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ABSTRACT: We present here the combination of experimental and computational modeling tools
for the design and characterization of protein—DNA hybrid nanostructures. Our work incorporates
several features in the design of these nanostructures: (1) modeling of the protein—DNA linker
identity and length; (2) optimizing the design of protein—DNA cages to account for mechanical
stresses; (3) probing the incorporation efficiency of protein—DNA conjugates into DNA
nanostructures. The modeling tools were experimentally validated using structural characterization
methods like cryo-TEM and AFM. Our method can be used for fitting low-resolution electron
density maps when structural insights cannot be deciphered from experiments, as well as enable in-
silico validation of nanostructured systems before their experimental realization. These tools will
facilitate the design of complex hybrid protein—DNA nanostructures that seamlessly integrate the

two different biomolecules.
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INTRODUCTION

The field of DNA nanotechnologyl’2 has made great strides in
bionanotechnology over the past three decades. It relies on
using the predictable Watson—Crick base pairing’ of
oligonucleotides in order to assemble them into desired 2D
and 3D shapes. The nano-objects thus formed have been
utilized for a variety of applications, including molecular
storage,“’S logic gate circuits,6_9 and drug delivery ma-
chines."”"" Despite the tremendous progress the field has
made in the past few decades, the limited chemical
functionality of oligonucleotides has prevented DNA nano-
structures from realizing many behaviors and interactions that
proteins achieve in living organisms. One way to circumvent
this limitation and construct more complex nanostructures—
like “nano-robots” that can interact in a programmable way
with biological systems—is to include functional protein units
on a DNA scaffold. This approach has certain advantages
compared with designin$ structures from amino acids alone:
currently, de novo design'” of protein nanostructures that rival
the complexity of DNA origami is not possible, mainly because
protein self-assembly lacks the predictability and orthogonal
interactions inherent to nucleic acids. The most commonly
used technique to design protein nanostructures revolves
around the software Rosetta,"” but this approach is still limited
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to experts in the field due to its complexity. Hence, despite
impressive achievements in recent years, nanotechnology based
on designed proteins has not yet achieved the level of
versatility, structural complexity, and logic-gated control ability
that has been developed for DNA nanotechnology.'"'®
Methods for the design and characterization of protein—
DNA hybrid nanostructures,'®'” however, still lag behind all-
DNA structure design software like Tiamat,'® CaDNAno,"’
Adenita,” and MagicDNA.>' The design rules for hybrid
nanomaterials have yet to be figured out completely, so most
structures are designed in a heuristic and ad hoc fashion, and
designer software and simulation methods integrating both
DNA and protein nanostructures have only started to be
developed recently.””*” In this work, we aim to provide
efficient tools for the design and verification of hybrid
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Figure 1. Using computational simulations to guide protein—DNA cage design. Elucidating the cryo-EM density map of the empty
tetrahedral origami cage (A) and the origami with the trimeric protein incorporated (B), then using the density map to fit the simulated
models to find the best correlation. (C) Simulating a protein—DNA tetrahedral cage (PDTet) in order to predict the optimal design.

nanostructures in conjunction with experimental character-
ization.

In order to scale up protein—DNA nanostructure design and
synthesis, basic building blocks and model systems still need to
be designed and fully characterized. Designs utilizing DNA-
binding proteins have shown impressive and tantalizing results
in this direction,'” but they severely limit the protein
functionality that can be incorporated into the design. For
example, a given protein of interest would have to fuse to a
DNA-binding domain, which increases the molecular weight
by a nontrivial amount and could affect the presentation of the
final protein if a flexible linker is used. Furthermore, DNA-
binding proteins interact with oligonucleotides in a reversible
manner, so even with dissociation constants in the nanomolar
regime there could be protein detachment under the
nanomolar concentrations used with many DNA origami
nanostructures. We instead focus on chemically conjugating
desired proteins to DNA in a site-specific manner, followed by
hierarchical incorporation of these building blocks into DNA
structures bearing complementary handles. Covalent con-
jugation is generally irreversible, and direct attachment to a
DNA handle allows for a high degree of orthogonality due to
Watson—Crick pairing. Furthermore, DNA strands can be
attached to any point on a protein surface (by introducing a
suitable reactive amino acid), whereas DNA-binding proteins
must be fused to one of the two protein termini.

