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Abstract
This paper describes protocols for studies of structure and dynamics of DNA and protein-DNA
complexes with AFM utilizing the surface chemistry approach. The necessary specifics for the
preparation of functionalized surfaces and AFM probes with the use of silanes and silatranes,
including the protocols for synthesis of silatranes are provided. The methodology of studies of local
and global conformations DNA with the major focus on the time-lapse imaging of DNA in aqueous
solutions is illustrated by the study of dynamics of Holliday junctions including branch migration.
The analysis of nucleosome dynamics is selected as an example to illustrate the application of the
time-lapse AFM to studies of dynamics of protein-DNA complexes. The force spectroscopy is the
modality of AFM with a great importance to various fields of biomedical studies. The AFM force
spectroscopy approach for studies of specific protein-DNA complexes is illustrated by the data on
analysis of dynamics of synaptic SfiI-DNA complexes. When necessary, additional specifics are
added to the corresponding example.
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1. Introduction
Single molecule biophysics technologies due to their capability to detect transient states of
molecules and biomolecular complexes are the methods of choice for studies DNA structure
and dynamics. Atomic forced microscopy (AFM) is one of these methods. A unique feature
of this instrument is its capability to operate in two different modalities, topographic imaging
and measuring of intermolecular interactions. AFM was also successfully applied to studies of
nucleic acids. Part of this success is due to the development of reliable sample preparation
procedures. Several such methods were developed simultaneously in a number of laboratories
(1–10). A major feature of these methods is the use of a specially prepared surface that holds
(usually electrostatically) the sample in place during scanning. We used aminosilanes (10–
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15) and silatranes (16–22) to functionalize the mica surface with amine groups. The major
advantage of these sample preparation procedures is that they work under a wide variety of
ionic conditions, pH and over a wide range of temperatures. These characteristics of
functionalized mica allowed us to image nucleic acids (DNA, dsRNA, kDNA) and
nucleoprotein complexes of different types (reviewed in (10,13,20)). Once prepared, samples
are stable and do not absorb any contaminants for weeks with minimal precautions for storing.
An important property of silatrane, such as the possibility to synthesize functionalized
silatranes capable of bringing to the surface a target group including chemically reactive group,
is a unique property of silatranes, allowing to prepare the surfaces with desirable characteristics.
The latter property was critical for routine and reliable immobilization of the sample for AFM
force spectroscopy (23). This paper outlines specifics for the preparation of surfaces, samples
for AFM studies including the time lapse AFM and AFM force spectroscopy. A few examples
illustrating the advantages of the described techniques for the study of DNA structure and
dynamics analysis are provided. However, this is a short list. In fact, the APS-mica
methodology has been used in the AFM topographic studies of alternative DNA structures
such as cruciforms, three-way junctions, open DNA regions (see reviews (20,24) and
references therein) and various protein-DNA complexes (25–30). In addition, the silatrane
chemistry including APS-mica methodology was used in numerous topographic and the force
spectroscopy studies in the area of protein misfolding and aggregation (22,31–39).

2. Experimental design
2.1. Materials

Chemicals—Commercially available 3-aminopropyltriethoxy silane (e.g., Fluka, Chemika-
BioChemika, Switzerland, Aldrich, USA, United Chemical Technology, USA) and N,N-
diisopropylethylamine (Aldrich, Sigma). It is recommended to redistill APTES and store under
argon.

Mica substrate—Any type of commercially available mica sheets (green or ruby mica).
Asheville-Schoonmaker Mica Co (Newport News, VA) supplies with thick and large (more
than 5×7 cm) sheets suitable for making the substrates of different sizes.

Water—Double glass distilled or deionized water filtered through 0.5 μm filter.

2.2. Functionalization of mica with 3-aminopropyltriethoxy silane (AP-mica preparation)
The protocol below describes the methodology for the preparation of positively charged mica
surface provided by covalent binding of APTES to mica surface.

