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DNA substrate preparation for atomic force
microscopy studies of protein—-DNA interactions

Claudia N. Buechner and Ingrid Tessmer*

Protein-DNA interactions provide fundamental control mechanisms over biologically essential processes such as
DNA replication, transcription, and repair. However, many details of these mechanisms still remain unclear. Atomic
force microscopy (AFM) analyses provide unique and important structural and functional information on such
protein-DNA interactions at the level of the individual molecules. The high sensitivity of the method with
topographical visualization of all sample components also demands for extremely clean and pure materials. Here,
we provide an overview of molecular biology-based approaches to produce DNA substrates for AFM imaging as well
as other types of experiments, such as optical or magnetic tweezers, that profit from controllable substrate
properties in long DNA fragments. We present detailed strategies to produce different types of motifs in DNA that
are frequently employed targets of protein interactions. Importantly, the presented preparation techniques imply
exact knowledge of the location of the introduced specific target sites within the DNA fragments, allowing for a
distinction between specific and non-specific protein-DNA interactions in the AFM images and for separate
conformational analyses of the different types of protein-DNA complexes. Copyright © 2013 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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INTRODUCTION

DNA modifications play essential roles in vivo. The stability of
DNA is constantly chemically and physically threatened, often
resulting in broken, otherwise structurally altered, or chemically
modified DNA (Hoeijmakers, 2001). Chemical modifications are
also introduced specifically into DNA, for instance cytosine meth-
ylation by the methyltransferase enzymes, as a signal for protein
interactions involved in transcription and replication regulation
(Okano et al, 1999; Johnson et al, 2012). Specific structural
features in the DNA serve as target sites for protein binding.
For instance, DNA repair proteins responsible for initial damage
detection in DNA mismatch repair and nucleotide excision repair
pathways are believed to recognize DNA helix distortions and
changes in DNA flexibility (Sugasawa et al., 2001; Yang et al.,
2005; Tessmer et al., 2008; Yang, 2008).

Different types of DNA structures can be mimicked by artifi-
cially prepared DNA substrates. For instance, the introduction
of short stretches of unpaired DNA bases within duplex DNA
represents a convincing model of the biologically essential
DNA intermediates that form during transcription and replica-
tion, the so-called transcription or replication bubble, as well as
during DNA repair (Zou et al., 1997; Orphanides and Reinberg,
2002; Sugasawa et al., 2009). Many DNA-processing enzymes
specifically target the junctions of single stranded DNA (ssDNA)
and double stranded DNA (dsDNA) (Declais and Lilley, 2008; Roth
et al., 2012). SsDNA structures are also preferentially bound by
proteins such as the functional class of ssDNA binding proteins
(e.g., ssDNA-binding protein (SSB) and replication protein A) that
protect the fragile ssDNA intermediates of DNA processing
in vivo (Kelly et al., 1998; Liu et al., 2005a; Sanchez et al., 2008).
For the study of DNA repair processes, specific types of lesions

can be artificially introduced in DNA to provide model structures
allowing the in vitro analysis of their processing by the relevant
proteins (Zou et al., 1997; Verhoeven et al., 2001; Chen et al,
2002; Janicijevic et al, 2003b; Wang et al., 2003; Hou et al.,
2007; Tessmer et al., 2008; Sugasawa et al., 2009). Furthermore,
DNA fragment ends directly serve as target sites of proteins in-
volved in DNA double strand break (DSB) repair (Moreno-Herrero
et al., 2005; Wu et al., 2006).

Imaging by atomic force microscopy (AFM) is a highly attractive
approach for the study of structural effects of DNA modifications
per se (Shlyakhtenko et al., 2000; Tiner et al., 2001; Brezeanu et al,,
2007; Gudowska-Nowak et al, 2009; Zhang et al, 2009; Wang
et al, 2010) as well as their recognition and processing by
specialized sets of protein machineries (Chen et al, 2002;
Janicijevic et al, 2003b, 2003a; Wang et al, 2003; Yang et al,
2003; Yang et al., 2005; Tessmer et al., 2008; Shlyakhtenko et al.,
2012a, 2012b). Similarly, electron microscopy (EM) is a well-
established tool for the investigation of DNA topologies
(Cunningham et al., 1980; Wasserman and Cozzarelli, 1986) and
protein-DNA complexes (Shi et al., 1992; Nossal et al., 2007) in
recombination and replication processes. While EM images
afford slightly higher resolution than AFM, which is limited by
convolution of sample topography with the AFM imaging probe
(Winzer et al., 2012), advantages of AFM over EM as well as other
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high resolution techniques include the rapid and easy experi-
mental sample preparation (section Sample Preparation for
Atomic Force Microscopy Imaging of Protein-DNA Samples).
Furthermore, AFM imaging does not require staining of samples
avoiding the introduction of background and artifacts.
Importantly, AFM allows for the direct imaging of fully hydrated
molecules in near-physiological, liquid environment (sections
Sample Preparation for Atomic Force Microscopy Imaging of
Protein-DNA Samples and Atomic Force Microscopy Imaging
Experiments on Protein-DNA Systems), strengthening the
possibility of the native structure of biological particles to be
conserved in the images.

Atomic force microscopy experiments provide unique insight
into structural and functional parameters of protein-DNA
interactions at the single molecule level (Bustamante and Rivetti,
1996; Janicijevic et al., 2003a; Pastre et al., 2010; Billingsley et al.,
2012a). The high sensitivity of the method with nanometer
resolution and topographical visualization of all sample compo-
nents also demands for extremely clean and pure materials.
While protein purification methods by liquid chromatography
are well established, the expertise for suitable DNA substrate
preparation is generally not as prevalent. A major advantage of
AFM investigations (as well as imaging by EM) over most other
biophysical and biochemical approaches is the possibility to
use long DNA substrates of hundreds to thousands of base pairs
(bp) length. Long DNA substrates provide targets for protein
binding that more closely match physiological conditions than
the short DNA oligomers typically employed in most protein—
DNA interaction assays. For instance, they can stabilize tertiary
structures such as DNA loops and minimize interfering effects
of DNA ends on protein binding.

For unambiguous analyses, protein—-DNA studies require a
distinct knowledge of and control over DNA substrate properties
such as the exact position and character of the target site for
the protein. Different schemes have been applied for the
preparation of long DNA substrates that contain a particular
target site for a protein under investigation and are suitable for
AFM experiments (Verhoeven et al, 2001; Chen et al., 2002;
Janicijevic et al., 2003b; Wang et al, 2003; Hou et al, 2007;
Sugasawa et al., 2009; Myong and Ha, 2010; Luzzietti et al,
2011; Luzzietti et al, 2012). These preparations involve two
essential parts: (i) the reliable and homogeneous introduction
of the target site or structure of choice into the DNA; and (ii)
the careful purification of the final, clean DNA product. We will
detail these two important aspects of DNA substrate preparation
for AFM in the next two sections, providing simple guidelines,
controls, and examples. Finally, we will demonstrate the
principle and power of AFM studies of protein interactions using
long DNA substrates containing specific sites in example
applications.