Understanding the design of these building blocks, and how
they can best form hybrid nanoassemblies, requires us to have
insight into various molecular parameters: (1) the ideal site for
DNA conjugation on the protein; (2) the choice of chemical

bioconjugation reaction used; (3) the flexibility and length of
the small molecule linker between the DNA backbone and the
protein surface. Once a protein—DNA building block has been
synthesized, incorporating it into a hybrid system presents a
distinct challenge. Often, the incorporation efficiency of the
conjugate into the nanostructure is low, and it may not be
immediately clear why this is the case. Possibilities include the
misincorporation of complementary DNA handle sites,
unintended steric and electrostatic clashes, or mechanical
strain experienced by the hybrid nanostructure. To efficiently
synthesize next-generation systems it will be critical to model
the composite, integrated nanostructure, and take into account
the properties of both the DNA and protein components, as
well as the linkers that join them. In order to address these
challenges and work toward design principles for these
nanostructures, we used our recently developed protein—
DNA hybrid model to characterize experimental results and
optimize the design of two protein—DNA cage systems (Figure
1). In particular, we use a trimeric protein—DNA building
block based on the KDPG aldolase building block reported by
the Stephanopoulos lab in a previous report.”’

The ability to construct defined three-dimensional cages
with protein “walls” will yield applications in drug delivery
(e.g., “artificial viruses”), novel vaccine platforms, or synthesis
of enzymatic nanoreactors. Toward this end, we first explored
integrating the KDPG aldolase-DNA conjugate into a
tetrahedral DNA origami cage using three complementary
handles on each of the four faces of the cage (Figure 1A,B).
We chose this system in order to (1) gain structural insights
into protein—DNA hybrids of large size (>14,000 nucleotides)
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by both simulation and experiment, (2) simulate the chemical
linker between the protein and DNA handle and investigate
the flexibility of the origami design, and (3) demonstrate the
applicability of our methods in characterizing DNA nanostruc-
tures by cryogenic transmission electron microscopy (cryo-
EM). Our modeling approaches are based on two tools that we
recently developed: a coarse-grained model of DNA and
proteins, called ANM-0xDNA,** and the OxView design
tool,” originally developed for DNA nanostructures but
since extended to support visualization and editing of
protein—DNA nanostructures.'’ Additionally, we extended
the online simulation server, oxDNA.org26 to support ANM-
oxDNA simulations and performed many of the simulations in
this paper as part of that service, which we make freely
available to the community for in-silico testing and verification
of protein—DNA hybrid designs. We first designed a DNA
origami tetrahedral cage with four available triangular void
spaces for incorporating the KDPG aldolase-DNA conjugate
(Figure 1A,B). This cage was characterized by cryo-EM to
obtain an electron density map by single-particle reconstruc-
tion, and the density was fit with a mean structure obtained
from coarse-grained simulations to verify that our models can
correctly capture the hybrid nanostructure shape and structure.

In parallel, we applied our simulation model to a different
assembly: a tetrahedral protein—DNA cage, with the aldolase
capping a wireframe structure with six edges of four DNA
helical turns each. We term this structure the protein—DNA
tetrahedron (PDTet) (Figure 1C). This structure formed with
only modest yield in our initial publication reporting its design
and synthesis.”> We thus asked whether the simulation could
provide insight into this low efliciency and suggest
modifications to the structure design that would improve
successful formation. Crucially, this system could also probe
whether our computational model could be applied to hybrid
nanostructures where, unlike the larger origami cage, the
protein comprises a significant fraction of the assembly. We
especially note that with PDTet, the final structure does not
form in the absence of the protein vertex, and the
homotrimeric protein—DNA conjugate is necessary for helping
“fold” the triangular base into a wireframe cage. We simulated
different PDTet structures with a varying number of unpaired
polythymidine residues at the vertices of this nanostructure
and experimentally optimized the yield of structure formation
(as visualized by AFM) by tuning the flexibility at these sites.

RESULTS AND DISCUSSION

To probe the assembly of the hybrid protein-origami cage, we
first synthesized the homotrimeric aldolase protein—DNA
building block (PDNA) according to the previous report”™ and
as described in the Methods section below. With this purified
building block in hand, we proceeded to attach it to the four
sides of the tetrahedral origami cage.

