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ABSTRACT: Atomic force microscopy (AFM) is a technique widely used to image protein-DNA complexes,
and its application has now been extended to the measurements of protein-DNA binding constants and
specificities. However, the spreading of the protein-DNA complexes on a flat substrate, generally mica,
is required prior to AFM imaging. The influence of the surface on protein-DNA interactions is therefore
an issue which needs to be addressed. For that purpose, the extensively studied EcoRI-DNA complex
was investigated with the aim of providing quantitative information about the surface influence. The
equilibrium binding constant of the complex was determined by AFM at both low and high ionic strengths
and compared to electrophoretic mobility shift assay measurements (EMSA). In addition, the effect of
the DNA length on dissociation of the protein from its specific site was analyzed. It turned out that the
AFM measurements are similar to those obtained by EMSA at high ionic strengths. We then advance the
idea that this effect is due to the high counterion concentration near the highly negatively charged mica
surface. In addition, a dissociation of the complexes once they are adsorbed onto the surface was observed,
which is weakly dependent on the ionic strength contrary to what occurs in solution. Finally, a two-step
mechanism, which describes the adsorption of the EcoRI-DNA complexes on the surface, is proposed.
This model could also be extended to other protein-DNA complexes.

Site-specific protein-DNA interactions are fundamentally
important in many biological processes like DNA reparation
because they are generally the first step before the recruitment
of other proteins (1, 2). Many methods, such as electro-
phoretic mobility shift assays (EMSA)1 or filter binding
assays, are powerful techniques for investigating specific
protein-DNA interactions. However, for a few years, atomic
force microscopy (AFM) has also been used to study specific
protein-DNA complexes at the single-molecule level (3, 4).
The advantage of AFM over conventional techniques is that
it allows a direct visualization of the protein-DNA complex
on a nanometer scale (5-11). The use of AFM in liquids
also allows the imaging of ligand-DNA interactions under
physiological conditions, rendering possible the real-time
observation of formation of the complex, dissociation, and
DNA conformational changes upon protein binding. It is also
worth noting that AFM overcomes the limitation of electron
microscopy (EM), which cannot be used to image small
proteins like EcoRI.

Despite the AFM success among biologists, it is surprising
that a quantitative study of how the substrate may influence
protein-DNA interactions has not been tackled. Indeed,
DNA molecules are generally adsorbed to a charged surface

prior to imaging, which should change the ionic surrounding
of the molecules and, therefore, the thermodynamic and
kinetic constants of the protein-DNA complex. Some
parameters, like the binding constant and the dissociation
constant, are particularly useful in determining the protein
concentration required for AFM imaging and the complex
lifetime on the surface. In this article, we focus our attention
on the mica surface, which is the most widely used substrate
for protein-DNA complexes imaging due to its ultraflat
surface. The natural repulsion between the negatively charged
DNA phosphate backbone and the negatively charged mica
surface is generally overcome by the addition of divalent
cations (12, 13) or trivalent cations (14) in the deposition
buffer. We have previously studied the effect of the mica
surface on drug-DNA interactions (15, 16), and we wanted
to extend our investigations to specific protein-DNA
complexes. Our aim was to provide useful quantitative data
about the influence of a charged surface on protein-DNA
interactions. The protein that we have chosen for this
investigation is EcoRI, one of the most studied restriction
endonucleases. Indeed, thermodynamic parameters governing
the interactions of EcoRI with DNA have been determined
(17) as well as the structure of the EcoRI-DNA complex
(18) and the kinetic mechanisms of association and dissocia-
tion (19). EcoRI is a small restriction enzyme (31 kDa),
which interacts with DNA as a dimer and introduces double-
strand breaks into the 5′-GAATTC-3′ sequence. In addition,
the EcoRI-DNA complex has already been observed by
AFM in identifying specific nucleotide sequences in plasmid
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DNA molecules (5). Here, the EcoRI-DNA complex was
considered as a suitable model for studying the influence of
the mica surface on DNA-protein interactions.

