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Abstract

In this thesis, we describe a rational design method that effectively controls the
mechanical stiffness of DNA origami nanostructures. DNA origami has been
attracted much attention since it has enabled programmed self-assembly of complex
three-dimensional nanostructures by designing the sequence combinations of
constituting DNA strands. With the proper shape design rules, DNA origami
nanostructures can provide a number of different shapes and structural stiffness
variations with nanometer-scale precision, which are difficult to be produced by
conventional nanomaterials and nanofabrication techniques. However, high
synthesis cost and design complexity, and as well as the absence of efficient design
method and robust prediction model to minimize the cost-intensive design process
remain as major hurdles of DNA origami-related research and application. In this
study, a module-based design method that can control the local mechanical stiffness
of the DNA constructs was developed. By utilizing it, we demonstrated a
polymorphic shape variation of DNA origami nanostructures with minimized DNA
sequence modification. Also, we presented the precise stiffness variation of DNA
bundle structures with remarkably high design efficiency by using individually
engineered defects. Since the proposed design method is compatible with
conventional shape design rules, we expect that our method can be utilized to
functional DNA origami nanostructures in which the mechanical stiffness of them

should be properly designed.
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Chapter 1. Introduction

1.1. Research background

Deoxyribonucleic acid (DNA) is composed of four types of nucleotides and sugar
phosphate backbone linking them, and is known as a carrier of genetic information
of living organisms. Aside from its biological function, the capability of
complementary base pairing between DNA sequences (adenine with thymine, and
guanine with cytosine) opened the possibility of it to be used as a nanomaterial, when
the sequences of two single-stranded DNA (ssDNA) strands were carefully designed.
As a single base pair is about 0.34 nm in length and 2 nm in diameter, DNA is one
of the most precisely controllable nanomaterials among others, such as inorganic
nanotubes and nanowires, crosslinked polymer chains, and lithographically
fabricated nanostructures. Also, it has been attracted due to its ability to conjugate
with other biomaterials including peptides and proteins, and even other inorganic
materials with the aid of functional groups'.

Since the discovery of basic DNA junctions by Seeman in 19822, a number
of researches have been performed for decades to engineer various DNA structural
motifs and build DNA assemblies by using them, resulting in the rise of structural
DNA nanotechnology field®. However, junction-based tile assembly has the
limitation that assembled shapes were usually limited to 2D tiles, whose sizes were
less predictable and controllable as well. The necessity of larger and more complex
DNA nanostructures with controllable sizes led to the invention of scaffolded DNA
origami reported by Rothemund in 2006%. It uses a long circular ssDNA derived from

bacteriophage as a template (scaffold), and hundreds of synthetic oligonucleotides



(staples) with programmed sequences to fold the scaffold into desired geometries.
Since the scaffold DNA origami provides remarkable diversity in shape design with
improved folding yield, it has become the most widely employed technique in the
fabrication of DNA nanostructures>®.

Typical DNA origami structures consist of a scaffold around 7249 to 8634
(M13 derived vectors) nucleotide (nt)-long, and up to 200 staple strands in which
their lengths are within 20 to 50 nt. Each staple strand has complementary sequences
to its binding sites on the scaffold, therefore a unique staple set for each target
structure should be constructed. Synthesis of staple strands with custom sequences
is commercially available with sufficient yield. In order to secure complete binding
of all staple strands to the scaffold, an excessive amount of staples (e.g., ten times
higher concentration than that of the scaffold) is typically used. In addition to the
DNA strands, a reaction mixture usually contains the pH buffer such as Tris-Acetate-
EDTA (TAE), and multivalent cation such as magnesium chloride to neutralize the
negatively charged surface of double-stranded DNA (dsDNA)”®. Without sufficient
cation concentration, dsDNA helices could not be closely packed with each other
due to their electrostatic repulsion. Molecular self-assembly between DNA strands
is initiated by the thermal annealing process. Traditional methods slowly cooled
down the temperature of the reaction mixture up to a couple of days, but it was
revealed that DNA origami structures could be assembled in more rapid cooling
process or even isothermal condition up to few hours’. The overall self-assembly
process of DNA origami is illustrated in Fig. 1-1.

The assembly of DNA helices into highly ordered 2D and 3D geometries is
mediated by designing periodically arrayed inter-helix Holliday junctions

(crossovers), whose positions can be determined by the intrinsic helicity of B-form
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DNA (about 10.5 base pair/turn)'®. Since each DNA origami structure requires a
distinct set of staples with programmed lengths and sequences, a computational
design program named as caDNAno was developed by Douglas et al.!!, to aid the
shape and sequence design process. Recently, more advanced design tools providing
algorithm-based automated scaffold routing and subsequent sequence design process
have been demonstrated'* 3.

Although the synthesis cost of an oligonucleotide with custom sequence
has been reduced consistently, preparation of hundreds of staple strands for the
laboratory-scale production of DNA origami structures still remains at a high cost'.
Therefore, the demand for a robust design validation tool has been increased since
the complexity and diversity of shapes and functions of DNA origami structures have
been increased!. There have been several attempts to use all-atom molecular
dynamics (MD) simulation or coarse-grained simulations to capture the geometrical
and mechanical characteristics of DNA origami structures'®!®, but their
computational cost were too high to be routinely used in DNA origami design.
Therefore, a more simplified mechanical model based on finite element analysis
(FEA) was developed by Kim et al.»?, to predict the equilibrated 3D shape and
flexibility of DNA nanostructures within a few minutes. This approach is particularly
useful when a DNA origami structure contains the regions with large deformations
induced by mechanical perturbations, since it takes a very long simulation time in
conventional methods and difficult to predict their effect experimentally as well.

After the self-assembly process, the quality assessment of assembled DNA
origami nanostructures is usually performed by analyzing the intensity and sharpness
of the target structure band from the result of agarose gel electrophoresis. But in

order to analyze the structural characteristics of them individually, single-molecule

2y & Y
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measurement techniques such as atomic force microscope (AFM), transmission
electron microscope (TEM), and other fluorescent-based super-resolution imaging
processes are required®. It can be noted that depending on the geometry of the
structure to be measured, the proper imaging method should be selected since each

method has its own advantages and limitations.
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Self-assembly
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All staple strands have unique sequences

Figure 1-1. Schematic illustration of scaffolded DNA origami and staple

connectivity map.
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1.2. Controlling the stiffness of DNA origami nanostructures

Designing nanostructures with the desired geometry and controllable physical
property is one of the fundamental demands in nanofabrication technology, and DNA
origami has proven its potential to achieve that?!. As described in Chapter 1-1,
scaffolded DNA origami can provide the extensive shape design space in which it
comes from the availability of drawing a unique scaffold pathway and corresponding
sequence design of staple strands to immobilize the scaffold*®*2. The versatility of
DNA origami in shape design to create almost any arbitrary geometry with
nanometer-scale precision has been proved by a number of successful methods both
with lattice-packed*!? or lattice-free®® assembly rules, as well as algorithmic inverse
design procedures'>?* based on them.

In addition to the shape design, spatial controllability of mechanical
stiffness of DNA origami opened a way to create dynamic and functional DNA
nanostructures®. Unlike other bulk nanomaterials, the availability of designing
localized and site-directed flexible regions within a nanostructure is one of the major
advantages of the DNA origami technology. By utilizing it, multiple applications

26,27

were demonstrated such as single-molecule sensors®®*’, molecular substrates®® and

3031 and nanomechanical devices’*°. However, due

carriers®, plasmonic structures
to the lack of proper design motifs that effectively control the local mechanical
stiffness without altering the geometric features or deteriorating the structural
integrity, methods for controlling the mechanical stiffness of DNA nanostructures
have rarely been advanced®”*®. Such limitation in DNA origami is mainly originated
from the poor reusability of staple sequences, which has been considered as

inevitable because even for a slight modification of its scaffold route can induce a
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significant number of replacements due to the sequence shifting.

Design approaches so far have been used to control the local or global
stiffness in DNA origami structures usually adopted changes in the cross-sectional
geometry at the desired regions®*-73°, Reducing the number of strands that passing
through the desired sections has been frequently used to make flexible hinge-like
mechanism****4°, Though such modification is intuitive to design and generally
works well, it resulted in the limitation of further design optimization such as shifting
the locations or removing the existing deformable regions, or finely controlling the
working range of them. Another reported method is to change the layout or
connectivity of DNA helices*'**>. However, a significant amount of replacement in
constituting staple set is still required in this method, since the modification of staple
connectivity resulted in the change of DNA sequences.

In order to provide an effective stiffness control design method while
minimizing the cost of staple replacement, we developed a module-based stiffness
design approach in DNA origami®. It should be noted that in order to control the
mechanical stiffness of DNA origami structures with high staple reusability, the most
important design principle is the conservation of the initially designed scaffold route.
In our method, modification of the local structural stiffness is only mediated by
revising the sequence of staple strands therein. Also, we utilized the computational
prediction platform to validate the result of design modification prior to the
experiment, which enables the significant reduction of time and cost during the
design process.

In chapter 2, a rational module-based design approach is presented to create
distinct bent shapes with controllable geometries and flexibilities from a single,

reference set of staples®’. Each module consists of 10 to 11 staples and 14 nm long,
: :
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separated by scaffold crossovers. By revising the staple connectivity within the
desired module, we can control the location, stiffness, and included angle of hinges
precisely, enabling the construction of dozens of single- or multiple-hinge structures
with the replacement of staple strands up to 12.8% only. Our design approach,
combined with computational shape prediction and analysis, can provide a versatile
and cost-effective procedure in the design of DNA origami shapes with stiffness-
tunable units.

In chapter 3, a modular design method to precisely control the mechanical
stiffness of DNA origami nanostructures without incurring any geometrical changes
is demonstrated. It is enabled by introducing engineered mechanical defects, which
consists of a short ssDNA segment consisting of one to five-nucleotides (nt) whose
stiffness is considerably smaller than that of dsDNA. Defects can be created by
prescribed lengths and positions individually by revising the length of target staple
strands. Systematic insertion of these local mechanical defects with controlled
lengths and positions onto the reference design can successfully weaken the stiffness
of the entire structure up to 70% without deteriorating overall structural integrity. We
further developed a computational analysis platform predicting the bending stiffness
of a defect-engineered DNA nanostructure quickly during the design process, to offer
a versatile way of designing various DNA constructs with required mechanical
stiffness in the desired shape. The comparison of two demonstrated modular design
methods for controlling the stiffness of DNA origami structures is summarized in

Table 1-1.

b i 211 ";
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Mechanical module design Method Modular defect design
S Scheme 7 ///‘:%
b y B0
42-nt region (~14 nm) Module size 0.3~1.7nm
7 Number of modules 148~169
10-11 staples per each section Motif

Nicks at individual staples

Reduce the number of dsDNA

Yes

Design method

Make 1~5-nt ssDNA

Scaffold route

conservation ves
No (locally collapsed) (e Ha el Yes
conservation
Bent / hinged structures Usage Flexible bundle structures

Table 1-1. Comparison of two modular design methods to control the stiffness

of DNA origami nanostructures.
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1.3. Materials and methods

DNA and reagents. M13mpl8 single-stranded DNA (7,249 nt length) was
purchased from New England Biolabs (N4040s). All staple DNA oligonucleotides
were provided by Bioneer Corporation (www.bioneer.co.kr) with 50 nM of synthesis
scale and BioRP purification method. The molecular weight of all staples was
verified with the theoretical values by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF) from the provider. DI water, TAE
buffer, and MgCl, solution with molecular biology grade were purchased from
Sigma-Aldrich.