INTRODUCTION OF SPECIFIC DNA SITES INTO
LONG DNA SUBSTRATES

DNA fragments of a few hundred to several thousand base pairs
length can be produced via polymerase chain reaction (PCR) or
from a DNA plasmid, transformed into and amplified in E. coli
cells (as, for instance, detailed in (Green and Sambrook, 2012)).
In contrast to PCR, common laboratory strains of E. coli introduce
postreplicative base modifications in DNA (Marinus, 1987; Barras
and Marinus, 1989). However, DNA methylation patterns in

eukaryotes differ from those produced in prokaryotes, and
the different modification context may interfere with some
protein-DNA interactions (Barras and Marinus, 1989; Jeltsch,
2002). Where required, (DAM (DNA adenine methylation)/DCM
(DNA cytosine methylation) negative) E. coli strains that do not
introduce DNA methylation are therefore available (Palmer and
Marinus, 1994). The amplified plasmid DNA can be extracted
from the cells and purified using various strategies, such as
organic extraction via phenol-chloroform followed by ethanol
precipitation, cesium chloride gradient centrifugation followed
by dialysis, or silica-based column purification via commercially
available kits (described, for example, in (Green and Sambrook,
2012)). Different types of specific target sites for protein interac-
tions can then be incorporated into these long DNA substrates,
as described in the following sub-sections.

DNA base sequences

Many biologically relevant proteins (restriction endonucleases,
transcription factors, etc.) possess high specificity for binding to
particular DNA base recognition sequences. In terms of DNA
substrate preparation, this type of specific site is the trivial case
and the exact location of the sequence within the entire DNA
context is known from the plasmid map. In some cases, the
introduction of a particular sequence via site-directed mutagen-
esis may be required (Aiyar et al., 1996). More intricately, Seeman
and colleagues used restriction digest to replace entire stretches
of a circular plasmid with sequences identical to those found
elsewhere in the DNA, to investigate the effects of homologous
sequences on DNA superstructure (see also next sub-section)
(Wang et al., 2010).

DNA structures

Often, protein interactions are targeted to specific structural
features in the DNA, such as different types of DNA superstruc-
ture, fragment ends, forks, flaps, or bubbles, which involve ss/
dsDNA junctions, or ssDNA regions. Alternative superstructures
to B-form DNA, such as partial triplex DNA (H-DNA) or different
supercoiled DNA isoforms including left-handed (Z-)DNA
induced by negative supercoiling, have been proposed to be
involved in DNA transcription, replication, and recombination
(Rich et al., 1984; Mirkin and Frankkamenetskii, 1994).

(i) DNA superstructures

Various proteins preferentially recognize and interact with
supercoiled DNA as demonstrated by AFM (Lushnikov et al.,
2004; Roth et al, 2012) as well as biochemical analyses (Butler,
1986; Slocum et al, 2007). To study specificities for particular
isoforms of supercoiled DNA, distinct supercoiling states can be
produced from supercoiled plasmid DNA by incubation with
topoisomerase and be isolated using extraction from agarose gel
electrophoresis. Different research groups have used AFM to study
DNA structural transitions in circular plasmid DNA that are induced
by the presence of alternating pyrimidine-purine sequences or
long inverted repeats of oligo-pyrimidine/oligo-purine sequences
(Shlyakhtenko et al., 2000; Tiner et al, 2001; Wang et al., 2010)
and are believed to be targets of specific protein interactions (Rich
et al, 1984; Mirkin and Frankkamenetskii, 1994). For these studies,
higher order, four-stranded DNA superstructures with left-handed
chirality were produced by inserting dsDNA stretches of repeat
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sequences into pUC19 plasmid DNA (Wang et al, 2010).
Homopurine and homopyrimidine sequence stretches that
form hydrogen ion stabilized intramolecular triplex DNA
structures (H-DNA), which likely possess important biological
functions in vivo (Mirkin and Frankkamenetskii, 1994), have
been cloned into the EcoRl site of pUC19 (Blaszak et al., 1999).
The resulting transitions to H-form DNA could be visualized by
AFM (Tiner et al., 2001). In addition, three-way DNA junctions
mimicking recombination and replication intermediates can,
for instance, be artificially introduced into dsDNA by denaturing
DNA fragments, which differ only in that one of them contains a
short additional insert sequence, followed by mixed annealing
to form heteroduplex hybrids (Shlyakhtenko et al., 2000).

(ii) DNA double strand breaks

DNA DSBs are conveniently mimicked by the ends of linear DNA
fragments, which can hence be directly used as substrates in stud-
ies on protein systems involved in DSB repair (Ristic et al., 2003;
Moreno-Herrero et al., 2005; Wu et al., 2006). The choice of restric-
tion enzyme used for plasmid linearization allows for easy control
of the blunt or ssDNA overhang nature of the fragment ends.

(iii) Single stranded-double stranded junctions

Single stranded/double stranded DNA junctions can be repre-
sented experimentally by DNA fragments containing short 3’ or
5" single-stranded overhangs, where proteins can often clearly
and specifically distinguish between these two different substrates
(Roth et al., 2012). If only short ssDNA overhangs of typically <5
bases are required, many polymerases automatically produce 3’
ssDNA-overhangs in PCR products, for instance the Taq or 7 ac7
DNA polymerases (Hu, 1993). However, the degree of efficiency
with which these overhangs are added varies, and even enzymes
with a high, so-called, extendase activity do not achieve homoge-
neous populations of ssDNA overhangs (Hu, 1993). Alternatively,
PCR fragments as well as plasmid DNA can be digested with an
appropriate restriction enzyme to produce short (few nucleotides)
3" or 5" overhangs (Tessmer et al., 2005). A simple approach for the
generation of DNA fragments with longer 3" or 5 ssDNA overhangs
is based on the incision of one of the strands of a PCR product with
an appropriate nickase, a short distance away from the DNA
fragment ends followed by heat denaturation (Roth et al., 2012),
as illustrated schematically in Figure 1 and as detailed in the
Supporting Information. The choice of nick position depends on
the desired length of ssDNA overhangs. Alternatively, long
complementary ssDNA strands of differing length can be annealed
resulting in linear dsDNA substrates containing an ssDNA
overhang. For the production of long ssDNA, different approaches
can be employed (evaluated in (Civit et al,, 2012)), for instance, treat-
ment with lambda exonuclease or coupled alkaline/temperature
induced denaturation of biotinylated DNA immobilized on and
subsequently isolated via streptavidin-coated magnetic beads.
Furthermore, Lyubchenko and co-workers have developed an
elegant method to produce DNA fragments with long (<69 nucle-
otides (nt)) ssDNA overhangs (tail-DNA) by annealing restriction
enzyme digested PCR products (230-440 bp) and the ssDNA oligo-
nucleotide via an ssDNA adaptor structure (Shlyakhtenko et al,
2011; Shlyakhtenko et al., 2012a, 2012b).

