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Abstract: Atomic Force Microscopy (AFM) is widely used for topographic imaging of DNA and
protein-DNA complexes in ambient conditions with nanometer resolution. In AFM studies of
protein-DNA complexes, identifying the protein’s location on the DNA substrate is one of the major
goals. Such studies require distinguishing between the DNA ends, which can be accomplished by
end-specific labeling of the DNA substrate. We selected as labels three-way DNA junctions (3W])
assembled from synthetic DNA oligonucleotides with two arms of 39—40 bp each. The third arm has a
three-nucleotide overhang, GCT, which is paired with the sticky end of the DNA substrate generated
by the Sapl enzyme. Ligation of the 3W] results in the formation of a Y-type structure at the end of
the linear DNA mole cule, which is routinely identified in the AFM images. The yield of labeling is
69%. The relative orientation of arms in the Y-end varies, such dynamics were directly visualized
with time-lapse AFM studies using high-speed AFM (HS-AFM). This labeling approach was applied
to the characterization of the nucleosome arrays assembled on different DNA templates. HS-AFM
experiments revealed a high dynamic of nucleosomes resulting in a spontaneous unraveling followed
by disassembly of nucleosomes.
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1. Introduction

Atomic Force Microscopy (AFM) is one of the widely used nanotools for single
molecule studies of protein-DNA complexes of various types [1]. In many such AFM
studies, precise position determination of proteins is of utmost importance, which needs to
be retrieved from these experiments. Bulky markers on DNA are necessary for unambigu-
ous location of the protein, and end-labeling of DNA is a straightforward approach used
for labeling. Streptavidin is one such marker, as it specifically binds biotin, which can be
incorporated at the end of the DNA template [2—4]. The use of proteins as a marker has
several complications. First, binding of the protein marker can require specific composition
of the buffer that can complicate the assembly of the complex under study. Second, if
the marker is not covalently bound, it can dissociate from the binding site. Third, bulky
protein appearance can introduce ambiguity to analysis [5], a problem that led us to utilize
rhizavidin, a smaller-sized streptavidin analog [6,7] to reliably distinguish nucleosomal
particles due to the similar size of streptavidin to nucleosomes in the AFM images [8]. If
the DNA template has a single-stranded end, single-stranded binding proteins such as
SSB of E. coli can be an attractive marker [9,10], but nonspecific or unwanted interactions
can occur [11]. We mentioned the buffer composition above, which can modulate both
DNA and protein properties [12-15]. This factor is critical in studies of labile and dynamic
systems such as chromatin [16-19]. These complications can be avoided if other types of
bulky markers are used. An interesting approach was proposed in [20], where a single-
stranded DNA (ssDNA) loop was used as a terminal label for AFM studies, but the yield
of labeling was low. Later experiments increased the yield of the terminal ssDNA marker
to ~70% [21]. However, the high flexibility of ssDNA and its relatively low contrast in
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AFM images compared with dsDNA is a complication in the identification of ssDNA loops
at the end of DNA duplexes for some studies. Reliable visualization of a terminal label
in HS-AFM studies, is particularly important, as multiple frames per second are used to
describe the dynamics of a system. The use of a dSDNA-based label could help overcome
these complications.

Here, we describe a labeling method based on the use of branched DNA constructs as
bulky terminal labels for linear DNA molecules. We used a three-way junction (3W]) as the
simplest branched DNA molecule, which is covalently ligated to a sticky end of the DNA
template. We describe a methodology for assembling an appropriate 3W], which is stable
and easily identifiable with AFM. Our DNA label can be produced with high efficiency
and serves as a reliable terminal label for DNA and protein-DNA complexes in both AFM
experiments performed in air and time-lapse HS-AFM studies in an aqueous environment.
We tested the use of this labeling in several different protein-DNA systems. This paper
presents the results of AFM studies of mononucleosomes and dinucleosomes assembled on
the linear DNA template labeled with the 3W]J.

2. Results
2.1. Coupling of Linear DNA with Three-Way DNA Junction

The 3W] was assembled by annealing three synthetic DNA oligonucleotides
(Figure 1A) to form a construct shown in Figure 1B. Oligonucleotide Y2 contains six
T residues to provide additional flexibility to the joint of the junction [22,23]. The lengths
of the arms of the junction are 40 bp, 39 bp, and 20 bp between Y1-Y2, Y2-Y3, and Y1-Y3,
respectively. The 3W] construct was extracted from the gel and ligated to the sticky end of
the DNA with its 3 nt overhang. DNA-3W] samples were then deposited on functionalized
APS-mica for AFM imaging as described in the methods section. One scan of representative
AFM images of the labeled DNA is shown in Figure 2A. White arrows indicate the presence
of the 3W] label on the substrate. The yield of DNA labeling was measured by counting
the number of clearly defined DNA labels compared with the total of clearly defined DNA
molecules and was determined to be 69% (n = 198), indicating successful visualization of
the label using AFM.