Design and assembly of DNA origami structures. Staple sequences of DNA
origami structures were designed using caDNAno software!'!. The final folding
mixture had 10 nM concentration of scaffold DNA, 100 nM of each staple strands,
I1xTAE buffer (40 mM Tris-acetate and 1 mM EDTA) and 20 mM of MgCl. For
self-assembly process, 50 pL of the mixture was annealed with a temperature

gradient from 80 C to 65C by -0.25C per minute and 65C to25C by-1T per

hour in a thermocycler (T100, Bio-Rad).

Agarose gel electrophoresis. Annealed DNA origami structures were
electrophoresed using 1.5% agarose gels containing 0.5xTBE (45 mM Tris-borate
and 1 mM EDTA, Sigma-Aldrich), 12 mM MgCl, and 0.5 ug/mL of ethidium
bromide (EtBr, Noble Bioscience Inc.). Samples loaded in an agarose gel were
allowed to migrate for 1.5 hours at 75 V bias voltage (~ 3.7 V/cm) in an ice-water
cooled chamber (i-Myrun, Cosmo Bio CO. LTD.). Gel imaging was performed using
GelDoc XR+ device and Image Lab v5.1 program (Bio-Rad).

AFM imaging. To avoid the possibility of unintended deformation or change of

17 A =2 rH



mechanical properties of the DNA origami structures induced by EtBr intercalation
and mechanical damaging during gel electrophoresis, only unpurified samples were
used in AFM measurement. Annealed DNA origami samples were diluted with the
folding buffer (1xTAE, 20 mM MgCL) up to 0.05x of the initial sample
concentration, whose values were chosen to have optimal sample density on the
substrate. 20 pL of diluted samples were deposited on a freshly cleaved mica
substrate (highest grade V1 AFM Mica, Ted-Pella Inc.). After incubation for 3 to 5

min in ambient condition (~ 25°C), the substrate was washed with DI water and

gently dried by N> gun (< 0.1 Kgf/cm?). If droplets are remaining on the substrate,
they were removed by Kimtech Science Wiper. AFM images were taken by NX10
(Park Systems) using non-contact mode in SmartScan software. A PPP-NCHR probe
having a spring constant of 42 N/m was used in the measurements (Nanosensors).
Non-contact mode, having natural frequency about 290 to 300 kHz was used to
measure typically 5 pm % 5 um of sample area in 1024 x 1024 pixel resolution by
using SmartScan software. All measured images were flattened with linear and

quadratic order using XEI 4.1.0 program (Park Systems) prior to further analysis.

3§ 53 17
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Chapter 2. Stiffness control by mechanical modules

2.1. Introduction

By utilizing the extensive design space of scaffolded DNA origami, a number of

different structures were created including 2D planar sheets**, 3D bundle structures

10,45,46 47,48

with various shapes and curved forms , polyhedra®*®, and wireframe-based
assemblies with complex geometry!'?**. Also, there has been many attempts to
construct dynamic structures whose direction and range of motion can be
programmed®, in order to be used as kinematic components*+*, high-resolution

32-36

positioners®>*°, mechanical testing units**¢, and reconfigurable structures operated

by fuel strands or external stimuli?’-3%31-59-52,

To make them, the scaffold pathway, determined by the cross-section shape
of DNA bundles and the layout of scaffold crossovers, is a primary design parameter.
For structures with curved or flexible regions used as vertices or rotational joints, the
modification of scaffold pathway at those regions has been adopted so far to change
the helicity of DNA bundles® or reduce the number of DNA helices at the cross-
section?’32:33:39404749 ~ A disadvantage of this approach is that a designer has to
replace a large number of staple strands when the design is in need of revision even
slightly, because the modification of the pre-determined scaffold pathway induces
the sequence alteration of related staples even though they remained at the same

position in the structure. It has been considered as an innate and inevitable limitation

of using a long scaffold with predetermined sequence. Therefore, modular design

Figures and texts in this chapter were reprinted from Lee, C. et al., Polymorphic design of

DNA origami structures through mechanical control of modular components. Nat.

Commun. 8, 2067 (2017). R :
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approaches, successfully employed in small-sized tiles or brick-based origami®***,

have not been widely introduced yet in scaffolded DNA origami despite its
usefulness for programming a wide range of variations in the bent shape and
mechanical stiffness of the structure. A modular design method using two-
dimensional repeating scaffold pathway to create two- and three-dimensional
structures was only recently reported®, though it excludes conventional lattice
packing designs'® and has limited ability to control mechanical stiffness of the
module. Such limitation puts a significant burden in terms of cost and time in the
laboratory-scale synthesis, design modification and optimization of various DNA
origami structures, acting as a major obstacle to their widespread use in many related
research fields. While some other approaches to reducing the fabrication cost were
reported!**, they require a custom scaffold for each structure.

Here we demonstrate polymorphic variation of the reference, 12-helix
bundle design, by selective replacement of constituting staples in desired modules
only. We find the controllable range of bending stiffness and included angle of the
structure, as well as the folding characteristics depending on the structural
complexity and rigidity. Since our design method is based on the conventional
lattice-packing rule!® and compatible with commonly used design program'!, it is
expected to be adopted in DNA nanostructure field easily and yield diverse structural

variations with a broad range of application.
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2.2. Design method

Our modular design method starts from partitioning the structure by drawing a
periodic scaffold path filling the cross-section. A unit module region is sandwiched
between two cross-sections consisting of aligned scaffold crossovers, named as seam
regions (Fig. 2-1a). These scaffold seam regions play a central role in blocking the
propagation of sequence alteration as well as in increasing the structural stability.
Basically, a structure module is constructed by filling the helices in the module
region with staples using hexagonal lattice-packing'®, and remains in rigid state. To
make a flexible hinge module having rotational degree of freedom, we can simply
eliminate the existing staples constituting the structure module while maintaining
scaffold strands at the cross-section (Fig. 2-1b), instead of reducing the number of
DNA helices as in the previous studies?”**4474% The bending stiffness of the hinge
module can be tuned by controlling the number of dsDNA and staple crossovers
inside the hinge module. We also incorporate a long scaffold helix passing through

the body into our design as an adjuster strand*"’

, whose length can easily be varied
by the adjuster module (Fig. 2-1c¢). As it shortens, the included angle of the structure
is decreased, and the remaining part of the adjuster strand is stored in a reservoir at
the end of the structure. The adjuster strand is basically formed as dsDNA by the aid
of strut staples.

We found that both hinge module and adjuster strand were necessary to
create a uniformly bent monomer structure as intended. Structures having a hinge
module at the center of the body without an adjuster strand did not bend properly

into the target shape. More than half of the monomer structures remained straight

even though the most flexible hinge module was used (Fig. 2-2). When the structure

3 ) 211 ";
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had an adjuster strand solely without any hinge module in the body, most structures
formed aggregates rather than remained as a monomer (Fig. 2-3). We could observe
kinks developed at arbitrary positions even if they were folded into monomeric

structures.
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Figure 2-1. Schematic illustration of the modular design. (a) Scaffold strand is
represented as blue lines (simplified to show its pathway clearly). Scaffold
crossovers are aligned at the cross-section, and these sections are located at regular
intervals. A module region, shown as green-shaded area, is located in between the
scaffold crossover seams. Basically, all the helices of the structure module are
double-stranded and all possible staple crossover positions are connected. (b) The
hinge module can be made by removing the staples in the structure module, while
unbound scaffold ssDNAs at the module remained at the cross-section. By
controlling the number of dsDNA and staple crossovers, bending stiffness of the
hinge module can be adjusted. Seam region maintained with full connection
throughout the modification in order to ensure structural stability. (¢) A 12-helix
honeycomb-latticed bundle design to illustrate the method of controlling the shape
of the structure. To make a bent structure from the straight one, staples of the
structure module were removed and the adjuster module component was changed in

order to make a shorter adjuster strand. Excessive strut staples were eliminated.
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No hinge (rigid) ds4hb hinge ds2hb hinge dsOhb hinge

Straight

Bent/
Folded

401% N=212

Folded

Figure 2-2. The effect of hinge stiffness without an adjuster component. The
percentages of straight structures and bent or folded structures are presented below.
Results show that the portion of bent and folded structures increased as the hinge
became more flexible, but at least more than half of the structures remained in
straight configurations. Average included angle of dsOhb hinge design was

approximately 155° including straight structures. Scale bars: 1 um.
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504 nt dsDNA 336 nt dsDNA 168 nt dsDNA

8

No hinge §

ds2hb hinge [

Figure 2-3. AFM images showing the effect of the hinge with different length of
dsDNA adjuster strands. Here, no hinge structure with the 504-nt-long dsDNA
adjuster strand is same as the reference structure in the main text, and it mostly
showed straight conformation with high monomer yield. No hinge structures with
shorter dsDNA adjuster strand showed decreased monomer folding yield same as the

ssDNA adjuster cases. Scale bars: 1 um.
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2.3. Experimental results

To demonstrate the efficiency and versatility of our module-based design method,
we designed a reference structure consisting of 12 helices on the honeycomb lattice!®
that can provide polymorphic structures with minimal staple changes (Figs. 2-4 to 2-
6). The reference structure, consisting of 180 unique staple strands, was folded into
a straight bundle as it did not have any hinge and a 504 nucleotide (nt)-long dsDNA
adjuster. Seam regions divide it into nine module regions (L1, L2, L3, M1, M2, M3,
R1, R2, and R3). Seven of them from L2 to R2 serve as potential locations for hinge
modules and R3 region is used as the adjuster module (Table 2-1).