Design and Synthesis of the Tetrahedral Origami
Cage with PDNA Incorporated. The origami cage was
designed using the software Cadnano,” with each arm
consisting of 10 helices arranged on a honeycomb lattice.
We opted for a tetrahedral geometry in order to avoid the
preferred orientation problem that often hinders single-particle
cryo-EM reconstruction.”” The details of the origami design
can be found in Figure S7. Each side was designed to have a
length of 35 nm. The handles for the incorporation of the
PDNA were positioned in such a way that one conjugate
would bind onto each of the four faces of the tetrahedron,

giving a maximum of four aldolase trimers per structure. In
designing this nanostructure, we incorporated flexibility at the
vertices of the tetrahedral cage by introducing polythymidine
linkers (S to 11 dT residues) to promote efficient formation.
These samples were subjected to agarose gel electrophoresis
(AGE), followed by excision of the desired band, elution of the
origami, and verification of its structure by negative-stain EM
(Figures S7 and S8). From the AGE analysis (Figure S7C), we
concluded that the 11T version gave the best yields, so the rest
of our studies were performed using this version of the cage.
After visual confirmation by negative-stain EM, the purified
origami cage was plunge-frozen (sections S2 and S3) and
characterized by cryo-EM (Figure 2A). Images were processed

Figure 2. Cryo-EM reconstruction of tetrahedral origami cages.
(A) Schematic of the empty origami cage. (B) Schematic of the
origami cage incorporating PDNA. (C) Cryo-EM reconstruction of
(A) at 26 A. (D) Cryo-EM reconstruction of (B) at 28 A.

(section S4 and Figure S10) using RELION 3.0 (Figure 2C).
After characterizing the empty cages, we proceeded to probe
the formation of the cage incorporating PDNA.

The PDNA-bearing cages (Figure 2B) were synthesized as
described in section S2. The samples were first characterized
by negative-stain EM and then by cryo-EM (Figure S11) as
before. The resulting reconstruction (Figure 2D, Figure S11)
shows a clear electron density in the center of each face,
supporting the incorporation of protein into the tetrahedral
frame. These maps were later used to validate the ability of our
coarse-grained model to correctly capture the experimentally
determined structure.

Simulation Development for Protein—DNA Hybrid
Systems. To characterize the cages with the PDNA
incorporated, we developed a molecular simulation pipeline.
Our ultimate goal is to provide tools and methods that aid in
the nanostructure design and validation process in silico, thus
speeding up the development of novel designs, as well as
offloading part of the process to computational modeling.
Ideally, one would like to simulate and model protein—DNA
hybrids at atomistic resolution. However, the system sizes (up
to several tens of thousands of base pairs) and long time scales
required for the characterization of such nanostructures
present an enormous challenge. As a result, coarse-grained
models have become increasingly more popular in nucleic acid
nanotechnology. We used a recently introduced protein—DNA
hybrid model,”* based on the oxDNA coarse-grained model of
DNA.”*7*! This model was previously used to study a wide
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Figure 3. (A) Schematic of PDNA incorporation in simulation models, using the empty cage mean structure at low temperature (113 K). (B)
Atomic model of the DBCO-NHS ester linker, which is represented by a spring potential in the simulation. (C—F) Mean structures of
origami bearing 1—4 PDNA building blocks, respectively, at low temperature conditions. Panel F includes a second view of the model with 4

PDNA incorporated so that the bottom protein is visible.
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Figure 4. PDNA effect on cage flexibility. Difference in RMSF between the column model (red index denoting the number of PDNAs
incorporated) and row model (black index denoting the number of PDNAs incorporated). RMSF differences are calculated as the column
model RMSF minus the row model RMSF. Differences are displayed on the simulation mean structures of the row index with (A) being the
relative differences in RMSF between all high temperature (300 K) simulation models and (B) being the relative differences in RMSF
between all low temperature mean structures (113 K). The incorporated PDNA is not shown in the mean structures, as the RMSF was
calculated only using the DNA component of the DNA—protein hybrid nanostructure.

range of DNA nanostructures and devices and could reproduce
their thermodynamics, mechanical properties, and ki-
netics.”* 7" To incorporate proteins, the oxDNA model was
extended with an Anisotropic Network Model®” (ANM) that
represents the polypeptides as beads connected by springs,
parametrized to per residue fluctuation data—i.e., crystal B
factors or a fully atomistic simulation trajectory—in order to
capture the basic fluctuations and flexibility of the protein.
Using the ANM-0xDNA model, we investigate how differences
in protein incorporation and spacer length affected the
mechanical properties of the DNA nanostructures and
compared our results to those obtained experimentally.
Simulation of the Tetrahedral Origami Cages. The
Cadnano design of the DNA origami was first converted into
oxDNA using tacoxDNA®” and further modified using our
design tool oxView,” which was extended to also support