Y1: 5'-gctatacagctcgecgeagecgaacgececttgegeagegagtcagtgagat g -3'

Y2: 5'-cgctcttecgettectatctcactgactegetgegeaaggttttttctaacagcatcacacacattaacaattctcacatctggg-3'
Y3: 5'-cccagatgtgagaattgttaatgtgtgtgatgcetgttaggegttcggetgeggegagetgtat -3'

B
Y2

Y1 || Y3

3 nt overhang

Figure 1. 3W] assembly. (A) Oligonucleotides used in 3W] assembly. (B) Schematic of 3W]. The arm
lengths are 40 bp, 39 bp, and 20 bp between Y1-Y2, Y2-Y3, and Y1-Y3, respectively. The 3 nt overhang
is GCT. The addition of 6 T’s in the center of the Y2 ssDNA and at the 3W] intersection site was to help
the DNA flanks to prefer the T and Y conformations. These T’s do not have a complementary DNA.
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Figure 2. 3W] label on free DNA. (A) Representative AFM image of 3W] label on DNA. White arrows
point to label. Scale bar is 200 nm. (B) Snapshots of DNA with open “T” label conformation (i), bent
“Y” label conformation (ii), and condensed “bulge” label conformation (iii). The AFM images are
taken in air. Scale bars indicate 50 nm.

AFM visualization revealed different conformations of the DNA label at the end
of the substrate. Representative zoomed-in images of different label conformations are
shown in Figure 2B. Three classes of DNA label conformations were identified: an open
“T” conformation with two arms almost with 180° angle between the arms (shown in
Figure 2B(i)), “Y” label conformation with an acute angle between the arms (shown in
Figure 2B(ii)), and a condensed “bulge” label conformation (shown in Figure 2B(iii)). The
probability of each label is shown in Table 1. The “T” conformation was found the be
the most common (p = 0.53), followed by the “Y” conformation (p = 0.39). The “bulge”
conformation was the minor species (p = 0.08). These data indicate the dynamics of the 3W]
described previously [24]. The Y-junction is flexible, allowing the arms to adopt different,
but still clearly visible, conformations. The high yield of T-confirmations is due to the
stacking of opposite DNA duplexes facilitated by the T-bulge in the Y2 arm [22,23].

Table 1. The yield of different arrangements of the arms of the junction label.

Label Conformation Frequency
“T” Label 52.6% (n =72)
“Y” Label 39.4% (n = 54)
“Bulge” Label 8.0% (n=11)

To further verify the assembly of the construct and explore the flexibility of the 3W],
we performed contour length measurements of the DNA substrate and the DNA label. A
histogram of the DNA contour length measurements is shown in Figure 3. DNA measured
from the free end to the center of the DNA label, presented as a histogram in Figure 3A,
showed a narrow distribution with a peak Gaussian value of 142 4 10 nm (S.D.), indicating
a homogenous population of DNA substrates that were not perturbed by the terminal
labeling process. The length distribution of the DNA label, measured from one end of the
label to the other and shown as a histogram in Figure 3B, showed a broader distribution,
with a peak Gaussian value of 33 & 4 nm (S.D.). This is likely due to the flexible nature of
the 3W]J label, as it can adopt different conformations and degrees of compaction.
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Figure 3. Contour length measurements of (A) DNA contour length and (B) Lengths of the arms.
DNA length is 142 + 10 nm (S.D.) and label length is 33 + 4 nm (S.D.).

2.2. HS-AFM to Visualize the Dynamics of the 3W] Directly

We deposited our labeled DNA on functionalized mica and imaged it in our imaging
buffer on our HS-AFM, capable of capturing multiple images per second, allowing for the
observation of dynamics of the system. The data of the entire set of frames are assembled
in Movie S1. Snapshots from the movie are shown in Figure 4. The label in the “T”
conformation from the first frame is immediately observable. It is shown on the right
terminus of the DNA molecule. The DNA is shown to be mobile, highlighting the ability of
HS-AFM to observe the dynamics of complexes. The unlabeled DNA terminus shows high
mobility, curving, and looping throughout the video. The label shows flexibility as well;
while the “T” conformation is prominent for the first thirty frames of the video, it briefly
adopts a “Y” conformation in frame 31 before reverting to a “T” in frame 33. The DNA
and label move throughout the video, but, significantly, the label is visible throughout. In
addition to direct visualization of the dynamics of 3W], these data illustrate the use of the
3W]J labeling for time-lapse experiments.

Figure 4. High-speed AFM imaging of labeled DNA substrate. 3WJs are indicated with arrows. Scale
bar indicates 40 nm. The numbers in each image are their frame number in the movie file. The
complete set of frames can be visualized in Movie S1. The numbers on the snapshots indicate the
frame number. A frame is taken every 600 ms.
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2.3. Assembly of Nucleosomes on Y-DNA Substrate

After verifying the successful assembly of our terminally labeled DNA substrate, we
aimed to test whether this assembly could be used to study protein-DNA complexes. We
chose nucleosomes as our protein-DNA complex of study. Nucleosomes were assembled on
the nonspecific 356 bp DNA substrate terminally labeled with the 3W] using the gradient
dialysis approach described in the methods section. After assembly, complexes were diluted
to 2 nM, deposited on functionalized mica, and imaged using AFM.