In this study, we first measuredν, the ratio of the
concentration of EcoRI-DNA complexes to the total con-
centration of DNA molecules, by gel shift assays. Thenν
was measured on the mica surface by AFM so the differences
between surface measurements (AFM) and bulk measure-
ments (EMSA) could be studied. These experiments were
performed both at low and high ionic strengths. Indeed, for
a highly charged surface like mica, the surface ion concen-
tration is nearly independent of bulk ion concentration (20),
which could influence EcoRI-DNA interactions. In a second
part, we studied the effect of DNA fragment length on the
AFM measurement ofν. In solution, it is generally accepted
that the probability of complex dissociation is larger for the
longer DNA fragment due to the nonspecific DNA binding
at low and moderate ionic strengths (21). We checked if
AFM experiments lead to the same conclusions since the
surface may influence the nonspecific EcoRI-DNA interac-
tions. Then we measured the dissociation time of the EcoRI-
DNA complex once fully adsorbed on the surface, which is
a crucial parameter for AFM users.

Finally, from our results, we propose a new model which
describes a two-step mechanism for the complex adsorption
on the surface. Some practical interests concerning the
observation of protein-DNA interactions by AFM are then
considered.

MATERIALS AND METHODS

DNA Fragments. The 1188 bp fragments were obtained
from plasmid pBR322 by PCR amplification with the
following primers: 5′-CATAGCAGAACTTTAAAAGTACT-
CATC-3′ (forward) and 5′-AGTTGCATGATAAAGAAGA-
CAGTC-3′ (reverse). The PCR product was purified on an
anion exchange miniQ column (Amersham Biosciences) with
a SMART system (Amersham Biosciences), precipitated with
ethanol, and suspended in TE buffer [10 mM Tris (pH 7.5)
and 1 mM EDTA].

The 500 bp DNA fragments were produced by digesting
plasmid pUC19 with restriction enzymes NdeI and SapI,
isolated and purified with a miniQ column, desalted, and
concentrated with a Microcon YM-100 device (Millipore)
in TE buffer.

For longer fragments, pBR322 plasmids were linearized
with restriction enzyme PvuII and purified by gel filtration
on a Superose 6 PC 3.2/30 micro-column (Amersham
Biosciences) with a SMART system.

For the construction of the 749 bp circular fragments, 959
bp fragments were obtained from PCR amplification with
the following primers: 5′-ACTCTCAAGGATCCTACCGCT-
GTTG-3′ (forward) for which the target sequence of BamHI
(5′-GGATCC-3′) is inserted and 5′-CGCAAGGAATGGT-
GCATGCA-3′ (reverse). The PCR product was then purified
on a miniQ column, desalted, and concentrated with a
Microcon YM-100 device (Millipore) in TE buffer. The 959
bp fragments were cut with restriction enzyme BamHI to
produce 9, 749, and 201 bp fragments. The 749 bp fragments
were isolated and purified on a miniQ column. To obtain
749 bp circle DNA molecules, 749 bp fragments were
incubated at a concentration of 0.22µg/mL in ligase buffer

[50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM
dithiothreitol, 1 mM ATP, and 25µg/mL bovine serum
albumin] in the presence of 1 unit/µL T4 DNA ligase (New
England Biolabs) for 16 h at 16°C. The 749 bp circular
DNA fragments were purified on a miniQ column, precipi-
tated with ethanol, and suspended in TE buffer.

For each fragment, the homogeneity in DNA length was
controlled with gel electrophoresis and by EM, and the
concentration was quantified at 260 nm in a Genequant
microspectrophotometer (Amersham Biosciences).

Enzymes.Enzymes were purchased from Sigma (EcoRI),
Promega (BamHI), and New England Biolabs (NdeI and
SapI) and were used without further purification. To deter-
mine the molar concentration of actively binding protein,
we performed a gel mobility shift assay (see below for the
protocol).

AFM Imaging.Imaging was performed in tapping mode
with a multimode AFM instrument (Veeco) operating with
a Nanoscope IIIa controller. We used AC160TS silicon
cantilevers (Olympus) with resonance frequencies of∼300
kHz. The applied force was minimized as much as possible.
All images were collected at the scan frequency of 1.5 Hz
and a resolution of 512× 512 pixels.