protein representations for nanostructure design.'” Modifica-
tions were made to include 11T spacers at the origami vertices
and to add handles for the incorporation of the PDNA. Five
different simulation models were made by first parametrizing
an ANM to the PDNA protein KDPG and subsequently
adding the ANM to each model according to its PDNA
incorporation. To finish the preparation of the simulation
models the ANM was parametrized, the linker was introduced,
and the simulation topology relaxed as stated in the Methods
section. Ten total simulation systems were prepared using each
of the five models with different PDNA incorporation at 1 M
salt concentration with two different temperatures: (1) 300 K
(“high temperature”) and (2) 113 K (“low temperature”).
Figure 3B shows the atomic model of the DBCO-NHS ester
linker represented by a spring potential. Figure 3 panels A and
C—F show the mean structures for the different PDNA-bearing
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tetrahedral cages at low-temperature conditions. For our
production simulations, each of the ten systems was simulated
for 1 X 10° molecular dynamic simulation steps or
approximately 3 ys.

Simulation Results for the Tetrahedral Protein
Origami Cage. To characterize the differences between
systems with different numbers (1—4) of protein trimers
incorporated, we first analyzed the effect of adding PDNA on
the origami cage flexibility, given that the protein trimer
effectively cross-links the three arms of the face it binds to. By
comparing the root mean squared fluctuations (RMSF) of each
model’s identical DNA cage, we can see how the addition of
the PDNA to the system affects the flexibility of the tetrahedral
cage at the individual nucleotide level.

Figure 4 depicts the difference between the RMSF values for
each pair of simulation models with differing number of PDNA
incorporation, calculated per nucleotide as the column model’s
RMSF minus the row model’s RMSF. Both the mean structure
and RMSF of each model’'s DNA cage were averaged over the
simulation trajectory using the oxDNA analysis tools.”* Higher
(red) values indicate an increase in flexibility in the structure,
while lower (blue) values indicate an increase in rigidity. In
both conditions (high and low temperatures) the PDNA
caused a clear decrease in the RMSF values of the arms with
occupied handles. The decrease in RMSF corresponds to a
local increase in rigidity, arising from the cross-linking by the
PDNA (via the DNA handles) of the scaffold of the DNA
origami. However, the addition of each subsequent PDNA
introduces additional pulling forces on the adjacent faces,
resulting in an increase of flexibility in arms that have both
DNA handles bound by PDNA building blocks. This perhaps
counterintuitive result can be explained by the pulling forces of
the proteins disrupting some of the stacking interactions along
the ten-helix bundle arm, thereby causing an increase in
flexibility.

Beyond RMSF, differences in the mean structures suggest
that the PDNA has a rigidifying effect on the face of the DNA
cage to which it is attached. The mean structure for four
PDNAs incorporated shows a significant change in the origami
curvature, as evidenced by its straighter arms relative to all
other mean structures. Figure 3 panels A and F depict the
mean structures of the bare origami and the four-PDNA mean
structures at low-temperature conditions, where the largest
difference in curvature can be observed.

Mean structures from each simulation trajectory were
compared to the experimentally generated cryo-EM maps of
the tetrahedral cage and PDNA-incorporated tetrahedral cage
with the resulting fits shown in Figure 5. The mean structure
files were stripped of their protein and DNA handles to avoid
biasing the fitting, and the structures were exported from a
coarse-grained nucleotide-level representation to a fully
atomistic PDB format. Using UCSF Chimera,™ the volume
maps of the mean structures were generated from the atomic
coordinates and fit to the experimental cryo-EM maps at 27 A
for both cryo-EM maps.

The generated density from the atomic model (translucent
pink in Figure S) closely fit the experimental maps (blue in
Figure 5). The PDNA density in the cryo-EM map matched its
position in simulation and confirmed the PDNA incorporation.
These results corroborate that our coarse-grained model can
indeed fit the cryo-EM map. We then analyzed the fittings to
determine whether the slight differences in curvature between

Figure S. Fitting cryo-EM maps with mean structures obtained
from the simulations at 300 K. The densities generated from the
mean atomic models at the same resolution as the cryo-EM map
are shown in translucent pink and the cryo-EM map itself shown in
purple. Each subfigure depicts three views of the same fitting. (A)
0 PDNA fit to empty cage. (B) 1 PDNA fit to empty cage. (C) 2
PDNA fit to empty cage. (D) 3 PDNA fit to empty cage. (E) 4
PDNA fit to empty cage. (F) 0 PDNA fit to filled cage. (G) 1
PDNA fit to filled cage. (H) 2 PDNA fit to filled cage. (I) 3 PDNA
fit to filled cage. (J) 4 PDNA fit to filled cage.

the cryo-EM maps could indicate the preferred level of
incorporation of PDNA into the system.