To illustrate, we built 24 representative polymorphous constructs by
revising the module designs while sharing most of the staples (Fig. 2). Here, all
structures were designed to have planar shapes in order to be measured their
geometrical features clearly by atomic force microscope (AFM). The number of
replaced staples, whose sequences are different from those of the staples in the
reference pool, is 7 (3.9% of the reference staples) for single-hinged structures with
various hinge module locations and included angles (cases 1 to 8), 7 to 11 (3.9~6.1%)
for double- or triple-hinged structures with a single adjuster strand (cases 9 to 16),
and 10 to 23 (5.6~12.8%) for more complex structures that are closed-form or with
double/asymmetric adjuster strand(s) (cases 17 to 24) (Table 2-2). Note that the
number of staple replacement above is provided for each structure in comparison
with the reference structure. In fact, when all the cases are considered, the actual
number of staple replacement is much smaller since many replaced staples are shared
in multiple structural variants.

All constructs were folded successfully at high monomer folding yields
b i 1 i
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ranging from 73.5% to 89.6% (Fig. 2-7 and Table 2-3). Structural yield obtained by
counting the portion of correctly assembled structures among monomers from AFM
images, on the other hand, ranged from 32.6% (case 16) to 93.4% (case 5) (Fig. 2-8
and Table 2-4). In general, single-hinged structures showed relatively high structural
folding yield (77.5~93.4%) compared with those of double- and triple-hinged
structures (32.6~84.1%), which might originate from the existence of multiple stable
configurations. Structures with multiple hinges modulated by a single adjuster might
have several local energy minimum states and be trapped there during annealing
process with complex assembly kinetics, leading to the lack of shape homogeneity.
We could circumvent this issue by assigning an adjuster for each hinge separately,
which nevertheless required an increased number of modified staples (Fig. 2-9).

In addition to the diverse shape variation, we can also control the included
angle of an individual hinge module more precisely. To illustrate, we introduced a
flexible hinge containing two dsDNA strands at the center (M2) module region and
changed the length of the adjuster by 21 nt basis. Structures with the included angle
ranging from 0° (folded in half) to 150° at an interval of 15° were successfully
fabricated at a high monomer folding yield and with structural integrity for the entire
range (Fig. 2-10 to 2-12, and Table 2-5). Even finer control of the included angle
may be achieved by adopting a shorter basis in adjuster strand or placing the adjuster
closer to the hinge while it narrows the controllable range of the included angle***.
A noteworthy advantage of our design method is that only 7 to 10 new staples
(3.9~5.6% of the number of reference staples) are required to control a wide range
of included angles from the straight structure (Table 2-2). This portion of substituted
staples is significantly smaller than that reported in previous studies (~16%* and

~30%%), demonstrating the excellent efficiency of the proposed method.
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Figure 2-4. Demonstration of the 24 structural variations from the straight 12-
helix honeycomb-latticed reference structure. The length of each seam region is
about 28 nt (~9.5 nm), structural module L1 and R3 are 63 nt (21.4 nm), and rest of
the structural modules are 35 ~ 42 nt (12 ~ 14.3 nm) long. In total, 180 staples
constitute the reference structure consisting of 108 body staples, 60 seam staples,
and 12 strut staples. See Figs. 2-5 and 2-6 for large-area AFM images of each design

variation. Scale bars: 30 nm.
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Figure 2-5. AFM images of the structures #1 to #12 shown in Fig. 2-4. Scale bars:

1 pm.
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Figure 2-6. AFM images of the structures #13 to #24 shown in Fig. 2-4. Scale

bars: 1 um.
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Ladder Scaf Ref 1 2 3 4 5 6 7 8

Figure 2-7. Agarose gel electrophoresis results showing the folding yield of the

structures shown in Fig. 2-4.
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Figure 2-8. Structural folding yield analysis using AFM images. Analysis was
performed to all 24 variants in Fig. 2-4, and two representative double- and triple-
hinged structures are shown. After filtering aggregated structures and sediment
particles by their sizes, well-folded monomer structures were manually chosen.
Well-folded structure should have all hinges bent towards proper direction and
amount (shown as orange circles), in accordance with the schematic design.
Misfolded structures have either less number of bent region or have hinge(s) bent to

opposite direction. Scale bars: 100 nm.
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Single adjuster
(structural yield = 43.5%, N = 253)

L3 R1

Double adjuster
(structural yield = 80.3%, N = 471)

L3 R1
{iE
126 nt 126 nt

Figure 2-9. An exemplary method to circumvent local energy minima issue in
the double-hinged structure with a long adjuster strand. Single adjuster design
showed less portion of correctly folded structures in the experimental result. On the
other hand, structural folding yield was significantly enhanced by the separation of

the adjuster strand. Scale bars: 1 um.
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=l 0° (0 nt) 15° (84 nt) 30° (147 nt) 45° (189 nt)
60° (252 nt) 75° (315 nt) 90° (357 nt) 105° (399 nt)

120° (441 nt) 135° (462 nt) 150° (483 nt) 180° (ref)
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Probability

Figure 2-10. Broad and precise included angle variation of the hinge structure
by controlling the length of the dsDNA adjuster strand. (a) Representative AFM
images of each structure. Large-area AFM images of each structure were shown in
Fig. 2-9. Scale bar: 100 nm. (b) Histograms of included angle distribution of each

structure. Solid lines indicate the Gaussian distribution.
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Figure 2-11. Representative AFM images of the structures with the included

angle variation from 0° to 150° shown in Fig. 2-10. Scale bars: 1 pm.
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L. 0° 30° 60° 90° 120° 150° 180°

Figure 2-12. Agarose gel electrophoresis result of the designs shown in Fig. 2-10.
Orange boxes are monomer structure bands, and the bottom bands are excessive

staples. L: 1 kb DNA ladder.
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Left section pool

1ol [L1o2 L1 03 Ll o4 LI 05 |LI 06 [L1 07 |LI 08 L1 09 [LI 10 [L1 11 |LI 12

L1(17)
IL1_dsl IL1_ds2 IL1_ds3 IL1_ss4 IL1_ss5

L2 (10) [L2_01 L2 02 L2 03 IL2_04 IL2_05 L2 06 [L2_07 IL2 ss1  |L2 ss2 [L2_ss3

I L3 (11) [L3_01 IL3_02 L3 03 IL3_04 IL3_05 L3_06 [L3_07 IL3_ 08 |L3_ssl [L3 ss2 |L3_ss3

Middle section pool

M1 (10) M1_01 1,02 1.03 104 [M1_05 1.06 107 [Mlssl Ml ss2 [MI_ss3
M2 (11) [M2_01 202 203 204 |[M2.05 2 06 207 |[M2.08 |M2ssl [M2 ss2 [M2 ss3
M3 (10) [M3_01 302 303 304 M3.05 306 307 [M3.ssl M3.ss2 [M3_ss3

Right section pool

R1(11) R1_O1  R1.02 [R1.03  [R1_04 [RIO5 [RI0O6 [R107 [RI08 [RI_ssl [RI_ss2 [RI_ss3

R2(10) [R2.01  [R2.02 [R2.03 [R2.04 [R2.05 [R2.06 [R2.07  [R2.ssl [R2.ss2 [R2_ss3

R3_504 R3 01 R3_02 R3 03 R3_04 R3_05 R3_06 R3 07 R3 08 |R3 09 ([R3_10 [R3_11

as)

R3_504_1 [R3_504 2 [R3_504 3 [R3_504 4 [R3_504_5 [R3_504 6 [R3_504 7

Seam section pool

AL(7) [A101  [A102  [A1.03  |A1 04  |Alssl  |Alss2  |Alss3

A2(8) [A2.01  ]A2.02  [A203  |a2.04 |A2.05  |A2.ssl  |A2.ss2  |A2_ss3

A3 (7) |A3.01 A3_02 IA3_03 IA3_04 |A3_ssl JA3_ss2 IA3_ss3

A4(8) [A401  [A402  [A403 A4 04  |A405  |Ad sl |A4 ss2 A4 ss3

A5 (7) |A5.01 A5_02 IA5_03 IAS_04 |AS_ssl JAS_ss2 IAS_ss3

A6 (8) [A6_01 A6_02 IA6_03 IA6_04 IA6_05 JAG_ss1 IAG_ss2 [A6_ss3

A7 (7) |A7_01 A7_02 IA7_03 |A7_04 |A7_ssl IA7_ss2 |A7_ss3

A8 (8) |A8 01 A8 02 IA8_03 IA8_04 IA8_05 IA8_ssl IA8_ss2 |A8_ss3

dsDNA adjuster strut staples

}ADJ (12)‘ADJ701 }ADLOZ }ADLOS }ADJ704 }ADLOS }ADJ706 }ADJ707 }ADJ708 }ADJ709 }ADLIO }ADLI] ’ADL]Z

Table 2-1. Reference staple set. Based on the reference staples here, we can easily

constitute the staple sets for structural variations.
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Structures shown in Fig. 2-4
#1 # #3 #4 #5 #6 #7 #8 #9 #10 | #11 | #12
Eliminated | | o 19 |20 |22 19 23 20 26 35 37 33 |35
staples
New 7 7 7 7 7 7 7 7 7 7 7 7
staples
Total 169 | 168 | 167 | 165 | 168 164 167 161 152 150 | 154 | 152
staples
Staple
3.9% | 3.9% |3.9% |[3.9% |3.9% |39% |[3.9% |39% |39% |3.9% |3.9% |3.9%
change
#13 | #14 | #15 | #16 | #17 | #18 #19 #20 #1 #2 | #3 | #4
Eliminated |, | 40 130 |4 |44 | a 50 53 61 44 |55 |40
staples
New 9 9 7 11 20 23 19 19 19 10 14 23
staples
Total 143 | 141 157 | 147 | 156 159 149 146 138 146 | 139 | 163
staples
Staple
5.0% | 5.0% |3.9% |61% | 11.1% | 12.8% | 10.6% | 10.6% | 10.6% | 5.6% | 7.8% | 12.8%
change
Structures shown in Fig. 2-8
0° 15° | 30° |45 | 60° 75° 90° 0se | 1200 | 135 | 1500 | 8¢
(ref)
Eliminated | 5 | )¢ 127 |2 |24 |23 2 21 20 19 |19 o
staples
New 7 9 10 10 9 10 10 10 10 9 10 0
staples
Total
157 | 161 163 | 164 | 165 167 168 169 170 170 | 171 180
staples
Staple
3.9% | 5.0% | 5.6% | 5.6% | 50% |56% |56% |56% |56% |50% |56% |0%
change

Table 2-2. The number of eliminated and replaced staples compared with the

reference structure. The amount of staple change is defined as the ratio of the

staples having different sequences from those of the reference staple set (the number

of new staples divided by the number of reference staples).
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Structure Ref #1 #2 #3 #4 #5 #6 #7 #8
Monomer

folding 82.7% | 77.2% | 80.2% | 78.0% | 76.2% | 77.0% | 75.4% | 78.2% | 77.4%
yield