Representative AFM images of nucleosome assembly with selected snapshots are
shown in Figure 5. The bright white features shown in the images are the nucleosome
core particles, with DNA flanking either side. White arrows in Figure 5A indicate the 3W]
labels. Indeed, we are able to both successfully assemble nucleosome complexes on the
labeled DNA substrate and visualize the 3W] label. Snapshots in Figure 5B show several
examples of successfully assembled and labeled nucleosome complexes. The position of
the nucleosome varies throughout the different snapshots, as indicated by the distance of
the core particle from the labeled end of the DNA. Using the 3W]J as a fiducial marker, one
can accurately determine the DNA sequence occupied by the nucleosome based on the
position relative to the 3W] label.

Figure 5. AFM images of nucleosomes assembled on labeled DNA. (A) A representative frame with
images of assembled nucleosomes. White arrows indicate 3W]J labels. Scale bar indicates 100 nm.
(B) Selected snapshots of nucleosomes with label present. Scale bar indicates 50 nm.

Next, we sought to utilize the 3W] label to characterize the role of the DNA sequence
on the nucleosome assembly. To accomplish this goal, we constructed the DNA substrate
comprising the 601 nucleosome-specific sequence along with a 372 bp segment with no
specific affinity to the histone core termed random sequence. A diagram of the DNA
construct can be seen in Figure S2 and labeled with the 3W] as described in the methods.
This DNA construct has sufficient space for binding at least two nucleosomes. A 147 bp
sequence 601-motif with a very high affinity to the nucleosome assembly was placed 80 bp
from the opposite side as the 3W] label. We assembled nucleosomes on the substrate and
imaged the complexes. AFM images are shown in Figure 6, with selected snapshots to the
right. These images show that mononucleosomes are assembled at the position distant to
the label with the 98% preference, indicating a strong affinity of the nucleosome assembly
on the 601-motif. This conclusion is supported by the mapping results shown in Figure 7.
In this graph, the nucleosome positions (orange dots) are located at the 601-sequence, with
a few nucleosomes bound to the non-specific DNA sequence. There was no binding of the
nucleosomes to the 3WJ label. These results indicate that the 3W]J is a reliable terminal label,
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able to facilitate studies of sequence-dependent protein-DNA interactions by allowing the
precise determination of the protein position.

Figure 6. AFM images of dried nucleosome sample assembled on a dinucleosome construct contain-
ing the Widom 601 sequence. The snapshots display nucleosomes bound to the Widom 601 sequence
and a clear 3WJ. The scale bars are 300 nm and 25 nm for the larger image and snapshots, respectively.
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Figure 7. Mapping data from the analysis of nucleosomes assembled on the DNA template containing
the nucleosome-specific and non-specific sequences. On the left, is a schematic of the DNA construct
with the nucleosome bound (orange dot). The nucleosome position was measured from the center of
the nucleosome particle to the DNA end. The grey bars (L;) correspond to the distance measured
from the end of the 3WJ to the center of the nucleosome, and the blue bars (L) show the distance
from the center of the nucleosome to the unlabeled end of the DNA. 5 nm was subtracted from
the measurement of each DNA flank to account for the size contributed by the nucleosome core.
The variable overall contour lengths of the DNA are due to the varying wrapping efficiency of
the nucleosome.
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2.4. Dynamics of the Nucleosome Arrays

We continued our HS-AFM experiments to characterize the dynamics of the nu-
cleosome arrays. In one set of experiments, we followed the dynamic unraveling of a
mononucleosome assembled on the labeled DNA substrate. The video is shown as a movie
in Movie S2, and selected snapshots from this video are shown in Figure 8. In frame
1, we see a clear assembled nucleosome, shown as the bright globular feature indicated
with an arrow. The DNA label, which is distant from the nucleosome, remains in the “T”
conformation. Over time, the nucleosome undergoes unraveling, identified by decreasing
the nucleosome height and increasing arm lengths. Unwrapping of DNA from the histone
core starts after frame 10, with a complete dissociation in frame 25. This conclusion is
supported by the height measurements of nucleosomes shown in Figure S3. The initial
height of the nucleosome with the value of 2.5 nm gradually decreases over time to 1 nm
(frame 17), after which the core dissociates. Note that the 3W]J label in this frame is still
clearly visible with primarily T-shape briefly adopting a “Y” conformation as shown in
frame 20.

Figure 8. High-speed AFM imaging of nucleosome dynamics on labeled DNA. The nucleosome is
indicated with arrows. Scale bars indicate 50 nm. The numbers in each image are their frame number
in the movie. The numbers in each image are their frame number in the movie. The complete set of
frames can be visualized in Movie S2.