Place two plastic caps (cut them from regular 1.5 ml plastic tubes) on the bottom of 2 l
desiccators and vacuum it with a regular vacuum pump and fill with argon. Cleave mica sheets
(approx. 5×5 cm) to make them as thin as 0.1–0.05 mm and mount at the top of the desiccators.
Place 30 μl of APTES into one plastic cap and 10 μl of N,N-diisopropylethylamine (Aldrich)
into another cap and allow the reaction to proceed for 1–2 hours. After that remove the cap
with APTES and purge argon for 2 min. Leave the sheets for 1–2 days in the desiccator to cure;
AP-mica is ready for the sample deposition after that. This procedure allows one to obtain a
weak cationic surface with rather uniform distribution of the charge. Dry argon atmosphere is
crucial for obtaining the substrates for AFM studies and for storage of the substrate. Allow the
gas to flow while you open the desiccator. With these precautions the AP-mica substrates retain
their activity for several weeks.
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2.3. Synthesis of 1-(3-aminopropyl)silatrane (APS)
APS is not commercially available, but can be synthesized with use of rather simple equipment.
A catalytic amount of sodium metal (5 mg) is added to 15.0 mL (16.8 g, 0.11 mol) of
triethanolamine (Aldrich) in a 250 mL round-bottom flask under argon or nitrogen atmosphere
and allowed to form a solution. A rubber balloon is then attached to the flask via a rubber
septum and a needle to allow hydrogen to escape without building up pressure. Moderate heat
(up to 100°C) can be applied to accelerate the process, but the mixture should be allowed to
cool to room temperature before the next step. An equivalent amount of (3-aminopropyl)
triethoxysilane (26.4 mL or 25.0 g, 0.11 mol) is added to the mixture, then the flask is placed
into a 60° C water bath and connected to the vacuum line to absorb ethanol released in the
reaction. This reaction can be simply performed on a rotary evaporator. At the end of the
reaction, the mixture loses approximately 17 g of ethanol and is turned into a solid. This process
can take more than 24 hr, but mechanical or occasional manual stirring can reduce time to 1–
2 hr. Evaporation at the end with 150 mL of xylenes at 60° can also accelerate the process and
help crystallization. Vacuum-dried APS obtained by this method can be used directly for AFM,
or for better results and higher stability, the product can be purified by crystallization. Minute
amounts of sodium hydroxide in the product does not practically affect the performance of the
reagent, or change the pH of stock solutions of APS used for AFM. Recrystallization from
xylenes provides 20 g (80% yield) of colorless solid powder. The synthesized APS has the
following characteristics: m.p. 91–94°C (open capillary tube); m.p. 87.2–87.9°C (sealed
capillary tube). 1H NMR (DMSO-d6), ppm: 0.08–0.14 (2H, m, SiCH2); 1.1 (2H, br. s, NH2);
1.28–1.37 (2H, m, CH2); 2.37 (2H, t J = 7.2 Hz, NCH2); 2.77 (6H, t J = 5.9 Hz, NCH2); 3.59
(6H, t J = 5.9 Hz, OCH2).

2.4. Mica functionalization with APS
Figure 1 schematically illustrates the reaction of APS with mica. Prepare 50 mM APS stock
solution in water and store it in refrigerator. The shelf life of the stock solution is not less than
6 months. Prepare working APS solution for mica modification dissolving the stock solution
in 1:300 ratio in water; it can be stored at room temperature for several days. Cleave mica
sheets of needed sizes (typically 1×3 cm) to make them as thin as 0.05–0.1 mm, place them in
appropriate plastic tubes and pour working APS solution to cover the mica sheet and leave on
the bench for 30 min. Remove the mica sheets wash with deionized water and dry them under
Argon stream. The strips are ready for the sample preparation. Note, however, as prepared, the
APS mica sheets can be stored under Argon for several days.

2.5. Sample preparation for AFM imaging in air
Two procedures are described. AP-mica is mentioned in the protocols below, in the droplet
and immersion procedures, however the same protocol is also applied for APS-mica. The first
procedure is attractive due to the use of small amount of the sample, whereas the immersion
procedure is recommended for procedures requiring the control of environmental conditions
such as temperature, pH and salt concentration.