For the determination ofν, only DNA molecules for which
the contour length was easily distinguished were taken into
account. The statistical study was carried out by analyzing
∼200 molecules for each sample.

Measurement ofν, the Ratio of the Concentration of
EcoRI-DNA Complexes to the Total Concentration of
Adsorbed DNA Molecules,Versus EcoRI Concentration.The
specific EcoRI-DNA complex was formed by incubating a
10 µL solution of the 1188 bp DNA fragment at 0.2 nM
either in 20 mM NaCl and 20 mM Tris (pH 7.6) (low ionic
strength) or in 300 mM NaCl and 20 mM Tris (pH 7.6) (high
ionic strength) with the EcoRI protein at a concentration
varying from 4 to 125 nM for 5 min at 37°C. Then, 10µL
of a buffer containing the appropriate concentration of Ca2+

to ensure DNA adsorption on the surface was added to the
solution. After dilution, the deposition buffer at low ionic
strength consisted of 10 mM CaCl2, 20 mM NaCl, and 20
mM Tris (pH 7.6). At high ionic strength, the buffer consisted
of 100 mM CaCl2, 300 mM NaCl, and 20 mM Tris (pH
7.6). A 5µL droplet was deposited onto mica for 30 s. The
low DNA concentration and the short deposition time limit
the number of molecules adsorbed on the surface to ap-
proximately five molecules per square micrometer. Then the
surface was rinsed by being plunged into a 0.02% (w/v)
aqueous uranyl acetate solution to maintain the DNA
molecules in their conformations (22) and dried with filter
paper.

Dissociation of the Adsorbed EcoRI-DNA ComplexVersus
Deposition Time. The solutions were prepared following the
same protocol as the previous one with a DNA concentration
of 0.2 nM and an EcoRI concentration of 60 nM, but the 5
µL droplet was deposited onto mica for 15 s. Then the drop
was diluted with 45µL of a buffer containing either 10 mM
CaCl2 or 100 mM CaCl2 to prevent adsorption of additional
DNA molecules on the surface, and the incubation time on
the surface was increased from 0 to 105 s. Then the surface
was rinsed and dried as described above.

AFM Imaging of a Purified Complex.The specific EcoRI-
DNA complex was formed by incubating a 100µL solution
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of the 1188 bp DNA fragment at 1 nM in 20 mM Tris (pH
7.6) and 20 mM NaCl with the protein EcoRI at a
concentration of 12.5 nM for 5 min at 37°C. Then the
solution was loaded onto a Superose 6 PC 3.2/30 mico-
column (Amersham Biosciences), and the complex was
eluted in 20 mM Tris (pH 7.6) and 20 mM NaCl in less
than 2 min which is short enough to avoid its dissociation
(21). The purified complex was immediately deposited onto
mica and imaged by AFM.

EMSA Experiments.pBR322 plasmid (100 nM) was
diluted in 2× reaction buffer [100 mM Tris-HCl (pH 7.5),
20 mM MgCl2, 200 mM NaCl, and 2 mM dithioerythreitol].
Various concentrations of EcoRI (Sigma) were incubated for
15 min at 37°C with 1188 bp DNA fragment (10 nM) in 10
mM Tris (pH 7.6) and 20 or 300 mM NaCl. Then cleavage
reaction was initiated by mixing 5µL of the EcoRI-DNA
solution with 5µL of pBR322-EcoRI buffer (pBR322 was
added to yield a 10-fold excess over 1188 bp fragments) for
30 s, and the reaction was terminated by addition of 3µL of
100 mM EDTA. Samples were loaded onto 1% agarose gels
in 1× TBE buffer [89 mM Tris (pH 8.3), 89 mM boric acid,
and 2 mM EDTA]. The gels were run at 10 V/cm and 4°C,
and DNA was stained in 1:10000 SYBR Green I (Molecular
Probes) for 30 min. Gels were scanned using a Fuji FLA-
3000 PhosphorScreen, and the bands were quantified using
ImageGauge.ν was determined as the ratio between two
shifted bands of cut 1188 bp fragment and the total number
of counts in each lane (cut and uncut 1188 bp DNA
fragments).

