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ABSTRACT: Interactions between distantly separated DNA regions mediated by specialized proteins lead
to the formation of synaptic protein-DNA complexes. This is a ubiquitous phenomenon which is critical
in various genetic processes. Although such interactions typically occur between two sites, interactions
among three specific DNA regions have been identified, and a corresponding model has been proposed.
Atomic force microscopy was used to test this model for the EcoRII restriction enzyme and provide
direct visualization and characterization of synaptic protein-DNA complexes involving three DNA binding
sites. The complex appeared in the images as a two-loop structure, and the length measurements proved
the site specificity of the protein in the complex. The protein volume measurements showed that an EcoRII
dimer is the core of the three-site synaptosome. Other complexes were identified and analyzed. The protein
volume data showed that the dimeric form of the protein is responsible for the formation of other types
of synaptic complexes as well. The applications of these results to the mechanisms of the protein-DNA
interactions are discussed.

Synaptic DNA-protein complexes (synaptosomes) are
formed by DNA helices brought together and stabilized by
a specialized protein or protein complexes. The formation
of synaptic DNA-protein complexes is the key step of
various genetic processes such as site-specific recombination,
genome integration, excision, and inversion of specific DNA
regions (1). In fact, the formation of a synaptic complex is
a more general phenomenon that is not limited to site-specific
recombination, insertion, and integration systems. There is
a family of DNA restriction enzymes that require the
formation of synaptic complexes for further site-specific
DNA cleavage (2-5). In the majority of synaptic protein-
DNA complexes, two DNA duplexes are involved in the
synaptosome assembly. However, there are a number of
reports indicating that more than two specific DNA regions
can be involved in the formation of synaptic complexes. For
example, a three-site synaptic complex is formed during Mu
DNA transposition (6, 7); in the His-mediated inversion
reaction, a tripartite complex is formed when the His
tetramer, holding hixL and hixR sites, interacts with the Fis
dimer, which brings an enhancer site to the complex (8-
12). These are complex multiprotein systems in which
participation of multimers of the same protein (three MuA
transposases for the Mu system) or more than two proteins

(His-mediated invertasome) are involved. Very recent data
from the Siksnys lab showed that efficient cleavage mediated
by EcoRII restriction endonuclease also requires the forma-
tion of a synaptic complex involving three DNA recognition
regions (13). EcoRII is a type IIE endonuclease, which cuts
duplex DNA containing the sequence /CCWGG, with W
being adenine (A) or thymine (T) (cleavage position indicated
by the slash). Generally, EcoRII exists in solution as a dimer
(∼90 kDa) that is capable of forming synaptic complexes
via cooperative binding of two DNA regions (14). According
to crystallographic data of EcoRII mutant R88A (15), the
protein dimer is formed through the formation of helix
bundles at the dimer interface, and both N- and C-domains
participate in the dimerization. The model (13) suggests that
the dimeric form of the enzyme is involved in the three-site
synaptosome formation. To concertedly cleave the DNA
strand, three sites need to be involved in the reaction, which
includes the catalytic C-terminal domain and the two
N-terminal domains. Exogenic oligonucleotides added to the
reaction mixture increased the reaction velocity and changed
the reaction pattern for EcoRII cleavage of one- or two-site
plasmids but had little effect on the three-site plasmid (13).

To test this novel model for synaptic complex formation,
we utilized AFM1 to directly visualize the complexes formed
by the EcoRII enzyme and DNA templates with a well-de-
fined number and positioning of protein binding sites. EcoRII
complexes have been previously visualized with electron
microscopy, but formation of a three-site complex has not
been reported (16). AFM has been successfully applied to
various protein-DNA complexes (e.g., refs17-26 and
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references therein). Recent AFM experiments have been
successful in the imaging of synaptosomes formed by the
SfiI restriction enzyme (27, 28). Moreover, these studies were
instrumental in aiding our understanding of the arrangement
of the DNA helices within the synaptosomes. Using the
developed approaches, we were able to identify the formation
of EcoRII triple synaptic complexes (TSC). Importantly, the
protein volume measurements showed that the dimeric form
of the protein is capable of holding together three DNA
binding sites. Analysis of other EcoRII-DNA complexes
allowed us to shed new light on the formation of different
types of synaptic complexes.

