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We report an enhanced versatility in constructing DNA—protein hybrid
nanostructures using histone—DNA complexes (HDs). By leveraging
HDs, we demonstrate precise and scalable assembly of DNA origami
tiles and a 2D triangular nanostructure. Our results extend the potential
applications of DNA nanotechnology from the nanoscale to the micro-
scale without the need for complex pre-designs.

DNA nanotechnology has seen significant advancements, transition-
ing from nano- and micro-sized structures such as DNA origami,"
DNA crystals,” and DNA bricks® to developing hybrid structures
incorporating DNA with other molecules, such as proteins.* The
integration of proteins into DNA nanotechnology has significantly
enriched the field, driven by sequence-specific® ° and non-sequence-
based mechanisms.'®'" However, one of the critical challenges,
particularly in DNA origami, is its inherent limitation in size
scalability due to the reliance on scaffold length and sequence,
restricting the complexity and size of the resulting structures.
While various strategies have been explored, highly scalable
building blocks for assembling diverse nanostructures remain to
be developed. In this study, we report a versatile approach to
assembling DNA-protein hybrid nanostructures using histone-
based DNA-protein complexes (HDs) (Fig. 1a) as a flexible,
scaffold-independent tool.">"* HDs are unique in that they offer a
geometry-based, non-sequence-specific interaction between DNA
and proteins and, thus, would allow for the creation of complex
DNA assemblies without the constraints of traditional DNA origami.
We designed two types of nanostructures to demonstrate the
versatility of HDs in precise and size-scalable assembly. We first
developed a triangle-shaped DNA nanostructure (2TD, Fig. 1b),
which is structurally related to a tetrahedral DNA nanostructure
(TDN). TDN is well known for its potential in biomedical applica-
tions, including drug delivery and antioxidant activity."* The broad
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applicability of HDs for the precise assembly of different types
of DNA nanostructures can be evaluated by constructing the
HDs-mediated pre-designed 2TD without templates. Building
on this, we investigated the applicability of HDs for the hier-
archical scalable assembly of DNA nanostructures by character-
izing the HDs-mediated assembly of DNA origami tiles (Fig. 1b).
In the formation of standard DNA-only TDNs, four ssDNA
molecules pair specifically with one another, forming triangles.
Each ssDNA molecule contributes a side that pairs with com-
plementary sequences from three other ssDNA molecules,
ensuring precise TDN assembly.”> In 2TD, we designed the
triangular shape by incorporating HDs at the apex of the
triangle (Fig. 1b). We previously reported that HDs were formed
upon assembling histone proteins (i.e., H2, H3A, H3B, and H4)
with ssDNA strand (e.g., poly-thymine (poly-T)) of a total length
of 300-nucleotide (nt) at 1: 1 ratio."” This self-assembly resulted
in the formation of nucleosome-like nanostructure (i.e., histone
octamer wrapped by the ssDNA). To incorporate HDs into the
apex of the triangular DNA nanostructure, we assembled HDs
using 150-nt long poly-T ssDNA strands conjugated to 25 or
35-nt that serve as a sticky end (Fig. 1a). Two ssDNA strands
with a total length of 300-nt are incorporated into HDs under
this condition through a geometry-based, non-sequence-
specific DNA-histone interaction,'>'® leaving two unbound
sticky ends that bind to complementary handles on double-
stranded DNA (dsDNA) arms and form 2TD (Fig. 1b). Orthogo-
nal sequences were chosen for the sticky ends to prevent non-
specific interactions. The GC content in the sticky ends was
increased to approximately 60% to enhance the dsDNA stability
by incorporating more hydrogen bonds (refer to the Materials
and methods section (ESIt) for the exact sequences used).
100-base pairs (bp) dsDNA with 35-nt complementary han-
dles at both ends were used as the arms of 2TD (Fig. 1b, refer to
the Materials and methods section (ESIt) for the exact
sequences used). Agarose gel electrophoresis of the dsDNA
arms without the handles (i.e., annealed 100-bp-long dsDNA
without 35-nt handles) revealed a distinct band corresponding
to the 100-bp length (Fig. S1a, ESIt). Atomic force microscopy
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Fig. 1 Schematic illustrations of DNA—protein hybrid structures assembled
using histone—DNA hybrid nanostructures (HDs). (a) The hybrid nanostructure
is formed by assembling HDs, which consist of 300-mer DNA strands with
25-35-nucleotide (nt) sticky ends and histone protein, creating a nucleosome-
like nanostructure. (b) The HDs link linear DNA to form triangular shapes (2TD)
using a 1:1 ratio between dsDNA arms (100 base pairs, bp) and HD complexes
through 35-nt sticky ends. Hierarchical assembly is achieved with multi-layer
cuboid-shaped DNA origami (CDO) structures, where 25-nt handles are
strategically placed at various locations. The resulting shapes, formed through
HDs, depend on the DNA origami's handle placement.