Structure #9 #10 #11 #12 #13 #14 #15 #16
Monomer

folding 79.7% | 73.5% | 82.8% | 81.7% | 82.2% | 78.8% | 82.1% | 78.5%
yield

Structure #17 #18 #19 #20 #21 #22 #23 #24
Monomer

folding 81.6% | 80.7% | 85.0% | 84.4% | 86.3% | 89.3% | 87.3% | 89.6%
yield

Table 2-3. Monomer folding yield of all structures calculated from gel

electrophoresis in Fig. 2-7. The monomer folding yield of each structure was

calculated as the intensity ratio between the leading monomer band and all bands.
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Structure Ref #

1

#2

#3

#4

#5

#6 #7

#8

Num of
sample

281 305 40

8 30

2 33

8 25

8 46

7 364

410

Num of

structures

well-folded 273 263

342

279

262 24

1 410 336

380

Structural
folding 97.2% | 86.2
yield

% | 83.8

% | 92.4

% | 77.5% | 934

% | 87.8% | 92.3%

92.7%

Structure #9 #10

#11

#12

#13

#14

#15 #16

Num of
sample

497 327

382

432 443

397

370 485

Num of
well-folded 313 233
structures

208

245

190

184

155

158

Structural

yield

folding 63.0% | 71.3%

54.5%

56.7%

42.9%

46.3%

41.9% | 32.6%

Structure #17 #18

#19

#20

#21

#22

#23

#24

Num of

471 257
sample

270

262

325

352

274

433

Num of
well-folded 378 120
structures

131

186

173

296

110

254

Structural
folding 80.3% 46.7%
yield

48.5%

71.0%

53.2%

84.1%

40.1%

58.7%

Table 2-4. Structural folding yield result of all 24 structures shown in Fig. 2-4.

Structural folding yield is defined as the number of well-folded structures divided by

the number of samples.
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Target 15° 30° 45° 60° 75° 90° 105° 120° 135° 150°
Num of
517 576 606 776 623 715 727 637 708 530
samples
Average 14.0° | 29.3° | 42.4° 59.0° 74.5° 88.4° | 103.0° | 119.1° | 130.2° | 143.8°
Stdev 3.3° 4.7° 5.6° 5.3° 8.5° 8.6° 7.7° 10.9° 11.5° 16.3°
RZ
. 0.951 0.967 | 0985 | 0993 | 0972 | 0985 | 0975 | 0.955 | 0.921 0.833
(Gaussian)

Table 2-5. Detailed experimental data of measured included angles shown in Fig.

2-10.
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2.4. Computational shape prediction

We used a FEA-based computational tool named CanDo (computer-aided
engineering for DNA origami), as previously developed by Kim D.-N. et al®*?. In
CanDo, dsDNA is modeled as two-node beam elements in which each node
represents a basepair. The beam has proper geometry (diameter of 2.25 nm and axial
rise of 0.34 nm per each base, and helicity of 10.5 basepair (bp) per turn) and
mechanical properties (axial rigidity of 1,100 pN, bending rigidity of 230 pN nm?,
and torsional rigidity of 460 pN nm?), which correspond to experimentally validated
values of dsDNA. Also, a Holliday junction (crossover) is modeled as two rigid
beams.

We made some modification in the modeling of DNA origami structures
compared with original CanDo. At first, DNA single-strand breaks, known as nicks,
are modeled having the same bending and torsional stiffness as dsDNA, since the
effect of nick stiffness is negligible in terms of predicting an equilibrium included
angle of the structures designed here. Also, we adopted wormlike-chain (WLC)
model to describe a ssDNA strand as an entropic spring, instead of modified freely
jointed chain (mJFC) model used in previous CanDo. It is mainly due to enhancing
the accuracy of predicting tensional force of the short ssDNA at the hinge module.
WLC force of ssDNA can be expressed as>®

(M

F _kBT[X 1 1]
WLE ™ ) L © 4(—x/L0)? 4

where kg denotes the Boltzmann constant, T is the temperature, L, is the
persistence length of ssDNA, x is the extension (end-to-end distance), L. is the

contour length, respectively. We set parameters as kg =4.1124 pN nm, T =298 K,

» 1 O -11
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L, =2nm, and L, =0.65 X number of base.

For finite element analysis, equation (1) is converted to axial stress-strain

relationship implemented as

)

__ kpT [Ro(1+€) 1 1]

o === — =
WLE ™ L 4(1-Ro(1+€)/L)? 4

where R, is the initial length and ¢ is the axial strain, respectively. Lastly, in case
of modeling a hinge module consisting of only ssDNA strands, a certain amount of
bases were modeled as dsDNA beams in order to give proper elastic stiffness. A more
detailed and quantitative model of the hinge containing ssDNA helices may be
required to increase the accuracy of CanDo shape prediction.

We applied CanDo modeling framework to our polymorphic shape
variations and it provided the equilibrium folding shapes remarkably consistent with
experimental observation (Figs. 2-13 and 2-14). Also, it predicted the failure of the
structure formation induced by the improper arrangement of hinge position and
adjuster length. When the hinge existed at a largely asymmetric position and the
dsDNA adjuster was too short, the structure tended to be severely distorted and failed
to be folded into a proper shape (Fig. 2-15).

In experimental observation, bending angle distribution became relatively
wider for the target included angle greater than 120° (Fig. 2-10), which might
originate from high variability of the hinge stiffness due to unbound scaffold ssDNA
portions at the hinge module. The average end-to-end length of hinge ssDNA
portions increased with the included angle, which elevated their entropic tensional
force as predicted by wormlike chain (WLC) model®®*° and the possibility of non-
specific interactions among them, making the hinge stiffness more variable and less

predictable. CanDo predictions supported our inference to some extent because

3 ) 211 ";
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experimentally measured value of included angles lay between the value predicted
by modeling ssDNA portions as non-interacting entropic springs and the value
calculated by excluding them entirely from the model (Fig. 2-16). Hence, it is
suggested that multiple ssDNA portions at the hinge module do not fully provide
tensional forces expected from an ideal model due probably to some interactions

between adjacent strands.
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#1 #2 #3 #4

Figure 2-13. CanDo shape prediction of the structures #1 to #12 in Fig. 2-4.
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#16

#21

Figure 2-14. CanDo shape prediction of the structures #13 to #24 in Fig. 2-4.
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L2

336 nt

Figure 2-15. Examples of structural failure due to the geometrical distortion.
CanDo estimation predicted the collapse of the structure, and the experimental result

showed low structural folding yield as well. Scale bars: 1 pm.
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Figure 2-16. CanDo shape prediction of the structures shown in Fig. 2-10. (a)

Short ssDNAs at the hinge module were included in the analysis. (b) Measured

average included angle and CanDo analysis result. Error bars indicate standard

deviation of experimental data.
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2.5. Molecular dynamics simulation

In order to investigate the existence and frequency of non-specific interactions
among single strands, we performed the MD simulation for structures with and
without a hinge (Figs. 2-17 and 2-18). The starting atomic structures of 12-helices
DNA bundles were generated using caDNAno!! and CanDo?. Each hinge structure
was solvated in a rectangular box of the TIP3P water model® with approximately
160 A x 470 A x 110 A and neutralized to reach an ion concentration of 20 mM
MgCl,. MD simulation was performed using the package, NAMD®' with the
CHARMM36 force field®?, periodic boundary conditions, and the integration time
step of 2 fs. The van der Waals and short-range electrostatic potentials were
calculated using a 12 A cut-off. The long-range electrostatic interactions were
computed using the Particle Mesh Ewald scheme® with the grid size of 1 A. The
potential energy of each system was minimized using the conjugate gradient method.
For principal component analysis (PCA), the equilibrium trajectories of each 20 ns
was calculated under the NPT ensemble with constant temperature, and pressure of
298 K and 1 bar using a Langevin thermostat®' and the Nosé-Hoover Langevin
piston pressure scheme®.

The hinged structure has twelve 42-nt-long scaffold ssDNA portions at the
center region (termed dsOhb hinge), whose cross-sectional shape is the same as those
of the M2 module in the reference design. Since we simulated a part of the structure
only near the hinge without the adjuster, MD simulation results might reflect the real
condition better as the included angle becomes closer to the straight conformation.
After we validated that all structures in MD simulation were within equilibrium

conformation by the calculation of root-mean square deviation (RMSF) values, we

3§ 53 17
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could confirm from MD trajectories that the hinged structure had higher fluctuation
than the non-hinged one, and multiple non-specific interactions among ssDNA
helices existed at the hinge module (Fig. 2-20). On average, 8.1% of base pairing
between bases in either same or different strands was observed in the dsOhb hinge
during equilibrium states from 90 to 110 ns.

Principal component analysis (PCA) was performed to characterize the
mechanical rigidities from the MD simulation using configurations of phosphorus

atoms of each structure in equilibrium (5,000 snapshots for 20 ns). Let x(¢z) be the

atomic coordinates from MD simulation at equilibrium with a dimension of 1 x 3N
where N is a total number of phosphorus atoms at a saved frame. The covariance
matrix is determined as®
o = (x(®) = xODAE®) — [x(DD) 3)
where a symbol, ® indicates the tensor product, and an angle bracket is the vector
of average. Then square-root-mass-weight matrix, X is obtained as
2 =+VMoVM 4)

where a mass matrix, M 1is a diagonal matrix with elements of the atomic weight

of phosphorus atom. Then we can obtain the eigenvalues, A from the

n
diagonalization of the square-root-mass-weight matrix. The quasi-harmonic

frequencies, «, ofthe n"™ mode, can be calculated as

Wy = \/% ®)

Elastic bending and stretching rigidities of DNA structures are approximately
calculated using the quasi-harmonic frequencies based on the dynamic Euler-

Bernoulli beam model as®

3 ) 211 ";
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El,

where EI, and E4 are respectively bending and stretching rigidities of the n™

mode for the boundary conditions of free-free ends, M and L are the total mass
and the axial length of a DNA structure, and f8,,L is a known constant determined
from boundary conditions, respectively (£, L=4.733).