Similar procedures can also be employed to produce
DNA containing an internal single-stranded region (gap-DNA).
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s E:
+ @

* / excess counter-
e

oligonucleotide

nickase

IITOTTITT I LTI

Heat destabilization and annealing to excess oligonucleotide

= _ —<__ "
jim n ST I LTI ‘

Removal of short dsDNA and ssDNA via centrifugation/filtration
SS-OVERHANG CIRCULAR GAPPED DNA ;

i o I o o P

excess specific
L /\ oligonucleotide

—_—

e
3 —

Sealing of nicks L ] ) DNA ligase

fnannnsiinannnnnns

L - restriction endonuclease
Plasmid linearization

5 LINEAR FRAGMENT WITH SPECIFIC SITE

GAP BASE MODIFICATION
= 7% D *—
- \

Figure 1. Schematic of DNA substrate preparation: preparation of ssDNA
overhangs (section DNA structures), internal ssDNA gaps (section DNA
structures), and internal DNA modifications (method 4, section Chemical
DNA modifications) using a nicking endonuclease. (1) Polymerase chain
reaction fragments or plasmid DNA are incised on one of the DNA
strands by incubation with a nicking restriction enzyme (grey oval). (2)
An excess of DNA counter-oligonucleotide to the short ssDNA stretch
separated by the nickase site(s) is applied (black lines). The sample is
heated to induce melting of the ssDNA stretch from the original DNA
molecule. Upon cooling, the ssDNA stretch preferentially anneals with
the excess oligonucleotide complement. The annealed dsDNA oligos
as well as the excess ssDNA oligos are removed in a filtration step,
resulting in linear fragments with ssDNA overhangs or gapped circular
DNA. (3) If the insertion of a modified oligonucleotide (containing
specific target structures) into the gapped region is desired, the
oligonucleotide is applied in excess (red lines) and anneals with the gapped
region in the DNA, to which it is complementary. (4) The remaining nicks
between the newly inserted DNA oligo and the original DNA are sealed
by incubation with DNA ligase (black oval). (5) In the final step, DNA
fragments of the desired length containing the specific site (either an
ssDNA gap or a DNA modification =red star) are produced from the long
circular DNA substrate by digestion with the appropriate restriction
enzymes (yellow flesh). The linear polymerase chain reaction fragments are
typically already of a length suitable for atomic force microscopy experiments.
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Lyubchenko and colleagues again used ssDNA adaptors to ligate 5
and 3'single stranded tail-DNAs together, producing long (several
hundred base pairs) dsDNA fragments containing internal 69 nt
long ssDNA gaps (Shlyakhtenko et al,, 2012a, 2012b). Alternatively,
Figure 1 describes the introduction of an internal ssDNA gap re-
gion within long plasmid DNA based on the application of a
nicking endonuclease. The ssDNA stretches between the resulting
DNA nicks can be removed, for instance, by thermal denaturation.
Several approaches based on different plasmids and slightly vary-
ing procedures have been reported in the literature (Hou et al.,
2007; Pyle, 2008; Geng et al.,, 2011; Luzzietti et al,, 2011; Luzzietti
et al, 2012), and an explicit example protocol is detailed in the
Supporting Information. This nickase-based production of internal
ssDNA gaps within long (linear or circular) dsDNA is a relatively
simple, fast, and efficient approach. In addition, it provides an in-
nate restriction enzyme digest control option to confirm complete-
ness of DNA gapping (see section Controls of DNA Substrate
Preparations).

Chemical DNA modifications

Specific types of lesions, other chemical base modifications, or
base-base mismatches can be introduced in DNA at a defined
position to provide target sites for protein interactions. Different
schemes have been applied for the preparation of such DNA
substrates (Sugasawa et al.,, 2001; Verhoeven et al., 2001; Chen
et al, 2002; Janicijevic et al, 2003a; Hou et al, 2007; Tessmer
et al., 2008; Sugasawa et al., 2009; Wagner et al, 2009; Geng
et al.,, 2011; Luzzietti et al., 2011), all of which are based on ligat-
ing a specific target site containing short stretch of DNA into a
longer DNA context. We will detail the different established ap-
proaches in the next paragraphs.

Basically, the specific DNA modification can either be inte-
grated into longer DNA sequences as part of a short dsDNA frag-
ment or as an ssDNA oligonucleotide. In the first scenario
(method 1) (Wang et al., 2003; Tessmer et al., 2008), three sepa-
rate dsDNA fragments were ligated together using overlapping
3-nucleotide ssDNA overhangs to produce a long DNA substrate.
The two outer dsDNA fragments were produced via PCR. Impor-
tantly, the central of the three segments was a polyacrylamide
gel purified short (~80 bp) dsDNA fragment that contained the
target site(s) of choice at a defined position. This approach has
been used for the production of long DNA substrates containing
a DNA base mismatch, but can of course in principle be
employed for the introduction of any type of specific target site.
This strategy resembles that described previously for the produc-
tion of gapped DNA substrates (which could similarly be modi-
fied and applied here) developed by Lyubchenko and
colleagues (Shlyakhtenko et al, 2012a, 2012b) with the short
ssDNA overhangs directly acting as the bridging structures.

In the second scenario, specific target site containing ssDNA
oligonucleotides are annealed to complementary DNA se-
quences within longer DNA strands. Different variations on this
theme have been reported (methods 2-4). Firstly, annealing of
the modification-carrying oligonucleotide can be in a linear or
a circular DNA context. The approach based on linear PCR
products (method 2) has first been described by Verhoeven
and colleagues and has been applied to the preparation of
DNA substrates containing menthol and cholesterol modifica-
tions (Verhoeven et al., 2001; Janicijevic et al., 2003a; Wagner
et al, 2009). This method uses streptavidin-coated magnetic

beads to isolate melted biotinylated ssDNA fragments of several
hundred to ~1000 bp as well as shorter complementary ssDNA
fragments from PCR products. The shorter ssDNA strand was
annealed to the long ssDNA fragment immobilized by the
magnetic beads, together with the commercially obtained
oligonucleotide containing the specific modification. The modi-
fied oligonucleotide then served as primer in the following step,
in which polymerase, deoxyribonucleoside triphosphates, and li-
gase were added to the reaction to complete the complemen-
tary strand and seal the nicks. Finally, the complete dsDNA
strand containing the modification at a defined position could
be released from the magnetic beads by digestion with a
suitable restriction enzyme.

The third approach employs circular plasmid DNA as a
template for the integration of specific site containing DNA.
Two different strategies are based on either ssDNA phagemids
(method 3) or dsDNA plasmids (method 4). In method 3, ssDNA
phagemids such as pBS+or pBluescript Il KS(+) have been
amplified via helper phage procedure and used as template for
annealing of a short modification-containing oligonucleotide
(Sugasawa et al., 2001; Chen et al,, 2002; Sugasawa et al., 2009).
Similar as in method 2, the oligonucleotide then served as primer.
Polymerase and ligase were added to synthesize fully double-
stranded, intact (nick-free) circular DNA. Finally, restriction digests
produce linear DNA fragments containing the specific target site
at a well-known position. This approach has been exploited in
the study of DNA repair proteins on 8-oxoguanine adducted
DNA (Chen et al.,, 2002) or DNA containing a site-specific UV photo
or 2-acetylaminofluorene lesion (Sugasawa et al., 2001; Sugasawa
et al, 2009). In contrast to the latter variant, method 4 uses
pUC19-based dsDNA plasmids (Hou et al., 2007; Geng et al., 2011;
Luzzietti et al, 2011). The plasmids were modified to contain
various close restriction sites for a nicking endonuclease, following
standard cloning procedures (Wang and Hays, 2000; Wang and
Hays, 2001; Luzzietti et al., 2011). The nickase cuts only one of the
DNA strands, and the short ssDNA stretch between the nicks can
then be thermally destabilized and removed from the plasmid in
the presence of an excess of counter-oligonucleotide. Into the
resulting gap, an oligonucleotide containing the specific modifica-
tion can then be ligated. As aforementioned, final DNA substrates
containing the target site(s) of choice at a well-defined position are
achieved by restriction enzyme digest. This approach has been
applied to the introduction of DNA base mismatches and methyl-
ated bases (Geng et al., 2011), biotinylation sites for the attachment
of nanoparticles or even entire internal tertiary DNA structures
(Luzzietti et al, 2011), uracil (Hou et al, 2007), and fluorescein
adducts (Figures 2 and 3(A)) (own unpublished data). In lieu of all
of these DNA substrate preparation approaches (methods 1-4),
in the Supporting Information, we provide a detailed protocol for
the last method (method 4; DNA substrate preparation based on
modified dsDNA plasmid), which is also schematically outlined in
Figure 1.

