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ABSTRACT

DNA origami is a relatively new form of nanotechnology that utilizes DNA
complementarity to create self-assembled 3D structures. Recent developments have used this
technology to create flexible nanoscale structures with tunable mechanical properties. The
capacity for deformation in nanoparticles opens many new and intriguing possibilities for precise
control over their interactions with the environment. These techniques have been applied for a
variety of purposes, but DNA origami interactions with membranes have still only been
investigated with rigid nanoparticles. Considering the importance of particle-particle interactions
in inducing membrane curvature, which is critical for many cellular processes, it is imperative
that the study of deformable DNA origami nanoparticles be expanded to investigate interactions
with membranes. We have utilized coarse-grained molecular dynamics simulations to
characterize how deformable DNA origami hinges behave when adsorbed to a membrane by
cholesterol anchors. We found that the hinges could induce membrane curvature, and their
ability to do so changed with their stiffness. The membrane deformations caused by these
particles also encouraged the hinges to aggregate, potentially laying the groundwork for the
design of useful self-assembling behaviors between nanoparticles — something that is seen in

natural membrane sculpting proteins.



1. BACKGROUND AND INTRODUCTION:

DNA origami is a method of bottom-up, nanoscale self-assembly that has shown great
promise in a variety of applications'*!*, Origami structures are typically created from the
hybridization of one long single-stranded DNA (ssDNA) scaffold and a collection of shorter
sSDNA staples. By carefully designing the sequences of these strands, custom, complex, 3D
structures can self-assemble at the nanometer scale!. This technique has been employed
previously to create long fibers that ‘molecular spider’ nanorobots can walk upon?, designs for
potential reversible anticoagulant drugs for hemodialysis patients®, and possible biosensors and
drug carriers that can target cancer cells®. DNA origami has even been used to create nanorobots
that can detect and respond to protein cues within a living cockroach, creating functional logic

gates that can perform basic computations®’.

Typical applications of DNA origami have focused primarily on the design of rigid
structures, but methods have recently been developed to create origami nanostructures that are
non-rigid with programmable mechanical properties. This can be accomplished by implementing
non-hybridizing sequences on the scaffold strand, creating SSDNA portions of the origami that
remain flexible!*. This technique has been utilized to create simple mechanisms with 1D, 2D,
and 3D motion, including a hinge with its joint made from ssDNA. Further, implementation of
flexible sequences allows origami deformation to be induced by outside stimuli. For example,
the addition of “locking strands” that will hybridize to previously flexible ssDNA, making it
more rigid, can drive the motion of origami structures'®. Other techniques have been used to
create a DNA origami Mdbius strip that could expand to twice its size, triggered by a ‘strand

displacement’ mechanism?°.



One of the most significant applications of DNA origami is the creation of biomimetic
structures. Predicting protein folding based on amino acid sequence alone is a notoriously
difficult problem, rendering the synthesis of custom proteins from scratch an unviable method. It
is viable, however, to design DNA origami from the bottom up, then modify the structure with
attachments mimicking what could be found an on analogous protein®. Origami mimics of BAR-
domain proteins have been utilized to sculpt curvature in phospholipid membranes®3. BAR
proteins are banana-shaped dimers that adsorb to membranes, inducing curvature and promoting
the formation of common cellular membrane structures such as folds and tubes!®. These
processes are fundamental to the function of cells and are therefore particularly intriguing to

replicate bottom-up with DNA origami.

Particles adsorbed to membranes participate in a complex ecosystem of interactions with
each other, often by means of inducing local curvature to recruit or elicit responses from other
particles®!®, These interactions can have significant cascading effects, resulting large-scale
changes to the local environment. Considering the importance of inducing membrane curvature,
it is interesting to explore the possibility of incorporating the capacity for deformation into a
particle that could adsorb onto and deform a membrane. Despite the promise of this route of
investigation, it is, at the time of writing, almost entirely unexplored. One DNA origami structure
developed by Franquelim, et al. was convex in shape, with cholesterol moieties attached along its
edge to allow for adsorption to a membrane'®. We have applied a similar design approach to a
simulated, coarse-grained model based on the deformable DNA origami hinges created by

Marras, et al** in hopes to pave a way into this new field of study.