In another set of experiments, we followed the unraveling process of a dinucleosome
complex. The movie set is shown in Movie S3, and a few snapshots from this video are
shown in Figure 9. This complex is identified as a dinucleosome by the presence of two
bright circular features along the DNA substrate. The nucleosomes are separated with one
nucleosome located close to the 3W], as shown in frame 14. This nucleosome unravels
rapidly, so in frame 16, only one nucleosome remains. In this set, the 3W]J label is not
immediately visible. The label reappears on the expected DNA terminus in frames 23 and
27, as the second nucleosome begins to unravel. The second nucleosome starts unraveling
between frames 23 and 33 and is completely dissociated from the DNA in frame 39 (30).
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Figure 9. High-speed AFM imaging of dinucleosome dynamics on labeled DNA. The arrow labeled
“1” points to a nucleosome assembled near the 3WJ, which can be easily visualized in frame 14. A
second nucleosome is marked with an arrow labeled “2”, which remains assembled longer than the
other nucleosome. Scale bar indicates 50 nm. The numbers in each image are their frame number in
the movie. The complete set of frames can be visualized in Movie S3.

3. Discussion

We presented here a methodology for the DNA end labeling with a bulky feature
routinely identifiable with AFM. We selected the simplest branched DNA molecule, the
3W]J. This approach has a number of attractive features. First, the vast majority of topo-
graphic AFM studies are performed with protein molecules and their assemblies [4,25,26].
Topographically on AFM images, they appear as globular features. The branched morphol-
ogy of the 3W]J label, being distinct from the globular features of proteins, allows for no
ambiguity in identifying the label compared with the protein. We illustrated this benefit by
imaging nucleosomes appearing as globular features on the linear DNA template. Second,
the 3W]J label is covalently attached to the end of DNA, so buffer composition is not an
issue for this type of labeling. This property is important for studies of protein complexes,
as the stability of such complexes can depend dramatically on the buffer composition.

The 3W]J is a dynamic structure with preferable pyramidal conformation with 60°
between the arms [22,23]. The unpaired bases at the joint point switch the equilibrium
to the T-conformation of the paired arms, and we observed this type of conformational
transition with AFM. Such conformational transition does not affect the visualization of the
label, although T-conformation of the junction is simpler to visualize.

Time-lapse AFM imaging is highly attractive for biological studies, as it allows one
to perform imaging close to physiological conditions by avoiding sample drying [27,28].
The use of HS-AFM instrumentation is especially attractive, as it will enable the direct
visualization of dynamics at a high data acquisition rate [29-31]. We demonstrated here
that labeling with 3W] is fully compatible with such AFM instrumentation. The high yield
of labeling is another attractive feature of the described approach that we would like to
emphasize.

The 3W] is visible through most of the frames, despite its dynamics. The arm can
be off the surface becoming non-visible, but appears on the following frame allowing for
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unambiguous identification of the DNA end. Once we know which end is the 3W] end, we
can track it through each frame, even if in some frames the 3W] is not visible on AFM.

The DNA template as prepared remains stable during the typical storage of DNA
without requiring special conditions for the sample storage. The ligation of 3W]J to the
DNA with sticky ends requires adjustment of the junction sequences to the DNA template
sequence. However, incorporating the restriction site sequence into the primer for the
PCR synthesis of the DNA template allows one to use the unmodified 3WJ with any DNA
substrate desired, providing that the substrate does not already contain the SaplI restriction
site within. In the case where another restriction enzyme is required, the 3WJ sequence can
be easily modified. This is another convenience, as assembled 3W] can be used for labeling
a nearly unlimited number of different DNA templates.

In conclusion, we successfully designed and implemented an efficient and clearly
identifiable 3WJ DNA label. This label is observable in the majority of complexes imaged
and was shown to be useful in both AFM and HS-AFM studies. Thus, the results presented
in this section can be utilized in a vast array of AFM studies in the future, particularly those
involving nucleosomes and other protein-DNA complexes.

4. Materials and Methods
4.1. Oligonucleotides for 3W] Assembly

Oligonucleotides of the following sequences were acquired commercially from Inte-
grated DNA Technologies (Coralville, IA, USA) with PAGE purification:

Y1: 5 GCTATACAGCTCGCCGCAGCCGAACGCCCTTGCGCAGCGAGTCAGTGAG
ATAGGAAGCGGAAGAGCG-3'.

Y2: 5'-CGCTCTTCCGCTTCCTATCTCACTGACTCGCTGCGCAAGGTTTTTTCTAAC
AGCATCACACACATTAACAATTCTCACATCTGGG-3'.

Y3: 5-CCCAGATGTGAGAATTGTTAATGTGTGTGATGCTGTTAGGCGTTCGGCTG
CGGCGAGCTGTAT-3'.

4.2. Preparation of 3W] End Label

The oligonucleotides comprising the 3W] were designed to have complementarity to
one another in order to form the “Y” shape of the 3W]J (Figure 1). A six-nucleotide thymine
repeat was added to Y2 to facilitate assembly of the T structure of the Y-end [22,23]. A
three-nucleotide (GCT) overhang was added to Y1 to facilitate ligation to the full DNA
construct with a complementary sticky end generated with Sapl restriction enzyme. The
oligonucleotides used and a schematic of the 3W] are shown in Figure 1. To form the 3W],
the three oligonucleotides (Y1, Y2, Y3) were mixed at an equimolar ratio and annealed by
heating to 95 °C. Assembly was verified by gel electrophoresis. A representative gel can be
seen in Figure S1A.