2.5.1. The Droplet Procedure—Prepare the solution of the sample (DNA, RNA, protein-
DNA complex) in appropriate buffer. DNA concentration should be between 0.1 –0.01 μg/ml
depending on the size of the molecules. Place 5–10 μl of the solution in the middle of AP-mica
substrate (usually 1×1 cm squares) for 2–3 min. Rinse the surface thoroughly with water (2–
3 ml per sample) to remove all buffer components. 5ml plastic syringe is very useful for rinsing.
Attach an appropriate plastic tip instead of metal needle. Dry the sample by blowing with clean
argon gas. The sample is ready for imaging. Store the samples in vacuum cabinets or desiccators
filled with argon.
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2.5.2. The Immersion procedure—This procedure is recommended if the deposition
should be performed at strictly controlled temperature conditions (0°C or elevated
temperatures) and long-time incubations. Preincubate the DNA solution for 10–20 min to allow
the temperature to equilibrate. Immerse a piece of AP-mica into the vials and leave it for 10–
20 min to allow the samples to adsorb to the surface. Remove the specimen, rinse with water
thoroughly and dry under the argon flow. The sample is ready for imaging. The samples can
be stored in vacuum cabinet or under argon.

2.6. Procedure for AFM imaging in air
The procedure for imaging in air is straightforward: mount the sample and start approaching.
Although both contact and intermittent (tapping) modes can be used, the latter is preferable
and allows one to get images of DNA and DNA-protein complexes routinely. Any types of
probes designed for non-contact imaging can be used. NanoProbe TESP tips (Digital
Instruments, Inc.) or Olympus and conical sharp silicon probes of K-TEK International
(Portland, OR) work well. Typical tapping frequency of 240–380 KHz; scanning rate of 1.5–
2.5 Hz allows one to obtain stable images.

2.7. Procedures for imaging in solution
The capability of AFM to perform scanning in liquid is its most attractive feature for numerous
biological applications allowing imaging at conditions close to physiological ones. In addition,
this mode of imaging permits one to eliminate undesirable resolution-limiting capillary effect
typical for imaging in air (e.g., (8,40,41)). As a result, images of DNA filaments as thin as ~3
nm were obtained in water solutions (42) and helical periodicity was observed when dried
DNA samples were imaged in propanol (11). In addition to APS-mica, our previously
developed procedure with the use of AP-mica can be used as a substrate for imaging in liquid
(10); note that the first images of DNA in fully hydrated state were obtained by the use of AP-
mica (11). This type of imaging is recommended in cases when dynamics is studied. The
following procedure is described for the use of MultiMode AFM (Veeco, Santa Barbara, CA)
and can be easily adapted for other systems. Install an appropriate tip in the holder designed
for imaging in liquid (fluid cell). Use Si3N4 big triangle with thick legs or small triangle with
thin legs cantilevers (42). Mount the AP –mica or APS mica sheet on the stage of the
microscope. Mica pieces of 1cm × 1cm are sufficient for MultiMode AFM design of fluid cell.
Attach the head of the microscope with installed fluid cell and make appropriate adjustments
of the microscope. Approach the sample to the tip manually, leaving ~50–100 μm gap between
the tip and the surface. This gap is sufficient to inject ~50 μl of the sample. Allow the
microscope to approach the sample and to engage the tip. Adjust the values for the set point
voltage and drive amplitude to improve the quality of images and start the data acquisition
using the continuous mode scanning. The best resonance frequencies are usually around 6–9
kHz. APS modified mica also can be used in MFP 3D instrument (Asylum Research, Santa
Barbara, CA). For that, the piece of mica should be glued to the glass slide first and then
modified as described above with APS solution.

2.8. AFM force spectroscopy
This section outlines specifics for the immobilization of molecules utilizing maleimide
silatrane (MAS) methodology (43), the suitability of which has been proven in a number of
single molecule experiments including AFM force spectroscopy (22,43–45).

The immobilization chemistry is shown in Fig. 2. A freshly cleaved mica surface (cartoon 1)
is treated with an aqueous solution of maleimide silatrane (MAS, 2) for several minutes and
then rinsed, leading to a surface containing immobilized maleimide units as depicted in cartoon
3. Surface 3 is then treated with a buffered solution containing the solution of thiol-modified
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DNA. The terminal thiol group covalently adds to the maleimide units on the surface leading
to the immobilized DNA as shown in cartoon 4.