MATERIALS AND METHODS

Proteins. The wild-type (wt) EcoRII protein and its
EcoRII-N mutant were purified, and their concentrations
were determined by the Bradford assay as described in refs
13 and29.

EcoRII-C was obtained by thermolysin digestion of the
Y41A mutant of EcoRII which possesses low cleavage
activity (30). One milligram of Y41A EcoRII was digested
for 3 h at 25°C with 0.1 mg of thermolysin (Sigma) in a
final volume of 2 mL as described in ref29. The solution
was loaded onto a HiTrap Heparin column (Amersham
Pharmacia Biotech) pre-equilibrated with 20 mM Tris-HCl
(pH 8.0 at 25 °C), 0.1 M KCl, 1 mM EDTA, 7 mM
2-mercaptoethanol, and 10% glycerol, and protein was eluted
from the column with a linear KCl gradient. The fractions
were analyzed with aλ DNA cleavage assay that monitored
the EcoRII-C activity which is unleashed during the pro-
teolysis (31) and SDS-PAGE. Fractions containing EcoRII-C
were pooled, dialyzed against 10 mM Tris-HCl (pH 7.4 at
25 °C), 0.2 M KCl, 1 mM EDTA, 1 mM DTT, and 50%
glycerol, and stored at-20 °C. SDS-PAGE analysis
revealed that the sample contained>95% of the C-terminal
domain and showed no traces of the full-length protein. The
concentration of EcoRII-C was determined by measuring the
absorbance at 280 nm using an extinction coefficient of
43 240 M-1 cm-1 calculated for the dimer by the ProtParam
tool (http://www.expasy.ch/).

All concentrations of wt EcoRII and EcoRII-C are
indicated in terms of dimer and EcoRII-N in terms of
monomer. Restriction endonuclease MvaI was purchased
from Fermentas (Vilnius, Lithuania).

Preparation of DNA Fragments.Two different DNA
fragment designs were examined in this study, the PCR1
fragment, which contains one recognition site, and the PCR3
fragment, which contains three recognition sites. The frag-
ments were obtained by PCR amplification of selected
regions from the pBluescript IIKS(+) plasmid (32). PCR
primers were designed to amplify a defined region of interest
to include the correct number of EcoRII restriction sites. The
restriction sites are denoted A1, T, and A2 (Figure 1A). The
letters indicate the central base in the EcoRII recognition
site, CCWGG, that is found on the leading strand. The PCR1
fragment is 205 bp long, with 5 bp recognition site A2 in
the center and 100 bp flanks on either side (Figure 5D). The
810 bp PCR3 fragment was obtained by PCR to include all
three restriction sites. The design of the PCR3 fragment
consists of 100 bp arms, with segments between each 5 bp
recognition site, which are 312 and 283 bp long. A1 and A2
are two outer sites, with the T site between the two A sites.

The PCR products were precipitated with 2-propanol
dissolved in deionized water and loaded onto a 2% agarose
gel. The gel was run in TAE [40 mM Tris-acetate (pH 8.0
at 25°C) and 1 mM EDTA] buffer and stained with ethidium
bromide. The fragments were cut and purified from the gel
using the QIAquick gel extraction kit (Qiagen, Hilden,
Germany) and eluted with 10 mM Tris-HCl (pH 7.8 at 25
°C) buffer. The concentrations of DNA fragments were
determined by measuring the absorbance at 260 nm. The
correct positioning of the restriction sites was verified using
the MvaI restriction endonuclease, which recognizes the same
restriction site (CCWGG) yet does not require binding to
multiple sites (33), thus cleaving with a higher efficiency.
The digestion products were run on an agarose gel, which
indeed showed bands corresponding to expected lengths
(Figure S2B, Supporting Information).

