSC). Circles in this scheme denote the DNA capable of
binding to one of the three binding sites of the protein. An activeTSC
complex is formed after the two N-terminal binding sites are occu-
pied, and the third strand binds to C-terminal pocket. The scheme in
brackets shows hypothetical transient forms of the TSC complex
illustrating that the complex can dissociate and re-form with or
without protein dissociation. The latter pathway is in line with
available crystallographic data, whereas the first pathway is consis-
tent with the AFM volume measurements (8). The TSC complex
breaksapart into two-site complexes followedby thedissociation into
two monomeric complexes or a dimeric complex bound to a single
binding site.
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C-terminal domain in the native unbound crystal structure (20).
If the two N-terminal domains are able to bind two strands,
which subsequently break apart into monomers, this may expose
the C-terminal site for binding. The third strand may then bind,
and the structure may then reassociate to form the active dimeric
complex. The association of half-complexes to form the active
synaptic complexes is reminiscent of the mechanisms utilized by
restriction enzymes SgrA1 (43, 44) and FokI (45). An alternative
is the dissociation-reassociation method of the third strand via
opening of the cleft, which has been proposed previously (19).
In this scenario, the formation of monomers may simply be a
result of dissociation, and not directly observed as an intermedi-
ate for complex formation. The first model may lead to the
formation of the looped complex mediated by a protein mono-
mer. We did not directly observe these intermediates, so the
model of the opening of the cleft for grabbing or dissociation of
the third strand is still possible.

In summary, this study demonstrates the power of HS-AFM
for the study of protein-DNA interactions. This technique
demonstrates the ability to image multisite protein-DNA com-
plexes with DNA in a relaxed conformation not amenable to
other methods such as TIRF imaging techniques.
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