Thiol group was incorporated into DNA during a standard chemical synthesis. Specifics for
the preparation and purification of DNA can be found in (45). To reduce protected thiol groups
of the oligonucleotides, the duplexes were treated with 10 mM buffered solution (10 mM
HEPES, 50 mM NaCl, pH 7.0) of TCEP-hydrochloride (Tris(2-carboxyethyl)phosphine) at
25°C for 10 min. Silicon nitride (Si3N4) or MLCT AFM tips were initially washed in ethanol
by immersion for 30 min and then activated by UV treatment for 30 min t. Activated tips and
freshly cleaved mica surface were treated with 167 μM solution of maleimide-silatrane for 3
hours followed by rinsing with deionized water. Maleimide functionalized AFM tips and mica
were incubated for 1 hour respectively in 10 μM and 80 μM of double stranded DNA. After
washing with HEPES buffer solution (10 mM HEPES, 50 mM NaCl, pH 7.0), unreacted
maleimide moieties were quenched with buffered 10 mM β-mercaptoethanol solution by 10
min treatment at room temperature. The modified tips and mica were washed with 10 mM
HEPES, 50 mM NaCl, pH 7.0 and stored in the same buffer until use.

3. Specific AFM experiments with the use of functionalized surfaces
3.1. AFM imaging with the use of functionalized surfaces

The procedure for the preparation of samples with the use of functionalized AP-mica or APS-
mica procedures is straightforward. The sample is placed onto the surface to allow the sample
to diffuse to the surface and bind. After that, the sample is rinsed with water, dried with a clean
gas and placed on the microscope stage for imaging. Figure 3 shows typical images obtained
with the use of described protocols. We were able to image as well such an alternative DNA
structure as supercoil stabilized cruciforms (46–48). The following features of AP- and APS-
mica protocol were critical in reliable and reproducible detection of these dynamic structures.

1. The samples can be deposited in a wide range of ionic conditions, temperatures and
pH.

2. No divalent cations are needed for the sample binding to the surface.

3. The substrate is stable and retains the binding activity during several days after the
preparation.

4. The samples deposited on the substrates are stable and do not accumulate impurities
during several months with minimal precautions for the sample storage.

The following issue related to the effect of the surface on the DNA conformation should be
taken into a consideration. Deposition of DNA molecules on a surface certainly leads to
distortion of its structure, but the extent of such distortion depends on the physical and chemical
characteristics of the surface and the DNA-surface interactions. Quite popular methods
utilizing the use of divalent cations work very well for imaging of linear DNA (1,49,50). At
the same time, the use of a modified Mg-assisted technique the images of supercoiled DNA
appear with large loops between the very tightly twisted segments of the plectonemic
superhelix was a typical feature of such images (51–55). Such large loops should not present
in DNA in solution and they are not appear on the computer simulated images (56); therefore
the appearances of large loops in supercoiled DNA are probably induced by the immobilization
procedure. The use of functionalized mica allowed us to eliminate or at least to minimize above
mentioned problems and to obtain the images of supercoiled DNA (42) fully consistent with
the data obtained in solution (57) and the predictions of theoretical analysis for the
conformations of supercoiled DNA (56). In addition, supercoiled DNA in low salt buffer, but
in the presence of Mg2+ cations are observed as tightly interwound plectonemic molecules
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(19,42). This observation is in perfect agreement with data in solution (58), suggesting that the
charge neutralization effect of Mg2+ cations is much stronger than that of monovalent cations.

Altogether, these data further warrant the application of the functionalized mica techniques to
studies of global DNA conformations and the structure and dynamics of negative DNA
supercoiling, which is a natural state of DNA at physiological conditions and within cells in
particular. Local DNA structures are very labile and dynamic, so such conditions as ionic
strength and pH are critical for their visualization. Furthermore, our AFM study revealed the
interplay between the conformational transition of a cruciform and the global conformation of
supercoiled DNA can be a molecular trigger for the slithering of DNA chains, the process that
facilitates communication between distant sites in the molecule (24,48). Note that both AP-
and APS-mica have very similar characteristics in terms of the surface smoothness, holding
the sample on the surface provided and the high reproducibility of the results. Both surfaces
were very useful for studies of protein-DNA complexes and specifics for these experiments
can be found in a number of papers (25–28,59,60).