Preparation of EcoRII-DNA Complexes.The conditions
for the binding reaction for the wild-type and mutant EcoRII
protein with DNA fragments were chosen on the basis of
the gel shift assay data shown in Figures S5-S7 (Supporting
Information). Gel shift data for the wild-type EcoRII protein
were performed either in the presence of EDTA or in the
presence of Ca2+ (Figure S5, Supporting Information). Both
conditions were tested. For the EcoRII-C mutant, the binding
reaction was conducted in the presence of Ca2+ (Figure S6,
Supporting Information), and for the EcoRII-N mutant,
EDTA was added instead (Figure S7, Supporting Informa-
tion). A detailed protocol of the conditions for the complex
formation for each individual protein is given below.

FIGURE 1: PCR3 fragment. (A) Linear fragment containing three
EcoRII recognition sites (A1, T, and A2) indicated in base pairs
and nanometers. (B) Model for the two-loop complex of EcoRII
with the PCR3 fragment bound at all three sites.
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Binding reactions for wt EcoRII with the PCR3 fragment
were carried out with a protein:DNA ratio of 2-3 protein
dimers per DNA fragment (0.6-1 protein dimer per recogni-
tion site). To allow enzyme binding but prevent cleavage,
buffer containing Ca2+ was used instead of Mg2+. Reaction
mixtures (10µL total) contained 10-100 nM PCR3 frag-
ment, 20-200 nM EcoRII protein, 40 mM HEPES (pH 8.4),
and 5 mM CaCl2. Binding reactions for the wt EcoRII protein
with the PCR1 fragment were performed at a 1:1 protein:
DNA ratio. The final reaction mixture contained 209 nM
EcoRII, 205 nM PCR1, 40 mM HEPES (pH 8.4), and 5 mM
CaCl2.

Reaction mixtures for the EcoRII mutants were prepared
with different protein:DNA ratios and buffer conditions.
Binding reactions for the EcoRII-N mutant with the PCR3
fragment were performed with a protein:DNA ratio of 26:1.
The final reaction mixture contained 107 nM PCR3, 2844
nM EcoRII-N, 0.1 mM EDTA, and 10 mM HEPES (pH 8.4).
Binding reactions for the EcoRII-C mutant with the PCR3
fragment were performed with a protein:DNA ratio of 435:1
to observe binding. The final reaction mixture contained 15.3
nM PCR3 fragment, 6700 nM EcoRII-C, 40 mM HEPES
(pH 8.4), and 5 mM CaCl2.

All reaction mixtures were incubated at room temperature
for 15 min and then fixed with 0.5% glutaraldehyde for 10
min. The fixation reaction was stopped by adding 1-2 µL
of 2 M Tris-HCl (pH 7.1). After completion of the fixa-
tion step, the complexes were purified using Montage PCR
filter units (Millipore Corp., Bedford, MA). To purify the
samples, 300µL of 10 mM HEPES (pH 7.4) was spin-fil-
tered through them. The final samples were resuspended in
10 µL of 10 mM HEPES (pH 7.4). Appropriate dilutions
were made before the deposition of the samples onto mica
to provide an even spread of DNA on the surface for AFM
imaging.

AFM. Freshly cleaved muscovite ruby mica was incubated
in a mixture of a 1-(3-aminopropyl)silatrane (APS) solution
for 30 min to prepare APS-mica, as described previously
(22, 24, 25, 27, 28, 34). The sample droplets (5µL) were
deposited on APS-mica for 2 min, then washed with
deionized water, and dried with argon. The mica was attached
to a metal disc with double-stick tape for imaging. Images
were acquired in tapping mode in air and using a Multimode
SPM Nanoscope IV system (Veeco/Digital Instruments,
Santa Barbara, CA). Silicon-etched tapping mode probes
(TESP7; Veeco/Digital Instruments) were used. They had
nominal spring constants of∼42 N/m and a resonant
frequency of∼320 Hz.