Site-Specific Binding Model. The equilibrium binding
constant (Keq) characterizes the affinity of a protein for its
DNA binding site. For a reversible binding reaction

the equilibrium binding constant is given by

The ratioν of the concentration of EcoRI-DNA complexes
to the total concentration of DNA molecules is

where [ADN]tot and [protein]tot are the total DNA and protein
concentrations, respectively (23). The fit of experimental data
with eq 3 also allows us to measure both the actively binding
protein concentration andKeq, as described previously (23).

RESULTS

For AFM imaging of the EcoRI-DNA complexes, the
composition of the buffer should allow the protein binding
to its DNA recognition site but not the DNA cleavage. In a
previous study, Allison and co-workers (5) have used a
mutant of EcoRI which binds to DNA with a 1000-fold
greater binding affinity than the wild-type enzyme but with

cleavage rate constants reduced by a factor of 104. The use
of the mutant then allowed the presence of Mg2+ in the
binding buffer for observation of the EcoRI-DNA com-
plexes on the mica surface. Another way is to use the wild-
type enzyme in the absence of Mg2+ cations. Indeed, Mg2+

is not required for the binding of EcoRI to its DNA
recognition site but is essential for the cleavage activity of
the protein (24). Therefore, we have used Ca2+ instead of
Mg2+ as divalent counterion to mediate adsorption of DNA
and the EcoRI-DNA complex onto mica.

To measureν, the ratio of the concentration of EcoRI-
DNA complexes to the total concentration of DNA molecules
versus EcoRI concentration by AFM, a 1188 bp DNA
fragment was constructed. This fragment has only one EcoRI
site located 427 bp from one end of the DNA (see Figure
1), which is approximately one-third of the DNA fragment
length. Then it is easy to determine if the protein is site-
specifically bound to the fragment by determining the protein
position along the DNA molecule. Of course, the protein
may be situated on the symmetrical but nonspecific position.
However, this error can be neglected given the high lateral
resolution of AFM. Indeed, the experimental error on the
number of formed specific complexes due to the symmetrical
nonspecific position is less than 4%. To estimate this error,
one should consider that the protein position along the
fragment is measured by AFM with an accuracy of∼40 bp.
Therefore,∼30 positions can be distinguished along a 1188
bp fragment, and only two positions are considered to be
specific instead of one.

AFM images of DNA molecules adsorbed on mica are
represented in Figure 2 for different EcoRI concentrations.
As observed, the presence of the enzyme at a specific position
can be easily distinguished. It is worth noting that nonspecific
binding to DNA represents less than 5% of the total EcoRI-
DNA complexes. When the enzyme concentration is in-
creased,ν increases, as expected. However, we should note

protein+ DNA T protein-DNA (1)

Keq )
[protein-DNA]

[protein][DNA]
. (2)

ν )
[ADN] tot + [protein]tot + 1/Keq

2[ADN] tot

-

x([ADN] tot + [protein]tot + 1/Keq)
2 - 4[ADN] tot[protein]tot

2[ADN] tot

(3)

FIGURE 1: Scheme of DNA fragment constructions: (a) 1188 bp,
(b) pBR322 linearization, (c) circular 750 bp, and (d) 500 bp. The
localization of the EcoRI binding site is indicated for each fragment
(see Materials and Methods for details).

AFM Investigations of Protein-DNA Interactions Biochemistry, Vol. 45, No. 49, 200614677



that the EcoRI concentration required to obtain more than
50% of the complexes is rather high (0.5 nM DNA
molecules/10 nM EcoRI). It clearly indicates that dissociation
takes place during the adsorption process.

