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ABSTRACT 

Geometry-based self-assembly of DNA origami-protein hybrid 

nanostructures 

Hajar Alzarah 

 

Biological nanomaterials are defined as materials with sizes within the nanoscale range 

of 1 - 100 nm. The fundamental functionalities and biocompatibility of these materials 

can be tailored for biotechnology applications. In 1983, Ned Seeman successfully 

developed the first customized DNA nanostructures, Holliday junctions. Since then, the 

field has continued to expand rapidly and various 2D and 3D nanostructures has been 

designed. Although the high predictability of DNA base-pairing is essential for the design 

of complex DNA nanostructures, it greatly limits its functional versatility; therefore, 

proteins are conjugated with DNA nanostructures to compensate for that. DNA origami-

protein hybrid nanostructures were introduced in 2012. However, the structural units 

based on DNA origami-protein hybrid nanostructures are still limited, and the majority 

are constructed by covalent or sequence-specific non-covalent interactions. Here we 

utilize the inherent, non-sequence-specific interaction between DNA and histones to 

present sequence-independent self-assembled DNA origami-protein hybrid 

nanostructures. We demonstrated using various molecular biology and imaging 

techniques that ssDNAs and histone proteins self-assemble into structurally well-defined 

complexes. We successfully assembled DNA origami–histone hybrid nanostructures using 

two different shapes of DNA origami: rectangular (PF-3), and rectangular with central 

aperture (PF-2) nanostructures. We observed precise localization of nucleosome-like 

histone-ssDNA nanostructures at the edge (PF-3) or the center (PF-2) of the DNA origami. 

In addition, we demonstrated that this DNA origami-histone interaction results in the 

assembly of larger DNA origami complexes, including a head-to-head type dimer and a 

cross-shape complex. Our results suggest the successful self-assembly of the DNA 

origami–histone hybrid nanostructures provide a principal structural unit for constructing 

higher-order nanostructures. Given the reversible nature of the geometry-based 

noncovalent interaction between the DNA origami and the nucleosome-like histone-

ssDNA nanostructures, the self-assembly/disassembly of DNA-histones hybrid 

nanostructures may open new opportunities to construct stimuli-responsive DNA-protein 

hybrid nanostructures. 
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Introduction 
 
Biological nanomaterials  

 
Biological nanomaterials are defined as materials with a size within the nanoscale range 

of 1 -100 nm in at least one dimension, and include antibodies, nucleic acids, lipids, 

hemoglobin, and viruses (Figure 1). Different terminology (nanoparticle, nanofiber, and 

nanoplate) is used depending on the number of dimensions within the nanoscale range 

(Figure 2) 1. 

These materials have native biological properties that can be utilized for various potential 

applications. For example, double-stranded deoxyribonucleic acid (dsDNA) has the 

fundamental function of carrying and transmitting the blueprint of life in only 2 nm of 

space, and thus, the small size of DNA could add great value to biological materials to 

further advance biotechnology. Another factor that distinguishes biological 

nanomaterials is their ability to evade the immune system. Researchers have utilized this 

feature to develop safer medications that do not evoke an immune reaction while 

specifically targeting cancer cells 2. Living biological systems can detect their own 

components, and therefore, biological nanomaterials provide high biocompatibility for in 

vivo applications. A number of biological nanomaterials have successfully been translated 

to clinical settings. One example is antibodies used as immune checkpoint blockade. This 

therapy disrupts the ability of cancer cells to escape the immune system, leading to the 

recovery of the function of the immune system 3,4.  
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Overall, these unique characteristics of biological nanomaterials contribute to the current 

direction of nanotechnology 5. 

DNA nanostructures, an example of a biological nanomaterial, are artificial nanoscale 

structures composed of DNA. In addition to their advantage of small size, the 

programmability of the four-building blocks of DNA, adenine (A), cytosine (C), guanine 

(G), and thymine (T), provides a tool to synthetically design various DNA shapes and 

vehicles using long single-stranded DNA (ssDNA) and linker staple strands 6,7.  

 

 

Figure 1. A size-scale comparison of various nanomaterials. Nanomaterials are defined as objects whose 
size falls within the 1-100 nm range. Nanomaterials can be further classified into organic and inorganic 
nanomaterials; organic nanomaterials include various biological entities such as antibodies and viruses, 
while examples of inorganic nanomaterials include carbon nanotubes and quantum dots. Reprinted with 
permission from Poh, T. Y. et al. Inhaled nanomaterials and the respiratory microbiome: clinical, 
immunological and toxicological perspectives. Part. Fibre Toxicol. 15, 46 (2018) 8. 
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The History of DNA nanostructures  

Even though the base pairing of DNA molecules provides a predictable binding 

mechanism, the linearity of dsDNA limits the folding and construction of 2D and 3D 

structures. In 1983, the first step of achieving the goal of designing 2D and 3D 

nanostructures began with the design of an immobile 2D DNA nanostructure that was 

initially inspired by naturally existing unstable DNA Holliday junctions present during the 

DNA recombination process 9. Ned Seeman successfully developed DNA branched 

junctions (Figure 3 – A) by minimizing the sequence symmetry. This 4-arms DNA junction, 

which was extended to multi-arm DNA junctions over the following years 10, has 

undesirable flexibility that led Seeman and his colleagues to introduce a more rigid 

building block, the double-crossover molecule (Figure 3 – B) 11. The double-crossover 

building block has rigid, multi-arm DNA nanostructures and was used to direct the 

 

Figure 2. Biological nanomaterials. The number of dimensions determines the term used to describe the 
nanomaterials. The term nanoparticle is used when all of the dimensions fall within the nanoscale range. 
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assembly of different nanostructures such as nanotubes and lattices nanostructures 12,13. 

Between 2003 and 2004, 15,16 scaffold strands were used to direct the self-assembly 

process of DNA double crossover tiles or aid the formation of the desired shapes (Figure 

3 – C). In 2006, Paul Rothemund 14 reported a new method called scaffolded DNA origami. 

More complex polygonal network structures were constructed using a long scaffold 

strand either alone or with short-staple strands in a one-step process. Seeman initially 

constructed cube-shape nanostructures 17. Using similar approaches, various 3D 

nanostructures from simple geometrical shapes to more complex nanostructures, have 

been constructed (Figure 3 – D). The field of 3D DNA nanostructures was recently 

reviewed by Fu, D. and Reif, J.18.  
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Figure 3. The history of the development of DNA nanostructures from simple Holliday junctions to complex 3D DNA 

origami. A. Single-crossover 4-arm Holliday junction inspired by the natural DNA recombination process. B. 2D 

antiparallel double-crossover DNA nanostructure with various arms (2-6). C. Long single-stranded DNA scaffold used 

to build DNA nanostructure along with the double-crossover motifs. D. Examples of DNA 3D nanostructures. 

Adapted with permission from Hong, F., Zhang, F., Liu, Y. & Yan, H. DNA Origami: Scaffolds for Creating Higher Order 

Structures. Chem. Rev. 117, 12584–12640 (2017). Copyright 2021 American Chemical Society 19. 
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Self-assembly of nanostructures  

Predesigned nanostructures took off in the following decades, establishing a new area 

that highly depends on the concept of self-assembly. Self-assembly is a building process 

that converts smaller units into higher-order complexes via intermolecular forces without 

external interference. The selectivity behind molecular self-assembly is driven mainly by 

chemical and shape recognition, which explains the presence of self-assembled cellular 

components with high levels of specificity 20. Lipid bilayer membranes and nucleosome 

core particles are examples of sophisticated self-assembled biological macromolecular 

complexes present in nature 21. The self-assembly process is generally controlled by free 

energy minimization by a complex formation to overcome the unfavorable entropy, which 

facilitates spontaneous self-assembly of complexes 22. 

Self-assembly can be employed in nanofabrication, which focuses on designing nanoscale 

materials with applicable structures and patterns using top-down and bottom-up 

nanofabrication approaches 23. Bottom-up fabrication is an approach that uses the 

inherent properties of single molecules such as molecular recognition 24  and self-

assembly to build complex structures out of single units. In 2006, a bottom-up fabrication 

approach was adapted successfully to fold simple long ssDNA into self-assembled larger 

complexes in various desirable shapes 14.  
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Principles of DNA origami design and assembly  

As mentioned above, DNA nanostructures such as self-assembled DNA origami usually 

consist of a mixture of long ssDNA and staple strands. The long ssDNA is referred to as a 

scaffold strand and is folded into the intended shape using hundreds of complementary 

staple strands (Figure 4 – A) 14.   

The first DNA origami structure 14 was built using the genomic DNA of the M13m18 

bacteriophage as a scaffold strand. This viral genome remains the most commonly used 

scaffold to fabricate DNA origamis that have been used in many applications. However, 

the size and sequence composition of M13m18 are not optimal to construct super-sized 

or highly complexed nanostructures. Zhang et al. 25 employed long-range polymerase 

chain reaction (PCR) to design and construct super-sized origami nanostructures out of 

26 kbp scaffolded ssDNA, adding more variety to the scaffold strand. 

DNA origami structures are usually self-assembled with the aid of a thermal annealing 

process, in which high temperature (65- 95 °C) is used to prevent undesirable base-pairing 

of the scaffolded strand that could interrupt DNA origami folding 14,26,27. The scaffold and 

staple strands are gradually cooled to simulate the self-assembly of the desired structure 

at the minimum energy level. The optimal salt concentration (12.5 - 20 mM) is required 

at all steps to stabilize the DNA backbones and maintain the folded structures. 

The folding and annealing of the DNA origami require the presence of divalent and 

monovalent cations. Cationic ions help to neutralize the negative charge of DNA to 
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minimize strand repulsion and stabilizes the folded structures (Figure 5) 28,29. The 

concentration of cations is critical to the stability of DNA origamis, as higher 

concentrations of cations are required to maintain the 2D and 3D DNA origami structures 

than linear dsDNA. A stable environment is needed to maintain folded complex 

nanostructures (Figure 4 – B-D) 28,30. 

DNA origamis have drawbacks related to their inability to maintain structural integrity in 

physiological medium. Their low stability in a physiological medium is due to the low 

magnesium salt concentration that does not meet the requirement of DNA origami and 

the presence of nucleases enzymes that could degrade the origami. In this study, we used 

two different shapes of DNA origami: rectangular with an aperture (PF-2), and rectangular 

(PF-3) (see Figure 10). While we confirmed their structural integrity was maintained in a 

buffer optimized by the manufacturer (see Materials and Methods), we noticed that our 

origamis tended to unfold at a low concentration of magnesium ions associated with the 

presence of ethylenediaminetetraacetic acid (EDTA) in the samples 31,32. Solutions to 

protect the DNA origami 32 from enzymatic degradation and unfolding due to a low 

concentration of magnesium ions have been proposed to extend the applications of DNA 

origami to in-vivo conditions. 