3.2. AFM imaging in aqueous solutions
Time-lapse imaging mode is one of the attractive modes of topographic AFM applications. In
the pioneering work (61), AFM was applied to the imaging the fibrin self assembly. In the
series of works from the group of Bustamante, AFM was applied to the observation of RNA
polymerase movement along DNA (8,9,62–64). We used time lapse imaging and AP-mica
methodology for studies dynamics of local and global dynamics of supercoiled DNA with the
focus on structural dynamics of cruciforms (42,47). However, for the experiments in aqueous
solutions APS-mica, there appears to be a better substrate than AP-mica. We observed that the
APS mica surface remains smooth during experiments in liquid, rendering APS-mica superior
to AP-mica (18). Controlling the surface density of amines is another important advantage of
the APS mica method for the time-lapse AFM imaging experiments. These two features were
critical, allowing single molecule AFM detection of the extensive dynamics of three-way DNA
junctions (16), observations consistent with our earlier DNA cyclization studies in solution
(65,66). The observation of the H-to-B- form transition (18,24) is another example. The results
on direct visualization of recombination DNA dynamics enabling us to test the models for
branch migration (20,67) along with visualization of dynamics of nucleosomes are briefly
described in subsections below.

3.2.1. Dynamics of Holliday junctions and branch migration—In time-lapse AFM
experiments, the sample was injected into an AFM flow cell mounted on APS-mica and imaged
with an AFM continuously without drying the sample. A selected area with unambiguously
identified Holliday junctions (HJs) was scanned continuously and the buffer change was
performed without interruption of the scanning. The results for one such a time-lapse
experiment are shown in Fig. 4. The arms subsequently move to an extended conformation
(frame 9) followed by branch migration (12–13), resulting in the dissociation of the molecule
into two linear strands as imaged in frame 13. A complete data set illustrated dynamics of the
HJ and branch migration for this and other molecules shown as movies can be viewed in the
supplement to paper (67). Quantitative analysis of the time-lapse data led us to conclude that
branch migration requires unfolding of HJ whereas folding of the junction into conformations
with antiparallel or parallel orientation of exchanging arms terminates branch migration.

Time lapse AFM with the use of APS-mica was recently applied to the analysis of the role of
DNA supercoiling on the structure and dynamics of Holliday junctions (cruciforms) (68). The
results of this analysis showed that the geometry of cruciform is primarily governed by the
DNA supercoiling. DNA supercoiling shifts equilibrium between folded and unfolded
conformations of cruciform towards the folded one with the parallel orientation of the DNA
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helical strands rather than the antiparallel configuration typically observed in synthetic
Holliday junctions. The effect of DNA supercoiling is enhanced in the presence of cations.
These findings provide additional support for the role of DNA supercoiling in the structure and
dynamics of Holliday junctions (cruciforms).

3.2.2. Structure and dynamics of nucleosomes—We have shown earlier that AP-mica
is appropriate substrate for imaging of chromatin and were able to get the filaments with a
clear-cut bead-on-spring morphology (25). Concatemeric sea urchin 5S rDNA array was used
as a template, but the images did not reveal a clear periodicity. However, the analysis showed
that the positions of nucleosomes were not random, suggesting that the chromatin structure is
dynamic. The dynamic feature can be observed with the use of the simplest chromatin system,
nucleosome core particle (NCP) in which DNA is slightly longer than is needed for wrapping
around the histone core. Figure 6 shows the AFM image of the NCP system assembled on 352
bp DNA template, containing the most stable for histone octamer binding sequence (69). The
NCPs consisting of bright blobs (nucleosome) with DNA arms not involved into wrapping are
seen all over the scan. Importantly, this sample was prepared by the deposition of the NCP
sample without fixation with glutaraldehyde typically used for electron microscopy studies,
suggesting that the AFM procedure is gentle enough to preserve the NCP intact. Quantitative
analysis of the NCP images allows one to calculate such an important parameter of NCP’s as
the number of DNA turns around the histone cores. For NCPs marked as 1, 2 and 3 (Fig. 5)
these values are 1.7, 1.4 and 1 turns respectively. Such a broad variability of the wrapping
value is an indirect indication of spontaneous dynamics of nucleosomes.