Unfortunately, the resolution of the obtained cryo-EM map
of the hybrid nanostructure was not sufficient to distinguish
the difference between the models with different number of
PDNA incorporated. The bulk assay, and low-resolution nature
of the cryo-EM maps, combined with the subtle differences
between models, made it impossible to determine a preference
for PDNA incorporation from minor deviations in curvature.
The correlation coefficients for fitting and associated images
for both the filled and empty cryo-EM maps are available in
section S8.

Fluorophore Assay for Determining the Number of
Proteins per Cage. Because our reconstruction was
performed with a small data set and was reconstructed with
a tetrahedral symmetry, we wanted to probe PDNA
incorporation in a cost-effective and more dispositive way
than cryo-EM experiments. For this we carried out a
fluorophore-based assay, wherein the PDNA was synthesized
using a DNA handle with a FAM dye at the S’ end (Figure 6A)
and the origami structure included a CyS dye. Then we
proceeded to use fluorescence to elucidate the average number
of proteins bound to the tetrahedral frame.

For this, we first obtained a calibration curve using known
concentrations of the CyS handle strand and a FAM-labeled
PDNA (Figure 6C). We made sure to perform these
experiments using double-stranded DNA-dye conjugates to
better match the experimental system, where the protein is
attached to the cage through hybridized handles. We then
made our PDNA-incorporated tetrahedral cage as before and
obtained emission values for this sample at the respective
emission wavelengths (Figure 6B). We used the calibration
curves to obtain the concentrations of the sample, yielding
values of 3.59 nM for the tetrahedral frame and 11.33 nM for
PDNA, corresponding to ~78.9% protein incorporation
(assuming four possible proteins), or ~3 proteins per cage
on average.

We next turned to a different nanostructure, where PDNA is
used as a structural building block. PDTet (Figure 1C) was
chosen for this purpose for several reasons: (1) PDNA act as a
critical structural building block to form a closed nano-
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Figure 6. Fluorophore assay. (A) Schematic showing the design of

the assay. (B) Fluorescence spectra of the PDNA-FAM and

origami-CyS. (C) Calibration curve obtained from using known

concentrations of double stranded DNA-dye conjugates (either

FAM or CyS5).

structural cage, and (2) experimental characterization of the
system can be realized using AFM, a technique less time and
cost intensive than cryo-EM. We started out by simulating
different PDTet structures (Figure 7) having a varying number
of polythymidines at the vertices of the nanostructure.

Simulation-Based Predictions of PDTet Assembly
Yield. The experimental yields of hybrid DNA—protein
nanostructures rely on a number of factors, many of which
are system-specific. For our PDTet cage system, a key concern
is the flexibility of the DNA cage arms—i.e., their ability to
bend upward and form base pairs between the handles on the
PDNA—and the resulting strain on the DNA cage when the
structure is fully formed. By assessing these features, we aimed
to predict the relative yields of each cage design as we
introduced unpaired thymidine residues at the three vertices of
the triangular DNA base structure.

Simulation files of the protein—DNA cage were prepared by
first converting the Tiamat design of the origami cage with 3T

50 100 150
Angle (degrees)

Figure 7. Simulating PDTet cages with varying linkers at the
corners. (A, B) Two views of the aligned mean structures for cages
with 1T, 2T, 3T, and 4T spacers, superimposed on one another.
Arrows in (B) indicate the location of the thymidine spacers, and
the circle in (B) indicates the nick point for the 1T and 2T models.
(C) Depiction of angle measured across the nick point (Figure
S12A). (D) Angle distribution in (C) across all four simulation
trajectories.

spacers at the vertices into oxDNA via TacoxDNA.>
Variations of this same cage with a different number of T
spacers were created and relaxed (Methods) using oxView. All
versions of the cage were simulated using molecular dynamics
(1 X 10° steps; ~3 ps) at 300 K with 1 M salt concentration.
Each cage was also simulated while attached to the same high
temperature ANM representation of the aldolase protein used
for the larger tetrahedron.