Designing DNA origami used to be a difficult and time-consuming process. A variety of 

software 33–36 for designing 2D and 3D DNA origami structures with different features 

have been developed to save time and reduce common errors prone to manual design. 

Newer software 34–36 is more automated and facilitates the design in a user-friendly 
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manner. Those tools provide a stepping-stone to further predict the folding of the 

assembled structures 37,38.   

Currently studies on DNA origami focus on the construction of highly complex structures 

for a variety of applications 39–43. Biological complexes and supermolecules are formed as 

a result of the interactions between nucleic acids, proteins, lipids, and other small 

molecules. Although versatile biological complexes found in nature first inspired 

researchers in the field of nanotechnology, human creativity has enabled the design of 

novel synthetic structures 44. Synthetic complexes such as DNA origami have pushed the 

boundaries of DNA functionality from just carrying genetic information into more 

sophisticated nanostructures with potentially unlimited applications.  

 

 

Figure 4. Self-assembly of DNA origami. A. Temperature-based annealing initiates the folding of a long ssDNA by 
sequence complementary staples. Examples of a 2D planar DNA origami shape (B), 3D nanostructures (C), and 
complex nanostructure assembled from multiple DNA origami structures (D). Reprinted from Dey, S. et al. DNA 
origami. Nat. Rev. Methods Primer 1, 13 (2021) 45. 
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Figure 5. DNA interactions with monovalent and divalent ions. Internal interactions between the divalent cations 
and DNA contribute to the stability of DNA origami. (Left) when mono and divalent cations coexist, the monovalent 
cations may antagonize the effect of the divalent cations (right). 

 

DNA origami-protein hybrid nanostructures  

Due to the high predictability of DNA base-pairing and the structural and functional 

variety that proteins offer, DNA-protein hybrid shapes were introduced in 2012 46. This 

relatively new class of nanostructures is pre-designed in a similar way to DNA origami. 

The numerous transcription factors that bind to DNA in a sequence-specific manner and 

offer rigidity as staples are candidates to construct pre-designed shapes. Therefore, the 

specific interactions between the DNA scaffold and the proteins could provide building 

blocks that anneal under isothermal conditions, which suits in vivo applications. 

The application of DNA-protein hybrid nanostructures can currently be classified into four 

categories. First, DNA-protein hybrid nanostructures that focus on the functions of 
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proteins have been reported. This category includes the use of DNA origami to protect 

and encapsulate proteins of interest against harsh environments 39,40 or to release 

proteins from DNA nanostructures in a controllable manner in response to different 

stimuli to add selectivity to the function of the protein of interest (Figure 6 – A) 41–43,47. 

Second, DNA origamis have been utilized for the control of the orientation of a single 

protein molecule. One of the interesting applications along this direction is that a DNA 

origami was used to facilitate the imaging of single protein molecules from different 

angles to reconstruct a 3D image of the protein of interest out of cryo-EM images while 

providing protection to the protein from the surrounding environment during the imaging 

process (Figure 6 – B) 48. Third, DNA origami has been used as a structural platform to 

spatially arrange biological molecules to address biological questions by taking advantage 

of its structural rigidity. For example, a DNA origami was used to study the relationship 

between the spatial distribution of ligands and the varying behavior of the activated 

pathway (Figure 6 – C) 49. Fourth, DNA origamis have been used to construct higher-order 

DNA origami-protein hybrid structures, focusing on the construction of various 

geometrical shapes using protein and DNA as structural units through covalent and non-

covalent interactions. Figure 6 – D shows an example of a DNA-protein nanostructure 

constructed by substituting DNA staples with Transcription activator-like (TAL) effector 

proteins that bind non-covalently to DNA by sequence recognition 50.  

Researchers have utilized both covalent and non-covalent DNA-protein interactions to 

geometrically design DNA-protein hybrid nanostructures. The first DNA-protein hybrid 



22 
 

nanostructures 46, polyhedral cages, were constructed using the interaction between 

biotin and the biotin-binding protein, streptavidin (Figure 7 – A). The strong non-covalent 

interactions were able to initiate the self-assembly of DNA tiles into the desired shape. 

Another example of nanostructures based on non-covalent interactions is the previously 

mentioned interaction between TAL effector proteins and long dsDNA used as template 

50. The authors substituted the long ssDNA used as a scaffold with dsDNA that has DNA 

sequence motifs for TAL proteins (Figure 7 – B). Common approaches to construct DNA-

protein hybrid nanostructures using covalent interactions are to engineer site-specific 

cysteine residues or the acylate the more abundant lysine residues (Figure 8). The 

abundance of lysine residues can affect the site-specificity of the hybridized DNA, and 

further interfere with the functionality of the protein. For this reason, it may be preferable 

to modify cysteine residues for the intended interactions. GroELs, a chaperon protein was 

bio-conjugated with DNA through the maleimide-cysteine reaction. The resulting protein 

nanotube assembled due to the complementary strands presented in the apical domain 

of the GroELs proteins (Figure 7 – C)  51. Click chemistry has also been utilized to introduce 

covalent interactions in DNA-protein nanostructures. DNA strands were modified with 

dibenzocyclooctyne (DBCO) that interact with azides at the surface of the protein 

(catalase), producing building units for higher-order nanostructures (Figure 7 – D)  52.  

In parallel with the development of new DNA–protein hybrid nanostructures, we recently 

discovered that ssDNA and histone proteins form self-assembled nanostructures 53. Even 

though various proteins were used to build DNA-protein nanostructures, histone proteins 
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are a unique candidate to construct hybrid nanostructures. Histones are arginine and 

lysine-rich proteins that naturally complex with DNA to form nucleosomes. Nucleosomes, 

physiological DNA-protein hybrid structures, are composed of histone proteins and a non-

sequence specific dsDNA that wraps around the histone proteins. It was determined 

decades ago that 147-bp dsDNA is wraps around the histone octamers to form the 

nucleosomes. The nucleosome consists of core histones with two H2A and H2B dimers, 

H3 and H4 tetramer, and a fixable tail, H1, which is responsible for the accessibility of 

histone and plays a significant part in regulation of gene expressions 54. Further 

compaction of nucleosomes into highly ordered chromatin serves as an essential 

epigenetic mechanism that controls the accessibility of DNA 55. The fact that this non-

covalent interaction is non-sequence specific could add simplicity to the design of DNA-

protein nanostructures.  

We investigated the possibility of adapting the inherent ability of histone proteins to bind 

to ssDNA to form nucleosome-like structures in a non-sequence-specific manner 53. 

Although the nucleosomes can be formed by ordered assembly of histone proteins and 

dsDNA (or ssDNA) in vitro either by chaperones or gradient dialysis, it was not possible to 

self-assemble histones and DNA into nucleosome-like structures. Conventionally, the 

reconstruction of mononucleosomes from core histones and dsDNA is a very lengthy 

process 56,57. This process can be induced by a gradual assembly of histone octamers using 

salt gradient dialysis since (H3-H4)2 tetramer forms at a higher salt concentration than 

(H2A-H2B)2 dimers. The procedure starts with mixing DNA and core histones at 0.2 M 
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sodium chloride (NaCl) or by using chaperone proteins such as N1 and nucleoplasmin (NP) 

that binds to the octamer and aid the construction of nucleosomes in an ordered manner 

57,58. We recently reported that nucleosome-like structures are formed through 

convenient self-assembly of histone proteins and ssDNA at carefully controlled conditions 

of temperature, ionic strength, concentration, and incubation time. This new method 

eliminates the need for guided assembly, which is the first essential step to design a 

building block for geometry-based DNA-protein hybrid nanostructures (Figure 9)  53.  

 

Figure 6. Applications of DNA-protein hybrid nanostructures. Reprinted from Stephanopoulos, N. Hybrid 

Nanostructures from the Self-Assembly of Proteins and DNA. Chem 6, 364–405 (2020), with permission from 

Elsevier 59. 
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Figure 7. DNA-protein hybrid nanostructures constructed by covalent and non-covalent interactions. A. and B. 
Noncovalent interactions. C. and D. Covalent interactions. Reprinted from Stephanopoulos, N. Hybrid 
Nanostructures from the Self-Assembly of Proteins and DNA. Chem 6, 364–405 (2020), with permission from 
Elsevier 59. 

 

 

Figure 8. Modifications of lysine and cysteine residues to form DNA-protein nanostructures. A. The more abundant 

lysine residues of protein of interest are modified by acylation. B. DNA-protein nanostructures formed by 

alkylation of cysteine (or engineered) residues or by a disulfide bond. Reprinted from Stephanopoulos, N. Hybrid 

Nanostructures from the Self-Assembly of Proteins and DNA. Chem 6, 364–405 (2020), with permission from 

Elsevier 59.   
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Figure 9. Mechanism of self-assembly of histones-ssDNA complexes, nucleosome-like structures. Schematic 
illustrations of core histones and two 175 mer-ssDNA (A), self-assembly of nucleosome-like structures (B), 
proposed kinetic model of self-assembly of histone-ssDNA complexes (C). (D) Two fundamental building block 
particles were demonstrated, single histone-DNA complexes (sHD) and cross-linked sHD (cHD). Different 
arrangements of the particles were imaged using AFM. (Left) AFM topographic images, (middle) their 3D height 
images, and (right) schematic illustrations of the presented images. Adapted from Serag, M. F. et al. Geometry-
Based Self-Assembly of Histone–DNA Nanostructures at Single-Nucleotide Resolution. ACS Nano 13, 8155–8168 
(2019).   
 

 

Objectives of the study 

This study aimed to develop new geometry-based DNA-protein hybrid nanostructures 

based on our previous study of the self-assembly of ssDNA and histone proteins 53. The 

overall aims of the study are divided into three primary objectives: 
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1) To explore the possibility of integrating core histones into DNA origami nanostructures 

in a geometry-based self-assembled manner to construct nucleosome-like DNA-protein 

hybrid nanostructures 53.  

2) To investigate the structural integrity of DNA origami and the formation of histone-

DNA origami complexes.  

3) To characterize the newly formed DNA origami-core histone complexes under different 

conditions using agarose gel electrophoresis (AGE), atomic force microscopy (AFM), cryo-

electron microscopy (Cryo-EM), and dynamic light scattering (DLS). 

Design of DNA origami-assembled histone complex  

In order to achieve these objectives, the nucleosome-like structures were integrated into 

DNA origami nanostructures via ssDNA tails that hybridize with DNA origami (Figure 10). 