Data Analysis.For each type of EcoRII-DNA complex
formed, data were obtained for the length of the DNA
fragments, the volume of the protein, and the yields of the
various complexes using Femtoscan Online (Advanced
Technologies Center, Moscow, Russia). Contour length
measurements of the DNA molecule were made by tracing
the image of the DNA backbone using the curve tool and
obtaining the readout from Femtoscan.

The protein volume measurements were performed using
the section tool from Femtoscan. Perpendicular cross sections
were made to record the width in two dimensions. The height
(h) of the protein was measured by the difference in the
intensity of the protein compared to the background noise.
The widths were measured at half of the maximal protein

height. The volume (V) of the protein was determined using
eq 1 (35):

Taking into account the fact that the three-dimensionality
of the synaptic complex formed by a large protein dimer
could have different projections on a plane, one should expect
some variation of the protein volume calculated from this
approximation. The volume of the protein was converted into
mass in kilodaltons by dividing by a coefficient of 1.92,
obtained from the comparison with the volume for SfiI
restriction endonuclease (27, 28).

The data for the length and volume measurements were
analyzed using Origin 6.0 (Originlab, Northampton, MA).
The histograms were approximated by Gaussian curves, and
the maximum of the distribution determined the most
probable value for the event.

RESULTS

Visualization and Characterization of the Two-Loop
EcoRII-DNA Complexes.The main goal of this study was
to test the three-site binding model of restriction endonu-
clease EcoRII bound to DNA. To accomplish this goal, a
template containing three sites (PCR3) was designed (Figure
1A). This DNA molecule has three EcoRII recognition sites
placed almost symmetrically within the molecule, but not
quite. The formation of a TSC mediated by the enzyme
binding should lead to the formation of a two-loop molecule,
with approximately equally sized loops (Figure 1B). The
distances between sites A1 and T, as well as between A2
and T, were made approximately twice the DNA persistence
length (312 and 283 bp, respectively) to ease potential
problems with loop formation due to the relatively high
rigidity of double-stranded DNA (e.g. refs26 and36).

The PCR3 fragment and wt EcoRII protein were mixed
to form a complex as described in Materials and Methods.
The Mg2+ cations were replaced with Ca2+ cations to prevent
DNA cleavage, and the complexes were cross-linked with
glutaraldehyde. Figure 2A shows an AFM image of the
complex with a two-loop complex in the middle of the image.
A zoomed image of this two-loop complex is shown in the
inset (i). A collage of several two-loop complexes is shown
in Figure 2B-F. These are molecules of qualitatively similar
morphologies: two loops of relatively similar sizes and short
linear arms.

We measured the lengths of loops and of linear arms for
the molecules to test whether the complexes are formed by
specific binding of the enzyme to the cognate recognition
sites on the DNA fragment. The results for the measurements
of arms, loops, and entire contour lengths of the two-loop
complexes are shown as histograms in panels A-C of Figure
3, respectively. Note that the histogram for the loop sizes
contains the combined data for both loops, as their sizes were
too similar to distinguish between them, so the data appear
as a one-peak histogram. The expected sizes for correspond-
ing distances for DNA contour length and the length between
sites A1 and T, as well as between A2 and T (loops), and
also the ends of the molecules, were calculated assuming a
B-conformation of the DNA duplex. It is seen (Figure 1A)
that the anticipated values are very close to the measured

V ) hπ
6 (3ab

4
+ h2) (1)
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ones. Thus, the data obtained confirm that the two-loop
structures are specific three-site complexes formed by the

enzyme. Note that no such looped complexes were observed
for control samples with no protein added (data not shown).

We also performed the measurements of the protein
volume to evaluate the molecular mass of the protein and
thus to determine the stoichiometry of the protein within the
complex. The data for the volume measurements for two-
loop complexes are shown as a histogram in Figure S1
(Supporting Information). The volume data were converted
into the molecular mass and vice versa using the conversion
coefficient as described in Materials and Methods. From
these conversions, the anticipated volume of an EcoRII dimer
is 175.1 nm3. This value is close to the mean value of 167
nm3 for the volume of the protein obtained from the
histogram in Figure S1 (Supporting Information). Thus, the
AFM data show that the two-loop complexes are formed by
EcoRII and that dimerization of the protein is sufficient for
that.