What are the pathways for such unwrapping? Does the core particle roll along the DNA
template like a wheel or do each of the arms dissociate relatively independently? The models
for the dynamics of NCP have been proposed (70) but never been tested. Time-lapse AFM
would be an appropriate method in direct imaging the chromatin dynamics and testing these
models. For experiments in liquid the NCP sample in buffer containing in 10 mM Tris-HCl
(pH 7.5) and 4 mM MgCl2, was injected directly into flow cell without drying. Images were
acquired by using NanoScope IIId system (Veeco/Digital Instruments, Santa Barbara, CA)
operating in tapping mode in liquid. NP-Probes (NP- Veeco/Digital Instruments, Inc.), with a
spring constant 0.06 N/m and resonant frequency between 5–10 kHz were used. The continued
scanning over the selected area (about 800×800nm image size) was performed to follow the
dynamics of NCPs. The result of one of the time-lapse experiments for a selected NCP is shown
on Fig. 6a as a subset of 7 consecutive frames. As it is seen from the images, this particular
NCP, is initially quite compact with about two turns of DNA wrapped around nucleosome core
(frames 51 and 52). The following frames (53–55) show that over time DNA spontaneously
unwraps from the histone core and the particle in frame 54 has only about 1 turn left around
the histone core. Additional unwrapping occurs later, so the next image (frame 55) corresponds
to fully unwrapped complex that is loosely bound, so the core dissociates and leaves the area
of observation (frame 57). The unwrapping process of the NCP in each frame was analyzed
quantitatively by measuring the length of DNA arms, the angle between DNA arms and the
size of the nucleosome core. These data are shown as graphs in Figs. 6B. The graph shows that
the NCP dynamics is accompanied by the elongation of both arms of DNA and the decrease
of the blob size. All these measurements are consistent with the NCP unwrapping process that
follows the model with the independent unwrapping of each arm. We did not observe rolling
of the core along the DNA template that may be a feature of the template sequence that selected
by the highest affinity for the core. Similar study with the use of other sequence may clarify
this issue.

Such extensive long time observations were possible due to finding the conditions at which
segmental DNA mobility was low enough to allow DNA adopt various local conformations
permitting the protein to move. However, further decreasing the surface-DNA interaction to
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facilitate DNA mobility typically leads to sweeping the molecule away from the scan area by
a scanning tip. Thus, the time lapse imaging protocol should satisfy two conflicting conditions
– the molecule should be sufficiently mobile to allow observation of dynamic processes and
at the same time the molecule should remain within the observation area during the entire
imaging experiment. Although time lapse AFM is very attractive feature allowing to evaluate
the system dynamics, one should keep in mind that the requirement for the system to be bound
to the surface even intermittently influences the dynamics of the system. Therefore, time lapse
AFM experiments provide the propensity of the system to adopt various conformations, but
do not allow one to extract the time for such a dynamics. Recent advances in AFM technology
that have led to development of the system capable of scanning 1000 times faster than
traditional instruments (71–74) alleviating the problem with sample immobilization. However,
the limitation with the need of the sample to be bound to the surface for the AFM imaging does
not eliminate the problem with evaluation of system dynamics times.

3.3. AFM force spectroscopy: Stability and dynamics of synaptic DNA-protein complexes
AFM force spectroscopy allowing measurements of intermolecular interaction as well as
intramolecular stability is the area of AFM application with fast growing demand. In this mode,
the AFM measures the mechanical stability of the system positioned between the surface and
AFM tip. Covalent attachment of the system at a well defined anchoring point is required for
the force pulling experiments. We have shown that functionalized surfaces open prospects for
immobilizing the system in fast, efficient and reproducible fashion (22,23,38,44,45,75–79).
The most promising is the approach with the use of silatranes with specific reactive groups
allowing anchoring the molecule via formation of covalent bonds. The example below
illustrates the immobilization approach utilizing maleimide silatrane capable of binding thiol-
containing molecules.

Our AFM topographic studies of the complex formed by SfiI restriction enzyme and DNA
revealed a number of important structural characteristics of this system, suggesting interesting
dynamic properties of this system. We have developed single molecule AFM force
spectroscopy approach enabling one to measure the stability of site-specific protein-DNA
complexes involving the interaction of two DNA sites performed by a specific complex (45).
The experimental setup is shown schematically in Fig. 7. The identical DNA duplexes
containing SfiI recognition sites (shown as two parallel red thick lines) are covalently attached
to the AFM substrate and tip via flexible linker (zigzag green lines, section A). The synaptic
complex between the two duplexes is formed by SfiI when the duplexes are in the proximity
to each other and SfiI (blue tetrameric oval) binds to them (section B). The complex was formed
by the protein present in the solution. Upon retraction of the tip, the flexible linkers are stretched
(section C) and the complex is ruptured when the stretching limit is achieved (section D).