All of these methods are well suited to produce DNA substrates
containing specific modifications at well-defined sites with high
homogeneity. Substrate yields may vary between the different
approaches; they are, however, mainly dominated by the following
necessary purification procedures (section Controls of DNA
Substrate Preparations) rather than the different methods for
introducing DNA modifications. Both PCR and amplification of
phagemid/plasmid DNA can produce large amounts of initial
DNA template. Also, the yield of final modified substrate from
the initial DNA template is typically high and is further supported
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Figure 2. Assaying substrate preparation. DNA substrates need to be extremely clean and homogeneous for atomic force microscopy (AFM) imaging
experiments, in which the identification and optimum resolution of small DNA-interacting particles are essential. (A) Circular plasmid DNA (2729 bp) and
(B) linear DNA substrate (916 bp) containing a fluorescein modification within the context of a DNA bubble, after gel purification. The scale bar in (A)
corresponds to 200 nm and both images are 1 um x T um. (C,D) Agarose gel-based enzyme assays to monitor DNA incisions and successful removal and
replacement of specific oligomeric single stranded DNA (ssDNA) stretches. Bands were visualized by Midori Green staining. (C) Single strand cuts (nicks)
in circular plasmid DNA can be observed in these assays based on the induced relaxation of DNA supercoiling and the resulting change in electropho-
retic mobility of the DNA (lane 1 = supercoiled plasmid DNA, lane 2 = nicked plasmid DNA). (D) Removal and insertion of the ssDNA stretch between the
nicks are tested by digestion with the restriction enzyme Xhol. The restriction site of the test enzyme Xhol is within the ssDNA sequence, which is
removed during the substrate preparation. DNA incision only occurs for duplex DNA. We can hence use the inability or ability for DNA incision as
an indicator for successful removal of the ssDNA stretch between the single strand cuts and for complete insertion of the replacement oligonucleotide,
respectively. Lane 1/2 = nicked circular DNA; lane 3/4 = gapped DNA; lane 5/6 =ligated modified DNA substrate; after incubation in the absence or pres-
ence of Xhol, as indicated. The bold arrowhead points at the same DNA marker position (3000 bp) as in (C); the white arrowhead indicates the running
position of incised and hence linearized DNA. (E) Measurement of DNA lengths (n =358) from AFM images reveals good homogeneity of the final DNA
substrate. In the insert, black and grey arrows point at the gel electrophoresis bands of the two restriction digest products, the nonspecific homoduplex
1813 bp DNA fragment and the 916 bp fragment (containing the fluorescein/bubble) shown in (B), respectively. The white arrow indicates the applied
excess insert oligo. A Gaussian fit to the length distribution of the 916 bp fragment shows a maximum at 298 nm (corresponding to 876 bp DNA)
consistent with its theoretical length of 311 nm (with 0.34 nm/bp). The small deviation (-4%) from the theoretical length of the 916 bp fragment of
311 nm is likely due to small convolutions of the elastic DNA polymer strands that are not resolved in the AFM images. Typically, DNA fragment lengths
measured from AFM images are <10% shorter than their calculated length. Homogeneity of the DNA sample is demonstrated by >75% of DNA
fragment lengths being within two standard deviations from the center of the Gaussian fit.

by the application of a high (10-fold to 20-fold) excess of
modification containing oligonucleotide for methods 2-4 (see for
example Figure 2).

CONTROLS OF DNA SUBSTRATE
PREPARATIONS

To be able to quantitatively interpret AFM data, it is essential
that the DNA and protein samples are of high quality and do
not contain any contaminating background species or major
degree of heterogeneity within the substrate. For incubations
with a DNA substrate containing a particular target for protein

J. Mol. Recognit. 2013; 26: 605-617

Copyright © 2013 John Wiley & Sons, Ltd.

interactions, this requires that the specific site is present in the
vast majority of applied DNA molecules (ideally >95%) at the
designed position.

Different electrophoretic mobility of the DNA before and after
modification can be exploited to test for successful substrate
preparation, with numerous examples in the literature (Blaszak
et al, 1999; Jiang et al., 2010; Wang et al., 2010; Fronczek et al.,
2011; Luzzietti et al., 2011; Luzzietti et al., 2012). For instance, in
method 4 for the introduction of specific DNA base modifica-
tions (described in sub-section Chemical DNA modifications,
see also Supp. Information), an agarose-based electrophoretic
mobility shift assay can serve to easily control the completion
of each of the individual steps of the preparation. In this assay,
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Figure 3. Atomic force microscopy (AFM) imaging of protein—-DNA interactions. (A-D) AFM images of protein-DNA samples imaged in air. (E-H)
Statistical analyses of protein-DNA complexes from A to D. (A) Fluorescein antibody with DNA containing a fluorescein modification in the context
of a DNA bubble at ~31% of the DNA fragment length. Arrows indicate examples of antibody molecules bound to their target in the DNA. (B) Purified
complexes of ssDNA binding protein bound to an ssDNA gap within long dsDNA fragments (Shlyakhtenko et al., 2012b). (C) Purified heteromeric com-
plexes of UvrA and UvrB bound to non-specific DNA fragments (Verhoeven et al., 2001). (D) MutS complexes on DNA fragments containing a base
mismatch at 27% of the DNA length (Tessmer et al., 2008). Arrows indicate a protein complex bound specifically at a mismatch (red), non-specifically
at a strand-internal, homoduplex position (purple), and at a DNA fragment end (yellow). (E) Position distribution of fluorescein antibody molecules on
DNA containing a fluorescein target site (antibody +F, black bars, and fit line, n=112 on 89 DNA fragments at ~31% DNA length). Recognition of its
target by the antibody is obvious from the distinct Gaussian peak at this position in the distribution. In contrast, distributions obtained on the same
fluorescein-DNA substrate in the absence of the antibody (grey bars, n =20 on 76 DNA fragments), and for the antibody incubated with a DNA substrate
that did not contain a fluorescein adduct (no F, white bars, n=61 on 74 DNA fragments) show significantly less binding and are dominated by
nonspecific complexes at random DNA positions and at DNA fragment ends. See Supplementary Figure S2 for AFM images of these negative controls.
(F) Volume distribution for DNA bound ssDNA binding protein complexes shown in (B) (Shlyakhtenko et al., 2012a, 2012b). (G) Distributions of contour
lengths for DNA fragments shown in (C), with no protein bound (black bars), one UvrA-UvrB complex bound (dark grey bars), or two complexes bound (light
grey bars) (Verhoeven et al., 2001). (H) DNA bend angle distribution measured for MutS complexes (n = 235) bound specifically at the DNA mismatch position

in (D) (Tessmer et al., 2008). Two conformational states are apparent, one bent by ~50° and one straight (0° bending) complex.