The ratioν measured in solution by gel shift assays versus
EcoRI concentration is shown in Figure 3a for various EcoRI
concentrations at low and high ionic strengths. The gel shift
assay study was performed to determine the molar concen-
tration of actively binding EcoRI. In addition, the binding
constant of the specific EcoRI-DNA complex was measured

at low and high ionic strengths (2.5× 1011 and 1.7× 107

M-1 at low and high ionic strengths, respectively). These
results, which are in agreement with those reported previ-
ously (21, 23, 25), enable the comparison between AFM and
gel shift assay measurements by using the same protein
solution.

Figure 3b representsν versus the EcoRI concentration
obtained by AFM on the mica surface at low and high ionic
strengths. The point is that the EcoRI concentration required
to image a significant percentage of adsorbed specific
complexes is 2 orders of magnitude higher than DNA
concentration. This is particularly pronounced at low ionic
strengths for which saturation of the DNA-specific sites is
reached at 20 nM EcoRI and 10 nM DNA molecules for gel
shift assays and 125 nM EcoRI and 0.2 nM DNA molecules
for AFM measurements. Consequently, the measured binding
constants on the surface were lower than those in solution
(1 × 107 and 2.6× 106 M-1 at low and high ionic strengths,
respectively). The relatively small difference between AFM
and EMSA experiments at high ionic strengths can be
explained by the presence of CaCl2 in the deposition buffer
for adsorption of DNA. Indeed, divalent cations can lower
the equilibrium binding constant (26). Therefore, we suggest
that AFM and EMSA measurements are quite similar at high
ionic strengths. With regard to the low ionic strength
measurements, the presence of 10 mM CaCl2 in the deposi-
tion buffer at low ionic strengths cannot explain the observed
large discrepancy (the binding constant on the surface is∼4
orders of magnitude lower). Consequently, only the surface
effect can account for the biased value of the binding constant
at low ionic strengths.

The influence of the DNA length onν, the ratio of the
concentration of EcoRI-DNA complexes to the total con-
centration of adsorbed DNA molecules, was also studied by
AFM. In these experiments, the EcoRI concentration was
significantly higher than the DNA concentration so that the
concentration of free DNA molecules in solution prior to
adsorption could be neglected. The ratioν was measured on
the surface at low ionic strength for different fragment lengths
(500, 1188, and 4362 bp) (see Figure 4). It appears that the
degree of dissociation of the specific complex increases when

FIGURE 2: AFM images of binding of EcoRI on the 1188 bp DNA
fragment which contained a single EcoRI-specific binding site
located 429 bp from one end of the DNA fragment [20 mM Tris
(pH 7.5), 20 mM NaCl, and 10 mM CaCl2]. The DNA concentration
was fixed at 0.2 nM, and gradually increasing EcoRI concentrations
were used: (a) 10, (b) 60, and (c) 125 nM (scale bar of 200 nm).
EcoRI proteins are clearly distinguished on the DNA thread (see
arrows). As the protein concentration is increased, more and more
specific complexes are observed on the mica surface. (d) Close-up
of an EcoRI protein bound to a DNA molecule (scale bar of 150
nm). The distances from the bound protein to the two ends are 140
and 250 nm, respectively. This indicates that the protein is located
on its specific site.

FIGURE 3: Plot of ν, the ratio of the concentration of EcoRI-DNA complexes to the total concentration of DNA molecules, vs EcoRI
concentration at low [20 mM Tris (pH 7.5) and 20 mM NaCl] and high ionic strengths [20 mM Tris (pH 7.5) and 300 mM NaCl] determined
by gel shift assays at a DNA concentration of 10 nM (a) and by AFM at a DNA concentration of 0.2 nM (b). It is worth noting that the
EcoRI-DNA binding constants measured by AFM are smaller than those measured by EMSA. This is particularly pronounced at low ionic
strengths, which indicates that the binding affinity of a protein for its specific DNA site is dramatically reduced upon adsorption of DNA
on mica.
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the DNA fragment length decreases, which is the opposite
of what happens in solution. Indeed, in solution at low and
moderate ionic strengths, the dissociation of the specific
complex is favored by the protein binding to nonspecific
DNA sites. Therefore, the dissociation probability increases
with DNA fragment length (21). On the mica surface, the
influence of DNA length on the dissociation probability
seems to be similar to that observed in solution at high ionic
strengths (>150 mM) for which the dissociation probability
of the shorter fragments is more important. Another hypoth-
esis could be that the proximity of a DNA fragment end to
the specific site favors the protein dissociation on the mica
surface even though it has been demonstrated that DNA ends
have no effect on complex dissociation in solution (21). To
test that hypothesis, we prepared a solution which contained
a mix of a 500 bp linear fragment and a 750 bp circularized
fragment with EcoRI in large excess. The same ratio binding
ratio was obtained for both DNA fragments. This indicates
that DNA ends have no significant effect on dissociation of
the complex.