Characterization of Other Types of EcoRII-PCR3 Com-
plexes.In addition to two-loop complexes, the enzyme forms
other types of complexes with the same DNA template.
Additional EcoRII complexes with the PCR3 fragment were
identified and divided into four major groups, as shown in
Figure 4. The first group (Figure 4A) comprises the synaptic
complexes, including the small loop and large loop structures.
Insets i and ii show representative AFM images of these
structures. The small loop can be formed by the protein
binding at the central recognition site (T, Figure 1) and one
of the outer sites (A1 or A2, Figure 1), and the big loop can
be formed by protein binding at the two outer sites (A1 and
A2, Figure 1). Three other complexes (Figures 4B-D) are
observed on a linear DNA template with different numbers
of protein blobs per molecule: one-site occupied fragments
(B), two-site occupied fragments (C), and three-site occupied
fragments (D). These complexes were analyzed in a manner
similar to that used for the two-loop complexes, and the
results of the analysis given in Table 1 confirm that these
are site-specific complexes.

We also characterized the stoichiometry of the complexes
by performing protein volume measurements. The volume
measurement results for the synaptic looped complexes are
shown in Figure 4A. The volumes for all looped complexes
are centered around the value of 180 nm3 (or a molecular
mass of 93.8 kDa) corresponding to the dimer state of the
enzyme. However, when the protein is found associated with
one single site, the histogram for the protein volume shows
a bimodal distribution (Figure 4B-D), corresponding to the
values for either a monomer or a dimer.

The yields for each type of PCR3-EcoRII complex vary.
The two-loop complexes were found to have a yield of 1.7%.
The yield of the complex with a big loop is 2 times higher
(3.2%), but the small loop complexes are the most abundant
type of complex among all specific complexes (52.2%).
Interactions with a single recognition site were also observed
in substantial yields (33.5%). Other types of nonlooped
complexes (two sites and three sites) constituted 9.3%.

Characterization of EcoRII-PCR1 Complexes.We ana-
lyzed complexes of EcoRII with a one-site DNA fragment,
PCR1. Both linear and synaptic complexes formed by two
DNA molecules (trans X-type complexes) were identified
and characterized (Figure 5). The most abundant were the
linear complexes with one protein bound to the DNA
template (64.6%; Figure 5A, molecules 2 and 3). The

FIGURE 2: AFM images of the EcoRII-DNA complexes. (A) Large
scan with various complexes. A two-loop complex in the middle
of the scan is boxed. A zoomed image of this two-loop complex is
shown as an inset (i). (B-E) Gallery of AFM images for two-loop
DNA protein complexes, where the size of the bar (50 nm) applies
to all images.

FIGURE 3: Histograms of measured length values for the EcoRII-
PCR3 two-loop structures: arm length (A), loop length (B), and
contour length (C). The lengths correspond to expected values,
which are 34 nm (A), 97.9 and 107.8 nm (B), and 278.8 nm (C).

AFM of Triple Synaptic Complexes Biochemistry, Vol. 46, No. 39, 200711131



synaptic X-type complexes (Figure 5A, molecule 1) had a
yield of 12.1%. The length measurement for the shortest arm
of the linear complex (30.1 nm) and the length measure-
ment for all four arms of the synaptic complex (33.4 nm)
corresponded to the expected values for specific binding
(34 nm).

We measured the protein volume to estimate the protein
stoichiometry for the PCR1 fragment. The histogram (Figure
5B) for the synaptic complex volume is approximated with
one Gaussian with a maximum of 200.1 nm3 (104.2 kDa)
which is close to the expected value for a dimer (175.2 nm3).
The histogram for complexes on the linear DNA fragment
(Figure 5C) is broad and approximated with two Gaussians
with maxima at 88.9 and 182 nm3, corresponding to both
monomeric and dimeric forms of the enzyme. Note that free
protein appears as spherical blobs with the mean volume
value (185.6( 5.8. nm3) corresponding to the protein dimer.