the multiply nicked circular DNA (step 1 in Figure 1) can be dis-
tinguished from the non-nicked, negatively supercoiled plasmid
DNA by its distinctly different mobility (compare lanes 1 and 2 in
Figure 2(C)), similar as previously described (Luzzietti et al., 2011).
Complete removal and replacement of the ssDNA stretch
between the DNA nicks (steps 2 and 3) can be assessed by
digestion with a restriction enzyme, similar as previously
described (Hou et al., 2007). In the specific example shown in
Figure 2, the restriction enzyme Xhol (NEB) requires intact dsDNA
in the removed (48 nt) DNA sequence for incision, so that in the
gapped intermediate, no incision can occur (compare lanes 3
and 4 and 5 and 6 in Figure 2(D)). Once successful introduction
of the target site of choice has been confirmed, again by Xho/
restriction, the plasmid DNA is incubated with restriction
enzymes following a standard protocol (for example NEB) to
produce DNA fragments of lengths suitable for AFM imaging.
Typical lengths of DNA substrates in such AFM imaging
applications are between ~200 and 2000 bp. For significantly
shorter DNA fragments, the measurement of structural features
becomes difficult and/or inaccurate, while excessively long
DNA substrates require the scanning of larger surface areas
where the imaging time and/or pixel resolution become limiting.
For DNA preparations starting with a PCR fragment, these DNA
substrates are typically already within the desirable length range
and no further restriction digest is necessary.

Homogeneous preparation of DNA fragments of uniform
length can again be confirmed and the substrate at the same
time purified via agarose gel electrophoresis of fluorescently
stained DNA followed by gel extraction (insert in Figure 2(E)). It
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may be advisable to avoid exposure of the DNA to additional
damaging factors such as UV irradiation, which is typically used
to visualize the stained DNA bands in agarose gels. UV-induced
introduction of DNA lesions at random positions within the
DNA fragments can interfere with the correct interpretation of
AFM data on protein—-DNA interactions, especially in the context
of DNA substrates for the study of protein interactions with DNA
lesions. To avoid UV exposure, the gel can be separated between
lane 1 and the remaining lanes, so that only lane 1 is exposed to
UV light and the correct excised DNA band can then serve as a
marker for the position of the specific DNA substrate in the rest
of the gel when re-combining the two gel parts. The DNA is
extracted from the collected gel bands following instructions of
a standard kit using silica-membrane spin columns (for example
NucleoSpin Extract Il from Macherey-Nagel (Dueren, Germany) or
Qiagen (Hilden, Germany) gel extraction kits). Importantly, the
fluorescent DNA binding dye is automatically completely removed
from the DNA by the DNA extraction procedure (data not shown).

Using such cheap, commercially available gel extraction kits
is likely the fastest (30 min-2h) and easiest approach for
DNA purification. Alternatively, DNA substrate extraction can
also be achieved from solution via phenol/chloroform or via a
CsCl density gradient, as described elsewhere (Hou et al., 2007;
Geng et al., 2011; Ristic et al., 2011), with final dialysis versus a
suitable storage buffer. While alcohol precipitation is likely the
most simple approach for DNA purification from solution,
because this method is based on aggregate formation between
the negatively charged DNA and salt cations, it often results in
salt contaminations on the DNA, which can pose a considerable
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problem in topographical AFM experiments (Ristic et al., 2011).
Furthermore, DNA substrate preparation based on fixing
biotinylated DNA strands to streptavidin-coated magnetic
beads is an elegant method that allows for easy washing and
exchange of incubation solution around the immobilized DNA
and for final release and elution of the purified DNA or even
protein/DNA complexes using restriction enzyme digestion
(Verhoeven et al., 2001). All these purification approaches result
in considerable material losses, with typical yields varying in the
broad range between 25% and 95% (own unpublished data)
(Moore et al., 2002)[www.dnabank-network.org].

Figure 2 shows examples of AFM data on agarose gel purified
DNA substrate before (A) and after modification (B). AFM imaging
itself provides for the final, ultimate control of suitably clean and
pure DNA substrate preparation for AFM experiments. Further-
more, quantitative analyses of the DNA samples provide informa-
tion on the quality of the DNA preparation. Measurements of
length distributions for DNA substrates in the images indicate
the degree of sample homogeneity (Figure 2(E)). In addition,
successful incorporation of target sites into the DNA can be directly
investigated by AFM imaging. The binding of specific antibodies,
ssDNA binding (SSB) protein, or DNA ligase to the DNA substrate
can be exploited to evaluate the presence and position of specific
DNA adducts, ssDNA gaps, or DNA nicks in the DNA, respectively.
For instance, Figure 3(A) shows a representative AFM image of
DNA fragments into which a fluorescein adduct has been
introduced at 30.6% of the DNA length (as described in sub-
section Chemical DNA modifications), after incubation with a
fluorescein antibody. Almost all of the DNA fragments show
binding of the antibody at the putative position of the fluorescein
(for example arrows in Figure 3(A)), confirming the presence of the
fluorescein adduct in the fragments.

The DNA can be stored for months at 4 °C. Freezing the DNA is
also possible, but repeated freeze-thaw cycles can result in the
undesirable occurrence of dsDNA breaks. [t may be advisable
to avoid high salt contents in the storage buffer, which can result
in the formation of micro-salt crystals on the DNA upon storage.

SAMPLE PREPARATION FOR ATOMIC FORCE
MICROSCOPY IMAGING OF PROTEIN-DNA
SAMPLES

For AFM imaging, protein-DNA samples have to be deposited
onto a suitable substrate surface. The most commonly used
substrate material for deposition of protein-DNA samples in AFM
experiments is mica. We describe here briefly the properties of this
substrate in the context of AFM imaging studies as well as proce-
dures for experimental sample preparation. Extensive instructions
for specific preparation of protein-DNA samples for AFM experi-
ments have been provided previously (for example (Lyubchenko
and Shlyakhtenko, 2009; Lyubchenko, 2011; Ristic et al.,, 2011)).

Atomic force microscopy substrate

The popularity of mica as an AFM substrate especially in the
context of resolving minute sample particles such as protein
complexes on DNA is owed to the extremely clean, flat, and
smooth surface properties of this layered silicate. The typical
surface roughness of mica is 0.05nm root mean square (RMS),
compared to ~0.5nm for optimally prepared glass substrates
(Fronczek et al., 2011). Alternatively, thoroughly cleaned silicon