We have also studied the dissociation of the complexes
once adsorbed on the surface versus the deposition time both
at low and high ionic strengths. After a short DNA deposition
time (15 s), the drop is diluted 10 times to stop the adsorption
of additional DNA molecules to the mica. Figure 5 represents
the slow dissociation of the complexes on the surface versus
deposition time. The kinetics of this dissociation seems to
be weakly dependent on the ionic strength of the solution.
The time required for half the complexes to dissociate is
∼60 s. Besides, it is worth noting that control experiments
showed that DNA molecules adsorbed on the surface prior
to addition of EcoRI are hardly accessible to the protein
under the conditions studied here (data not shown). There-
fore, the association of a protein to a free adsorbed fragment
can be neglected.

FIGURE 4: AFM measurements ofν for three different DNA
fragment lengths (4362, 1188, and 500 bp). The deposition buffer
contained the three DNA fragments with an EcoRI concentration
in large excess so that all the DNA fragments have formed a
complex in solution prior to deposition [20 mM Tris (pH 7.5), 20
mM NaCl, and 10 mM CaCl2; 0.2 nM 4362 bp DNA, 0.2 nM 1188
bp DNA, and 0.3 nM 500 bp DNA; and 30 nM EcoRI]. (a) AFM
image of the EcoRI-DNA complexes adsorbed on the surface.
Specific binding to the DNA fragment is easily observed (see
arrows). We can also note that only one-third of the 500 bp
fragments has formed a complex in this image. (b) Diagram ofν
values for the three DNA fragments.

FIGURE 5: Plot ofν for adsorbed DNA molecules vs the deposition
time at low [20 mM Tris (pH 7.5), 20 mM NaCl, and 10 mM CaCl2]
and high ionic strengths [20 mM Tris (pH 7.5), 300 mM NaCl,
and 100 mM CaCl2]. The DNA concentration was 0.2 nM and the
EcoRI concentrations 60 nM. We observe a slow dissociation (τ
≈ 60 s) that is not expected at high ionic strengths in solution (τ
, 15 s whenI > 200 mM).

FIGURE 6: AFM image obtained after deposition of the purified
specific EcoRI-DNA complex [20 mM Tris (pH 7.5), 20 mM
NaCl, and 10 mM CaCl2]. This indicates that EcoRI is not attracted
on the mica surface as it dissociates from DNA upon adsorption
(scale bar of 250 nm).
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One hypothesis for the origin of the dissociation of the
complex once adsorbed on the surface could be the high
affinity of the protein for the surface. However, we rarely
observed a protein adsorbed on the surface near the specific
site, which could have indicated the affinity of the protein
for mica. In addition, only few free proteins were adsorbed
on the surface even though the protein concentration was
significantly higher than the DNA concentration. To make
sure that released proteins were not attracted on the mica
surface upon dissociation, the EcoRI-DNA complexes were
formed in solution and purified by size exclusion chroma-
tography to remove the unbound proteins. The complex was
then eluted in less than 2 min, a period sufficiently short to
prevent its dissociation at low ionic strengths [20 mM NaCl
and 20 mM Tris (pH 7.5)] (21). The purified complex was
immediately deposited onto mica and imaged by AFM
(Figure 6). We controlled by gel electrophoresis the fact that
the EcoRI-DNA complex did not dissociate during size
exclusion chromatography (data not shown). The AFM
images show that there was no protein on the DNA molecules
or on the surface. This means that all the complexes were
dissociated and the proteins were released from the surface
into the solution.