4.3. Preparation of Full DNA Construct

Two DNA substrates were used in the experiments. The first is a nonspecific DNA
sequence 356 bp in length. The second is a 600 bp sequence capable of binding two
nucleosomes. This sequence contains the strong nucleosome positioning 601 motif at
the far end of the template, as seen in Figure S2 [32]. The duplexes are generated from
PCR using a plasmid vector pUC19 with these primers. The primer includes the cutting
region for the restriction enzyme Sapl (5'-GAAGAGC-3') (New England Biolabs, Ipswich,
MA, USA), which creates a three nucleotide overhang complementary to our 3W] after
cutting. The DNA substrates were concentrated from the PCR product and purified using
gel electrophoresis. The purified DNA was digested with Sapl and ligated with the Y
junction overnight at 16 °C. The final product was then purified by gel electrophoresis.
A representative gel can be seen in Figure S1B. DNA concentration was then determined
using NanoDrop Spectrophotometer (ND-1000, Thermo Fisher, Waltham, MA, USA) and
stored at 4 °C before being used for experiments.
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4.4. Assembly of Nucleosome Complexes

Nucleosomes were assembled on the end-labeled DNA substrate using a gradient
dialysis method optimized from our previous research [33,34]. Recombinant human histone
octamers were purchased from The Histone Source (Fort Collins, CO, USA) for use in
assembly. Before assembly, histones were dialyzed against initial dialysis buffer (10 mM
Tris pH 7.5, 2M NaCl, 1mM EDTA, 2mM DTT) at 4 °C for 1 h. End-labelled DNA was then
added to the octamer solution at a 2:1 octamer: DNA ratio and the initial dialysis buffer
was replaced with low salt buffer (10 mM Tris pH 7.5, 2.5 mM NaCl, 1mM EDTA, 2mM
DTT) over 24 h using a dialysis pump. The nucleosomes were then dialyzed for 1 h against
a fresh low salt buffer before being diluted to 300 nM and stored at 4 °C.

4.5. Atomic Force Microscopy Imaging of Dry Samples in Air

Freshly cleaved mica was functionalized with a 167 uM solution of 1-(3-aminopropyl)-
silatrane (APS) for 30 min at room temperature, rinsed, and dried with a gentle flow of
argon as described in [35]. Samples were diluted to 2 nM concentration in imaging buffer
(10 mM HEPES pH 7.5, 4 mM MgCl,), deposited on the mica surface for 2 min, rinsed with
water, and dried with gentle argon flow. Samples were stored in vacuum and argon until
ready for imaging on a Nanoscope V system using TESPA probes (Irvine, CA, USA). A
typical image captured was 1 um x 1 um in size with 2 nm/pixel resolution.

4.6. High-Speed Atomic Force Microscopy Imaging in Aqueous Buffer

High-speed AFM imaging was performed as described in our previous literature [28,33,36].
Briefly, a thin piece of mica was punched into 2 mm diameter circular pieces, which were glued
onto the sample stage of the HS-AFM (RIBM, Tsukuba, Japan). For functionalization of this mica
surface, 2.5 pL of 500 uM APS solution was deposited onto the mica and incubated for 30 min
by covering with a wet cap. The mica surface then was rinsed with 20 pL of deionized water.
Then, 2.5 uL of the DNA or nucleosome sample was deposited onto the APS functionalized
mica surface and incubated for 2 min. The sample was then rinsed and put into the fluid cell
containing the imaging buffer described above. During the whole process, the mica surface
was not allowed to become dry. Imaging was carried out by HS-AFM using electron beam
deposition (EBD) tips. The typical scan size was 300 x 300 nm with a scan rate of 600 ms/frame.

4.7. Image Analysis

DNA contour length analysis of naked DNA was performed by tracing the DNA from
the free end to the center of the 3W]. The junction arm length analysis was performed
by measuring from the free end of the 3W]J to the joint. Flank measurements for nucleo-
somes were carried out as described previously [34]. Briefly, the lengths were obtained
by measuring from the end of the 3W] to the center of the nucleosome for the labeled
arm and measuring from the center of the nucleosome to the free end of DNA for the
non-labeled arm. Each flank length has 5 nm subtracted from the total to account for the
size contributed by the histone core. These measurements were conducted using Femtoscan
software (Advance Technologies Center, Moscow, Russia). The mapping of the nucleosomes
was completed in Microsoft Excel. The histograms were generated using Origin software
(OriginLab Corporation, Northampton, MA, USA). Nucleosome height was measured
using cross-section analysis in Femtoscan, with the peak height being recorded. A single
cross section was drawn across the center of the nucleosome for each frame measured.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms231911404/s1.