surfaces with roughness of <0.1 nm RMS have been used for de-
position of DNA (Fang and Hoh, 1998). In contrast to silicon, mica
requires little to no surface preparation; individual mica layers
can simply be stripped off using adhesive tape to expose a sur-
face suitable for immediate sample deposition. At physiological
pH, the mica surface is negatively charged. Stable chelation of
the negatively charged DNA polymers to an untreated mica sur-
face for imaging hence requires the presence of sufficient diva-
lent cations in solution (Pastre et al, 2003; Liu et al, 2005b;
Sushko et al,, 2006; Zhang et al., 2007; Pastre et al., 2010). In ad-
dition, different chemical modifications of the mica surface can
provide positive charges for the stable attachment of the
negatively charged DNA, for example, based on aminopropyl-
triethoxysilane or aminopropyl-silatrane chemistry (Bustamante
et al, 1992; Shlyakhtenko et al., 1999; Shlyakhtenko et al., 2003;
Liu et al, 2005b; Wang et al, 2005; Lyubchenko and
Shlyakhtenko, 2009; Shlyakhtenko et al., 2013). These surface
functionalizations can be applied either by solution or vapor
deposition, as described in detail elsewhere (for example
(Shlyakhtenko et al., 2003; Liu et al., 2005b; Lyubchenko and
Shlyakhtenko, 2009; Shlyakhtenko et al, 2013)), and can
provide sufficiently smooth surface roughnesses (~0.1-0.3 nm
RMS (Shlyakhtenko et al, 2003; Lyubchenko, 2004)) to be
suitable for the analysis of small structures such as DNA and
protein—-DNA complexes. Such substrate functionalization can
be especially useful and necessary for the stable attachment of
molecules for AFM imaging in liquid (see AFM Imaging
Experiments on Protein-DNA Systems) (Shlyakhtenko et al.,
2000; Hansma, 2001; Shlyakhtenko et al, 2003; Lyubchenko,
2004; Liu et al., 2005b; Lyubchenko and Shlyakhtenko, 2009;
Shlyakhtenko et al., 2012a, 2012b; Shlyakhtenko et al., 2013).

Sample incubation and deposition

For experiments, protein and DNA are mixed at relevant concen-
trations and in a suitable incubation buffer containing the neces-
sary co-factors for the interactions (such as for instance ATP).
Often, samples can be directly incubated in a buffer solution
suitable for deposition onto mica. Different proteins may, however,
require different incubation concentrations, buffer conditions, or
temperature, which can be adjusted to produce optimal protein
activity, followed by dilution in a suitable AFM deposition buffer
immediately before sample deposition. For deposition onto
unfunctionalized mica, buffers for the deposition of protein-DNA
samples should contain sufficient concentrations of a divalent
cation (e.g. >5 mM Mg?*) to chelate the negatively charged DNA
polymers to the negatively charged mica surface (see section
Atomic force microscopy substrate). AFM deposition buffers are
ideally prepared with nanopure deionized water and filtered
through a 0.02 um pore size syringe filter (for example Anotop,
Whatman) to provide a clean background for AFM imaging. For
instance, Figure 3(A) shows an example of an antibody sample
together with DNA containing its putative recognition site (see also
in the succeeding texts, sub-section Static protein-DNA com-
plexes). The samples were incubated at concentrations of 75nM
DNA and between 240 and 350nM antibody at 25°C in AFM
deposition buffer (20 mM HEPES/HCI pH 8.1, 150 mM Na-acetate,
5 mM Mg-acetate) to allow binding of the antibody molecules to
their target sites in the DNA (arrows in Figure 3(A)). After 30 min
of incubation, the samples were diluted 50-fold in the same
buffer for immediate deposition for AFM imaging to achieve
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optimum surface coverage with sufficient spacing between
non-interacting molecules.

Excessive amounts of free proteins on the surface lead to an
increased probability of molecules being randomly located close
by or even on top of DNA fragments, complicating protein-DNA
interaction analyses. Different strategies have hence been
employed that reduce the free protein background in the
images. Wyman and colleagues have developed a powerful
sample preparation technique for protein-DNA systems based
on fixing of the DNA fragments to magnetic beads (Verhoeven
et al., 2001; Verhoeven et al., 2002). This method allows repeated
exchange of solution conditions (such as adding or removing of
co-factors) and the final isolation of protein-DNA complexes for
AFM deposition. Similarly, size exclusion chromatography or
bead-isolation based purification of protein-DNA complexes
has also been employed in EM studies (Shi et al., 1992; Evrin
et al., 2009). An alternative, rapid and convenient approach for
the purification of protein—-DNA complexes was reported by
Lyubchenko and co-workers based on spin column filtering
(Shlyakhtenko et al., 2011; Shlyakhtenko et al, 2012a, 2012b).
Examples of AFM images obtained on such purified protein—
DNA samples are shown in Figures 3(B) and (C). Because the level
of unbound protein molecules is an immediate qualitative
indicator of their affinity for the DNA substrate (compare for
example Figure 3(A) and Supplementary Figure S2(A)), such
measures can be especially useful in the context of weakly
binding protein systems. While protein systems with weaker
affinity for their target sites will still dissociate from the DNA after
purification (compare for example Figures 3(B) and (Q)), either
spontaneously or upon deposition on the mica substrate, the
background of free protein molecules in these purified samples
is significantly lower.

For imaging in air, the samples are rinsed with nanopure
deionized water, carefully freed of excess liquid by filter paper
blotting, and dried in a gentle stream of nitrogen. The rinsing
step depletes the surrounding solution of free cations, leading
to the stable chelation of the negatively charged polymers to
the negatively charged substrate via sandwiched cations from
the deposition buffer (see in the previous texts). For imaging in
liquid, samples are rinsed carefully with the deposition/imaging
buffer to remove loosely bound molecules, and remain covered
in the buffer solution for the experiments. Compared to the
water rinsing and drying of the samples for imaging in air,
sample preparation for imaging in liquid does not result in as
stable an attachment of the molecules onto the substrate
surface. It is therefore often indispensable for imaging in liquid
to apply further surface functionalization of the mica, as
described previously, to enhance molecular binding to the
substrate. Detailed sample preparation procedures for AFM
experiments can be found elsewhere (for example (Lyubchenko
and Shlyakhtenko, 2009)).

Depending on the AFM scanner system, different attachment
methods for the mica plate may be required. For instance, for
AFMs with a magnetic scan stage, the mica substrate is typically
glued onto a magnetic disc prior to sample deposition. For
imaging in air, the substrate can, for instance, easily be stably
attached to a support material of choice using double-sided
sticky tape or fluid glue. For imaging in liquid, the mica
plate can similarly be attached to a support. However, it is
important to take care that the liquid droplet on the sample
surface does not get contaminated by contact with any of the
surrounding material.

ATOMIC FORCE MICROSCOPY IMAGING
EXPERIMENTS ON PROTEIN-DNA SYSTEMS

Atomic force microscopy experiments on protein-DNA samples
offer powerful insight into the ability of a protein to recognize
a particular target site. AFM imaging can be applied either in
air on static samples or under near physiological, liquid
environment to directly follow dynamic processes in the samples
(van Noort et al, 1998; Hansma, 2001; Jiao et al., 2001; Wang
et al., 2005). Furthermore, statistical analysis of static complexes
in dried samples at different stages of an interacting system
(such as protein-DNA complexes) can provide a wealth of
information on dynamic processes (Janicijevic et al., 2003b;
Crampton et al., 2006).