We first self-assembled the nucleosome-like structures using assembled core histones 

and ssDNA using re-optimized conditions for formation of the complex. Next, the ssDNA 

used to wrap around the core histone, which has additional complementary sequences 

to the DNA origami, hybridizes the DNA origami and the nucleosome-like structures. We 

used two DNA origami nanostructures that have different dimensions and shapes (Figure 

10–A). The DNA origamis were modified with single-stranded handles that bind 

complementarily to 25 nucleotides at the end of the ssDNA wrapped around the core 

histones (anti-handle) (Figure 10 – B). This design supports self-assembly of the DNA 

origami-core histones complexes.  
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Figure 10. Schematic illustrations showing the design of the DNA-protein hybrid nanostructures investigated in this 
study. A. Two designs of DNA origami were used, (left) rectangular and (right) rectangular with an aperture. B. 
Nucleosome-like structures constructed from core histones and 175 mer-ssDNA; 25 nt (dark blue) sequence is 
complementary to ssDNA tail of DNA origami.  C. DNA origami-histone hybrid nanostructures. The green line 
represents the sequence of 175 mer-ssDNA that self-assembles with histones to form a nucleosome-like structure. 
The grey line indicates the sequence of protruding handles (i.e., tails) of the DNA origami. 

 

 

Brief description of the experimental techniques used in this study  

AFM is a scanning probe microscopy technique that utilizes the tip-sample interaction to 

build a topographic map of any object. In principle, AFM indirectly measures objects using 

a laser beam deflection system and a reflective cantilever to detect surface changes at 

the nanoscale level 60,61. AFM was extensively used to investigate the integrity and 

formation of the DNA origami–histone complexes in this study. The AFM measurements 
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allowed determination of the height profile of the samples at a resolution as low as 2 nm. 

Due to the large masses of DNA origamis compared with the nucleosome-like structures 

that are incorporated into the hybrid nanostructures, AFM alone could not provide direct 

evidence of the formation of the DNA origami–histone complexes. Therefore, other 

techniques were adopted to further investigate the structure of the self-assembled DNA-

origami-histone complex nanostructures.  

Cryo-EM 62,63 is an electron microscopy technique that illuminates the sample using an 

electron beam under a vacuum that prevents the deflection of electrons by air. Cryo-EM 

was developed initially to spare the samples from the consequences of direct exposure 

to the electron beam usually associated with transmission electron microscopy (TEM). A 

cryogen such as liquid ethane is used at the temperature of liquid nitrogen to surround 

the sample in a vitrified, thin layer of water. In general, cryo-EM can protect the integrity 

of samples from the dry environment associated with high vacuum. In our experiments, 

we utilized cryo-EM along with immuno-imaging techniques to visualize DNA origami with 

and without core histones. Histone proteins in the hybrid nanostructures were immuno-

stained using gold nanoparticles to overcome the low contrast and low signal-to-noise 

ratio and allow direct visualization of both DNA origami and nucleosome-like structures 

in the hybrid nanostructures. 

DLS is a technique that detects the Brownian motion of the particles in a solution via the 

fluctuated intensity of scattered light illuminated by a laser. DLS can determine the 

hydrodynamic size of nanoparticles by autocorrelation analysis of the scattered light 
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intensity. Particles with larger hydrodynamic sizes diffuse slowly; therefore, display longer 

correlation times in the autocorrelation analysis. The diffusion coefficient of Brownian 

particles is determined through the Stokes-Einstein equation. We used the DLS technique 

in this study to determine the hydrodynamic size and homogeneity of the particles, and 

assess the charge of the DNA origami-core histones complex in comparison to DNA 

origami alone 64. 

Agarose gel electrophoresis uses the migration distance of DNA fragments to determine 

their molecular weight. An electric current is applied to facilitate the migration of the 

negatively charged DNA. A calibrating sample with a well-defined size is used as a 

reference. Large DNA fragments will run slower than smaller-size fragments in the gel. 

We employed agarose gel electrophoresis as an essential tool to confirm the integrity and 

formation of the DNA origami-core histones complexes 65.  
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2. Materials and Methods 

Core histone purification and concentration 

Calf thymus core histones (Sigma-Aldrich) were isolated using a standard acid extraction 

protocol 66; core histones were precipitated by overnight incubation in 4% perchloric acid 

at 4 °C, centrifuged at a maximum speed of 15,000 rpm for 1 hour at 4 °C, and the 

supernatant was discarded. The pellet was washed with 1 mL of 4% perchloric acid and 

centrifuged at a maximum speed of 15,000 rpm for 5 minutes at 4 °C, and the supernatant 

was discarded. The sample was washed twice with HCl diluted to 0.2% in acetone and 

then washed twice again with 100% acetone. Finally, the pellet was air-dried for 20 

minutes and then re-suspended in sterile water.   

Salts were removed from the suspension of the core histones and the sample was 

concentrated using a centrifugal filter (Sartorius - VIVASPIN2 5000 MWCO) to a final 

concentration of 1.4 mg/mL. Histone proteins were resuspended after each cycle of 

centrifugation (15 minutes / 7 times) in cold distilled water. After optimization, histones 

were used at 0.28 mg/mL for the self-assembly of nucleosome-like structures.  

Preparation of nucleosome-like structures 

To determine the quenching cutoff ratio (QCR, see Results and Discussion) for core-

histones-50-mer ssDNA complexes, we started with a 0.28 mg/mL stock solution of core 

histones. We prepared 16 samples with various ratios (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 
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5, 7, 10, 20, 30, 40) of core-histones: 50-mer ssDNA (120 nM) at a low ionic strength (1mM 

Tris base, pH = 7.4).  

Core histones (420 nM) were mixed with 50-mer ssDNA (120 nM) in order to obtain the 

optimal QCR value (3.5:1) for core histones: ssDNA complexes.  

Core histones (2.88 µM) were mixed with 175-mer ssDNA (120 nM) in order to obtain the 

optimal QCR value (24:1) to prepare core histones: ssDNA complexes for annealing with 

DNA origami. The annealing of ssDNA-histones complexes at various ratios was carried 

out at 4°C for 10 minutes. 

The 50 mer-ssDNA (IDT): 5'/Cy5/ 

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 3'  

The 175 mer-ssDNA (IDT) is composed of a polyT (150Ts) and 25 bases that are 

complementary to the handles of DNA origami: 5' 

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTCTTTCTTTCTTCTCTTCTTCTTCTT 3'  

Spectrophotometery 

Fluorescence spectra of Cyanine5 (Cy5)-labeled 50-mer (IDT) were recorded using a 

spectrofluorometer (Fluoromax-4, Horiba Scientific); UV-Vis absorption spectra were 

measured using a spectrophotometer (U-3900, Hitachi).    
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DNA nanostructure  

DNA origamis (PF-2 and PF-3, Figure 10 –A) were purchased from Tilibit Nanosystems. 

DNA origamis were divided into 25 µL aliquots and stored at -20 °C. The effect of frequent 

thawing was minimized by avoiding full thawing of the aliquots. The sheet-like PF-2 and 

PF-3 origami nanostructures were constructed using the single-stranded m13mp18 

scaffold and modified with 25-base handles (5' AAGAAGAAGAAGAGAAGAAAGAAAG 3').  

The PF-2 DNA origami (MW = 4.97 MDa) has a rectangular shape (outer dimensions of 61 

x 52 x 8 nm) with a central aperture (9 x 15) that suits the dimensions of core histones. 

PF-3 rectangular DNA origami (MW = 5.1 MDa) has dimensions of 61 x 28 x 14 nm. The 

handle is in the middle of one edge.  

The DNA origami nanostructures were initially dissolved in the sample buffer supplied by 

Tilibit Nanosystems and diluted to 1× (5 mM Tris-base, 1 mM EDTA, 5 mM NaCl, and 5 

mM MgCl2 dissolved in ultrapure water). The DNA origamis were used in the experiments 

at concentration ranges of 3-20 nM.  

Self-assembly of DNA origami – core histones hybrid nanostructures  

The self-assembly of DNA origami–core histone hybrid nanostructures was carried out at 

4 °C for 1 hour. Different ratios of DNA origami:core histones were used in different 

experiments.  
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Agarose gel electrophoresis 

The DNA origamis and DNA origamis complexed with histones were analyzed by gel 

electrophoresis using 2% agarose gels (2 g GoldBio agarose LE dissolved in 200 mL of TAE 

buffer). Ethidium bromide was added to the dissolved agarose at a final concentration of 

0.025 µg/mL; 1× Purple dye (New England Biolabs) was used as the sample loading dye; 

10 mM magnesium acetate (MgAc2) was added to all samples before loading to maintain 

the stability of the DNA origami, which may be compromised by the presence of EDTA. 

Gel electrophoresis experiment was performed in 1× TAE + 6 mM MgAc2 buffer at a 

constant voltage of 90 V for 2 hours or 20 V for 24 hours for DNA origami alone and DNA 

origami with histones, respectively. The bands were visualized using the Vilber E-Box gel 

imaging system.  

Imaging of DNA nanostructures 

After optimizing the optimal conditions for the imaging experiments, the integrity and the 

formation of the DNA origami-core histone complexes were characterized using Cryo-EM 

and AFM.  All figures were created using BioRender. 

AFM 

All images were acquired on a Bruker Dimension Icon AFM at an image resolution of 256 

× 256 pixels. For dry-phase AFM imaging, 2.5-5 µL of the samples (5-10 nM concentration) 

were diluted to the desired concentrations in AFM buffer (5 mM Tris-base, 1 mM EDTA, 5 

mM NaCl, and 5 mM MgCl2, 1 mM of NiCl2). A total volume of 10 µL was deposited to a 
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freshly cleaved mica surface, and incubated for 10 min, rinsed three times with 200 µL of 

water, and dried overnight in a vacuum. Measurements were conducted in tapping mode 

using a FESPA-V2 probe (Bruker, K= 2.8 N/m, resonant frequencies = 50-100 kHz). For 

liquid-phase AFM imaging: samples diluted into the AFM buffer (5 mM Tris-base, 1 mM 

EDTA, 5 mM NaCl, and 5 mM MgCl2, 1 mM of NiCl2) were deposited on the mica surface. 

AFM buffers with different concentrations of NiCl2 were used and optimized for imaging, 

depending on the concentrations of DNA origami, and the sample imaged (0.5X TBE + 201 

MgAc2 + 10-30 mM NiCl2). A SCANASYST-FLUID+ probe (Bruker, K= 0.7 N/m, resonant 

frequencies = 100-200 kHz) was used for liquid-phase imaging. The image scanning was 

optimized in ScanAsyst mode. All the images were refined using Gwyddion software. 