DISCUSSION

Very few quantitative AFM studies of protein-protein
interactions (27) or protein-DNA interactions (3, 28-30)
have been undertaken so far. In addition, the presence of
the surface as an interacting body has been neglected. In a
recent work performed by Yang and co-workers on the
MutS-DNA complex (3), the primary assumption for
measuring the binding constants of the complex by AFM
was that the populations of bound and free DNA on the
surface are the same as those in solution, i.e., that deposition
on the surface does not alter the populations. This assump-
tion is not valid for the EcoRI-DNA complexes since the
value of the ratio of the concentration of EcoRI-DNA
complexes to the total concentration of DNA molecules,ν,
in solution is larger than the value measured by AFM. One
explanation could be that the complex does not adsorb as
strongly on the surface as a free DNA molecule does.
However, it seems highly unlikely that the presence of a
small protein on a long DNA fragment could change
significantly the binding strength on the mica surface. More
likely is the possibility that the effect of the surface biases
the AFM measurements. The analysis of our experimental
results provides a great piece of information about the surface
influence.

Thermodynamic Equilibrium in the Vicinity of the Surface.
The first point is that at low ionic strengths the binding
constant of the complex on the surface is significantly lower
than in solution, whereas at high ionic strengths, the binding
constants are quite similar in solution and on the surface. It
seems like the ionic strength on the surface is higher than
that in bulk. In addition, the ionic strength near the surface
appears to be weakly sensitive to the ionic strength of the
solution. To understand this, one has to consider the mica
surface as a highly negatively charged surface. The mono-
valent counterion concentration increases dramatically at
the surface to neutralize it. Using the nonlinear Poisson-
Boltzmann equation, the counterion concentration decay
is (31)

where d is the distance from the surface,nb the bulk
concentration of the counterion species,e the electron charge,
σ the surface charge density,lB the Bjerrum length, andz
the counterion valence.

For the mica surface, the monovalent salt concentration 1
nm from the mica surface is greater than 300 mM whatever
the bulk monovalent salt concentration (31). The mica surface
charge density in solution is equal to 2 e-/nm2 (32). It results
from the release of potassium ions on the mica surface,
without taking into account the neutralization by the adsorbed
cations. Indeed, under typical solution conditions, most of
the negative lattice sites are neutralized with condensed
cations (Na+, Mg2+, etc.) (32, 33). As it was reported that
DNA counterions should be located less thanlB (=0.7 nm)
from the surface to allow DNA adsorption (12, 14), the
adsorbed DNA molecules are then partly embedded in the
counterion cloud in which the Na+ concentration is weakly
dependent on the buffer composition. As a consequence, the
thermodynamic parameters governing EcoRI-DNA interac-
tions are not the same on the mica surface and in solution at
low bulk ionic strengths.

Further support for this observation is the effect of the
DNA length onν for adsorbed molecules at low bulk ionic
strengths. It appears that the dissociation of the complexes
on the mica surface is more complete for the shorter DNA
fragments. Consequently, the dissociation of the protein-
DNA complex due to the adsorption on the mica surface is
not mediated by the nonspecific protein binding to DNA.
This is generally observed in solution at high ionic strengths
(21).

As the ionic strength felt by the adsorbed complexes is
larger than in bulk, it should cause a shift in the thermody-
namic equilibrium similar to what is observed in solution
when the ionic strength is increased. This equilibrium shift
takes place when the DNA molecules are interacting with
the surface but are not yet fully adsorbed on the surface.
The measured values of the equilibrium constants are there-
fore influenced by this intermediate state. It is also worth
noting that, upon adsorption, the binding of EcoRI to DNA
prevents some divalent counterions from participating in the
DNA adsorption via counterion correlations. This energy
penalty is an additional factor which may facilitate dissocia-
tion of EcoRI to increase the energy benefit of DNA
adsorption.