Static protein-DNA complexes

Atomic force microscopy imaging in air has been used to study
many, highly diverse protein-DNA systems (Hall et al., 2001; Jiao
et al, 2001; Verhoeven et al., 2001; Chen et al., 2002; Seong et al.,
2002; Verhoeven et al, 2002; Janicijevic et al, 2003b,
2003a; Wang et al., 2003; Yang et al.,, 2003; Tessmer et al., 2005;
Crampton et al., 2006; Wu et al, 2006; Tessmer et al., 2008;
Wagner et al, 2009; Jiang and Marszalek, 2011; Shlyakhtenko
et al,, 2011; Roth et al., 2012; Shlyakhtenko et al.,, 2012a, 2012b;
Tessmer et al, 2012). Figure 3 shows some examples of
representative protein-DNA complexes. These data provide
information on protein affinities to and binding positions on
DNA (for example Figure 3(E)) as well as conformational proper-
ties of the complexes (for example Figures 3(F), (G) ,and (H)),
from the number of protein molecules bound, their positions
on the DNA, and the bend angles induced into DNA at the site
of the bound protein. We will briefly describe different analytical
approaches to the extraction of such quantitative information
from AFM images using the examples from Figure 3. These
examples are also ideally suited to point out a number of merits
or caveats in AFM experiments on protein—-DNA samples.
Recognition of specific target sites introduced into DNA
fragments can be quantified by measuring the distances of the
protein complexes on the DNA from the DNA fragment ends. For
example, Figure 3(A) shows a representative AFM image of DNA
fragments containing a fluorescein target site at ~31% of the frag-
ment length of a 916 bp DNA substrate (see sub-section Chemical
DNA modifications) after incubation with a fluorescein antibody
(purified mouse IgG1 «, BioLegend, see also sub-section Sample
incubation and deposition). Importantly, only DNA fragments that
display the correct length (within two SD from the Gaussian center
of the DNA length distribution) are included in the analysis,
because only for these the exact location of the target site is
known. For example, the length distribution of the 916 bp DNA
fragments used in these experiments is centered at ~290 nm + 20
nm SD (Supplementary Figure S2(C)). Statistical analysis of the
positions of protein complexes on the DNA fragments results in a
distribution that displays a strong preference for the putative
position of the fluorescein adduct as a distinct peak at ~31% of
the fragment length (black bars in Figure 3(E)). In this experiment,
the two DNA ends cannot be distinguished and we hence display
position distributions in units of fraction of total DNA length from
0 (at the DNA fragment ends) to 0.5 (at the fragment center).
Previous studies have also exploited specific structural features
(ssDNA structures (Billingsley et al., 2012b)) at or labeling
(biotinylation targeted by streptavidin marker molecules
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(Seong et al., 2002)) of one of the DNA ends to enable distinc-
tion between the two DNA ends and hence provide information
on the polarity of the DNA template. DNA end labels can also
serve experimental purposes such as an anchoring of the DNA
molecules (Seong et al., 2002) or analytical purposes such as
to provide road blocks to protein translocation (Jiang and
Marszalek, 2011), and they can be introduced similar to as
described previously (section Introduction of Specific DNA Sites
into Long DNA Substrates).

The recognition of the target site by the antibody in this case
served to confirm successful modification of the DNA (see in the
previous texts, section Controls of DNA Substrate Preparations).
However, typically, information on interactions with specific and
non-specific DNA sites is not available for a protein system and will
be the matter of investigation rather than an analytical tool. AFM is
a valuable technique to obtain such binding parameters. From the
position distributions of protein complexes on the DNA such as the
one shown in Figure 3(E), the specificity (S) of a protein for a target
site can be derived from the ratio of the areas under the Gaussian
fit to the specific site population (A) and of the nonspecific
background (B =y, x [total fraction of DNA length], where y, is the
nonspecific background height): S=(A/B)x N+ 1, where N is the
number of available binding sites (Yang et al, 2005). Using the
example in Figure 3(E), a Gaussian fit to the distribution gives
values of y,~0.02, A~0.02, and B~0.01, and using N=914
(excluding end binding), indicates a specificity of the antibody
for the fluorescein adduct of S=1751+215. The data hence
suggest a ~2000-fold preference of the antibody to bind to its
target rather than to non-specific DNA.

As for all techniques, control experiments are essential. Staying
with the example of the fluorescein antibody and the fluorescein
adduct site in the DNA, experiments were repeated in the absence
of antibody as well as using a DNA substrate that did not contain a
fluorescein modification (Supplementary Figure S2). No binding
preference was detected in either case (grey and white bars in
Figure 3(E), respectively). Furthermore, the average number of
protein peaks per DNA was significantly reduced for both these
systems as compared to the samples of fluorescein antibody
with the fluorescein modified DNA (~0.2 and 0.5+0.2 protein
peaks/DNA versus 1.4+0.1, respectively, from three experiments
each). Together, these results confirm specificity of the antibody
for the fluorescein as well as successful insertion of the fluorescein
adduct in the vast majority of the DNA fragments.

The position distribution in Figure 3(E) clearly shows a low
number of peaks on the DNA substrate even in the absence of
antibody (grey bars). These peaks are likely due to minute salt
contaminations on the DNA (see also in the previous texts, sub-
section Controls of DNA Substrate Preparations) and will also be
present as a background in the peak distributions obtained for
protein-DNA samples. However, this background is both non-
specific and significantly lower compared to the system of DNA
containing a specific site together with a protein system with
specificity to this target (fluorescein antibody and fluorescein-
modified DNA; black bars in Figure 3(E)). A control protein
system with no target site in the DNA indeed shows comparable
density and specificity of peaks on the DNA (fluorescein antibody
and non-modified DNA; white bars in Figure 3(E)), with the
exception of enhanced binding to the DNA fragment ends
(at fraction of DNA length from DNA end=0). Preferences for
the locally destabilized dsDNA structures at DNA fragment ends
have previously been described for different DNA binding
proteins (Wagner et al., 2009; Tessmer et al., 2012).

Systems with low affinity for their target sites can display
many free protein molecules on the substrate surface, in
addition to the DNA bound complexes. For instance, Figure 3
(A) is a representative image of a protein-DNA system with
moderate affinity for its target site in the DNA in the mid to high
nanomolar range. The same fluorescein antibody incubated with
DNA that does not contain its target site displays a yet ~3-fold
higher concentration of unbound protein molecules on the
surface (Supplementary Figure S2). Figure 3(B) and (C) show
AFM images obtained on protein-DNA samples with complexes
that were purified prior to deposition for AFM experiments
(see also sub-section Sample incubation and deposition and in
the succeeding texts) and hence display less free protein
molecules in the background.

From the specificity obtained from the position distribution
(for example Figure 3(E)), affinities of the protein for specific
(target) and non-specific sites on the DNA can be calculated, using
the applied protein and DNA concentrations (Yang et al., 2005).
Importantly, because its position on the DNA indicates whether a
protein complex is bound specifically (at the target site) or non-
specifically, we can distinguish these different types of complexes
in the images and analyze them separately to reveal potentially
different conformational or stoichiometric properties of the com-
plexes (Chen et al.,, 2002; Wang et al., 2003; Tessmer et al., 2008).