A computational approach to studying DNA origami allows for observations to be made

that would be otherwise be difficult or impossible in vitro. Analyzing the angles of origami



hinges with microscopy, for example, is troublesome on its own#, and likely not feasible when
adsorbed to a membrane. By using molecular dynamics simulations, individual particles and
their interactions with membranes can be observed in detail. All-atom simulations would be too
computationally expensive to be used effectively, but well-characterized coarse-grained force-
fields allow for these larger systems to be simulated without excessive sacrifice to accuracy?®.
Simulation also allowed us to observe complex interactions that occurred between origami,
perform analysis of the system’s energetics via umbrella sampling methods, and precisely

modify attributes of the origami with ease.

2. METHODS

Our molecular dynamics simulations were performed using the GROMACS simulation
package v5.1.2 and MARTINI force field v2.2 with standard MARTINI parameters for non-
bonded interactions'®*2, The LINCS algorithm was used for bonded interactions. The van der
Waals interactions were modeled using a Lennard-Jones potential, truncated at 1.1 nm using the
potential-shift-Verlet cut-off scheme. Coulombic interactions were truncated at 1.1 nm as well,

using the reaction field method.

The DNA origami hinge model (Fig. 1) was developed by
constraining 6 MARTINI cholesterol molecules with bonds
between their respective RO1 beads. These molecules were

organized in parallel sets of three, creating two symmetrical V-

Figure 1: The simulated DNA origami hinge
model. The orange beads are Q0 type MARTINI
beads, and the white and green beads are the
attached cholesterol molecules.



shapes offset by 3 nm. There are 3.2 nm between each cholesterol molecule within the same V-
shape. The negatively charged QO type MARTINI beads connect between each pair of
cholesterols, forming the arms of the hinge. This is meant to represent the phosphate backbone of
a DNA helix. The 90° resting angle of the hinge is set by a cosine-based angle potential from the
GROMOS-96 force field. The force constant (ko) for this potential is varied throughout the
simulations from 50 kJ mol~*to 500 kJ mol™*. All simulations used periodic boundary conditions

to minimize effects of the boundaries.

For the simulations with the origami hinge(s) adsorbed to the phospholipid bilayer,
CHARMM-GUI MARTINI maker was used to construct a solvated bilayer of 1:1 DOPC to
DPPC molecules, which are varieties of phosphatidylcholine lipids>*8. Standard MARTINI
models for these lipid types were used. The hinge was randomly inserted into the system,
replacing water beads, and guided to interface with the bilayer using a variety of steered
simulations. Energy minimization and equilibration steps were performed both after the hinge
was initially inserted and after it adsorbed. Energy minimization was performed for 10,000 steps
using the steepest descent algorithm with restraints. Equilibration occurred in 5 steps, increasing
the time step from 2 fs to 20 fs over a total of 900,000 steps, 4750 ps. Velocity rescale thermostat
temperature coupling was used with a reference temperature of 303.15 K and three temperature
groups: the water beads, the hinge, and the membrane lipids. Semiisotropic Berendsen pressure
coupling was also used with a reference pressure of 1 bar and a compressibility K; = Kyy = 3 x
107 bar . After the origami adsorbed and equilibrated, production simulations were run for a
total of 2 ps with similar parameters to the equilibration steps, except with Parrinello-Rahman
barostat pressure coupling, using the final 1 ps of simulation for analysis to ensure complete

equilibration was achieved.



The system for the simulations with a single hinge on the bilayer consisted of 336 lipids,
1 DNA origami hinge, and 6718 water beads. The simulations with two hinges required a larger

system of 1332 lipids, 2 hinges, and 41,088 water beads.