Author Contributions: Conceptualization, Y.L.L.; methodology, Z.S., T.S. and S.F,; validation, Z.S.,
T.S. and S.E; formal analysis, Z.S., T.S. and S.F,; investigation, Z.S., T.S. and S.E,; resources, Y.L.L.;
writing—original draft preparation, Z.S., T.S. and S.F.; writing—review and editing, Z.S., T.S. and S.F;
visualization, Z.S., T.S. and S.E; supervision, Y.L.L.; project administration, Y.L.L.; funding acquisition,
Y.L.L. All authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/ijms231911404/s1
https://www.mdpi.com/article/10.3390/ijms231911404/s1

Int. . Mol. Sci. 2022, 23, 11404 11 0f12

Funding: This work was supported by grants to Y.L.L. from NSF (MCB 1515346 and MCB 2123637).
Data Availability Statement: All data are included in this paper.

Acknowledgments: T.S. was partially supported by the SBMB Fellowship through funding from the
Department of Education Graduate Assistance in Areas of National Need (GAANN) program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lyubchenko, Y.L. AFM Methods for DNA Analysis. In Encyclopedia of Analytical Chemistry; John Wiley & Sons, Ltd.: Hoboken, NJ,
USA, 2000; pp. 1-24.

2. Neish, C.S.; Martin, I.L.; Henderson, R.M.; Edwardson, J.M. Direct Visualization of Ligand-Protein Interactions Using Atomic
Force Microscopy. Br. J. Pharm. 2002, 135, 1943-1950. [CrossRef] [PubMed]

3. Niemeyer, C.M.; Adler, M.; Pignataro, B.; Lenhert, S.; Gao, S.; Chi, L.; Fuchs, H.; Blohm, D. Self-Assembly of DNA-Streptavidin
Nanostructures and Their Use as Reagents in Immuno-PCR. Nucleic Acids Res. 1999, 27, 4553-4561. [CrossRef] [PubMed]

4. Seong, G.H.; Yanagida, Y.; Aizawa, M.; Kobatake, E. Atomic Force Microscopy Identification of Transcription Factor NFkappaB
Bound to Streptavidin-Pin-Holding DNA Probe. Anal. Biochem. 2002, 309, 241-247. [CrossRef] [PubMed]

5. Buzio, R; Repetto, L.; Giacopelli, F; Ravazzolo, R.; Valbusa, U. Label-Free, Atomic Force Microscopy-Based Mapping of DNA
Intrinsic Curvature for the Nanoscale Comparative Analysis of Bent Duplexes. Nucleic Acids Res. 2012, 40, e84. [CrossRef]
[PubMed]

6. Meir, A.; Helppolainen, S.H.; Podoly, E.; Nordlund, H.R.; Hytonen, V.P.; Mdittd, J.A.; Wilchek, M.; Bayer, E.A.; Kulomaa, M.S;
Livnah, O. Crystal Structure of Rhizavidin: Insights into the Enigmatic High-Affinity Interaction of an Innate Biotin-Binding
Protein Dimer. J. Mol. Biol. 2009, 386, 379-390. [CrossRef] [PubMed]

7. Helppolainen, S.H.; Nurminen, K.P.; Maitta, J.A.E.; Halling, K.K,; Slotte, J.P.; Huhtala, T.; Liimatainen, T.; Yla-Herttuala, S.;
Airenne, K.J.; Nédrvénen, A.; et al. Rhizavidin from Rhizobium Etli: The First Natural Dimer in the Avidin Protein Family. Biochem.
J. 2007, 405, 397—-405. [CrossRef] [PubMed]

8.  Stormberg, T.; Vemulapalli, S.; Filliaux, S.; Lyubchenko, Y.L. Effect of Histone H4 Tail on Nucleosome Stability and Internucleoso-
mal Interactions. Sci. Rep. 2021, 11, 24086. [CrossRef] [PubMed]

9. Kuo, J. Electron Microscopy Methods and Protocols, 3rd ed.; Methods in Molecular Biology; Springer: Berlin/Heidelberg, Germany,
2014; Volume 1117.

10. Shlyakhtenko, L.S.; Lushnikov, A.J.; Li, M.; Harris, R.S.; Lyubchenko, Y.L. Interaction of APOBEC3A with DNA Assessed by
Atomic Force Microscopy. PLoS ONE 2014, 9, €99354. [CrossRef]

11.  Shlyakhtenko, L.S.; Lushnikov, A.Y.; Miyagi, A.; Lyubchenko, Y.L. Specificity of Binding of Single-Stranded DNA-Binding Protein
to Its Target. Biochemistry 2012, 51, 1500-1509. [CrossRef]

12.  Hart, D.J.; Speight, R.E.; Cooper, M.A_; Sutherland, J.D.; Blackburn, J.M. The Salt Dependence of DNA Recognition by N-KB P50:
A Detailed Kinetic Analysis of the Effects on Affinity and Specificity. Nucleic Acids Res. 1999, 27, 1063-1069. [CrossRef] [PubMed]

13. Sharp, K.A.; Honig, B. Salt Effects on Nucleic Acids. Curr. Opin. Struct. Biol. 1995, 5, 323-328. [CrossRef]

14. Jensen, J. Calculating PH and Salt Dependence of Protein-Protein Binding. Curr. Pharm. Biotechnol. 2008, 9, 96-102. [CrossRef]
[PubMed]