(AFM) analysis of these dsDNA arms in liquid showed homo-
geneous dsDNA arms without aggregation (Fig. S1b, ESIt). The
dsDNA had a mean height and length of 2 nm and 34 nm (Fig.
S1b and c, ESIt), consistent with the expected dimensions (i.e.,
2 nm thickness and 34 nm length for the 100-bp dsDNA).'® In
addition, the frequency histogram of approximately 70 dsDNA
arm lengths showed a narrow distribution around the expected
size of 34 nm (Fig. Slc, ESIt). These results confirm the
integrity and homogeneity of the annealed dsDNA arms.

The AFM micrographs also show some curvature in the
dsDNA arms. Since the persistence length of dsDNA is approxi-
mately 50 nm,"” the 34 nm-long dsDNA arms are expected to
exhibit reduced flexibility. The observed curvature could thus
be attributed to the high salt concentration (200 mM
Mg(CH;COO), and 100 mM NiCl,) used, which is known to
reduce the persistence length to approximately 35 nm."® Addi-
tionally, the mechanical force applied during AFM imaging may
have contributed to this observed curvature.'®
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Fig. 2 Agarose gel electrophoresis (AGE) showing dsDNA arms and the two-
dimensional triangular DNA structure (2TD). The gel was loaded with four
samples: (1) dsDNA arms at a higher concentration, (2) dsDNA arms at a lower
concentration, (3) 2TD, which appears as a band at approximately 300 base
pairs (bp), and (4) a mixture of both dsDNA arms and the 2TD structure. The
molecular weight ladder is indicated as (M). Adjacent to the gel are three
schematic illustrations that explain each band: (1) dsDNA without sticky ends,
(2) dsDNA arms with sticky ends, and (3) the 2TD structure.

The pre-assembled dsDNA arms with 35-nt handles and HDs
formed under the optimum conditions (see Materials and
methods section (ESIt) for the details) were mixed at a 1:1
ratio to obtain 2TD. Agarose gel electrophoresis of the annealed
dsDNA arms showed a band at 170 bp, corresponding to the
100-bp dsDNA with 70 nt ssDNA overhangs (Fig. S2, ESIt).
A subsequent gel analysis of dsDNA arms and HDs revealed two
bands near 300 bp and around 170 bp (Fig. 2, lane 3). The
former corresponds to the expected 2TD structure, while
the latter likely represents excess unannealed dsDNA arms.
The bands observed for a mixture of 2TD and the dsDNA arms
without the handles also support this assignment (i.e., a band
at 100 bp for the dsDNA arm without the handles and
two bands at 300 bp and around 170 bp corresponding
to 2TD and excess dsDNA arms with the 35-nt handles)
(Fig. 2, lane 1, 2 and 4). Excess unannealed dsDNA arms could
be excluded through gel extraction.

We further characterized the assembled 2TD using trans-
mission electron microscopy (TEM). Negative-stained TEM
images showed a triangular-shape nanostructure (Fig. 3a and
b) with a perimeter of around 100 nm (Fig. 3c). Given the length
of the arms, 2TD is expected to have its perimeter of about
100 nm (ie., 34 nm + 34 nm + 34 nm). Thus, the TEM data
demonstrate the HD-mediated successful assembly of 2TD.