As a result, PCA of MD trajectories obtained for these hinge modules
showed a stiffening of the hinge with the increase of double-stranded portions (Fig.
2-21). Strong binding of staple strands to the scaffold strand at the hinge was also
observed throughout the simulation, demonstrating the stability of our hinge designs

with controllable stiffness.
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Figure 2-17. MD simulation of the dsOhb and ds2hb hinge module. Initial and

final (after ~110 ns of simulation time) configurations of the (a) dsOhb and (b) ds2hb

hinge structures.
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Figure 2-19. RMSD values of all designs throughout the MD simulation.
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Figure 2-20. Base pairing ratio analysis from MD simulation. Base pairing ratio
of each helix throughout the MD simulation and positions of the individual base
pairing at the final time step of (a) dsOhb, (b) ds2hb, (c¢) ds3hb, and (d) no gap hinge
design. Base pairing can occur by the interaction of ssSDNA bases between either

same or neighboring helix.
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natural frequencies of all hinged structures. For all cases, the first mode (having
smallest natural frequency) was axial stretching and the second mode was first
bending mode. (b) Relative bending stiffness ratios calculated from MD trajectories

using PCA. Bending stiffness of the ds3hb hinge was set to 1 as a reference.
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2.6. Analysis on the applicable range of hinge stiffness

To further explore the applicable range and value of the hinge stiffness, we developed
five different hinge designs by varying the number of dsDNA portions and Holliday
junctions at the M2 module (Fig. 2-22a). The most flexible case was a dsOhb hinge
where all 11 structural staples were removed from the M2 module so that only
unbound scaffold single strands remained. Stiffer hinges were then devised by
adding 2 to 6 hinge staples to it leading to ds2hb, ds3hb, ds4hb, and ds6hb hinge
structures where each number indicates the number of dsDNA helices at the cross-
section. Results from agarose gel electrophoresis and AFM imaging indicated that
stiffening the hinge deteriorated the monomer folding yield and increased the
number of aggregated structures (Figs. 2-22 and 2-23). Intensity ratios of the
monomer band to all bands were 85.8%, 79.1%, 69.0%, 31.1%, and 7.0% for dsOhb,
ds2hb, ds3hb, ds4hb, and ds6hb hinge, respectively. A drastic drop in the number of
monomeric structures was observed for structures with ds4hb hinge and stiffer ones,
recommending the use of a hinge softer than ds4hb hinge in practice.

We quantified the stiffness of dsOhb, ds2hb, and ds3hb hinges by adopting
a ssDNA adjuster whose tensional force was modulated through a systematic

variation of their length®>%

and measuring the included angles (Fig. 2-24). We used
a simple toy model to estimate the effective bending stiffness of the flexible hinge.
The hinge module is modeled as a linear torsional spring whose spring constant is k
and equilibrium position is straight. The ssDNA adjuster strand is modeled as a
nonlinear axial spring whose force-displacement relationship is followed by WLC

model as described in the equation (1). By adopting assumptions that all parts of the

structure except for the hinge and the adjuster strand are rigid and DNA origami
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structures measured in the experiment were in the force-equilibrium state, we can
use the average included angle to calculate the effective bending stiffness of the
hinge, x. It can be modeled as

k(M — 26) = RFyyccosf (7)
where 6 denotes the half of the average included angle, R is the moment arm length
defined as the length between the connecting point of the adjuster strand and the
center of the hinge module (assumed as 85.7 nm), and Fy, is the tensional force
induced from the ssDNA adjuster, calculated from the equation (1).
From the effective bending stiffness, the total strain energy of the structure can be
estimated by assuming that it is the summation of the strain energy of the hinge and

ssDNA adjuster, respectively.

lkBT X 1

_ _1 _ 2 -
Etor = En + Es = Sx(m—20)" + || Lp LLe " a(1-x/L0)?

- ﬂ dx (8)

where [ is the end-to-end distance of the adjuster.

As aresult, the estimated values of bending stiffness on average were 25.3,
33.8, and 49.6 pN nm rad! for dsOhb, ds2hb, and ds3hb hinge, respectively (Fig. 24b)
Using the estimated hinge stiffness, we calculated the total strain energy of each
hinge design as a function of included angle by summing the strain energies in the
hinge module and the ssDNA adjuster assuming negligible deformation in other
modules (Fig. 24c). The mean included angle determined experimentally coincided
with the value where the total strain energy became minimum®’. As a hinge got stiffer,
the minimum strain energy increased naturally, and the strain energy became more
concentrated in the hinge module (Fig. 2-25), which partly explained the
deterioration of the folding yield of monomeric structures with stiff hinges. Hinge

staples, when the designed hinge stiffness was too high, might tend to be bound to

3 ) 211 ";
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other neighboring structures to form less-bent multimeric structures, which would
be energetically more favorable than the formation of monomeric hinge structures as
observed in AFM images. For structures with the dSDNA adjuster, the mean included
angle was almost independent of the hinge stiffness whereas it was still dependent
on the length of the adjuster. (Fig. 2-26). Also, their included angles were much less
deviated from the mean value compared to the structures adjusted by ssDNA. The
mean and deviation of the included angle could be more finely tuned by simply
adding a few strut staples binding to the adjuster and controlling the portion of
dsDNA (Fig. 2-27). Therefore, it offers a versatile way of programming the target
mean angle and flexibility of hinge structures statically and also dynamically through

addition or removal of required staples®!-*,
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Figure 2-22. Analysis of the hinge stiffness. (a) Schematic illustration of the test

design. Here, a ssDNA adjuster strand was used to make it as a tensional component.

The stiffness of the hinge can be controlled by changing the number of dsSDNA and

staple crossovers at the hinge section. (b) Agarose gel electrophoresis result. Orange

boxes are monomer structure bands, and the bottom bands are excessive staples. L:

1 kb DNA ladder. S: M13mp18 scaffold. 1-6: folded structures with each hinge

stiffness. (¢) AFM images of each hinge design. See Fig. 2-23 for large-area images.

Scale bars: 500 nm.
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Figure 2-24. Measured average included angles of three different hinge designs.

(a) Measured average included angles of three different hinge designs while varying

the length of ssDNA adjuster. Error bars indicate standard deviation. (b) Calculated

bending stiffness of each hinge design. Error bars indicate maximum and minimum

stiffness values. (¢) Strain energy analysis of the structures with different hinge

designs with a 504-nt-long ssDNA adjuster. Gray bars represent experimental

included angle distribution, blue-dashed lines are the strain energy stored in the hinge,

orange-dashed lines are the entropic energy of ssDNA adjuster, and the blue-solid

lines indicate the summation of the two energies, respectively.
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Figure 2-25. Representative CanDo results showing the strain energy
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Figure 2-26. Included angle distribution of dsDNA adjuster structures having
different adjuster strand length and hinge stiffness. Error bars indicate standard

deviation.
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2.7. Conclusion

In summary, our module-based design method provides an efficient way to control
the local stiffness of the DNA origami structures, thereby to expand the design space
even with a highly limited range of replaced staple sequences. While we demonstrate
our design approach here for a honeycomb-latticed bundle structure, the same design
principle can be easily applied to other types of structures including planar sheets**°
and bundles with various cross-section shapes and packing rules®®. By adopting our
method, one can test a wide range of geometrical variations in a highly cost-effective
manner, to utilize it as a design platform by placing various functional nanoparticles
in desired position and orientation. In addition, by changing the adjuster from a
scaffold strand to the fuel or functionally modified strand, our design can be directly
utilized to the dynamic mechanical component driven by external stimuli while the
range of motion can be controlled by the stiffness of the hinge.

Also, CanDo analysis can be used as pre-screening and validation of the
shape and feasibility of the structure before fabrication, which leads to significant
enhancement of the design efficiency in the scaffolded DNA origami. A deeper
understanding of the effect of scaffold route design and corresponding folding

pathway of the structure during annealing process in the scaffolded DNA origami®

may be useful to enhance the design efficiency and structural quality further.
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Chapter 3. Stiffness control by engineered defects

3.1. Introduction

The mechanical stiffness of a DNA nanostructure is generally known to be coupled
with its geometric parameters, such as the total number and the cross-sectional shape
of crosslinked DNA helices®***!. As a result, it remains challenging to control the
stiffness of the structure while preserving its geometry. Nevertheless, its significance

has increased recently as the utility of DNA nanostructures have been expanded to

39,70 28,71

kinematic components and substrates for nanomaterials*®>’', in which their
performance can be modulated by the structural rigidity. While some two-step
approaches have been introduced to reinforce self-assembled DNA
nanostructures’>’®, the demand for a simple and site-specific design method that
provides an easy and predictable way of controlling a broad range of structural
stiffnesses remains unfulfilled.

Here we propose a rational design method to widely and precisely control
the mechanical flexibility of scaffolded DNA origami nanostructures by engineering
localized defects that are short ssDNA gaps consisting of up to 5 nucleotides (nt),
while maintaining their overall structural integrity and geometric characteristics. The
feasibility of our design method was demonstrated by building DNA origami

constructs with different cross-sectional shapes where modular and individually

tunable defects could reduce their bending stiffness by up to 70% using their length

Figures and texts in this chapter were reprinted with permission from Lee, C. ef al.,
Tailoring the Mechanical Stiffness of DNA Nanostructures Using Engineered Defects. ACS
Nano. Copyright 2019 American Chemical Society. DOI: 10.102 1/acsnano.9b0]32|70._ g
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and density as the design parameters. We further developed a computational analysis
platform predicting the bending stiffness of a defect-engineered DNA nanostructure
quickly during the design process. Since the proposed defect-engineering framework
is highly scalable and readily applicable for conventional shape design methods in
scaffolded DNA origami, it offers a versatile way of designing various DNA
constructs with required mechanical stiffness in a desired shape for a targeted

function.
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3.2. Design method

In a typical M13mp18-based scaffolded DNA origami?, around 150 to 250 DNA
single-stranded breaks (nicks) naturally exist over the structure where two ends of
the neighboring oligonucleotides (staples) meet (Fig. 3-1a). We have paid attention
to them as a mechanically weak design motif to control the stiffness of DNA origami
nanostructures without altering the geometrical features. However, their softening
effect has shown to be not significantly high except for torsion’, which seems not
sufficient for a broad range of mechanical control.

Hence, we develop the concept of engineered defects defined as short
ssDNA gaps each of which consists of one to five bases (approximately 0.3 to 1.7
nm long). They can be easily formed by replacing staples at nick sites in the reference
design with shorter ones before self-assembly (Fig. 3-1b). As ssDNA is known to be
much more flexible than dsDNA”, the rigidity of defect-inserted sections and
thereby the overall structural stiffness of DNA constructs can be noticeably reduced.
Note that creating an engineered defect of various lengths at a nick site does not
affect the sequence of the adjacent staples. Therefore, completely modular and
localized control of the mechanical stiffness of DNA nanostructures is possible with
base-pair-level precision. While short ssDNAs have been partly used to relax some
distortions at the vertices of the polyhedral constructs®, they have not been utilized
yet as mechanical design components to modulate the stiffness of DNA
nanostructures.