Particle heights were determined manually or using a script written in Matlab.  

Dynamic light scattering 

The size, polydispersity, and zeta potential of DNA origamis were analyzed using a 

Malvern Zetasizer Nano ZS at a temperature of 25 °C; 50 µL samples of the DNA origami 

(PF-2, 20 nM concentration) were used for the size measurements. The samples were 

diluted to 1 mL (ultrapure water) for the measurements of zeta potential.  

Cryo-EM 

The DNA origamis (PF-2 and PF-3) were used at 20 nM. An immuno-imaging technique 

was used for visualization of the DNA origami-histone complexes. The DNA-histone hybrid 

nanostructures were constructed by incubating PF-2 and PF-3 DNA origami with core 
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histones at a 1:1 DNA origami:core histones ratio with varied concentrations of DNA 

origamis (5 -15 nM) in buffer (5 mM Tris-base, 1 mM EDTA, 5 mM NaCl, and 5 mM MgCl2 

dissolved in ultrapure water). The self-assembly of DNA origami–core histones hybrid 

nanostructures was conducted at 4 °C for 1 hour. Anti-H2B (Abcam-ab1790) and anti-H3 

(Abcam-ab18521) antibodies were diluted in phosphate buffered saline (PBS) and added 

to the DNA origami-histone complexes at 5 µg/mL and incubated overnight at 4 °C. 

Protein A conjugated to 5-10 nm size gold nanoparticles (Protein A – 10 nm Colloidal Gold 

Labeled, Sigma-Aldrich) was diluted 1:50 – 1:100 in PBS and then added to the 

immunolabeled DNA origami-histone complexes, and incubated for 1-2 hours at room 

temperature before imaging the samples. A small volume of the sample was deposited 

onto holey carbon grids and blotted with filter papers (for 3 seconds). The grid was 

plunged into liquid ethane using a Vitrobot (FEI company) to preserve the hydrated 

sample in a thin vitreous ice layer. A side-entry type cryo-transfer specimen holder (Gatan 

626) was used to load the grid into the TEM instrument. All sample preparation steps 

were carried at the temperature of liquid nitrogen.  
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3. Results and Discussion 

Optimization of histone-ssDNA complexes  

Precise control of the self-assembly of ssDNA and histone proteins into well-defined 

nucleosome-like nanostructure is the first step to obtain DNA-protein hybrid 

nanostructures. We previously reported successful construction and characterization of 

self-assembled nucleosome-like structures. This was achieved by forming the complexes 

using a low concentration of ssDNA (120 nM) and different ssDNA:histone ratios under 

low ionic strength conditions (1 mM Tris buffer) 53. We modified the protocol 53 to further 

optimize the conditions of the self-assembly of the histone-ssDNA complexes. In addition, 

we previously confirmed that histone H1 has no effect on the formation of the core 

histone-ssDNA complexes 53 However, in order to provide cleaner cryo-EM and AFM 

images, histone H1 proteins were removed from the solution by an acid precipitation 

protocol (see Materials and Methods) before construction of the nucleosomes-like 

structures. The initial concentration of histone proteins was 1 mg/mL. After the removal 

of histone H1, the histone concentration was determined to be 0.2 mg/mL by UV-vis 

absorption spectroscopy measurement (Figure 11 – A). The salt in the sample was 

removed (see Materials and Methods), and the core histones were re-concentrated 

(Figure 11 – B) after refolding the core histone in 1 mM Tris buffer containing a 

physiological concentration of NaCl (150 mM) (Figure 12). Following preparation of the 

core histones, 50-mer ssDNA (polyT) labeled with Cy5 dyes (Cy5-50mer-ssDNA, see 

Materials and Methods) was mixed with the core histones to detect the formation of the 
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nucleosome-like nanostructures. The self-assembly of ssDNA with the histone proteins 

promotes interactions between the Cy5 dye molecules, and their close proximity results 

in the quenching of Cy5 fluorescence. We previously showed that the Cy5 fluorescence is 

maximally quenched when the nucleosome-like nanostructure is formed at a specific 

mixing ratio of the ssDNA and histone proteins. Therefore, we defined the quenching cut-

off ratio (QCR) as the ratio at which maximum fluorescence quenching is detected (i.e., 

the nucleosome-like structures are formed) 53. The formation of nucleosome-like 

structures at QCR was previously suggested by the narrowest polydispersity index at QCR 

characterized by DLS and the formation of 10 nm-size particles at QCR captured by 

transmission electron microscopy. The fluorescence of Cy5-50mer-ssDNA was quenched 

upon the addition of the histone proteins (Figure 14 – A).  The maximum fluorescence 

quenching (QCR) was observed at a 3.5:1 histone:Cy5-50mer-ssDNA ratio (Figure 14 – A).  

This result suggests that the nucleosome-like structures self-assembled at a 3.5:1 histone: 

Cy5-50mer-ssDNA mixing ratio.   

We previously confirmed that the construction of the nucleosome-like structure requires 

300-nucleotides of long ssDNA (e.g., six 50-mer ssDNA). In order to construct the 

nucleosome-like structure and integrate it to DNA origami through annealing, we used 

175-mer ssDNA, which consists of 150-mer polyT for assembly of the nucleosome-like 

structure and an additional 25-mer that is complementary to the handles of the DNA 

origami. Since it was not possible to experimentally determine the QCR using Cy5-ssDNA 

longer than 100-mer ssDNA 53 because of the larger distance between the Cy5 dyes in the 
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complexes (Figure 13), we extrapolated the QCR of 150-mer ssDNA based on the ssDNA 

length-dependent QCR. We previously experimentally demonstrated that there is an 

exponential relationship between the QCR and the length of ssDNA 53. QCR was 

determined for various lengths of ssDNA (6-, 15-, 25-, 30-, 32-, 35-, 50-, 55-, 56-, and 65-

mer-ssDNA) self-assembled with the histone proteins. In order to correct for the batch 

effect on QCR and predict the QCR for 150-mer-ssDNA, we used the data previously 

generated and normalized the QCR values to the QCR of 50-mer-ssDNA (Figure 14 – B). In 

addition, polydispersity indices were used to judge the formation of the nucleosome-like 

nanostructures at the expected QCR for 150-mer-ssDNA extrapolated from the 

exponential fit of the ssDNA-length-dependent QCR. According to Figure 14 – B, the 

nucleosome-like structures self-assembled at a relative QCR of 6.8:1 for the 150-mer-

ssDNA. Since the QCR obtained for the Cy5-50mer-ssDNA is 3.5:1, the optimal QCR for the 

150-mer-ssDNA used in this study is calculated to be 24:1 (Figure 14 – C). 

In summary, we optimized the conditions required to generate the fundamental unit for 

constructing of DNA-protein hybrid nanostructures, nucleosome-like histone-ssDNA 

complex. The nucleosome-like structure was obtained by self-assembling the 175-mer-

ssDNA (150-mer polyT for self-assembly and 25-mer tail for annealing) with histone 

proteins at a histone: 175-mer-ssDNA ratio of 24:1 at low ionic strength (1 mM Tris base) 

and low concentrations of ssDNA (120 nM) and histones (see Materials and Methods). 

The self-assembly and stability of the nucleosome-like structures highly depend on the 

ionic strength of the buffer.   
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Figure 11. Core histones concentration determined by UV-vis absorption spectrometry. A. UV-vis absorption 
spectrum of core histones before salt removal; the concentration of the core histones was determined to be 0.2 
mg/mL based on the absorbance at 230 nm. B. UV-vis absorption spectrum of core histones after salt removal; the 
concentration of the core histones was determined to be 1.4 mg/mL based on the absorbance at 230 nm. 

 

 

Figure 12. Steps for the preparation of the core histones. 1) Histone H1 was extracted by acid precipitation of core 
histones. 2) Core histone was renatured at physiological salt (NaCl) concentration (150 mM). 3) Salts Remaining in 
core histones were removed with cold water, and core histones were concentrated using a centrifugal filter. 4) 
Detection of the core histone: ssDNA quenching ratio by a spectrofluorometry.   
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Figure 13. Schematic illustration of the relationship between the length of ssDNA (50-mer-ssDNA vs. 150-mer-ssDNA) 
and fluorescence quenching ratios of nucleosome-like structures. (Left) The red and black lines represent individual 
175-mer-ssDNA tagged with fluorophores (green circles). The length of long ssDNA means that the two fluorophores 
are more than 10 nm apart when they are wrapped around the core histones; negligible fluorescence quenching 
occurs under this condition. (Right) Shorter 50-mer-ssDNA (six strands) led to a shorter distance between the 
fluorophores, thus quenching will happen. 

Figure 14. Determination of the optimal histone:ssDNA ratio for the formation of the nucleosome-like structures. A. 
Fluorescence intensities obtained for a series of core histone: Cy5-50mer-ssDNA ratio. A 3.5:1 histone: ssDNA ratio 
was determined as the quenching cutoff ratio (QCR), at which nucleosome-like structures is self-assembled. B. 
ssDNA-length dependent QCR. The QCR values are normalized at the QCR of 50-mer-ssDNA. The solid line shows a 
fit to an exponential function. The relative QCR of the 150-mer-ssDNA is 6.8. C. Applying the correction factor to all 
the lengths of ssDNA, an exponential function was utilized to predict the quenching ratio of the 150 mer-ssDNA.   



42 
 

Visualization of core histone and nucleosome–like structures 

The architecture of the obtained self-assembled ssDNA-histone protein complexes were 

characterized by AFM. Core histones were used as a reference sample. According to our 

previous study, we expected to observe two distinct types of particles, nucleosome-like 

histone-DNA nanoparticles (sHD) and their multidimensional cross-linked nanoparticles 

(cHD) 53. 

Two widely used AFM probes (ScanAsyst-fluid+ and SNL-10) were compared initially with 

the same scanning parameters (Figure 15). Although the two probes have comparable tip 

radius, the SNL-10 probe caused damage to the sample. Therefore, ScanAsyst-fluid+ was 

used to image all of the liquid phase AFM samples. We considered the dimensions of the 

objects and the outer shapes as important factors to validate the objects. AFM is an 

accurate tool to measure the height of objects. However, the lateral dimension might 

appear larger than expected, depending on the tip radius. The dimensions of both the 

core histones and nucleosome-like structures (2-11 nm in diameter) are comparable to 

the radius of the tip used (2-12 nm). For this reason, the following equation 67 was used 

for validation of the objects: 

Object lateral dimension = 2√Rr (R = tip radius, r = object radius). 