Characterization of the DNA-EcoRII Mutant Complex.
To gain additional insight into the mechanism of formation
of the EcoRII-DNA complexes, we conducted experiments
with the PCR3 fragments using two mutant forms of the
enzyme. The N-terminal and C-terminal mutants are trun-
cated forms of the EcoRII protein. The N-terminal mutant
contains the N-terminal domain (EcoRII-N), and the C-ter-
minal mutant contains the C-terminal domain (EcoRII-C)
(13). Complexes of the PCR3 fragment with both deletion
mutants were obtained, imaged, and analyzed. The results
for the arm length measurements for the complexes having
only one site occupied are shown in Figure 6. The expected
values for the arm lengths of 100 bp (34 nm) and 388 bp
(131.92 nm) or 417 bp (141.78 nm) corresponded well to
the major peaks for both types of mutants, suggesting that
the both mutants recognize specific regions on the DNA
template. However, there were a large number of events that
fell outside of the peaks with the EcoRII-C mutant, suggest-
ing binding at noncognate sites. Few loops were identified
for the EcoRII-N mutant (11 loops of a total of 197
complexes analyzed, or 5.59%). The position of the protein
on the loop varied greatly, with the length of the shortest
arm around 44.1 nm, and a mean loop size of∼135 nm.
These values do not correlate well with the expected values
for loop formation via binding to specific regions and most
likely result from aggregation of the protein bound to the
noncognate sites.

DISCUSSION

Three-Site Synaptic Complex.The results obtained show
that EcoRII is capable of bringing together three recognition
sites to form a TSC, as well as forming typical synaptic
complexes requiring the interaction of two DNA recognition
sites. Importantly, the dimerization of the protein is sufficient
for accomplishing all of these binding modes. These findings
are fully in line with the model proposed earlier which
presumes that three-site binding is required for efficient and
coordinated cleavage of the duplex, which includes one
catalytic C-terminal domain and two N-terminal DNA
binding domains to bridge three DNA recognition sites (13).
The visualization of the three-site complex is the first direct
justification of the model.

The low yield of TSC complexes (ca. 1.7%) is not
surprising as it is comparable with the low yield of the large
one-loop complex (3.2%). A surprising finding is that the
yield of small loop complexes occurs at a percentage of
52.2% and is the highest yield among all types of possible
EcoRII-PCR3 complexes. The probability of loop formation
of various sizes can contribute to the yield of synaptic
complexes (37, 38). Such probability is quantitatively

FIGURE 4: AFM data for different types of complexes of EcoRII
with the PCR3 template. (A) Looped synaptic complexes. Inset
images (i and ii) illustrate small loop and large loop synaptic
complexes, respectively. (B) One-site complexes. (C) Two-site
complexes. (D) Complexes with three sites occupied (PCR3-
EcoRII). Representative AFM images for each type of complex
are shown next to the corresponding histograms.
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characterized by the DNA cyclizationJ-factor (e.g., refs38-
40). Using the table forJ-factors calculated for a large set
of DNA fragments varied between 200 and 800 bp (kindly
provided by A. Vologodskii), we obtained a rather low
variability of J-factors in the range between∼300 and∼600
bp. Specifically, the smallest value of theJ-factor (27.4 nM)
corresponds to the 283 bp distance; a slightly higher value
(40 nM) is obtained for the 312 bp distance, and the highest
J-factor value (63.5 nM) is predicted for 600 bp distances.
On the basis of these estimates forJ-factors, we would
anticipate the highest yield of looped complexes for the large
loop with slightly lower yields for the small loops. The data
obtained for yields for large and small loops are just the
opposite, 3.2% of complexes with the large loop compared
to 52.2% of the formation of small loops, suggesting that
the probability of DNA cyclization does not explain the
observed effect in the loop formation. Note that the difference
between the loops with 283 and 312 bp cannot be distin-
guished by the AFM length measurements, so we are unable
to partition the 52.2% yield between these two loops.
However, we have to take into account the inherent curvature
of the DNA segments. TheoreticalJ-factor values depend
on the sequence and can vary over a broad range (e.g., refs
39and41-43and references therein). Motifs such as curved
A-tracts are considered as the major factors influencing the
path of the double helix and theJ-factor values. Such motifs
can be found in the 810 DNA template (Figure S2A of the
Supporting Information). Experimentally, the inherent cur-
vature of DNA can be characterized by gel electrophoresis,
so the phased A-tracts can lead to curving of the DNA path
and thus a decrease in the electrophoretic DNA mobility (e.g.,
ref 44). To verify whether the DNA segments between
internal sites (A1 and T and T and A2) have an elevated
inherent curvature, we measured the electrophoretic mobility
of restriction fragments obtained after MvaI digestion. Figure
S2B of the Supporting Information shows that the electro-
phoretically determined lengths of the A1-T and T-A2
fragments (293 and 322 bp, respectively) are very close to
their expected lengths (283 and 312 bp, respectively). These
results suggest that the fragments or A1-T and T-A2
segments are not intrinsically curved. Therefore, we conclude
that the contribution of loop size to the efficiency of the
formation of synaptic complexes is not that essential. We
should take into account the fact that the EcoRII recognition
sequence is 5′-CCWGG-3′, where W can be either adenine
(A) or thymine (T), and large and small loops are formed
via the use of different sequences (Figure 1). The difference
in the sequences of the sites involved in the formation of
large and small loops is another potential explanation for
the observed non-even looping effect. This hypothesis is in