For instance, from the volumes of particles bound to the DNA
as well as unbound on the surface, protein molecular weights
can be derived (Ratcliff and Erie, 2001; Wagner et al., 2009;
Jiang and Marszalek, 2011; Roth et al., 2012). Such molecular
weight information allows us to draw conclusions on the oligo-
meric state of a protein (Bao et al., 2003; Brar et al., 2008; Jiang
and Marszalek, 2011; Shlyakhtenko et al., 2012a, 2012b) or the
stoichiometry of a protein complex (Verhoeven et al., 2002;
Roth et al., 2012). AFM volumes of protein peaks can be mea-
sured using different software packages (for example section
tool in Igor Pro based Molecular Force Probe software, Asylum
Research; ImageSXM, S. Barrett; Gwyddion, P. Klapetek and D.
Necas; Femtoscan Online, Advanced Technologies Center
Moscow) and different geometrical models (Fuentes-Perez
et al, 2013). The measured AFM volumes are typically
translated into protein molecular weights via a standard linear
relationship derived with a range of proteins with known
molecular weights. Figure 3(F) shows an example for a volume
distribution determined for the sample of ssDNA binding pro-
tein (SSB) bound to gapped DNA (Shlyakhtenko et al., 2012b),
as shown in Figure 3(B). The single distinct peak at a volume
of ~100nm? in this case corresponds to a homotetrameric
complex of the ~19kDa proteins. In addition, volume calibra-
tion can also be elegantly achieved versus a second reference
protein contained directly in the images (Verhoeven et al.,
2002). This direct approach, however, requires that the protein
under investigation and the control species can be easily
distinguished from one another by size and/or conformation.

Finally, examples of structural analyses of protein-DNA com-
plex conformations are shown in Figures 3(G) and (H). For
instance, the DNA length distributions in Figure 3(G) indicate
the degree of shortening of non-modified DNA fragments due
to binding of the prokaryotic nucleotide excision repair protein
complex of UvrA and UvrB (Verhoeven et al, 2001). The
corresponding sample image is shown in Figure 3(C). DNA short-
ening scales linearly with the number of protein complexes
bound (black bars=no protein bound, dark grey =one protein
complex, and light grey=two complexes). Interestingly, the
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measured DNA shortening coincides with the estimated
circumference of UvrB, indicating wrapping of the DNA around
the protein in the complex. A further structural feature of
protein-DNA complexes that can be accessed by AFM imaging
is the degree of bending of the DNA due to protein binding.
Figure 3(H) shows an example for a DNA bend angle distribution
determined from the sample shown in Figure 3(D) of the DNA
mismatch repair protein MutS together with DNA containing a
base mismatch at 27% of the DNA fragment length (Tessmer
et al., 2008). Because the position of the mismatch in the DNA
fragments is known, specific site bend angles and non-specific
bend angles were determined separately. The specific site bend
angles of MutS shown here clearly display a bent state with an
average bend angle of about 50° as well as an unbent state
(with a bend angle of 0°), which was completely absent in the
non-specific complexes (Wang et al., 2003; Tessmer et al,
2008). From specific and non-specific site bend angle distribu-
tions of wild-type MutS as well as protein variants with single
amino acid modifications in the two direct contacts from the
protein to its target site within DNA, a model was derived for
the mechanism of target site search and recognition by MutS
(Tessmer et al., 2008). DNA bend angles and relative changes
in DNA bend angles obtained from AFM experiments under
different conditions and/or for different protein variants have
thus provided essential information on interactions in diverse
protein-DNA systems (Erie et al., 1994; Chen et al., 2002; Wang
et al., 2003; Tessmer et al., 2008).

Dynamic protein—-DNA interactions

Atomic force microscopy imaging in solution has been applied
to resolve dynamic changes in DNA (Shlyakhtenko et al., 2000;
Hansma, 2001; Tiner et al, 2001; Lyubchenko, 2004; Liu et al.,
2005b; Jiang et al.,, 2010; Suzuki et al, 2010; Wang et al., 2010)
as well as protein-DNA complexes (van Noort et al., 1998; Jiao
et al, 2001; Moreno-Herrero et al, 2005; Zhang et al., 2007;
Lyubchenko and Shlyakhtenko, 2009; Suzuki et al, 2010;
Shlyakhtenko et al., 2012a, 2012b). Observable DNA transitions
include changes in DNA condensation or supercoiling, which
can be induced by protein interactions or environmental condi-
tions (Hansma, 2001) or can reflect dynamics within the
polymers (Shlyakhtenko et al., 2000). Dynamic studies of
protein-DNA complexes most often address protein association
and dissociation with as well as translocation on DNA (Hansma,
2001; Jiao et al,, 2001; Zhang et al., 2007; Shlyakhtenko et al.,
2012a, 2012b), but also DNA enzymatic degradation (Hansma,
2001), or conformational re-arrangements (Moreno-Herrero
et al., 2005; Wang et al, 2005; Lyubchenko and Shlyakhtenko,
2009). The maximum time resolution of AFM scans is typically
approximately 30sec with conventional instrumental systems
and conventional AFM cantilevers, depending on the imaged
surface area (Hansma, 2001). Smaller cantilevers possess higher
spring constants and oscillation resonance frequencies (in
tapping mode), which are intrinsically linked with lower thermal
noise, less damping in solution, and higher maximum scanning
frequencies (Walters et al., 1996; Picco et al., 2007). Fast progress
in the development of advanced, smaller cantilevers in recent
years has hence enabled faster sampling rates. Furthermore,
novel high speed AFM instrumentation (Ando et al., 2001; Ando
et al., 2007; Picco et al., 2007) displays improved response times
of the electronic and mechanical feedback systems and allows
sub-second time resolution in the images. High speed AFM has
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been used to follow diverse biological processes, such as protein
dynamics on DNA, protein conformational changes, protein bio-
chemistry, and DNA folding into intricate shapes (DNA origami)
(Yokokawa et al., 2006; Crampton et al., 2007; Endo et al., 2010;
Suzuki et al., 2010; Shlyakhtenko et al., 2012a, 2012b). Figure 4
shows an example of a time series produced by high speed
AFM of a DNA cytosine deaminase sliding on and dissociating
from gapped DNA (Shlyakhtenko et al, 2012a). The DNA for
these experiments was prepared using the approach described
in sub-section DNA structures, using tailed DNA that was ligated
together with an ssDNA fragment via bridging ssDNA adaptor
segments. The enhanced time resolution of these experiments
adds a further valuable dimension to the advantage of near-
physiological conditions of AFM measurements in solution,
making high speed AFM a highly promising emerging
approach for the study of protein-DNA interactions. With time
resolutions constantly improving, we can likely expect a wealth
of important biological insights from dynamic AFM studies on
protein-DNA interactions within the next few years.

Figure 4. Atomic force microscopy time lapse series showing two DNA
fragments, (a) and (b) and a single molecule of cytosine deaminase
sliding on a ssDNA gap region within one of the dsDNA fragments
(Shlyakhtenko et al, 2012a). The location of the gap in the DNA is
indicated by the dashed lines. The protein dissociates upon reaching
the single stranded/double stranded DNA junction. The numbers in the
images indicate the frame number of the time series, collected with a
time resolution of 720 ms/frame.
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SUMMARY

Its high resolution at the level of the individual molecules ren-
ders AFM a powerful technique for the analysis of protein-DNA
interactions. The high sensitivity of the technique and small
features of protein-DNA complexes require the samples to be
extremely clean. We provide here some useful advice for appro-
priate DNA substrate preparation for AFM imaging experiments.
Moreover, we present careful preparation procedures that
enable the design of DNA substrates that contain specific target
sites for protein interactions. Importantly, the exact knowledge
of the positions of these targets within the DNA allows us to
distinguish in the images between complexes bound at the

specific target site in the DNA and non-specific complexes,
providing unique access to structural information on these
different types of complexes.
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