A direct comparison between the images of sHD/cHD particles and histone proteins was 

carried out by liquid-phase AFM (Figure 16). We estimated the lateral size of the sHD 

particles in the AFM images to be between 7-23 nm. However, we observed only large 
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cHD particles (50-90 nm) (Figure 16 – A). Since the sHD particles might be hidden by the 

larger cHD particles, we tried to remove the cHD particles by centrifuging the sample of 

nucleosome-like structures for one hour. The samples in the supernatant were drop-

casted, and their structures were measured by AFM. The centrifugation step enabled the 

visualization and detection of sHD particles (Figure 17 – A). 

Prolonged centrifugation resulted in the precipitation of both sHD and cHD, leaving only 

histone monomers in the supernatant (Figure 17 – B). We were able to visualize both the 

sHD and cHD particles in the same sample by centrifuging the sample for 15 minutes 

(Figure 17). 

A close-up image of the ssDNA-histone complexes is shown in Figure 17 – A. The height 

distribution of the detected particles suggests the presence of the three different 

particles in the sample (Figure 17 – B): particles with the mean heights of 4 nm and 10 

nm, and a population whose height is larger than 12 nm. These three particles are 

highlighted by arrows in Figure 17 – A (red, white, and blue arrows for 4 nm, 10 nm, and 

> 12 nm particles, respectively). The AFM images indicate that the larger particles (> 12 

nm are cross-linked particles of the nucleosome-like nanostructures, consistent with the 

previous observations 53. The cHD particles are most probably formed by cross-linking 

multiple nucleosome-like nanostructures (i.e., sHD) through free-hanging ssDNA wrapped 

around the octamer  68. In addition, the height distribution of the histone monomers 

obtained by the AFM experiment demonstrated that only a single population peaking at 

around 4 nm exists in the sample (Figure 16 – B) and (Figure 17 – B). Thus, we attributed 
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the three peaks observed in Figure 17 – B to distinct subpopulations coexisting in the 

sample: histone monomers (2-6 nm), nucleosome-like structures (i.e., sHD, 6-12 nm), and 

cHD (> 12 nm). Our results suggest that well-defined nucleosome-like histone-DNA 

nanoparticles (sHD) and their multidimensional cross-linked nanoparticles (cHD) are 

formed upon the self-assembly of the histone proteins and the 175-mer-ssDNA by mixing 

them at a histone:175-mer-ssDNA ratio of 24:1 (concentration of ssDNA = 120 nM). The 

results further imply that we might be able to integrate sHD or cHD (or both) particles 

into DNA origami nanostructures through annealing of the 25-mer ssDNA tail to its 

complementary strand on the DNA origami. 

Figure 15. Comparison of the performance of two probes for dry-phase AFM imaging of the nucleosome-like structure. 

A. FESPA-V2 probe. B. SNL-10 probe. 
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Figure 16. Liquid-phase AFM images of A. the self-assembled histone-ssDNA complexes formed in the mixture of histone 

proteins and 175-mer-ssDNA (histone:175-mer-ssDNA ratio of 24:1, concentration of ssDNA = 120 nM) without 

centrifugation and B. the core histones.  
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Figure 17. Characterization of the self-assembled histone-ssDNA complexes. A. AFM image of the self-assembled 
histone-ssDNA complexes formed in the mixture of histone proteins and 175-mer-ssDNA (histone:175-mer-ssDNA 
ratio of 24:1, concentration of histones = 120 nM). The mixture was centrifuged for 15 min before depositing the 
sample onto the substrate. The red, white, and blue arrows indicate the histone monomers (2-6 nm height), 
nucleosome-like structure (sHD, 6-12 nm), and cross-linked nanoparticles (cHD, > 12 nm), respectively. B. Frequency 
histogram of the height distribution obtained from AFM images of the self-assembled histone-ssDNA complexes.  
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Figure 18. Frequency histogram of the height distribution of histone-ssDNA complexes (> 3 nm) and histone 
monomers (< 4 nm). The measurements were obtained using AFM and analyzed by Matlab.  

 

Biological materials and the compression force of AFM probes  

While AFM has widely been used to measure the height of nanomaterials, we noticed 

that the same samples (e.g., DNA origami) gave different height profiles, depending on 

the scanning force used in the imaging experiments. We evaluated the effect of the 

scanning force on the image resolution using one of the DNA origami that was used in this 

study (i.e., PF-2). When a larger scanning force (900 to 1000 pN) was applied, the height 

of PF-2 determined by the AFM image was approximately 3.5 nm, which is half the value 

expected for the PF-2 DNA origami (8 nm, Figure 19). Under this imaging condition, the 

central aperture (9 x 15 nm) can be seen clearly (Figure 19). On the other hand, when a 
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smaller scanning force was applied (50-200 pN), the height of PF-2 determined by the 

AFM image was approximately 7 nm, which is closer to the expected height for the PF-2 

DNA origami (Figure 19). However, under this condition, the central aperture (9 x 15 nm) 

cannot be seen clearly (Figure 19). Our results demonstrate the tradeoff between the 

image resolution and the accuracy of the height of the objects determined by AFM 

measurements. The fact that we may not be able to obtain the accurate height profile of 

the samples makes it very difficult for us to distinguish between the DNA origami and the 

histone-ssDNA complexes that are expected to self-assemble at the edge (or center) of 

the DNA origami structures based on the height profile obtained by the AFM 

measurements. This prompted us to employ cryo-EM measurements to directly detect 

the formation of the complex (see below).     

 

 

Figure 19. Liquid-phase AFM images showing the effect of scanning force on the height of DNA origami. A. Height 
profiles of the PF-2 DNA origami obtained by AFM measurements conducted at different scanning forces. The green 
and red lines show the height profiles obtained at scanning forces of 50-200 pN and 900 pN, respectively. B. Liquid-
phase AFM images of the PF-2 DNA origami. The images were captured at high scanning force (900 pN, top) and low 
scanning force (50-200 pN, bottom).  
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Evaluation of the integrity of the DNA origami  

Next, we evaluated the stability and structural integrity of the DNA origami 

nanostructures using AFM, agarose gel electrophoresis, and cryo-EM. The DNA origamis 

(PF-2 and PF-3) were immediately re-suspended in the supplied buffer (see Materials and 

Methods) and stored in aliquots after receipt of the sample from the manufacturer to 

avoid any damage that might affect the DNA origami due to repeated freeze-thaw cycles.  

We first conducted agarose gel electrophoresis experiments on PF-2 and PF-3 in the 

presence of Mg2+ ion (MgAc2). Sharp bands were observed for both PF-2 and PF-3, 

suggesting that the nanostructures are stable, and their structural integrity is maintained 

(Figure 21). In the absence of Mg2+ ions, the sharp bands disappeared, indicating 

degradation of the DNA origami (Figure 21). These results suggest the stability of the DNA 

origami is highly dependent on Mg2+ ions. Since many commercially available dyes contain 

EDTA that chelates divalent ions, our results suggest Mg2+ ions should be added before 

adding EDTA-containing additive to the sample. An alternative approach would be to use 

an EDTA-free sample dye. 

We next evaluated the stability and structural integrity of the DNA origami using AFM. 

We first evaluated the performance of two probes (FESPA-V2 and SNL-10) for AFM 

measurements on the DNA origamis. We scanned the DNA origamis using two probes 

(FESPA-V2 and SNAL-10) for dry-phase AFM (Figure 20). As mentioned above (Figure 15), 

the FESPA-V2 probe provided higher resolution images, especially at a scan area of 500 x 

500 nm, even though it has a broader tip radius (8-12 nm) in comparison to the SNL-10 
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(2-12 nm).  Thus, we decided to use the FESPA-V2 probe for all further AFM 

measurements of the DNA origami. 

Figure 22 – A shows the dry-phase AFM images of the PF-2 and PF-3 DNA origamis. The 

dry-phase AFM images of PF-2 and PF-3 revealed a 58 x 57 x 4 nm rectangular structure 

with an 8 x 12 aperture in the middle and a 61 x 34 x 10 nm rectangular structure, 

respectively. The AFM images of both DNA origami agree well with the expected sizes and 

shapes of the DNA origamis (outer dimensions of 61 x 52 x 8 nm and 61 x 28 x 14 nm for 

PF-2 and PF-3, respectively). Similar AFM images were observed for both PF-2 and P-3 

using the liquid-phase AFM (Figure 22 – B).  

Cryo-EM images revealed the origami nanostructures in more detail, such as individual 

dsDNA strands in the origami (Figure 22 – C). The sizes and shapes determined from the 

Cryo-EM measurements were similar to the AFM observations. These results clearly 

demonstrate that the structural integrity of the PF-2 and PF-3 DNA origamis are 

maintained in an aqueous environment. Taken together, the results indicted no signs of 

degraded, damaged or unfolded DNA origami structures. 
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Figure 20. Comparison of the liquid-phase AFM images of PF-2 DNA origami captured using two different probes. A. 
ScanAsyst-Fluid+ probe B. SNL-10 probe.  

 

Figure 21. Effect of the magnesium ion concentration on the stability of DNA origami. (Left) 2% agarose gel at low 
magnesium condition. (Right) 1% agarose gel with the addition of 10 mM magnesium ions. 
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Figure 22. Evaluation of the structural integrity of the DNA origami. A. Dry-phase AFM images of the PF-2 (left) and 
PF-3 (right) DNA origamis; insets show enlarged views. B. Liquid-phase AFM images of the PF-2 (left) and PF-3 (right) 
DNA origamis; insets show enlarged views.  C. Cryo-EM images of the PF-2 (left) and PF-3 (right) DNA origamis; insets 
show a side view of the PF-2 DNA origami (left) and top view of the PF-3 DNA origami (right)  
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Characterization of core histone – DNA origami complexes  

We self-assembled the PF-2 or PF-3 DNA origamis with histones and 175-mer-ssDNA 

under the conditions described in the Material and Methods.  

The hydrodynamic size and surface charge of the DNA origami-histone complexes were 

determined by dynamic light scattering (DLS), and the results were compared to the 

values obtained for the DNA origami alone. First, we observed a large shift in the average 

diameter of the PF-2 DNA origami after the addition of core histones (540.5 nm) in 

comparison to the PF-2 DNA origami alone (89.88 nm) (Figure 23 – A). The PF-2 DNA 

origami-histone mixture displayed two peaks at around 100 nm and 600 nm. The fact that 

we did not observe a significant change in the polydispersity index between the PF-2 DNA 

origami and PF-2 DNA origami mixture indicates that DNA origami-histone complexes 

(with 100 nm hydrodynamic size) efficiently self-assembled into a well-defined hybrid 

nanostructure. In addition, the presence of the two sharp peaks indicates the formation 

of the large aggregates of the well-defined hybrid nanostructures, rather than random 

aggregates. Figure 23 – A also suggests that the large aggregates represented 

approximately 80% of the particles in the solution, suggesting a tendency for formation 

of the aggregates. This observation will be discussed further in the following sections. 