We used two design parameters, the gap length (the number of ssDNA bases)
and the gap density (the ratio of the number of inserted gaps to the total number of
nicks), to control the mechanical stiffness of DNA nanostructures systematically.

3§ 53 17
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Two cross-section designs, one with four and another with six DNA helices (denoted
as 4HB and 6HB, respectively), were selected as they had sufficiently long contour
lengths (580 nm in 4HB and 390 nm in 6HB) for analysis of their bending stiffness
in monomer scale as well as the stiffness values of these designs have been

experimentally verified®”’®”7 (Figs. 3-2 and 3-3).
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Figure 3-1. Schematic illustration of defect-engineering of DNA nanostructures.
(a) A typical DNA origami structure consisting of a long circular scaffold and
hundreds of staple strands with unique sequences complementary to those in their
target binding locations. In DNA origami structures, multiple nicks exist where two
ends of the neighboring staples meet (highlighted in red in cylindrical representation).
(b) Close-up views of an engineered defect and a regular nick. An engineered defect
can be created at any nick location by using a staple shorter than the regular one in

the self-assembly process. The arrowheads indicate the 3’ ends of the staples.
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Figure 3-2. 4HB gap design. (a) Repetitive scaffold and staple route constituting
4HB with square-lattice packing. Triangles and rectangles indicate the 5’ and 3’ end
of staple DNAs, respectively. (b) Schematics that colored boxes show the positions
where nicks located at the corresponding indices were changed to ssDNA gaps with

programmed length.
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Figure 3-3. 6HB gap design. (a) Repetitive scaffold and staple route constituting
6HB with honeycomb-lattice packing. Triangles and rectangles indicate the 5’ and 3’
end of staple DNAs, respectively. (b) Schematics that colored boxes show the
positions where nicks located at the corresponding indices were changed to ssDNA
gaps with programmed length. Seven nicks located at the both ends of the bundle
were omitted in the diagram since they were not changed to ssDNA gaps throughout

the gap density variations.
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3.3. Experimental results

First of all, the effect of two gap design parameters was demonstrated using the 4HB
and 6HB design. In 4HB design, the gap length was varied while maintaining the
maximum gap density, while the density of 5-nt-long gaps was varied in 6HB design.
(Fig. 3-4). In both cases, higher fluctuations of the monomer contours were clearly
visible for longer gap lengths and higher gap densities.

We analyzed the bending stiffness of DNA bundles quantitatively by
calculating the persistence length of individual monomers from their
thermodynamically equilibrated contours in 2D, measured by AFM>*"-8, In brief, the
individual well-folded monomer structures were converted into binary images to be
thinned and skeletonized to obtain their contours. After that, parametric spline was
used to fit the contour of each individual structure. The persistence length was
measured with characteristic points of the fitting spline from every well-folded
structures using a modified version of open-source software tool Easyworm’ (Fig.
3-5b). Using WLC model, the mean-square end-to-end distance ({R?)) in two

dimensions as a function of the distance along the contour (l.) can be expressed as

(R?) = 4L, [1 —2Lp/1(1- exp(—lC/ZLp))] 9)
where Ly, is the persistence length. Typically, the correlation coefficient of the data
fitting is above 0.99 for each case. Standard deviation of the persistence length was
calculated by a bootstrap method with a subset of 500 randomly chosen contours

with replacement and 10,000 times of repeating process.
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The calculated bending persistence lengths of the non-modified 4HB (4HB-
Ref) and 6HB (6HB-Ref) designs were 1,000 and 2,030 nm, respectively, which are
generally within the range reported in the previous studies*>”-’%"” (Fig. 3-5). It was
found that the length of individual spline segments (defined as the number of pixels
per segment) should be determined carefully to avoid any inaccuracy in the fitting
of the mean-square end-to-end distance curves (Fig. 3-6). Therefore, the kurtosis
analysis was conducted in order to obtain the smallest value for each cross-section
designs which satisfies theoretical kurtosis value of 3 when the contours were within
the 2D equilibrium states®® (Figs. 3-7 and 3-8). It was also evaluated whether the
monomer length and the imaging resolution were suitable for the calculation of the
bending persistence length (Figs. 3-9 and 3-10). It can be noted that the estimated
values of the bending persistence length can vary depending on the measurement
method even for the same geometry, because each method possesses a different
sample preparation procedure and the resolution 1imit**°, To avoid incomplete
staple binding during the self-assembly process®!, all nicks (150 in 4HB and 169 in
6HB) in our design were located at least six bases away from the adjacent Holliday
junctions (crossovers), and at least three base pairs were maintained between the gap
and the crossover when a nick was changed to an ssDNA gap.

To further quantify the range of stiffness control, a comprehensive set of
these two design parameters was tested for both 4HB and 6HB designs (Figs. 3-11
to 3-16 and Table 3-1). As a result, a wide range of control for the bending stiffness
could be achieved with the proposed design method using engineered defects. The
maximum softening effect in bending turned out to be 70% in 4HB and 67.5% in
6HB when 5-nt-long gaps with full density were used. Note that the number of gaps
per helix and the interval between gaps were maintained appropriately in order to
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prevent the stiffness anisotropy in both radial and longitudinal directions of the
bundles (Figs. 3-2 and 3-3). When gaps were distributed anisotropically along the
longitudinal direction in the 6HB design, the bending stiffness decreased more
irregularly with the gap density (Fig. 3-17).

In terms of the folding yield, defect-engineered variations tended to
maintain a clear monomer band in gel electrophoresis, but their band intensities were
diminished when a high density (> 75%) of 5-nt long gaps was used (Figs. 3-18 and
3-19). The structural folding yield, defined as the ratio of the number of well-folded
monomers to the total number of monomers, was ranging from 75.7% to 94.5% for
all 4HB and 6HB designs with engineered defects (Fig. 3-20 and Table 3-2).

Reducing the density of crossovers connecting adjacent dsDNA helices
might be another approach to lowering the stiffness of DNA nanostructures.
However, a former report® claimed that increasing the interval between inter-helix
crossovers would result in higher thermal fluctuation of the structure, rendering the
structure less stable in terms of retaining its cross-sectional shape. We tested this
phenomenon by designing a 6HB in which half of the region was filled with 42-nt-
interval crossovers (two times longer than the typical crossover connection) and
discovered that there was a notable collapse of cross-sections. Further, the bending
stiffness of this design was calculated as 2090 nm, which was slightly higher than
that of the 6HB-Ref design (Fig. 3-21). This implies that changing the crossover
density is in fact not as effective as creating the engineered defects for the flexibility
control of DNA bundles. Intentional staple omission can be an alternative technique
to soften DNA nanostructures, which was shown to be effective in case where a local
region of the structure was to be adjusted**2. However, this method turned out to be
problematic when used to reduce the overall stiffness of the entire structure. Our
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6HB structures where 8.2% and 16.4% of constituting staples were eliminated could
not be constructed properly (Fig. 3-22) even though it was reported that structures

with thicker cross-sections could endure this effect relatively well®.
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Figure 3-4. Design parameters for defect-engineered DNA origami bundles and
a computational model to predict their flexibility. Schematic illustration of two
design parameters for engineered gaps, AFM images of a sample monomer, and the
contours of 120 representative monomers for each design case. Initial tangents of the

contours are aligned horizontally (scale bars and ticks: 100 nm).
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Figure 3-5. Calculation of persistence length from monomer contours. (a)
Kurtosis of 4HB-Ref and the 6HB-Ref contours. It converged in both structures to 3
which is the value corresponding to the theoretical 2D equilibrium state. (b) Mean-

square end-to-end distance of representative 4HB-Ref and 6HB-Ref contours.
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Figure 3-6. Bending persistence length measurement with different unit
segment length. Bending persistence length of (a) 4HB-Ref and (b) 6HB-Ref design.
Note that length of a unit segment is proportional to the value of pixel per segment.

Resolution of a pixel is approximately 4.9 nm/px.
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end-to-end distance fitting curves. Calculated bending persistence length in each
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manuscript.
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Figure 3-8. Parameter analysis on 6HB-Ref design. (a) Kurtosis analysis and (b)
end-to-end distance fitting curves. Calculated bending persistence length in each
case was shown in Fig. 3-6b. Pixel per segment value was chosen as 5 in the

manuscript.
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Figure 3-9. Calculation of bending persistence length while varying the range

of contour length. (a) Definition of the cut-off length. Data within cut-off contour

length was used to calculate the bending persistence length. (b) A graph showing

that calculated values of bending persistence length were converged within monomer

length range both in 4HB-Ref and 6HB-Ref design.
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(b) 6HB-Ref design using 140 monomers. From the analysis, 1024 px resolution was

used in all of the cases.
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Figure 3-11. Measured bending persistence lengths of the 4HB and 6HB structures

designed with the systematically varied length and density of gaps. Refer to Figs. 3-

12 to 3-16 for the AFM images and the contour distribution of all cases. The dotted

lines indicate the spline-fitted curves of computationally estimated values. The grey

lines correspond to 2-nt and 4-nt long gap designs. Error bars indicate the standard

deviation of experimental results.
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Figure 3-12. Experimental characterization of 4HB with 1 and 3-nt gap

variations. Aligned contour distribution of 120 representative monomers measured

from AFM.
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Figure 3-13. Experimental characterization of 4HB with 5-nt gap variations.

Aligned contour distribution of 120 representative monomers measured from AFM.
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Figure 3-14. Experimental characterization of 6HB with 1 and 2-nt gap

variations. Aligned contour distribution of 120 representative monomers measured

from AFM.
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Figure 3-15. Experimental characterization of 6HB with 3 and 4-nt gap

variations. Aligned contour distribution of 120 representative monomers measured

from AFM.
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Figure 3-16. Experimental characterization of 6HB with 5-nt gap variations.

Aligned contour distribution of 120 representative monomers measured from AFM.
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Figure 3-17. Experimental characterization of 6HB with 5-nt anisotropically

distributed gaps. (a) Aligned contour distribution of 120 representative monomers

measured from AFM. (b) Schematic illustration of anisotropic gap distributions in a

longitudinal direction. (¢) Experimentally measured values of bending persistence

length. Blue dotted line indicates the spline-fitted FE simulation result. Error bars

indicate the standard deviation of experimental results.
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Figure 3-18. Gel electrophoresis result of 4HB designs.
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Figure 3-19. Gel electrophoresis result of 6HB designs.
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Figure 3-20. Structural folding yield analysis. (a) AFM image of the 4HB-Ref
design showing the process of structural folding yield calculation. After the
automated monomer-selection process, well-folded and misfolded monomer
structures were classified manually. Result of all design variations were summarized
in Table 3-2. Scale bar: 500 nm (b) Representative monomer images of well-folded

and misfolded monomer structures. Scale bars: 200 nm.
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Figure 3-21. 6HB bundle with 42-nt-interval crossover modification at half of
the region. (a) Schematic illustration showing the modified regions and staple
design therein. (b) Bending persistence length of the modified case was similar to
the reference design. (c¢) Representative AFM images of the reference and 42-nt-long

crossover design, respectively. Scale bars: 300 nm.
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Figure. 3-22. 6HB bundle with staple omission at half of the region. (a)
Schematic illustration showing the modified regions and representative positions of
omitted staples therein. Note that positions of omitted staples were changed along
the regions to distribute the defect locations. Two light red-colored staples were
removed in 8.2% omission design, and another two darker red staples were

additionally removed in 16.4% omission design. (b) AFM image of the two cases.