Dissociation of the Complexes Once Adsorbed on the
Surface. Once adsorbed, the protein-DNA complexes
undergo an irreversible dissociation. Indeed, the specific
binding of the free protein to adsorbed DNA was not
significant under the conditions studied here. As previously
reported for drug-DNA interactions (15, 16), strong surface
binding on mica could affect DNA accessibility. As EcoRI
is a larger ligand than drugs, the accessibility of DNA to
EcoRI should be even more diminished, which could
preclude EcoRI-DNA association on the surface. However,
what is more surprising is the slowness of the dissociation
(half-time τ ≈ 60 s) that is not expected at high ionic
strengths in solution [>200 mM NaCl,τ , 15 s (21)]. One
explanation could be that the surface friction due to the mica

n(d) )
2π(σ/e)2lB

[1 + d/(2e/4πσlBz)]2
+ nb (4)
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and DNA counterions hinders the complex dissociation.
Indeed, the environment near the surface is crowded with
counterions, which slows DNA diffusion on mica (15).
Furthermore, it is generally accepted that environments
crowded with PEG molecules or sucrose (34) increase the
dissociation time by changing the water activity. As the
crowd of counterions on the surface could also considerably
lower the water activity, this might be another explanation.
With regard to the slow dissociation of the adsorbed com-
plexes, we have noted that its kinetics seems to be weakly
dependent on the bulk ionic strength. This is not surprising
since, whatever the bulk ionic strength, the surface ionic
strength remains very high.

Mechanism of Adsorption of DNA-Protein Complex and
Practical Interests.By considering the analysis of this work,
we propose a two-step mechanism for the adsorption of
EcoRI-DNA complexes on a mica surface (Figure 7).

First, the EcoRI-DNA complex in solution approaches
the surface due to the attraction between the DNA molecule
and the mica surface mediated by multivalent counterions.
This is a short-range attraction, and only some parts of the
DNA molecule are interacting with the surface before the
complex is fully adsorbed. Indeed, the DNA molecule adopts
a three-dimensional conformation in solution, and some
rearrangements are necessary for the molecule to adopt a
two-dimensional conformation on the surface. During this
step, the ionic conditions in the vicinity of the surface cause
a shift of the equilibrium toward the equilibrium that prevails
at high ionic strengths. Therefore, many EcoRI-DNA
complexes dissociate since the equilibrium binding constant
of the complex decreases with the increase in ionic strength.
The point is that AFM measurements could be more relevant
if they were performed at high ionic strengths (I > 100 mM),
where the DNA ionic environments on the surface and in
solution are quite similar. Furthermore, working at high ionic
strengths is important in approaching the physiological
conditions. The equilibrium shift must have been a problem
for AFM users, who generally used a low-ionic strength
solution to adsorb protein-DNA complexes on mica. Indeed,
as indicated by our results and those reported previously by
Lysetska et al. (4), the protein concentration required to
observe DNA-protein complexes on the surface can be
significantly higher than the concentration required to form
the complexes in solution at low ionic strengths. The
drawback is that the protein surface coverage due to

nonspecific adsorption at low ionic strengths can be quite
important if a high protein concentration is used, which could
affect the imaging conditions (35).

Second, the complexes become fully adsorbed on the
surface. Then a slow dissociation of the complexes on the
surface takes place with a half-life of∼60 s. This slow
dissociation is likely due to the presence of the condensed
counterion layer on the mica surface, which can lower the
water activity and induce a strong surface friction. These
effects slow the dissociation whatever the NaCl concentra-
tion. To our knowledge, the dissociation of the protein-
DNA complexes on mica has never been depicted. A direct
practical interest of this observation is that the AFM study
of the complex is time-limited. Indeed, an EcoRI-DNA
complex adsorbed on the surface can hardly be imaged by
AFM in liquid for more than 1 or 2 min. Thus, successive
AFM images of the complex must be taken within a few
minutes, which may be difficult but possible. It means that
the EcoRI-DNA complexes should be injected into the AFM
liquid cell while the AFM tip scans the mica surface and all
the AFM parameters are adjusted for proper imaging. This
is a desirable piece of knowledge for those interested in using
AFM to study protein-DNA interactions in liquid. The
results presented in this paper can surely be extended to many
other proteins which interact specifically with DNA.
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