Figure 23 – B shows the zeta potential of the PF-2 DNA origami-histone mixture (-14 mV) 

and PF-2 DNA origami (-20.1 mV). The PF-2 DNA origami has a slightly negative zeta 

potential because of the negative charges that DNA carries. Since the positive charges of 

the histone proteins are largely neutralized by the ssDNA (i.e., 175-mer-ssDNA) upon self-
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assembly of the histone proteins and ssDNA, it is expected that the formation of 

complexes of the PF-2 DNA origami and the nucleosome-like histone-ssDNA nanoparticles 

does not significantly affect the overall zeta potential. Our result is consistent with this 

prediction and indirectly indicates the formation of the DNA origami-histone complex. 

We next compared the molecular weight of the DNA origami (PF-2 and PF-3) and DNA 

origami complexed with the nucleosome-like histone-ssDNA nanoparticles using agarose 

gel electrophoresis (Figure 24). To avoid the dissociation of the core histones from the 

DNA origamis, we ran the complexes on the gels at a low voltage (20 V) for 24 hours. The 

absence of smeared bands indicated that the DNA origamis were not denatured. The 

molecular weights of the PF-2 and PF-3 DNA origamis and the nucleosome-like histone-

ssDNA complexes are approximately 5 MDa and 210 kDa. Thus, we expected to observe 

a modest but visible shift of the bands on the gel electrophoresis measurement. To avoid 

any possible observation bias, quantitative analysis was performed using ImageJ software 

(Figure 24). The intensity profiles obtained from the gel electrophoresis measurements 

clearly showed a shift of the peaks representing the DNA origami-histone complexes 

compared with those representing the DNA origamis. We used the migration distance of 

the ladder (distance vs. molecular weights) to calculate the relative molecular weight 

differences (Figure 24 – C). The estimated molecular weights of the PF-2 DNA origami-

histone complex (1727 kDa) was 44 kDa larger than that of the PF-2 DNA origami (1683 

kDa). Similarly, the estimated molecular weight of the PF-3 DNA origami–histone complex 

(1860 kDa) was 22 kDa larger than that of the PF-3 DNA origami (1838 kDa). It should be 
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mentioned that the absolute values in this analysis do not reflect the actual molecular 

weights of the DNA origamis or the DNA origami-histones complexes. As the DNA origamis 

(PF-2 and PF-3) adopt compacted structures, they run faster on the gel than linear DNA 

(used as the molecular weight marker). In addition, we cannot determine the molecular 

weight of a protein using a DNA ladder. Nevertheless, the shifts of the bands observed in 

the gel electrophoresis experiments indicate the core histones binds to the DNA origamis 

and, therefore, the formation of the DNA origami-histone complexes.  

 

Figure 23. Dynamic light scattering (DLS) measurements to determine the size distributions and the surface charge of DNA 
origami (PF-2) and DNA origami-histone complexes. A. Number distributions of the particle sizes obtained for DNA origami 
and DNA origami–histone complexes. B. Zeta potential analysis of DNA origami and DNA origami–histone complexes. 
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Figure 24. Agarose gel electrophoresis of DNA origamis and DNA origami-histone complexes. A. Comparison of the band 
migration distances of the PF-2 DNA origami and PF-2 DNA origami-histone complexes. B. Comparison of the band 
migration distances of the PF-3 DNA origami and PF-3 DNA origami-histone complexes. The right panels in A and B show 
the intensity profiles obtained in the gel electrophoresis experiments. C. Estimation of the molecular weight (kDa) based 
on the migration distance of the molecular ladder; the difference between the PF-2 DNA origami with and without the 
histones is 44 kDa, while the difference for the PF-3 DNA origami with and without the histones is 22 kDa. 
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Visualization of the DNA origami-histone complexes using AFM 

We next attempted to visualize the DNA origami-histone complexes directly by AFM. We 

compared the AFM images obtained for the DNA origami-histone complexes with those 

obtained for different controls (i.e., DNA origami alone, DNA origami with the 

complementary 175-mer-ssDNA, and the nucleosome-like structures self-assembled by 

the histone proteins and the 175-mer-ssDNA) to identify any structural features specific 

to the DNA origami-histone complexes. 

The PF-2 DNA origami has a rectangular structure (61 x 52 x 8 nm) with an aperture (9 x 

15 nm) in the middle. The aperture is just large enough size to accommodate a 

nucleosome-like histone-ssDNA complex. The design of the PF-2 DNA origami is 

particularly suitable for characterizing the 1:1 complex of the DNA origami and the 

nucleosome-like structure in the aperture, because the nucleosome-like structures would 

be surrounded by the DNA origami that prevents the conjugation of histone-ssDNA 

aggregates (i.e., cHD) to PF-2 DNA origami. Figure 25 – D shows liquid-phase AFM images 

of the PF-2 DNA origami (control sample) and the mixture of the PF-2 DNA origami and 

the nucleosome-like structure (i.e., self-assembled histone-175-mer-ssDNA complexes). 

The aperture in the middle is clearly observed in the AFM images. The height profile 

obtained from the control sample shows that the PF-2 DNA origami has a height of 

approximately 4 nm under these imaging conditions (Figure 25 – C). In addition, the 

height profile also captured a dip in the middle of the DNA origami that corresponds to 

the 9 x 15 nm aperture located at the center of the PF-2 DNA origami (Figure 25 – C). The 
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mixture of the PF-2 DNA origami and the nucleosome-like structure displayed different 

features. While the differences are not entirely clear from the AFM images, the height 

profiles obtained for the mixture of the PF-2 DNA origami and the nucleosome-like 

structures showed a significant deviation from that obtained for the PF-2 DNA origami 

(Figure 25 – C).  A protrusion in the aperture indicates that the nucleosome-like structure 

is integrated inside the aperture of the PF-2 DNA origami (Figure 25 – C). Similar behavior 

was observed within the same sample (i.e., mixture of the PF-2 DNA origami and the 

nucleosome-like structure). While one PF-2 DNA origami displayed a dip in the middle, an 

adjacent PF-2 DNA origami showed a protrusion in that position (Figure 25 – A, B). This 

result could be interpreted as partial complex formation (e.g., yield less than 100%) 

between the PF-2 DNA origami and the nucleosome-like structure. It should be noted that 

we were unable to unambiguously detect the nucleosome-like structures complexed with 

the DNA origami. Since the height of the PF-2 DNA origami (8 nm) and the size of the 

nucleosome (5 x 11 nm 69) are different, in theory, we should be able to distinguish 

between the two based on their heights. However, the height of the biological samples 

could not be the correctly measured in our AFM experiment, which prevented us from 

clearly distinguishing between the two. 

Formation of the complex between the PF-3 DNA origami and the nucleosome-like 

structure was characterized using dry-phase AFM experiments. We frequently observed 

head-to-head type dimers of PF-3 DNA origami upon the addition of the nucleosome-like 

structure (Figure 26). We also observed larger well-defined complexes of PF-3 DNA 
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origami, including a cross-shape complex (Figure 26). We observed these well-defined 

complexes in all the samples at different abundances. In addition, these complexes were 

not observed in the control samples (i.e., PF-3 DNA origami alone, PF-3 DNA origami with 

the complementary ssDNA, and the nucleosome-like structures alone). These results 

strongly indicate that these structures are formed through the complexation of the PF-3 

DNA origami and the nucleosome-like structure. The presence of the head-to-head type 

dimer indicates that the two PF-3 DNA origamis could be linked together by the 

nucleosome-like structure. Two 175-base long ssDNAs wrap around a core histone during 

the self-assembly of the nucleosome-like structure, which leaves the two 25-nucleotides 

long tails available for annealing with the PF-3 DNA origami. The annealing sequences 

inserted at the exposed interactive edges of the PF-3 DNA origami may therefore bind to 

the 25-nucleotide long tails, forming the head-to-head type dimer (Figure 26 – A). The 

well-defined large complexes (e.g., cross-shape complex) could be formed through 

binding of the dangled tails of the cross-linked complexes of the nucleosome-like histone-

ssDNA nanoparticle (cHD) 53,68.   

We further investigated the effect of the Mg2+ ions on the formation of the head-to-head 

type dimer and well-defined large complexes. The concentration of the Mg2+ ions was 

increased gradually to avoid any possible aggregation or probe contamination. We 

observed an increase in the frequency of the formation of these complexes (Figure 27). 

We also found that larger complexes formed at the higher concentrations of Mg2+ ions 

(Figure 27). 
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In summary, the AFM experiments indicate the formation of the complexes between the 

DNA origami and the nucleosome-like structure. In addition, our results indicate the 

possibility of constructing a variety of DNA origami-histone complexes (e.g., 1:1 complex, 

head-to-head type dimer, cross-shape complex, etc.) through rational design of the DNA 

origami (e.g., the shape of the DNA origami, the position of the annealing sequence) and 

the optimization of the conditions for the complex formation.  

 

Figure 25. Liquid-phase AFM images of the PF-2 DNA origami and the PF-2 DNA origami complexed with the 

nucleosome-like structures. A. Height profiles of the two PF-2 DNA origami mixed with nucleosome-like structures 

obtained from B. The AFM image of the two DNA origami in the same sample. C. Comparison between the height 

profiles of the PF-2 DNA origami and PF-2 DNA origami complexed with the nucleosome-like structure obtained from 

D. AFM image of the PF-2 DNA origami (left) and the PF-2 DNA origami complexed with the nucleosome-like 

structure (right). A DNA origami: histone ratio of 1:2 was used to ensure the abundance of the nucleosome-like 

structure to promote efficient complex formation.  
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Figure 26. Dry-phase AFM images of the PF-3 DNA origami and the PF-3 DNA origami complexed with the 
nucleosome-like structures. A. Schematic illustrations of the head-to-head type dimer (left, center) dimer-like 
structures and well-defined large complexes (Right). B. Examples of the AFM images of the PF-3 DNA origami 
complexed with the nucleosome-like structure. The top panels show enlarged views of the bottom panels. C. 
Examples of the AFM images of the PF-3 DNA origami mixed with the 175-mer-ssDNA (without histones). A DNA 
origami: histone ratio of 1:2 was used to ensure the abundance of the nucleosome-like structure to promote efficient 
complex formation.   
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Figure 27. Effect of divalent cations (Mg2+ ions) on formation of the well-defined complexes of PF-3 DNA origami 
(PF-3) and the nucleosome-like structure imaged by dry-phase AFM. Examples of the AFM images of the PF-3 DNA 
origami complexed with nucleosome-like structure formed at A. 100 nM Mg2+ ions concentration and B. 1 mM 
MgAc2. Mg2+ ion concentration. The inserts show enlarged views. A DNA origami: histone ratio of 1:2 was used to 
ensure the abundance of the nucleosome-like structure to promote efficient complex formation.   