Scale bars: 1 pm.
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Average bending

Std. deviation of

Number of

Design persnstf:;; length bemli;lllét;l)le{s:lslt)ence samples (N)

4HB-Ref 1000 50 634
4HB-1nt-25% 900 40 396
4HB-1nt-50% 840 40 453
4HB-1nt-75% 800 40 619
4HB-1nt-100% 760 40 399
4HB-3nt-25% 740 40 506
4HB-3nt-50% 650 30 563
4HB-3nt-75% 470 20 589
4HB-3nt-100% 400 20 365
4HB-5nt-25% 660 30 231
4HB-5nt-50% 510 20 338
4HB-5nt-75% 340 10 375
4HB-5nt-100% 300 10 660
6HB-Ref 2030 80 682
6HB-1nt-17% 1830 70 702
6HB-1nt-33% 1750 70 504
6HB-1nt-50% 1610 60 384
6HB-1nt-67% 1540 60 647
6HB-1nt-83% 1490 60 643
6HB-1nt-100% 1450 90 672
6HB-2nt-100% 1040 40 627
6HB-3nt-17% 1780 70 442
6HB-3nt-33% 1490 80 473
6HB-3nt-50% 1300 50 502
6HB-3nt-67% 1170 60 553
6HB-3nt-83% 1050 40 401
6HB-3nt-100% 870 30 438
6HB-4nt-100% 750 30 418
6HB-5nt-17% 1730 80 750
6HB-5nt-33% 1420 60 394
6HB-5nt-50% 1190 50 665
6HB-5nt-67% 930 40 806
6HB-5nt-83% 820 40 1073
6HB-5nt-100% 660 30 779
6HB-5nt-25%-Axial 1190 40 233
6HB-5nt-50%-Axial 1020 50 574
6HB-5nt-75%-Axial 900 40 600
10HB-Ref 5430 280 929
10HB-5nt-20% 4660 220 904
10HB-5nt-40% 3720 170 712
10HB-5nt-60% 3280 150 520
10HB-5nt-80% 2470 130 872
10HB-5nt-100% 2080 110 988
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Table. 3-1. Summary of bending persistence length measurement.



Design Number of total Number of well- Strucfural folding
monomers folded structures yield (%)

4HB-Ref 698 760 91.8
4HB-1nt-25% 420 397 94.5
4HB-1nt-50% 514 470 91.4
4HB-1nt-75% 730 668 91.5
4HB-1nt-100% 494 444 89.9
4HB-3nt-25% 607 541 89.1
4HB-3nt-50% 695 594 85.5
4HB-3nt-75% 694 616 88.8
4HB-3nt-100% 415 379 91.3
4HB-5nt-25% 333 304 91.3
4HB-5nt-50% 418 362 86.6
4HB-5nt-75% 449 398 88.6
4HB-5nt-100% 798 720 90.2
6HB-Ref 718 627 87.3
6HB-1nt-17% 531 474 89.3
6HB-1nt-33% 510 454 89.0
6HB-1nt-50% 525 452 86.1
6HB-1nt-67% 611 531 86.9
6HB-1nt-83% 543 490 90.2
6HB-1nt-100% 565 520 92.0
6HB-1nt-200% 483 428 88.6
6HB-3nt-17% 459 392 85.4
6HB-3nt-33% 566 486 85.9
6HB-3nt-50% 601 536 89.2
6HB-3nt-67% 616 522 84.7
6HB-3nt-83% 731 633 86.6
6HB-3nt-100% 647 531 82.1
6HB-4nt-100% 570 485 85.1
6HB-5nt-17% 541 496 91.7
6HB-5nt-33% 584 508 87.0
6HB-5nt-50% 609 538 88.3
6HB-5nt-67% 489 370 75.7
6HB-5nt-83% 600 515 85.8
6HB-5nt-100% 494 406 82.2
6HB-5nt-25%-Axial 606 491 81.0
6HB-5nt-50%-Axial 645 542 84.0
6HB-5nt-75%-Axial 592 504 85.1
10HB-Ref 999 939 94.0
10HB-5nt-20% 1109 976 88.0
10HB-5nt-40% 873 748 85.7
10HB-5nt-60% 708 577 81.5
10HB-5nt-80% 1101 883 80.2
10HB-5nt-100% 852 617 72.4
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analyze the structural folding yield of each case.

Table 3-2. Structural folding yield result. At least five AFM images were used to



3.4. Computational model and validation

As the stiffness control via engineered defects were proven to be highly effective in
our 4HB and 6HB designs, we developed a computational model to predict the
bending stiffness of defect-engineered DNA nanostructures based on CanDo?° (Fig.
3-23). The bending persistence length was calculated by performing normal mode
analysis (NMA) to find the frequency of the first bending mode and adopting the
Euler-Bernoulli beam theory.

Normal mode analysis (NMA) was performed at the straight configuration to
compute the lowest 20 normal modes of DNA nanostructures. Intrinsic global twist
of square-lattice packed structures® was not considered. Given the FE model for a
DNA nanostructure under free boundary condition, a generalized eigenvalue
problem,

Ku = AMu (10)
where K is the stiffness matrix, M is the mass matrix and the eigenvalue A = w? was

defined. The Subspace iteration procedure®*®

was used to solve the eigenvalue
problem using 2N, iteration vectors, where Ny, denotes the number of eigenmodes
to be calculated. Among the eigenvalues obtained, only the two eigenvalues for the
first bending modes were selected to calculate bending stiffness (EI) of DNA
nanostructures.

From the Euler-Lagrange equation for a beam representing effectively DNA

nanostructures, we could obtain the following free vibration equation.
E1SY 4 pw?w = 0 (1)
dx*
where w describes the lateral deflection of the beam, x represents the axial position,
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and p is the mass per unit length of the beam, respectively. Solving numerically the

above equation, we can obtain the natural frequencies of the first bending vibration

(o3)
wp =22 2 (12)
where L is the length of the beam. Then, EI of the beam becomes
Bl = pod 5o =20 2 =mad L (13)

where m is the total mass of DNA nanostructures and Ag is the eigenvalues for the

first bending mode. Since the L; is defined as

EI
P =gt (14

where ky, is the Boltzmann constant and T is absolute temperature, assumed to be 298

K. Then, the L, of DNA nanostructures becomes

— 2 L3
Lp = mag 47334 kpT (15)

In three-dimensional structure, there are always two first bending modes.
Therefore, we defined the first bending mode with a smaller eigenvalue as a major
bending mode (L 1) and the other with a larger eigenvalue as a minor bending mode
(Lp,2)- Using both bending modes, we defined an effective bending persistence length

(Lp.e), which we compared with experimentally measured L, (L}fﬁp .

2
P& ™ /Ly, +1/Lp2 (16)

L

In our revised model, the crossover and the Holliday junction nick (HJ-nick)
elements were modified to be flexible because the rigid crossover model in the
original CanDo could not predict the stiffness of multi-helix DNA nanostructures

properly. For the HJ-nick element, we determined stiffness factors (SFs) by

numerical optimization process to obtain similar persistence length Va_llues_ with
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experimental results of 4HB-Ref and 6HB-Ref designs. We solved the following
optimization problem using the ‘fmincon’ function in Matlab R2016b (MathWorks

Inc.) with numerically calculated gradients

. 1 2\ 2
Minimize: f, = \/5212:1 (LE%P - Lf)ﬁ(s)) + \/Z{\LI(Ai — mu)? (17)
where i =1 and 2 represent an , respective
herei=1and 2 4HB and 6HB ively
Subject to: 107 < §; < 10°
where s; is the variable, LE%P is the experimentally measured L,, L;ﬁ is the L, from

the FE model, A; = |LJY" — L5

,and mu = %ZizﬂAi, respectively.
After the optimization of HJ-nick element, a nonlinear softening effect of engineered
defects with respect to the gap length was modeled with beam elements whose
length-dependent rigidity parameters were determined to fit the experimental
bending persistence lengths of 4HB and 6HB structures with the maximum gap
density (Fig. 3-24 and Table 3-3). Sensitivity analysis on the axial, bending, and
torsional rigidity with respect to the bending persistence length of the DNA origami
bundle structures were performed (Figs. 3-25 and 3-26), resulting in axial rigidity of
the elements were most sensitive. The persistence lengths estimated with this
mechanical model agreed quite well with the experimental values (dashed lines in
Figs. 3-11 and 3-24) in the whole design range.