Simulations of the hinge in water without a bilayer were equilibrated via the same
methods described above but instead using two temperature groups for the temperature coupling:
the water beads and the hinge. The hinge was solvated with MARTINI water ina 10 x 10 x 10

nm box and, after equilibration, was simulated 1 ps for production.

To assess the effective free energy as a function of distance between two origami
particles, the potential of mean force (PMF) was calculated via umbrella sampling methods using
a series of separate simulations in which one adsorbed origami was constrained at a given
distance from the other using a harmonic restraint on the xy-coordinates with a spring constant of
50 kJ mol* nm, Each of these simulations ran for 1 ps, and the Weighted Histogram Analysis
Method was used to calculate the final PMF. All visualizations were generated using PyMOL

and plots were generated using R in RStudio®®.

3. RESULTS

To assess the properties of the simulated hinges, three types of simulations were
prepared: an isolated hinge in water, a hinge adsorbed onto a membrane, and two hinges
adsorbed onto the same membrane. For each, a set of simulations was run varying the hinge
stiffness, ko. The following subsections analyze the hinge angle distributions from these
simulations and compare the PMFs describing the effective interactions between two hinges

adsorbed onto the same membrane.



3.1: Hinge stiffness changes the distribution of angles sampled in water

The hinges simulated in water showed

ko=

® 50 kJmol-1
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200 i mol1 changes in distribution as stiffness changed (Fig. 2).
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Figure 2: Angle distributions for the simulations of
hinges in water, ranging fromky =50 kmol*to \yere broader. All the distributions centered around the
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hinges’ inherent angle of 90°. One deviation from this
trend was the ke = 50 kJ mol™! case, in which the mean angle was 86.47° and the distribution was

somewhat asymmetric. The cause of this is unknown.

3.2: Hinges adsorbed on a membrane induce membrane curvature and adopt different angles

based on stiffness.
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Figure 3: Angle distributions for the simulations . . .
of hinges adsorbed to a membrane, ranging from hinges were more resistant to bending and had angle
ko = 50 kJ mol* to 500 kJ mol*

distributions centered around more acute angles than the



weaker hinges. Like their behavior in water, the distributions were also narrower in the stiffer

hinges than in the weaker ones.

Qualitative assessment of the membrane deformation (Fig. 4) shows clear distinction
between a weak hinge (ke = 50 kJ mol™) and stiffer hinges (ko = 150 and 500 kJ mol™?). The
weak hinge lies almost entirely flatly, inducing essentially no curvature in the membrane,
whereas the others retain their angled shape, forcing the membrane to curve. The abilities of the
hinge to adopt different angles and deform a membrane differently based on stiffness have
interesting implications for nanotechnology. Taking into consideration the hinges designed by
Marras et al., which can be tuned to precisely adjust their mechanical properties'*, and other
DNA origami structures than can be induced to deform by outside stimuli*®!®, we suggest that
DNA origami can be used to precisely control local membrane deformation by modulating the

inherent angle and stiffness of a hinge-like structure.

Figure 4: Hinges of different stiffnesses inducing different amounts of curvature in the membrane. A) ko = 50 kJ mol; B) ko =
150 kJ mol%; C) ke = 500 kJ mol



3.3: Two hinges adsorbed on a membrane align with each other at high stiffness
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Figure 6: Angle distributions for the
simulations of two hinges adsorbed to the
same membrane, ranging from ks = 50 kJ
mol to 500 kJ mol*
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The angle distributions of the hinges in the two-hinge case
(Fig. 5) take a similar shape to the distributions in the one-
hinge case (Fig. 4), but at slightly more acute angles and
narrower distributions for every stiffness apart from ke = 50
kJ mol. More can be elucidated from comparing the three
different simulation cases of a single hinge stiffness. For the
ko = 50 kJ mol simulations, it is evident that the hinge being
adsorbed to a bilayer makes a difference in the angle
distribution compared to when the hinge is in water, but there
is no apparent difference between the one and two-hinge
cases’ distributions (Fig. 6). For the ko = 200 kJ mol*
simulations, the distinction between the hinge-in-water angle
distributions and the distributions of the other simulations is
still present (Fig. 7). However, there is a new distinction
between the one and two-hinge cases that was not present at ko
=50 kJ mol. Compared to the one-hinge case, the angle
distribution is narrower and centered at a more acute average
angle in the two-hinge case. Drawing from the visualizations
in Fig. 4, one recognizable difference between the ko = 50 kJ