The aligned mean structures show significant differences in
the DNA cage curvature depending on the number of T
residues in the spacers in the vertices (Figure 7A,B). At the site
of the nick in the base of the DNA cage, the 1T and 2T
structures show a bend in one arm (Figure 7A—C), which is a
mix of bent and straight arm configurations in the mean
calculation. As more T residues are introduced into the
spacers, the bent arm configurations are visited less often.
Measuring the angle distribution between one side of the
nicked helix to the other side of the nicked helix (Figure 7C)
over the entire simulation trajectory illustrates the topological
differences between varying the number of T spacers (Figure
7D). The configurations in Figure 7D with angles from 100 to
180° are considered “straight-arm” configurations, whereas
angles 20—90° are considered “bent-arm” configurations. The
key difference between the two populations is the ability of the
nucleotides across the nick to maintain a coaxial stacking
interaction. The disruption of this interaction is caused by
mechanical strain induced on the base from the incorporation
of the PDNA and the geometrical restrictions it imposes on the
final hybrid structure.

Measuring the average energy of the two nucleotides before
and after the nick in the DNA structure (section S7 Table S3)
and comparing to simulations of the DNA structure without
the protein—i.e., the triangular base with the single-stranded
complementary arms (section S7 Table S4)—elucidate an
energetic penalty stemming primarily from the disruption of
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Figure 8. Experimental characterization of four-turn protein—DNA tetrahedral cages. (A) Schematic showing the formation of the hybrid
nanostructure by the addition of the PDNA, including the location of unpaired poly dT residues (shown in red). (B) Native PAGE analysis
of the open and closed tetrahedrons with varying number of poly dT residues, alongside controls of the single and double stranded versions
of the PDNA. The PDNA is hard to visualize when the handles are single-stranded (lane 2), so the complementary strand was added to
improve the staining (lane 3). (Lane M: 100 bp dsDNA ladder). (C) Schematic versions of the PDTet cages (1T, 2T, 3T and 4T) with their
zoomed in detail showing the variations at the vertices. Below each image are AFM images to illustrate hybrid structures. (D) Bar plot of the
percentage of well-formed PDTet cages, as analyzed from AFM images (with and without particles W means the with/without the inclusion
of ambiguous particles as described in section S3 and Figures S21—24).
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the coaxial stacking and hydrogen bonding of the nucleotides
at the nick in the bent configurations. The trend in energy
(section S7 Table S3) demonstrates that adding more dT
nucleotides to the spacer mitigates this energetic penalty.
However, the 3T model had more slightly more favorable
coaxial and cross stacking interactions than the 4T model
Energy differences averaged over the T spacer nucleotides in
each model were also examined. The same trend—i.e., lower
average energy with increased length of T spacers—was
observed, with the primary cause being a more favorable
stacking interaction (S7 Table S1). This trend was not
observed in simulations of the triangular base alone (S7 Table
S2).

Overall, the aligned mean structures and energetic penalties
incurred by the T spacer and nick nucleotides indicate that the
strain in the structure decreases with increasing T spacer
incorporation. From the above analysis, we can hypothesize
that the 3T and 4T variants will have higher relative assembly
yields, as they avoid the energetic penalties of the 1T and 2T
variants. The slightly less favorable energy at the nick point
(Figure S12A) of the 4T variant could indicate that this species
will not form as well as the 3T.

To further explore the positional dependence (by individual
arm) of T spacer incorporation, two sets of asymmetric cages
were designed. One set of asymmetric systems was created by
holding the arm across from the nick point constant as a 2T
spacer and varying the T spacers in the other two arms of the
DNA cage to have either 1T, 3T, or 4T spacers. Respectively,
these designs were named 1.1, 1.3, and 1.4. The second set of
asymmetric systems was created by holding the two arms
attached to the nick point constant at 2T spacers and varying
the T spacer amount of the one arm across from the nick point
to have either 1T, 3T, or 4T spacers. Respectively, these
designs were named 2.1, 2.3, and 2.4. All six asymmetric
designs were relaxed, equilibrated, and simulated using the
same exact methodology as the symmetric cages.

Figure SS depicts the mean structures and accompanying
nick point angle distributions for all six designs. As expected,
the nick angle distribution is significantly affected by altering
the two arms attached to the nick point and much less so for
altering the arm across from the nick point. Raising the T
spacer content of the two arms attached to the nick results in
the cage visiting a bent configuration less often with a lower
average energy at the nick due to more favorable stacking,
cross stacking, and coaxial stacking interactions (Table S6).
Alternatively, raising the T spacer content at the arm across
from the nick point resulted in a marginally larger population
of bent configurations and less favorable stacking, cross
stacking, and coaxial stacking interactions at the nick (Table
S10).