 

Effect of the histone-DNA origami ratio on the aggregation behavior 

Generally, the histone proteins-ssDNA nanostructures (i.e., nucleosome-like structures 

(sHD) and cross-linked complexes of the nucleosome-like histone-ssDNA nanoparticles 
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(cHD)) induced aggregations of the PF-3 DNA origami when integrated into the complexes 

(e.g., head-to-head type dimer, cross-shape complex, etc.) (Figure 26).  We observed that 

random aggregations of the DNA origami and histone proteins were formed when higher 

DNA origami: histone ratio (1:4 and 1:16) were used (Figure 28). This indicates that the 

DNA origami: histone ratio has to be carefully adjusted to avoid the formation of the 

random aggregations of the complexes. 
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Figure 28. Effect of the histone-DNA origami ratio on the aggregation behavior. Examples of the dry-phase AFM images of 
the PF-3 DNA origami mixed with the nucleosome-like structure at DNA origami: histone ratios of A. 1:4 and B. 1:16. 

 

Effects of the salt concentration on the DNA origami-core histone complex 

In the previous sections, we used approximately 20 mM salt during annealing of the DNA 

origami and nucleosome-like structure. The linker ssDNA (175-mer-ssDNA) might anneal 
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to the DNA origami with higher efficiency by decreasing electrostatic repulsion between 

the negatively charged DNA (175-mer-ssDNA and the annealing sequences inserted into 

the DNA origami). Therefore, we studied the effect of salt on the formation of complexes 

of the DNA origami and nucleosome-like structure by gradually increasing the 

concentration of MgCl2 (100-400 mM) using AFM (Figure 29). We found that the PF-3 DNA 

origami and the nucleosome-like structure assembled into large nanostructures at 200 

mM MgCl2 (Figure 29). We initially thought that this behavior might indicate enhanced 

annealing at elevated salt concentration. However, we did not observe any stacked DNA 

origami at 400 mM MgCl2 (Figure 29 – B).   

This result did not support our initial hypothesis that the stacking behavior is associated 

with enhanced annealing of the DNA origami to the ssDNA of the nucleosome-like 

structure. Instead, these results indicate the nucleosome-like structure is partially or 

completely disassembled at very high salt concentrations.  

We examined this possibility by comparing the fluorescence quenching behavior of the 

nucleosome-like structure (i.e., the complex of histone proteins and Cy5-50mer-ssDNA) 

at varied salt concentrations (Figure 30). Larger quenching of the Cy fluorescence was 

observed when the histone:ssDNA ratio was increased from 0:1 to 5:1 at all salt 

concentrations (0-400 mM), indicating the (partial) formation of the nucleosome-like 

histone-ssDNA complex. Figure 30 also shows that the Cy5 fluorescence was less 

quenched upon the addition of histone proteins at higher salt concentrations. These 

results indicate that the nucleosome-like structure is destabilized and disassembled at 
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high salt concentrations (200-400 mM). Therefore, the AFM images obtained at the higher 

salt concentration can be interpreted as partial disassembly of the nucleosome-like 

structure (up to 200 mM salt concentration), and complete disassembly of the 

nucleosome-like structure at 400 mM salt 68,70. These findings suggest that the optimum 

salt concentration (20 mM for assembling the complexes of the PF-3 DNA origami and 

nucleosome-like histone-175-mer-ssDNA particles) has to be carefully controlled to 

efficiently self-assemble the DNA origami-histone complexes and does not affect the 

structural integrity of the nucleosome-like structure, but at the same time should be 

sufficiently high to facilitate annealing of the DNA origami and nucleosome-like structure. 
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Figure 29. Effect of the salt concentration on the formation of complexes of the PF-3 DNA origami and histone proteins. 
Example of the liquid phase AFM image of the PF-3 DNA origami (left) and the PF-3 mixed with nucleosome-like histone-
ssDNA nanostructures (right). The images were captured at A. 200 mM and B. 100-400 mM concertation of MgAc2. 
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Figure 30. Effect of the salt concentration on the formation of the nucleosome-like histone-ssDNA nanostructures. 
The fluorescence intensity of the Cy dye conjugated to the 50-mer-ssDNA (Cy5-50mer-ssDNA) was measured at 
varied histone-ssDNA ratios and salt concentrations. 

 

Direct visualization of DNA origami-histone complexes using Cryo-EM 

The AFM experiments on the DNA origami strongly indicated the formation of the 

complexes of the DNA origami and the nucleosome-like histone-ssDNA nanostructures. 

However, due to technical limitations, we were not able to obtain conclusive evidence of 
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formation of the complexes. Therefore, we conducted Cryo-EM experiments to directly 

visualize the DNA origami-histone complexes.  

We initially attempted to visualize the structure of the complexes without attaching any 

labels. However, due to the low image contrast, low signal-to-noise ratio, and the small 

size of the nucleosome-like histone-ssDNA nanostructures, we were not able to visualize 

the structure of the complexes. To visualize the DNA origami-histone hybrid 

nanostructures using Cryo-EM, we employed immuno-EM imaging techniques. Electron-

dense gold nanoparticles (AuNPs) are widely used in the Cryo-EM to provide high-contrast 

images, and that enables the localization and visualization of proteins in low-contrast 

images 71–73. Protein A (ProA) was conjugated to AuNPs, forming ProA-Au NPs. Protein A 

interacts specifically with the Fc region of immunoglobulins, which provides a binding 

mechanism between ProA-Au NPs and anti-histone antibodies. Therefore, we used two 

polyclonal antibodies against histones (antiH2B and antiH3) to directly visualize the core 

histones bound to the DNA origami. (see Materials and Methods, Figure 31). 

Figure 32 shows Cryo-EM images of the complexes of the PF-3 DNA origami and histone-

ssDNA nanostructures (histone and 175-mer-ssDNA). The rectangular shape objects with 

relatively low image contrast are the PF-3 DNA origami, while the spherical (or triangular) 

objects with high image contrast are AuNPs that are conjugated to the histone proteins. 

We did not observe any colocalization of the PF-3 DNA origami and the AuNPs in the 

absence of the anti-H2B and anti-H3 antibodies (Figure 32 – A). This confirmed that a non-

specific interaction between the PF-3 DNA origami-histone (histone-ssDNA 
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nanostructure) complexes and the ProA-Au NPs are negligible. In contrast, we found that 

the majority of the ProA-Au NPs colocalized with the PF-3 DNA origami-histone complexes 

in the presence of the antibodies against histones (anti-H2B and anti-H3 antibodies) 

(Figure 32 – B, C). These results strongly indicate that the nucleosome-like histone-ssDNA 

nanostructures colocalized with the PF-3 DNA origami. In addition, we found that the Au 

NPs were always localized at one edge of the PF-3 DNA origami, whereas the ssDNA tail 

(of the nucleosome-like structure) appeared to be conjugated to the DNA origami (Figure 

32 – C, D). These results strongly suggest the successful assembly of the DNA origami-

histone nanostructures.  

We also observed larger complexes of the PF-3 DNA origami-histone nanostructures, 

including the head-to-head type dimer and well-defined larger aggregates (Figure 33) that 

were very similar to the complexes observed in the AFM experiments (Figure 26). Figure 

33 – C clearly shows that the Au NP is located at the middle of the head-to-head type 

dimer. This result unambiguously demonstrates that the two PF-3 DNA origami are linked 

together by the nucleosome-like structure (i.e., the binding of annealing sequences 

inserted to the PF-3 DNA origami and the 25-base long ssDNA tails on the nucleosome- 

like histone-ssDNA nanostructure), forming the head-to-head type dimer (Figure 33 – C). 

The most plausible interpretation is that the two PF-3 DNA origamis are linked by the 

ssDNA tails on the cross-linked complexes of the nucleosome-like histone-like histone-

ssDNA nanostructures (cHD). This hypothesis is further strengthened by the observation 

that multiple nucleosome-like histone-ssDNA nanostructures are localized at the center 
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region of the large cross-shaped complex of the PF-3 DNA origami (Figure 33 – B). This 

observation suggests that the well-defined large complexes are assembled through the 

binding of multiple PF-3 DNA origamis with the cross-linked complexes of the 

nucleosome-like histone-ssDNA nanostructure (cHD) that may have a large number of 

ssDNA tails. Enlarged views of the complexes of the PF-3 DNA origami and the 

nucleosome-like structures histone-ssDNA nanostructures show that the nucleosome-like 

nanostructures are not directly attached to the DNA origami (Figure 34). If the 

nucleosome-like structure is formed, self-assemble histone proteins and the 175-mer-

ssDNA, the 25-bases long ssDNA tails are expected to bind to their complementary strand 

on the DNA origami. Since the length of the 25 bp dsDNA strand is expected to be at least 

8.5 nm (0.34 nm per bp, 25 bp), the observed distances between the PF-3 DNA origami 

and the nucleosome-like histone-ssDNA nanostructures provide further evidence of the 

successful assembly of the DNA origami-histone nanostructures. If the ssDNAs 

incompletely wrap around the core histones, the ssDNA tails could be longer than 25 

bases. The relatively long separation distances between the PF-3 DNA origami and the 

nucleosome-like histone- ssDNA nanostructure observed in some cases may indicate 

partial unwrapping of the ssDNAs (Figure 34).   

We also found that the nucleosome-like histone-ssDNA nanostructure was sometimes 

positioned far from the center of the short axis of the PF-3 DNA origami (Figure 32, 34). 