The stability of the synaptic complex formed by the enzyme and two DNA duplexes was probed
in a series of approach-retraction cycles during which the force distance curved are captured.
A typical force-distance curve obtained using the experimental setup for studying the synaptic
complex schematically represented by Figure 7A–D is shown in Figure 8. An adhesive peak
at the beginning of the force curve (section B of the force curve) is accompanied by a force
extension curve (section C) corresponding to the stretching of polymer linkers, followed by a
rupture of the synaptic complexes event (section D). A series of control experiments allowed
us to justify this assignment (45). The maleimide silatrane immobilization strategy allowed us
to determine the dissociation rate (koff) with a high accuracy due to the possibility to acquire
a large set of the data. For example, the DFS experiments performed with two different
sequences within the middle part of the DNA recognition region revealed the sequence-
dependent difference in the stability of synaptic complex that correlated with the effect of the
sequence on the SfiI enzymatic activity (80). Note again that the key in these experiments was
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the high yield of rupture events rupture events ca.10–20% vs. ca. 1% for multistep procedures,
e.g., (81).

4. Conclusions
The preparation of the AFM substrates and probes with various surface characteristics is a
fundamental issue for reliable and routine use of AFM for studies nucleic acids and their
complexes with protein. In this paper, we illustrated the capabilities of the approach utilizing
silane and recently developed silatrane surface chemistries. The latter was essential in
facilitating the use of AFM in both imaging and force spectroscopy modes. Strong polyanionic
properties of nucleic acids were central to the development of reliable methods of attaching
them to substrates, which is necessary for high-resolution AFM imaging. However, attachment
of the molecule, for example, a protein interaction with DNA at selected points may require
for such applications as time-lapse imaging. We believe that further progress in the silatrane
surface chemistry allowing controlled immobilization of specific groups of the proteins with
minimal interfering with their activity will further facilitate such applications as time lapse
AFM imaging in the fast scanning mode and AFM force spectroscopy applications.
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Figure 1.
Scheme for reaction of 3-aminopropylsilatrane (APS) with hydroxyl groups on a mica (silicon)
surface. The initial adduct reacted with one hydroxyl group can reach with a second surface
OH group forming the indicated product in a reversible equilibrium.
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Figure 2.
Immobilization of thiolated DNA on the functionalized MAS-mica surface.
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Figure 3.
AFM images of plasmid DNA with two types of alternative structures stabilized by negative
supercoiling. (A) Bulges induced by denaturation at (ATTCT)29-region [1]. Open regions are
indicated with arrows. (B) H-DNA appearing as a thick stem indicated with an arrow (26). The
samples were obtained by deposition on APS-mica.
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Figure 4.
Time lapse AFM images (6 to 13) illustrating unfolding (frames 6–9), dynamics of unfolded
conformation (9–12) and branch migration of the Holliday junction leading to the dissociation
of the junction.

Lyubchenko and Shlyakhtenko Page 16

Methods. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
AFM image of nucleosomes in air. The image represents nucleosomes with different amounts
of DNA wrapped around the core particle. NCPs marked as 1, 2 and 3 have about 1.7, 1.4 and
1.0 turns of DNA wrapped around the core particle.
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Figure 6.
(A) Time-lapse AFM experiments for 7 consecutive frames illustrating the dynamics of the
nucleosome particle. The scan size is 150 nm. (B) The variability of arm length (left Y-axis,
black) and protein volume (right Y-axis, blue) with the imaging frame number (X-axis).
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Figure 7.
Schematics for the AFM force spectroscopy experiments for measuring the strength of the
synaptic complex formed by two DNA duplexes and SfiI enzyme. DNA duplexes (red parallel
lines) are attached to the AFM tip and the surface via a flexible linker shown as a zigzag (A).
The approach tip to the surface in the presence of the enzyme (blue box) can lead to the
formation of the synaptic complex (B). Retraction of the tip away from the surface leads to
stretching of the linker (C). The complex dissociates when the force reaches the rupture value
for the complex. The protein can remain on one of the duplexes and dissociate later on.
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Figure 8.
A typical force-distance curve obtained for the interactions between SfiI and DNA duplex: (B)
the start point of the tip retraction from surface, the force curve in this region reflects the
nonspecific adhesion forces between surface and the tip; (C) the region is indicative of polymer
linker stretching, this portion of the curve is fitted with worm-like chain approximation (solid
red line); (D) the abrupt jump in the force curve is typical of specific bond rupture. The inset
shows the rupture force histogram obtained for the synaptic complex at 150 nm/s retraction
velocity (~9.5 nN/s apparent loading rate).
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