Assessing the average energy of the T spacers in the
individual arms reveals some interesting trends. In designs that
varied the two arms connected to the nick point, the left arm’s
(when viewed with the nick point in front and arm held
constant in the back) average energy stays very similar across
designs due to compensatory effects of a more favorable
stacking interaction but less favorable cross stacking and
coaxial stacking interactions (Table S8). The right arm’s
average energy has the same trade-off of stacking vs cross
stacking and coaxial stacking interactions but has a significantly
lower average energy due to a stronger stacking interaction
(Table S9). The T spacers in the arm across from the nick
(held constant at 2T spacers) showed a more favorable

stacking interaction with increasing T spacers in the other 2
arms (Table S7). In designs that held the two arms connected
to the nick constant, the left and right arms showed almost
identical trends of a slightly more favorable stacking interaction
with increasing T spacer number in the arm across from the
nick (Table S11 and S12). The arm with the increased number
of T spacers, however, showed no clear pattern in the average
energy. Though not tested experimentally in this work, we
would expect similar yields to their symmetric cage counter-
parts, in designs that hold the arm across from the nick point
constant. Conversely, designs with two 2T arms and altering
the arm across from the nick point may result in poorer yields
compared to the symmetric 2T cage due to the slight
promotion of bent configurations with increasing T spacer
nucleotides in the altered arm.

Experimental Validation of T Spacer Effect on
Protein—DNA Cage Assembly. Given the simulation
predictions above, we sought to probe the effect of the dT
linker on cage assembly via experiments. To form the cages, we
first mixed the component oligonucleotide strands and
assembled the triangular DNA structures with varying linkers
(1T, 2T, 3T, and 4T), without the PDNA attached to it, as
described in Supporting Information section S2. We
characterized the system by native PAGE, extracted the band
of interest and confirmed that the triangular structure formed
via AFM, as shown in Figures S13—16. We then added the
aldolase PDNA to these triangular structures, annealed them as
described in section S2, and analyzed again by native PAGE
(Figure 8B). The bands showed a significant shift from their
open counterparts, indicating successful formation of the
protein—DNA tetrahedral cages. To confirm nanostructure
formation, we visualized the samples via AFM, examining both
the crude samples (Figure S17—20) and the samples after gel
extraction of the desired band (Figure 8C). Similar to the
previous report,”” we saw a varying fraction of cages that
clearly corresponded to the four-turn tetrahedron with a
protein vertex. We manually counted structures in the AFM
images to determine the approximate yields of cage formation
(Figures S21—24), with the results plotted in Figure 8D. It was
apparent that the 3T version formed the best with a yield of
67.8% (or 78.6% if we include particles that may be cages but
could not be unambiguously assigned as such in the images).
The 4T version was the next best at 58.6% (68.67%), followed
by a significant drop in yield for the 2T version at 34.11%
(45.29%) and 1T at 32.3% (43.08%). This result tracks well
with the predictions from our simulation and suggests that
coarse-grained modeling can indeed be used to probe the
relative stability of various protein—DNA nanostructure
designs. We suggest that this interplay between simulation
and experiment will be especially critical for more complex
protein—DNA nanostructures, and guide the choice of DNA
sequence/length, linker design, site of protein—DNA con-
jugation, and choice of protein building block.

CONCLUSIONS

In this work, we successfully elucidated a low-resolution cryo-
EM density map for the tetrahedral DNA origami cage, both
with and without the PDNA attached to it. We simulated
models ranging from zero to four proteins in the origami cage
and fit our experimental data to this model. Although the
correlation factors could not give us an exact insight into the
incorporation efficiency, we could determine an average
number of three proteins per cage using a fluorophore assay.
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We also simulated protein—DNA hybrid wireframe cages and
found that the mechanical strain in the DNA wireframe
nanostructures after the PDNA incorporation plays a critical
role. Future hybrid nanostructure designs can be guided by our
coarse-grained model, e.g.,, by suggesting linker incorporation
(such as unpaired thymidines), changing the DNA handle
length, or selecting a different protein building block in order
to minimize these strains. In this way, the simulations can
reduce the number of designs that have to be tested
experimentally, as well as reveal shortcomings of the initial
design that might not be trivial to solve by simple trial-and-
error experimental design.