To further demonstrate the role of HDs in guiding 2TD
assembly, we compared the 2TD with a control sample contain-
ing 100-bp dsDNA arms and 185-nucleotide ssDNA that was
used to assemble HDs (ie., 150-nt long poly-T with 35-nt
handle) by agarose gel electrophoresis. The control sample
showed a laddering effect with sharp bands between 100-400
bp, indicating various DNA fragments (Fig. 3d, lane 1). In
contrast, 2TD displayed two sharp bands: one slightly above
100 bp that corresponds to the excess dsDNA arms with the
35-nt handles and another at around 300 bp, representing the
2TD structure (Fig. 3d, lane 2). These results suggest that HDs
are critical for assembling the triangular-shaped 2TD nanos-
tructures, further supported by imaging data. The assembly
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Fig. 3 Self-assembly of the two-dimensional triangular DNA structure (2TD)
using histone—DNA hybrid nanostructures (HDs). (a) Negative staining trans-
mission electron microscopy image displaying 2TD shapes. The scale bar
represents 100 nm. (b) The white box highlights an enlarged view of the region
in (a). (c) Distribution of the perimeter of 2TD based on electron microscopy
images. (d) Agarose gel electrophoresis (AGE) image comparing the control
sample (i.e., dsDNA arms and ssDNA without histone) in lane 1 and 2TD in lane
2. The molecular weight ladder is indicated as (M). (e) Normalized intensities of
the two bands present in lane 2 in (d) and Fig. 2 lane 3. The curve was
smoothed using an FFT filter with a 5-point window. (f) AFM micrograph
showing the successful formation of 2TD. The scale bar represents 200 nm.

efficiency, calculated as the ratio of unannealed dsDNA arms to
fully assembled 2TD structures, was approximately 36%. This
value was extracted from the area under the curve of the mean
normalized intensity profile of the gels (Fig. 3e) and is reason-
ably consistent with the 48% assembly efficiency estimated
from TEM images (Fig. S3, ESIt). This calculation is based on
the expected perimeter of the assembled 2TD. While minor
shape variations may arise due to the structure’s low rigidity,
we consider perimeter measurements to be a reliable indicator,
with an anticipated size variation of within £5%.

Negative-staining TEM micrographs of the control sample
revealed dsDNA arms of the expected 34 nm size, large random
DNA nanostructures, and smaller DNA fragments associated with
ssDNA (Fig. S4, ESIT). These observations confirm that the control
sample did not form 2TD and highlight the necessity of HDs for
guided 2TD assembly. Aggregation with positively charged uranyl
acetate during the staining process may have contributed to the
absence of large structures in the gel results (Fig. S4b, ESIT). The
structure of 2TD measured by AFM showed a slight discrepancy.
While the height of 2TD was consistent with the expected 2 nm, the
lateral size was three times larger than expected (Fig. 3f). The
discrepancy in the observed size of the 2TD structures in AFM
images can be attributed to a combination of factors. The zeta sizer
analysis indicates that the high salt medium used in liquid-cell
imaging promotes aggregation of 2TD (Fig. S5, ESIt). The size
might also be overestimated due to liquid drag forces, along with
an electrical double layer surrounding the negatively charged DNA
sample. These factors can lead to slight deformations and lateral
expansion of the structure in the imaging medium. Additionally,
the absence of expected voids within the 2TD structures supports
the interpretation that these forces contribute to the observed
dimensional variation.*
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The successful formation and characterization of the 2TD
DNA nanostructure using HDs demonstrate the potential con-
struction of intricate structures with relative simplicity and
efficiency, paving the way for more complex 3D nanostructures.
The robustness and versatility of the HD-mediated assembly
approach suggest its potential for precisely synthesizing a wide
variety of DNA-based architectures, extending the utility of DNA
nanostructures from the nano- to the micro-scale. However, the
results indicate some degree of heterogeneity in the formed
structures due to the non-sequence-specific interaction
between histone and DNA. The 300-nt DNA segment wrapped
around the histone could potentially include the sticky ends.
Assembling the structure externally, followed by purification of
the desired structure, will help mitigate this issue. Additionally,
high rigidity is not anticipated, given the non-covalent nature of
the bonds within the structure.

A similar approach was applied for assembling DNA origami
tiles, a model system highlighting how HDs facilitate DNA
nanostructure assembly. Here, HDs serve as versatile connec-
tors for the hierarchical assembly. We used a multi-layer cuboid
DNA origami (CDO) as a structural unit to assemble larger tiles
and extended structures. To investigate how HDs promote the
assembly of complex CDO tiles, we attached 25-nt long handles,
which are complementary to the sticky ends on the HDs, at
various locations (see Materials and methods section (ESIT) for
the exact sequences used for the 25-nt long handles) (Fig. 1b);
two handles positioned on each long side (CDO-1), two over-
hangs with one on each adjacent short and long side (CDO-3),
two overhangs with one on each opposite short side (CDO-2),
and four overhangs with one on each side (CDO-4).