This is most probably due to the presence of a DNA a nick in one strand of the dsDNA 

(formed between the handle of DNA origami and the nucleosome-like structure), which 
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provides structural flexibility to the linker between the DNA origami and histone-ssDNA 

nanostructure (histone and 175-mer-ssDNA). Figure 35 shows Cryo-EM images of the 

complexes of PF-2 DNA origami and histone-ssDNA nanostructure (histone and 175-mer-

ssDNA). The spherical (or triangular) objects with high image contrast are the AuNPs 

conjugated to the histone proteins. Spatial colocalization of the PF-2 DNA origami and 

AuNPs in the absence of the anti-H2B or anti-H3 antibodies was not detected, confirming 

the negligible interaction between the PF-2 DNA origami-histone (histone-ssDNA 

nanostructure) complexes and the ProA-Au NPs (Figure 35 – A). We observed precise 

localization of the ProA-Au NPs in the aperture in the absence of the anti-H2B antibodies, 

which provides direct evidence of the formation of a complex between the PF-2 DNA 

origami and the nucleosome-like histone-ssDNA nanostructure (Figure 35 – B, C). These 

results strongly suggests that the nucleosome-like histone-ssDNA nanostructure is 

localized at the aperture of the PF-2 DNA origami by the two tails of ssDNA at the inner 

side of the aperture.  

Importantly, we did not observe the colocalization of the PF-2 DNA origami and AuNPs 

when we replaced the anti-H2B antibodies with anti-H3 antibodies (Figure 35 – C). Since 

the colocalization of the PF-3 DNA origami and AuNPs was observed with both the anti-

H2B and anti-H3 antibodies, the observed difference cannot be attributed to the different 

binding affinity of the antibodies to their epitopes. This result may indicate the different 

accessibility of the antibodies to their epitopes (i.e., the anti-H2B antibody has good 

accessibility to histone H2B, while the anti-H3 antibody has poor accessibility to the 
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histone H3). Since the PF-2 DNA origami has a 9 × 15 nm size central aperture that is just 

enough to accommodate the nucleosome-like histone-ssDNA nanostructure (5.5 × 11 

nm), the different accessibility to histone H2B and H3 is attributed to a steric hindrance 

of the aperture of the PF-2 DNA origami with the H3 histone in the nucleosome-like 

histone-ssDNA nanostructure (Figure 36). Our finding strongly indicates that the PF-2 DNA 

origami maintains the nucleosome-like histone-ssDNA structure at a certain orientation 

inside its aperture. The two tails of ssDNA at the inner side of the aperture of the DNA 

origami most probably fix the spatial orientation of nucleosome-like histone-ssDNA 

nanostructure.  

In summary, the Cryo-EM experiments provide unambiguous evidence of the formation 

of complexes of the DNA origami and the nucleosome-like histone-ssDNA nanostructures. 

In addition, our findings demonstrated that well-defined large complexes (e.g., head-to-

head type dimer, cross-shape complex) are formed by either the nucleosome-like histone-

ssDNA nanostructure (sHD) or cross-linked complexes of the nucleosome-like histone-

ssDNA nanostructure (cHD). We also found that the relative orientation of the DNA 

origami and nucleosome-like histone-ssDNA nanostructure can be fixed at a certain angle 

through rational design of the DNA origami (i.e., the spatial arrangement of the ssDNA 

tails on the DNA origami). 
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Figure 31. Schematic illustration of the samples for the immuno-EM experiments. A. PF-2 DNA origami- nucleosome-
like histone-ssDNA nanostructure complex labeled using anti-H3/anti-H2B antibodies and ProA-Au NPs. B. PF-3 DNA 
origami-nucleosome-like histone-ssDNA nanostructure complex labeled using anti-H3/anti-H2B antibodies and 
ProA-Au NPs. 
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Figure 32. Cryo-EM images of the PF-3 DNA origami–core histones complexed with the nucleosome-like histone-
ssDNA nanostructure. Examples of Cryo-EM images of the PF-3 DNA origami complexed with nucleosome-like 
histone-ssDNA nanostructure incubated with A. Protein A-conjugated AuNPs (ProA-Au NPs) and B. anti-H2B (right) 
or anti-H3 (left) antibodies and ProA-Au NPs. C. High-power Cryo-EM images of the PF-3 DNA origami complexed 
with nucleosome-like histone-ssDNA nanostructure incubated with anti-H2B antibodies and ProA-Au NPs (right) and 
anti-H3 antibodies and ProA-Au NPs (left). D. Schematic illustration highlighting the precise location of the annealing 
handle, where the nucleosome-like histone-ssDNA nanostructures are conjugated. 
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Figure 33. Mechanism of the formation of large complexes of the PF-3 DNA origami and the nucleosome-like histone-
ssDNA nanostructure. A. Schematic illustration of the head-to-head type dimer. B, C. Example of the Cryo-EM images 
of the PF-3 DNA origami complexed with the nucleosome-like histone-ssDNA nanostructure incubated with anti-H2B 
antibodies and ProA-Au NPs. The images show large complexes, including B. a cross-shape complex and C. head-to-
head type dimer.   

 

Figure 34. Cryo-EM images of the PF-3 DNA origami complexed with the nucleosome-like histone-ssDNA 
nanostructure, which was immunolabeled using anti-H3 antibodies conjugated to ProA-Au NPs. The PF-3 DNA 
origami are complexed with either the nucleosome-like histone-ssDNA nanostructure (sHD, right) or the cross-linked 
complexes of the nucleosome-like histone-ssDNA nanostructure (cHD, left).  
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Figure 35. Cryo-EM images of the PF-2 DNA origami complexed with the nucleosome-like histone-ssDNA nanostructure. 
Examples of the Cryo-EM images of the PF-2 DNA origami complexed with the nucleosome-like histone-ssDNA 
nanostructure incubated with A. Protein A-conjugated AuNPs (ProA-Au NPs) and B. anti-H2B (right) or anti-H3 (left) 
antibodies and ProA-Au NPs. C. High-power Cryo-EM images of the PF-2 DNA origami complexed with the nucleosome-like 
histone-ssDNA nanostructure incubated with anti-H2B antibodies and ProA-Au NPs (right) or anti-H3 antibodies and ProA-
Au NPs (left). 
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Figure 36. Accessibility of the antiH3/antiH2B antibodies to the DNA origami-core histone complexes. (Left) the PF-2 DNA 
origami has limited accessibility due to the emplacement of core histone inside the aperture. (Right) the PF-3 DNA origami 
provides high accessibility to the anti-H3/anti-H2B antibodies. 

 

 

4. Conclusions and future outlook 

In this study, we demonstrated geometry-based self-assembly of DNA and proteins into 

nanostructures using well-defined interactions between ssDNA and histone proteins.  We 

optimized the conditions for efficient self-assembly of the histone-ssDNA nanostructure, 

the fundamental building unit of the DNA-protein hybrid nanostructures, based on a 

study that our lab recently reported 53. We successfully integrated this building block into 

DNA origami and constructed complexes of the DNA origami and the nucleosome-like 

histone-ssDNA hybrid nanostructures. The DNA-protein hybrid nanostructures 

constructed were visualized and characterized by multiple experimental methods, 

including dynamic light scattering (DLS), agarose gel electrophoresis, atomic force 
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microscopy (AFM), and cryo-electron microscopy (Cryo-EM). The AFM experiments 

indicated the formation of the complexes between the DNA origami and the nucleosome-

like histone-ssDNA nanostructures. The AFM experiments also indicated the possibility of 

constructing a variety of DNA origami-histone complexes (e.g., 1:1 complex, head-to-head 

type dimer, cross-shape complex, etc.) through rational design of the DNA origami (e.g., 

the shape of the DNA origami, the position of the annealing sequence) and optimization 

of the conditions of the complex formation. The Cryo-EM experiments provided direct 

evidence of the formation of the complexes of the DNA origami and the nucleosome-like 

histone-ssDNA nanostructure. In addition, the Cryo-EM experiments demonstrated that 

all well-defined large complexes (e.g., head-to-head type dimer, cross-shape complexes) 

are formed by either the nucleosome-like histone-ssDNA nanostructure (sHD) or the 

cross-linked complexes of the nucleosome-like histone-ssDNA nanostructure (cHD). We 

also found that the relative orientation of the DNA origami and the nucleosome-like 

histone-ssDNA nanostructure can be fixed at a certain angle through rational design of 

the DNA origami (i.e., the spatial arrangement of the ssDNA tails on the DNA origami). 

While this study demonstrated the formation of the hybrid DNA origami-protein 

complexes using the nucleosome-like histone-ssDNA nanostructure as a building block, a 

high-throughput technique to visualize the nanoscopic architecture of the constructed 

hybrid nanostructures is needed to provide a comprehensive analysis and understanding 

of hybrid DNA origami - protein complexes. We are planning to conduct two-color super-

resolution imaging using a stochastic optical reconstruction microscopy (STORM) 



80 
 

technique (Figure 37). In this experiment, we will use a thin DNA origami (2.6 nm × 68 nm 

× 94 nm) with a single ssDNA handle at the center of one edge (Figure 37 – B), at which 

the nucleosome-like histone-ssDNA nanostructure would be integrated, similar to the PF-

3 DNA origami. The remaining edges are modified with 50-base ssDNA handles that 

anneal with a 20-nt sequence labeled with Alexa Fluor 647 dye (Figure 37 – A). The ssDNA 

in the nucleosome-like histone-ssDNA nanostructure is conjugated to the Alexa Fluor 488 

dye, which binds to the complementary handle of the DNA origami (Figure 37 – C). 

Alternatively, the histone proteins in the nucleosome-like histone-ssDNA nanostructure 

can be labelled (Figure 37 – D). The two-color STORM imaging experiment would allow 

us to directly characterize the nanoscopic architecture of the complexes of the DNA 

origami and the nucleosome-like histone-ssDNA nanostructure very efficiently.  

Due to the reversible nature of the geometry-based noncovalent interaction between the histone 

protein and ssDNA, self-assembly/disassembly of DNA-protein hybrid nanostructures based on this 

building block could be controlled by many factors such as pH, ionic strength, temperature, etc. 

This study demonstrated the disassembly of the DNA origami nucleosome-like histone-ssDNA 

nanostructures complexes at the high ionic strength condition, further indicating this possibility. 

Such reversible self-assembly/disassembly may open new opportunities to construct stimuli-

responsive nanostructures. In addition, integration of multiple nucleosome-like histone-ssDNA 

nanostructures into DNA origami and optimization of the self-assembly conditions (e.g., the length 

of ssDNA tail) may enable the construction of more complicated nanostructures. 
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Figure 37. Schematic illustration of the sample configuration for super-resolution fluorescence imaging of the PF-6 
DNA origami with 50-base ssDNA handles complexed with the nucleosome-like histone-ssDNA nanostructure. A. A 
twenty-nucleotide long handle complementarily binds to a ssDNA modified with Alexa647 dye. B. A ssDNA handle 
of the DNA origami is designed to interact with the nucleosome-like structure. C. Nucleosome-like structure 
consisting of ssDNA modified with an Alexa Fluor 488 dye. D. Alexa Fluor 488 is conjugated to the primary amine 
groups of the core histone.  
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