line with the photo-cross-linking experiments, which dem-
onstrate that the N-terminal domain binding to the recognition
site is asymmetric (30).

Additional insights into the EcoRII-DNA interactions
come from the protein volume measurements of various
complexes. The data show that the dimeric form of the
enzyme is required for the synaptic and three-site complex
formation, but the monomeric form also provides stable one-
site binding. On the other hand, the protein dimers are found
at individual binding sites as well. According to previously
published data (13, 14, 29), EcoRII exists in solution as a
dimer, so the appearance of the monomeric form in the
complex could indicate protein-protein interactions that are
weaker than protein-DNA interactions and reflect the
dynamic nature of the EcoRII-DNA complex. Indeed, if
the protein binds DNA as a dimer and then dissociates, one
should expect to see some partially dissociated complexes
as intermediates. Note that the intermediate states of the
complex can be detected with AFM. Figure S3 shows a set
of such intermediate complexes with a monomer bound to
each individual site for different synaptic complexes: two-
loop complexes (A), small loop complexes (B and C), and
big loop complexes (D). Such synaptic complexes were not
counted and considered to be not fully formed complexes.
In the case of nonsynaptic complexes (one, two, or three
sites occupied by protein), it is impossible to distinguish
between fully formed and partially dissociated complexes,
and that could explain the coexistence of both monomer and
dimer binding modes.

The model for the formation of the TSC, as proposed
previously (13) (see Figure 1B), assumes that DNA helices
are severely bent within the complex. DNA is a rather stiff
polymer (e.g. refs26and36), so bent DNA is an unfavorable
conformation but can be compensated by the interaction with
the protein. However, tracing of the molecules in two-loop
complexes showed that the model with severe bends can be
replaced with an alternative one in which the strands within
the synaptosome are crossed, allowing fewer bends. Figure
S4 shows dotted lines for a path where DNA strands bend
(A) and cross (B). Both types of traces fit to the expected
contour length of the fragment. However, available DNA
templates do not allow one to unambiguously distinguish
between these models. Designs similar to ones used in our
paper about the AFM analysis of synaptic SfiI-DNA
synaptosomes would provide the answer (28).