15.  Waldron, T.T.; Schrift, G.L.; Murphy, K.P. The Salt-Dependence of a Protein-Ligand Interaction: Ion-Protein Binding Energetics. J.
Mol. Biol. 2005, 346, 895-905. [CrossRef] [PubMed]

16. Yager, T.D.; Van Holde, K.E. Dynamics and Equilibria of Nucleosomes at Elevated Ionic Strength. J. Biol. Chem. 1984, 259,
4212-4222. [CrossRef]

17.  Ballestar, E.; Boix-Chornet, M.; Franco, L. Conformational Changes in the Nucleosome Followed by the Selective Accessibility of
Histone Glutamines in the Transglutaminase Reaction: Effects of Ionic Strength. Biochemistry 2001, 40, 1922-1929. [CrossRef]

18. Bednar, J.; Horowitz, R.A.; Dubochet, J.; Woodcock, C.L. Chromatin Conformation and Salt-Induced Compaction: Three-
Dimensional Structural Information from Cryoelectron Microscopy. J. Cell Biol. 1995, 131, 1365-1376. [CrossRef]

19. Allahverdi, A.; Chen, Q.; Korolev, N.; Nordenski6ld, L. Chromatin Compaction under Mixed Salt Conditions: Opposite Effects of
Sodium and Potassium Ions on Nucleosome Array Folding. Sci. Rep. 2015, 5, 8512. [CrossRef]

20. Billingsley, D.J.; Crampton, N.; Kirkham, J.; Thomson, N.H.; Bonass, W.A. Single-Stranded Loops as End-Label Polarity Markers
for Double-Stranded Linear DNA Templates in Atomic Force Microscopy. Nucleic Acids Res. 2012, 40, €99. [CrossRef] [PubMed]

21. Chammas, O.; Billingsley, D.].; Bonass, W.A.; Thomson, N.H. Single-Stranded DNA Loops as Fiducial Markers for Exploring
DNA-Protein Interactions in Single Molecule Imaging. Methods 2013, 60, 122-130. [CrossRef] [PubMed]

22.  Shlyakhtenko, L.S.; Appella, E.; Harrington, R.E.; Kutyavin, I.; Lyubchenko, Y.L. Structure of Three-Way Dna Junctions. 2. Effects
of Extra Bases and Mismatches. J. Biomol. Struct. Dyn. 1994, 12, 131-143. [CrossRef] [PubMed]

23.  Shlyakhtenko, L.S.; Rekesh, D.; Lindsay, S.M.; Kutyavin, I.; Appella, E.; Harrington, R.E.; Lyubchenko, Y.L. Structure of Three-Way
Dna Junctions: 1. Non-Planar Dna Geometry. J. Biomol. Struct. Dyn. 1994, 11, 1175-1189. [CrossRef] [PubMed]

24. Oussatcheva, E.A.; Shlyakhtenko, L.S.; Glass, R.; Sinden, R.R.; Lyubchenko, Y.L.; Potaman, V.N. Structure of Branched DNA

Molecules: Gel Retardation and Atomic Force Microscopy Studies. J. Mol. Biol. 1999, 292, 75-86. [CrossRef]


http://doi.org/10.1038/sj.bjp.0704660
http://www.ncbi.nlm.nih.gov/pubmed/11959797
http://doi.org/10.1093/nar/27.23.4553
http://www.ncbi.nlm.nih.gov/pubmed/10556310
http://doi.org/10.1016/S0003-2697(02)00303-2
http://www.ncbi.nlm.nih.gov/pubmed/12413457
http://doi.org/10.1093/nar/gks210
http://www.ncbi.nlm.nih.gov/pubmed/22402493
http://doi.org/10.1016/j.jmb.2008.11.061
http://www.ncbi.nlm.nih.gov/pubmed/19111749
http://doi.org/10.1042/BJ20070076
http://www.ncbi.nlm.nih.gov/pubmed/17447892
http://doi.org/10.1038/s41598-021-03561-9
http://www.ncbi.nlm.nih.gov/pubmed/34916563
http://doi.org/10.1371/journal.pone.0099354
http://doi.org/10.1021/bi201863z
http://doi.org/10.1093/nar/27.4.1063
http://www.ncbi.nlm.nih.gov/pubmed/9927740
http://doi.org/10.1016/0959-440X(95)80093-X
http://doi.org/10.2174/138920108783955146
http://www.ncbi.nlm.nih.gov/pubmed/18393866
http://doi.org/10.1016/j.jmb.2004.12.018
http://www.ncbi.nlm.nih.gov/pubmed/15713470
http://doi.org/10.1016/S0021-9258(17)43032-8
http://doi.org/10.1021/bi001575b
http://doi.org/10.1083/jcb.131.6.1365
http://doi.org/10.1038/srep08512
http://doi.org/10.1093/nar/gks276
http://www.ncbi.nlm.nih.gov/pubmed/22453274
http://doi.org/10.1016/j.ymeth.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23500656
http://doi.org/10.1080/07391102.1994.10508092
http://www.ncbi.nlm.nih.gov/pubmed/7848563
http://doi.org/10.1080/07391102.1994.10508062
http://www.ncbi.nlm.nih.gov/pubmed/7946068
http://doi.org/10.1006/jmbi.1999.3043