Going forward, the computational model can be improved
by more explicitly incorporating protein—DNA interactions
(e.g., electrostatics), as currently our tools rely solely on user-
specified interactions, like a linker attaching the protein to the
DNA. However, given the presence of cationic patches on
many proteins, nonspecific electrostatic interactions with DNA
could play a role in more complex designs. Proteins could also
have unintended interactions with DNA through the presence
of hydrophobic patches, which could for example interact with
the blunt ends of helices or nick sites in DNA duplexes.
Furthermore, sequestering multiple proteins in close proximity
on a DNA nanoscaffold could result in enhanced, nonspecific
aggregation between them due to the high effective
concentration. Nevertheless, despite these limitations, we
have demonstrated a protein—DNA simulation tool that can
guide the design of hybrid nanostructures, including the
explicit incorporation of linker models. We foresee the use of
this model in designing a range of protein—DNA nanosystems,
especially when the protein plays a key structural role in the
final assembly. The script to convert PDNA structures from
oxView to PDB format is available at https://github.com/
lorenzo-rovigatti/oxDNA/tree/master/analysis, along with
tools to produce mean structures and quantify their flexibility.
Furthermore, we have made the ANM-0xDNA model freely
available on our public GPU Web server, oxDNA.org, to make
this resource easily accessible to the bionanotechnology
community. The interactive design that supports design of
DNA and protein nanostructures, as well as setting up ANM-
oxDNA simulations, has been implemented in oxView tool,
available at oxview.org and https://github.com/sulcgroup/
oxdna-viewer. The structures designed in this work are
availa?éle in nanobase.org, an online repository of nanostruc-
tures.

METHODS

Synthesis of KDPG Aldolase Protein—DNA Building Blocks
(PDNASs). As previously reported,”® the PDNA was synthesized by
expressing and purifying KDPG aldolase protein containing the
noncanonical amino acid 4-azidophenylalanine (azF) at position 54
(the ES4(azF) mutant). The purified KDPG aldolase was conjugated
to a 21-base single-stranded DNA (ssDNA) strand via strain-
promoted azide—alkyne click chemistry. The dibenzylcyclooctyne-
(DBCO) modified DNA was synthesized by conjugating an amine
modified DNA strand with a DBCO-sulfo(NHS) ester conjugation as
previously reported.'” This conjugate was used for both the
tetrahedral cages reported here. The same procedure was used for
synthesizing the FAM-modified PDNA as well (described in the
fluorophore assay section), where the strand used for conjugation to
the protein was purchased from IDT having a FAM modification at
the 5’ end. The sequence of the strand attached to the protein is (5’
to 3'):(SAmMC6)TGAGTTCCGTCAGGTCTGCTC.

Parameterization of KDPG Aldolase Anisotropic Network
Models. To approximately mimic the long-term dynamics of the

protein for both sets of simulation conditions, two Anisotropic
Network Models (ANMs) were parametrized. An ANM starts from a
single configuration, usually the native state of the protein. Each ANM
contains two free parameters: the cutoff distance (within which
residues are connected by a harmonic potential) and the global force
constant (used in all harmonic potentials). The low temp (113 K)
ANM was linearly fit to the crystallographic B factors of the trimer
KDPG aldolase PDB file (IWA3) at a cutoff of 13 A and a global
force constant of 15.039 pN/A. Comparison between the crystallo-
graphic B factors and the calculated B factors of the ANM match
closely at 100 K (section 6). Since B factors are collected at low
temperature and electron microscopy model B factors have been
shown to be meaningless,* our high temperature (300 K) ANM
required high resolution simulation data. To this end, PDB file IWA3
was used to generate a CHARMM model of our protein for a fully
atomistic simulation. Our simulation system files were generated using
CHARMM-GUI** with the CHARMM-36 force field*® and TIP3P
water molecules. After relaxation and equilibration, our system was
simulated for 10 ns at 300 K using GROMACS.”” The B factors of the
C-Alpha carbons from our fully atomistic simulation were then used
to parametrize our high temp ANM at a cutoff of 13 A and a global
force constant of 15.982 pN/ A. The fully atomistic B factors from
simulation and the calculated B factors of the high temp ANM fit well
at 300 K (section 6).

Linker Parameterization. The DBCO-based linkers used
experimentally to conjugate the KDPG aldolase to DNA were
previously modeled by fitting the length distribution observed in the
fully atomistic simulation of the linker to a spring potential.”> A
molecular schematic of the linker and the spring potential parameters
are included in section S7.

Relaxation Procedure. First all linkers and ANMs were added to
each simulation topology via the oxView design tool. Each system was
then exported for simulation and subjected to a short Monte Carlo
sampling (to remove any excluded volume clashes) and then a MD
simulation (1 X 10° steps) with external forces enforcing the designed
DNA base pairing to relax each structure into the ANM-oxDNA force
field. Another MD simulation (1 X 10° steps) was performed without
the forces enforcing the DNA base pairing to allow each system to
equilibrate.
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