The protein-DNA synaptosomes are key intermediates
for the various site-specific DNA interactions, and the
traditional model assumes the participation of two DNA sites
in the formation of the complex. This study shows that three
sites can be involved in the formation of a complex stabilized

Table 1: Measured Length Values for wt EcoRII-PCR3 Complexesa

complex type contour length arm length loop length segment length

small loop (N ) 80) 279.2( 0.5 33.0( 0.3, 135.6( 0.4 106.7( 0.3
big loop (N ) 43) 279.2( 1.1 32.6( 0.3 207.0( 1.2
double loop (N ) 22) 276.1( 0.5 33.0( 0.2 101.5( 0.5
one site occupied (N ) 52) 277.8( 0.9 30.7( 0.4, 134.6( 0.7
two sites occupied (N ) 36) 276.3( 0.5 31.9( 0.3, 137.0( 0.5 106.0( 0.3, 208.0( 0.1
three sites occupied (N ) 18) 276( 0.5 31.3( 0.3 103.7( 0.4

a All values corresponded well to the expected values. Multiple peaks on the histogram could not be distinguished for values that were close
together, resulting in a number that fell between the two expected values. Standard errors of the mean from the Gaussian fit are indicated for each
value.
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by one protein dimer. However, the interactions requiring
three sites are not that rare. Three sites can be brought
together, but typically, it requires the participation of at least
two proteins. For example, a three-site synaptic complex is
formed during Mu DNA transposition (6, 7). In this insertion
process, the transpositional enhancer is actively involved in
direct interaction with the Mu left and right ends, leading to
the formation of a three-site synaptic (LER) complex. A
similar tripartite interaction including the involvement of two
different site-specific DNA-binding proteins provides the
His-mediated inversion reaction (8-12). In this system, the
invertasome tripartite complex is formed by the His tetramers
holding hixL and hixR sites and Fis dimer, which brings
the enhancer to the complex. However, the three-site
interaction can be formed transiently in the process of
searching for specific sites via sliding of nonspecifically
formed synaptic complexes. This model was suggested by
Cherepanov et al. (45) on the basis of electron microscopy
analysis of the integration of human immunodeficiency virus
type 1 (HIV-1) cDNA by the HIV-1 integrase. The loop sizes
of the two-loop complexes varied over a broad range, leading
the authors to hypothesize that two-loop or three-site synaptic
complexes are transient states in the process of finding the
specific site by protein sliding along DNA. The mechanisms
whereby the protein finds the target on the DNA substrate
are widely discussed in the literature. Sliding is one of the
mechanisms that provides an efficient search of specific sites
leading to the formation of productive synaptic complexes
(46). The search process can be accelerated substantially if
the site transfer mechanism is involved (46). If the protein-
(s) holds two DNA sites, and another one is captured via
the strand transfer process, the intermediate state would be
a TSC complex. The binding of the third site can be
prompted in a manner similar to one observed for the EcoRII
enzyme, in which the DNA binding site is formed by the
interaction of the C-termini during protein dimerization.
Thus, the TSC conformation of the synaptosome can exist
transiently, facilitating the site search function to the syn-
aptosome. The use of single-molecule techniques, including
time-lapse AFM, capable of detecting transient states of
molecules and their complexes [e.g., the recent paper (47)],
will be instrumental in unraveling the site search mechanisms
and the role of formation of the TSC complex in particular.

FIGURE 5: AFM data for EcoRII-PCR1 complexes. (A) AFM im-
ages of PCR1-EcoRII complexes: synaptic complex (1) and single-
site occupied complexes (2 and 3). The bar equals 200 nm. (B)
Volume distribution for the synaptic complex. The peak value of
200.1 nm3 corresponds to a molecular mass of 104.2 kDa. (C) Vol-
ume distribution for a single-site occupied complex. The peak values
of 88.9 and 182.6 nm3 correspond to molecular masses of 46.3
and 95.1 kDa, respectively. (D) Schematic presentation of the PCR1
fragment.

FIGURE 6: Histograms of the EcoRII mutants’ short arm length
distributions: N-terminal mutant (A) and C-terminal mutant (B).
Both histograms have peaks corresponding to the expected length
values of 34 and 132 nm, respectively. EcoRII-C appears to bind
with much less specificity than EcoRII-N.
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Further studies of the dynamics of three-site EcoRII-DNA
synaptic complexes would shed new light on the mechanisms
by which proteins search for their specific binding site.
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