mol cases and the other stiffness cases is the lack of



membrane bending in the former. Deformations in the membrane caused by one hinge could be
allowing the other hinge to adopt an angle closer to the 90° equilibrium angle. This could mean

that the two hinges are favorably aligning near each other in the higher stiffness cases.

Analysis of stiff (ko = 200 kJ mol™?) and weak (ko = 50 kJ mol™) hinges as they diffuse
across the membrane (Fig. 8) show that the stiff hinges, once they encountered each other, lined
up and remained together for as long as they were simulated. However, the weak hinges never
seemed to exhibit this behavior. A side view of this same snapshot confirms a lack of curvature
in the membrane with weak hinges adsorbed, but significant curvature in the membrane with stiff

hinges (Fig. 9).
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Figure 9: On the left, two hinges at ko = 50 kJ mol! are unaligned. On the right, two
hinges at ko = 200 kJ mol* have positioned themselves very near to each other, becoming
aligned. After aligning in this simulation, these two hinges never separated. These
systems are simulated using periodic boundary conditions, so the hinges may cross over
from one boundary to the other. This is occuring in the left image, where the hinge can be
seen crossing over the right-side boundary and interacting with the left side of the
membrane patch.
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Figure 8: On the left, two hinges at ko = 50 kJ mol* have induced little to no curvature in the membrane and are unaligned. On
the right, two hinges at ks = 200 kJ mol-* have produced strong curvature in the membrane and are aligned.

To quantify this effect, PMFs over the distance between the two hinges were calculated

for hinges at ko = 50, 125, and 200 kJ mol™. The results are shown below (Fig. 10). While free



energy increases as the distance between hinges decreases in the flexible hinge case (ko = 50 kJ
mol™?), the stiff hinge cases (ko = 125 and 200 kJ mol*) show free energy decreasing as the
hinges move together, indicating that there is an attraction between the stiff hinges when they get

close to one another, but there is
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ks =200
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Figure 10: PMFs between two hinges over distance for kg = 50, 125, and 200 kJ membrane’ but weak hlnges will

mol-normalized to 0 kCal mol-at 9.5 nm. )
not. Moreover, this phenomenon

seems to correspond with the hinge’s ability to induce curvature in the membrane. This coincides
with previous understanding of how membrane particles naturally behave in cell membranes,

sculpting membrane curvature to communicate with and recruit other particles®>*°,

4. CONCLUSION

The ability to incorporate programmable mechanical properties into DNA origami
nanoparticles has already shown its potential in many applications, but the capacity of these
particles to interact with membranes has not yet been explored. We have demonstrated the
ability of DNA origami structures to sculpt membrane curvature in a potentially dynamic
way, based on properties of the structures that can be precisely controlled. We have also

shown that the membrane deformation induced by origami particles can create conditions



that are favorable for their aggregation, similar to natural membrane-sculpting phenomena
within cells. These results imply the potential for a wide range of interesting applications.
Tunable or reversible membrane sculpting using DNA origami could be realized with further
research. In the short term, fruitful studies could include investigating a reversible locking
mechanism for an origami hinge to increase or decrease its stiffness in response to stimuli.
Simulated approaches could also benefit from using a larger model than was used in this
study. The origami hinges developed by Marras et al. were 100 nm wide, while our model
was only 5 nm wide. Exploring the interactions between several of these hinges adsorbed

onto the same membrane would also be an interesting future direction.
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