We confirmed the integrity of CDOs using AFM (Fig. 4a).
Despite the variability in handle placement, the differences in the
structures were not observable in the AFM micrographs due to the
flexible nature of the 25-nt handles (i.e., the handles are not visible
under the imaging conditions of the AFM experiment).

We then mixed CDOs with HDs with 25nt-long sticky ends
complementary to the handles attached to CDOs at a 2: 1 ratio.
Generally, the handles positioned on the short side of CDOs
would tend to favor the formation of longitudinal tiles. In
contrast, the handles on the long sides would increase the
likelihood of side-by-side complexes.

After adding HDs and the self-assembly of tiles, we char-
acterized the resulting CDO tiles using AFM. AFM micrographs
of CDO-1, with two handles placed on the long sides, showed
the formation of side-by-side tiles (Fig. 4b). In contrast, CDO-2,
with the handles on the short sides, displayed clear longitudi-
nal tiles (Fig. 4c). CDO-3, featuring the handles on adjacent
short and long sides, exhibited bidirectional tiles and indica-
tions of crossed DNA origami (Fig. 4d). CDO-4, with the handles
on all four sides, began to form a bulk structure (Fig. 4e). Mono-
layered squared DNA origami (SDO) was used as control
samples, including SDO alone, SDO with ssDNA (150-nt long
poly-T ssDNA strands conjugated to 25-nt long sticky ends), and
SDO with histones. None of these conditions showed signs of
assembly into origami tiles (Fig. S6, ESIf). We selected SDO
based on our previous work,®® which demonstrated the
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Fig. 4 Assembly of DNA origami tiles using histone—DNA hybrid nanostruc-
tures (HDs). (a) A representative atomic force microscopy (AFM) micrograph
shows a panoramic view of each construct. (b)—(e) AFM micrographs demon-
strating tile formation upon the addition of HDs. Above each image are
schematic illustrations showing the expected assembly of each construct: (b)
For construct CDO-1, with overhangs protruding from the middle of the long
sides of a rectangle, tiles are expected to form side by side. (c) For CDO-2, the
tiles would be longitudinal, with two overhangs protruding from the middle of
the short sides of a rectangle. (d) CDO-3 is expected to exhibit bidirectional tile
growth with two overhangs protruding from the middle of one long and one
short side of a rectangle. (e) For CDO-4, with overhangs on all four edges, the
tiles are expected to grow into a bulk structure. Yellow arrows in the images
indicate the locations of the assembled tiles, illustrating the intended growth
patterns for each configuration. The scale bar represents 100 nm.

superiority of mono-layered DNA origami in visualizing binding
interactions when compared to HDs. The results rule out the
assembly of CDOs into tiles through non-specific interactions
with histones or among CDOs (Fig. S6, ESIT) and confirm the
HD-mediated assembly of the DNA origami tiles.

These results demonstrate that the strategic placement of the
25-nt handles on the cuboid DNA origami constructs directly
influences the self-assembly process and the resulting structural
morphology of the tiles. The ability to guide the formation of side-by-
side or longitudinal assemblies by altering handle positions high-
lights the modularity and tunability of DNA origami-based nanos-
tructures. This control over handle placement allows for the
engineering of DNA origami tiles with specific orientations and
hierarchical architectures, which is crucial for applications requiring
precise nanoscale organization. Additionally, the observation that
HDs can link multiple CDOs through multiple sticky ends suggests
the potential for constructing more complex and interconnected
nanostructures, which could overcome the traditional limitations of
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scaffold length and sequence.>" This insight may pave the way for
more sophisticated synthetic biology and nanotechnology designs.

In summary, we successfully used histone-ssDNA building
blocks (HDs) to create versatile, self-assembled DNA nanos-
tructures without relying on sequence specificity or chemical
modifications. This approach enhances our geometry-based
assembly of DNA-protein hybrid nanostructures, offering simpli-
city, flexibility, and size scalability, significantly advancing DNA
nanotechnology. Future work will focus on optimizing conditions
for dynamic higher-order assembly and complex structures (e.g., 3D
TDN) for practical applications. Our findings highlight the broad
utility of HDs in constructing hierarchical DNA origami and pre-
designed structures, paving the way for more complex and func-
tional nanostructures while addressing the limitations of tradi-
tional scaffold-based methods.

This study was supported by King Abdullah University of
Science and Technology (KAUST).
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