As the proposed design strategy and predictive computational model are
scalable, they were applied to modulate the mechanical stiffness of DNA
nanostructures with other cross-sectional shapes. We analyzed ten cross-sectional

shapes (including 4HB and 6HB) consisting of four to sixteen helices that were

3 ) 211 g
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newly designed or demonstrated in previous works’®8! (Fig. 3-27). The bending
stiffness of typical DNA bundles is known to generally follow the N? scaling trend
(N, number of helices)*. By introducing the defect-engineering process, 57-78% of
maximum reduction in bending stiffness was predicted by the FE simulation and the
stiffness between its maximum and minimum values could be realized by defect
designs with proper selection of gap parameters (Figs. 3-28 to 32). It is important to
note that the range of the bending stiffness presented here is corresponding to one of
many possible design cases. It can vary with the layout of scaffold and staple routes
determining the number and arrangement of gap sites.
To cross-validate our computational model, we additionally constructed ten helix
bundle (10HB) structures with five variations in gap density (Fig. 3-33). Mostly, 5-
nt long gaps were used throughout the structure. However, 4-nt long gaps were used
instead in the regions where the distance between adjacent inter-helix crossovers was
7-nt long. Maximum and minimum bending persistence lengths were measured as
5,430 and 2,180 nm, respectively, in a good agreement with the predicted values,
demonstrating the usefulness of the developed computational model in stiffness
design. Because of the anisotropy in the cross-sectional layout, we calculated the
harmonic mean values from the first two bending modes in FE simulation to compare
with the experimental results (Fig. 3-34) utilizing the symmetry of the cross-section.
We also applied the defect-engineering method for stiffness control to
design a mechanically flexible hinge, whose included angle was controlled by an
external dsDNA adjuster strand (Fig. 3-35a). When the bundle had a shorter adjuster
than its contour length with the absence of a flexible region, it tended to aggregate
with one another in straight conformations rather than form a bent monomer because
forming straight aggregations would be energetically more favorable than folded into

:
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bent monomers for stiff bundles. In the previous report*, it was observed that
decreasing the number of dsDNA helices at the hinge, thereby reducing the bending
stiffness, could prevent aggregation. Here, we discovered that inserting engineered
defects at the hinge without modifying the cross-section could yield a similar
softening effect. Significant improvement on the structural folding yield by adopting
the defect-engineering method was confirmed by both gel electrophoresis and AFM
measurement (Fig. 3-35b to 3-35d). This result demonstrates that the proposed
method can be easily applied to structural shape design as well where the local and

modular stiffness modulation is highly utilized*®.
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d Crossover and HJ-nick
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r 1

dsDNA ssDNA gap

b First bending mode shape

Figure 3-23. Schematic illustration of the FE model. (a) Inter-helix crossovers and
HJ-nick elements are shown in grey while the ssDNA gaps are denoted using blue
cylinders. Normal dsDNA and ssDNA gaps are modeled with beam elements having
different mechanical stiffness values as illustrated in the orange box. (b) Schematic
illustration of the first bending mode obtained from NMA. The length of bundles

was shortened to a scale of 1/3 for clear visualization.
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Figure 3-24. FE modeling of defect-engineered structures. (a) Relative rigidity
factors of the gap element with respect to the normal dsDNA element, determined
by performing FE parameter optimization to fit the experimental values of 1-nt, 3-
nt, and 5-nt gap designs with full gap density. Rigidities of 2-nt and 4-nt gap elements
were derived from the quadratic interpolation of adjacent values. Note that the
bending persistence length of bundles were largely affected by the axial rigidity of
the gap element. Refer to Fig. 3-26 for the detailed parameter test. (b) Comparison
with experimentally measured and numerically predicted bending persistence
lengths. Dotted lines indicate the spline-fitted curves of computationally calculated
values. Error bars denote the standard deviation of experimental results. (P.L.:

Persistence Length).
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Figure 3-25. Sensitivity analysis for the HJ-nick element. Calculated bending
persistence length of the bundle in (a) 4HB-Ref and (b) 6HB-Ref design was shown.
While varying axial, bending, or torsional stiffness of the HJcore element, the other

two normalized parameters were fixed as 1.
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Figure 3-26. Sensitivity analysis for the 5-nt-long ssDNA gap element. Calculated
bending persistence length of the bundle in (a) 4HB-5nt-100% and (b) 6HB-5nt-100%
design was shown. Stiffness factor of the HJcore element used here was shown in
Table 3-3. While varying axial, bending, or torsional stiffness of the 5-nt-long

ssDNA gap element, the other two normalized parameters were fixed as 1.
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Figure 3-27. Schematic illustration of various cross-section designs with full

density of the engineered defects.
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Figure 3-28. Application of the defect-engineering design method for stiffness
control of bundles with various cross-sections. Bending persistence lengths of
bundles with various cross-sectional shapes designed with engineered defects. Grey
bars indicate the range of bending stiffness achievable for each cross-section
estimated by the FE simulation. Cross marks on the bars denote the experimentally
measured values for different gap designs. The black solid line shows the theoretical
N2 (N, the number of constituting dsDNA helices) scaling trend, known to be valid
when all the helices are rigidly coupled with each other. The yellow and red dotted
lines correspond to 50% and 70% reductions of theoretical values, respectively. The

bending persistence length of a DNA duplex is assumed as 50 nm.
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Figure 3-29. Gap layout and estimated bending persistence length of (a) 4HB-

hex and (b) 8HB-hex design. Red colored boxes indicate the location of 5-nt-long

gaps. Red and teal dotted lines in the graph are spline-fitted curves of the bending
persistence length calculated from two different first bending modes in NMA. Red
empty boxes are harmonic mean of the two values and grey solid line is the spline-

fitted curve of them.
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Figure 3-30. Gap layout and estimated bending persistence length of (a) SHB-
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Figure 3-31. Gap layout and estimated bending persistence length of (a) 12HB-
hex and (b) 12HB-sq design. Red colored boxes indicate the location of 5-nt-long
gaps. Red and teal dotted lines in the graph are spline-fitted curves of the bending
persistence length calculated from two different first bending modes in NMA. Red
empty boxes are harmonic mean of the two values and grey solid line is the spline-

fitted curve of them.
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Aligned contour distribution of 120 representative monomers measured from AFM.
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Interhelix distance (nm)

Honeycomb lattice 2.25 Square lattice 2.5
Mechanical properties
EA (pN) EI (pN-1m?) GJ (pN-nm?)
dsDNA element 1100 230 460
Normalized rigidity factor (with respect to dsDNA element)

Crossover element 1.0 0.2 0.1

HJ-nick element 0.069 0.117 1.0

Nick element 1.0 1.0 1.0

1-nt ssDNA gap 0.054 0.01 0.01
element

2-nt ssDNA gap 0.035 0.009 0.01
element

3-nt ssDNA gap 0.017 0.009 0.01
element

4-nt ssDNA gap 0.014 0.009 0.01
element

S-nt ssDNA gap 0.011 0.009 0.01
element

Table 3-3. Parameters used in FE modeling.
=
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3.5. Molecular dynamics simulation

To further validate the developed computational model for DNA nanostructures with
engineered defects and analyze the effect of ssDNA gaps at the individual base level,
we performed the MD simulation for 84-nt long 6HB structures whose stiffness was
reduced by using 1-nt, 3-nt, and 5-nt long gaps (Fig. 3-36). We extracted the final
200 ns of molecular trajectories for each case after the equilibrium state was reached
and compared them with the result for the reference design without gaps (having 12
nicks only).

First, the time-average fluctuation of five cross-sectional planes of each
design was calculated (Fig. 3-37a). For the two base pairs of a cross-section, their
origins were calculated following the 3DNA definition® to provide a center point by
averaging them. The three-dimensional dynamics of six center points was reduced
to two-dimensional planar motion, by introducing in a projected hexagonal plane
with six vertices (Fig. 3-37b), which minimizes the distance from the plane to six
center points. Vertex vectors (n;) were then obtained representing the position of
each vertex, and edge vectors (v;) were determined using connected two vertices as

Vi = Njyq — N (19)
The interior angle in hexagon (0;) was calculated using two successive vertex vectors
as
6; = cos ™' [(vi " Vie1) /(IVilIVig1 D] (20)
suggesting that the average of the angles should be 120° and their standard deviation
implies the angular fluctuation of a cross-section. A cross-sectional area of a hexagon
(A;) can be derived as

Aj = |c; X vi|/2 s _(21)
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where the hexagonal center vector (c;) was defined as a vector from the vertex to the
hexagonal center point, resulting in the area of the hexagonal plane as the summation
of six sectional areas. The distance between hexagonal planes (d,,) was defined as
the distance between hexagonal center points (Fig. 3-37c). This cross-section
analysis described above was performed for all snapshots of final 200-ns-long MD
trajectories, therefore providing the probability density functions or standard
deviations of cross-sectional variables. It was confirmed that the deviation of interior
angles remained in similar levels regardless of gap design (Fig. 3-38).

The average areas of planes and the inter-plane distances of defect-
engineered structures differed only by 1.7~14.1% and less than 0.2%, respectively,
with respect to the reference design (Fig. 3-39). We also calculated the bending
persistence length from MD trajectories by performing the principal component
analysis (PCA). Relative bending persistence length ratios between the reference and
the gapped structures demonstrated a good agreement with the FE analysis results as
well as the experimental data (Fig. 3-40), which supported the validity of FE

mechanical model developed in this study.
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Figure 3-36. DNA sequence used in MD simulation. The sequence of scaffold
strand was shown in (a) no gap, (b) 1-nt-long gap, (¢) 3-nt-long gap, and (d) 5-nt-

long gap design.
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Figure 3-37. Schematic illustration of 6HB used in the MD simulation. (a)
Trajectories of base pairs in blue-colored sections were analyzed by projecting their
positions onto a representative 2D plane. Calculation of the (b) area and (c) inter-

plane distance of projected 2D surfaces is shown.
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Figure 3-38. The time-average cross-sectional shape of five representative
planes of 6HB structures with and without gaps. The blue regions indicate the
base pair coordinates at each vertex and the angles indicate the time-average standard

deviation of six interior angles (ticks and scale bar: 20 A).
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3.6. Conclusion

In summary, our stiffness design method based on engineered defects offers a simple
and versatile way of controlling the bending stiffness of DNA nanostructures without
altering geometric features. We expect that the proposed design method, in
combination with a proper validation tool such as an optical or a magnetic tweezer,
can potentially be expanded to tailor other (axial or torsional) stiffness properties of
DNA constructs as well. Also, it might be possible to actively control engineered
defects by incorporating stimuli-responsive molecules into gap sites, thereby making
the active stiffness modulation possible. In terms of addressability, our design
method is expected to enable a wide range of applications that are suitable for
kinematic nanodevices, single-molecule sensors, and substrates for nanomaterials

with controllable functionality.
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Chapter 4. Concluding remark

In this thesis, we presented two types of the design method to efficiently control the
mechanical stiffness of DNA origami nanostructures. In the first design method,
multiple structural variations were demonstrated by the combination of stiffness-
tunable flexible modules and the adjuster strand whose length can be controlled by
the adjuster module. The second method used ssDNA gaps with engineered
positions and lengths, which reduced the overall bending stiffness of a DNA
nanostructure while preserving the structural integrity. Both methods were based
on the modular approach, in which the staple sequences of unmodified regions
were preserved. We investigated the design parameters and the applicable range of
stiffness modification in both design methods by a comprehensive set of
experiments. Also, a FEA-based computational shape and mechanical property
prediction platform was integrated to the design process. It enabled the more
effective design and validation process, resulting in the significant reduction of cost
in terms of testing multiple design candidates and finding the estimated
performance of them. Since our method is scalable and easily addressable to
various DNA origami structures designed by current shape design rules, a number
of potential application are expected when the performance of the functional DNA
origami structures are related with the mechanical property of them. Examples can
include single-molecule sensors, molecular carriers for intracellular delivery, and
substrates for supramolecular assembly formation, whose performance can be

enhanced by tuning the characteristics between other materials and surroundings.
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