Int. . Mol. Sci. 2022, 23, 11404 12 0of 12

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Yamamoto, D.; Nagura, N.; Omote, S.; Taniguchi, M.; Ando, T. Streptavidin 2D Crystal Substrates for Visualizing Biomolecular
Processes by Atomic Force Microscopy. Biophys. J. 2009, 97, 2358-2367. [CrossRef]

Woolley, A.T.; Cheung, C.L.; Hafner, ]. H.; Lieber, C.M. Structural Biology with Carbon Nanotube AFM Probes. Chem. Biol. 2000, 7,
R193-R204. [CrossRef]

Ando, T.; Uchihashi, T.; Kodera, N. High-Speed AFM and Applications to Biomolecular Systems. Annu. Rev. Biophys. 2013, 42,
393-414. [CrossRef]

Miyagi, A.; Ando, T.; Lyubchenko, Y.L. Dynamics of Nucleosomes Assessed with Time-Lapse High-Speed Atomic Force
Microscopy. Biochemistry 2011, 50, 7901-7908. [CrossRef]

Vemulapalli, S.; Hashemi, M.; Lyubchenko, Y.L. Site-Search Process for Synaptic Protein-Dna Complexes. Int. . Mol. Sci. 2022, 23,
212. [CrossRef]

Zhang, Y.; Hashemi, M.; Lv, Z.; Williams, B.; Popov, K.I.; Dokholyan, N.v.; Lyubchenko, Y.L. High-Speed Atomic Force Microscopy
Reveals Structural Dynamics of x-Synuclein Monomers and Dimers. J. Chem. Phys. 2018, 148, 5835-5840. [CrossRef]
Lyubchenko, Y.L. Direct AFM Visualization of the Nanoscale Dynamics of Biomolecular Complexes. ]. Phys. D Appl. Phys. 2018,
51, 403001. [CrossRef]

Lowary, PT.; Widom, J. New DNA Sequence Rules for High Affinity Binding to Histone Octamer and Sequence-Directed
Nucleosome Positioning. J. Mol. Biol. 1998, 276, 19-42. [CrossRef]

Stumme-Diers, M.P.; Banerjee, S.; Hashemi, M.; Sun, Z.; Lyubchenko, Y.L. Nanoscale Dynamics of Centromere Nucleosomes and
the Critical Roles of CENP-A. Nucleic Acids Res. 2018, 46, 94-103. [CrossRef] [PubMed]

Stormberg, T.; Filliaux, S.; Baughman, H.E.R.; Komives, E.A.; Lyubchenko, Y.L. Transcription Factor NF-KB Unravels Nucleosomes.
Biochim. Biophys. Acta Gen. Subj. 2021, 1865, 129934. [CrossRef] [PubMed]

Shlyakhtenko, L.S.; Gall, A.A.; Lyubchenko, Y.L. Mica Functionalization for Imaging of DNA and Protein-DNA Complexes with
Atomic Force Microscopy. In Cell Imaging Technigues. Methods in Molecular Biology (Methods and Protocols); Humana Press: Totowa,
NJ, USA, 2012; pp. 295-312.

Stumme-Diers, M.P; Stormberg, T.; Sun, Z.; Lyubchenko, Y.L. Probing the Structure and Dynamics of Nucleosomes Using Atomic
Force Microscopy Imaging. J. Vis. Exp. 2019, 143, e58820. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bpj.2009.07.046
http://doi.org/10.1016/S1074-5521(00)00037-5
http://doi.org/10.1146/annurev-biophys-083012-130324
http://doi.org/10.1021/bi200946z
http://doi.org/10.3390/ijms23010212
http://doi.org/10.1063/1.5008874
http://doi.org/10.1088/1361-6463/aad898
http://doi.org/10.1006/jmbi.1997.1494
http://doi.org/10.1093/nar/gkx933
http://www.ncbi.nlm.nih.gov/pubmed/29040671
http://doi.org/10.1016/j.bbagen.2021.129934
http://www.ncbi.nlm.nih.gov/pubmed/34029641
http://doi.org/10.3791/58820
http://www.ncbi.nlm.nih.gov/pubmed/30774135

	Introduction 
	Results 
	Coupling of Linear DNA with Three-Way DNA Junction 
	HS-AFM to Visualize the Dynamics of the 3WJ Directly 
	Assembly of Nucleosomes on Y-DNA Substrate 
	Dynamics of the Nucleosome Arrays 

	Discussion 
	Materials and Methods 
	Oligonucleotides for 3WJ Assembly 
	Preparation of 3WJ End Label 
	Preparation of Full DNA Construct 
	Assembly of Nucleosome Complexes 
	Atomic Force Microscopy Imaging of Dry Samples in Air 
	High-Speed Atomic Force Microscopy Imaging in Aqueous Buffer 
	Image Analysis 

	References

