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ABSTRACT: DNA nanostructures have emerged as promising
nanomedical tools due to their biocompatibility and tunable
behavior. Recent work has shown that DNA nanocages decorated
with organic dendrimers strongly bind human serum albumin
(HSA), vet the dynamic structures of these complexes remain
uncharacterized. This theoretical and computational investigation
elucidates the fuzzy interactions between dendritically function-
alized cubic DNA nanocages and HSA. The dendrimer—HSA
interactions occur via nonspecific binding with the protein
thermodynamically and kinetically free to cross the open faces of
the cubic scaffold. However, the rigidity of the DNA scaffold
prevents the binding energetics from scaling with the number of
dendrimers. These discoveries not only provide a useful framework
by which to model general interactions of DNA nanostructures
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complexed with serum proteins but also give valuable molecular insight into the design of next-generation DNA nanomedicines.

B INTRODUCTION

Nanomedicines' ~° utilizing DNA nanomaterials’~"” (dimen-
sions <100 nm; abbreviated DNs) have garnered significant
attention due to their highly tunable biomolecular interactions.
Predictable structural motifs, such as base pairs, hairpin loops,
and G-quadruplexes, enable rational design of diverse and
complex two- and three-dimensional topologies. DNs may also
incorporate non-nucleic modifications'® to further enhance
their therapeutic effects."”™> Efforts in DNA nanomedicine
span all stages of the therapeutic process,”*' especially in
targeted drug delivery, serving as the therapeutic agent and/or
as a nanocarrier.””** DNs offer strategic advantages over non-
nucleic nanotherapeutics, but img)roving their stability in vivo
and in vitro is still crucial.”****~* In particular, inhibiting
enzymatic degradation of DNs by nuclease enzymes is a major
challenge in developing practical DNA nanomedicines.***>*®

Various strategies to protect DNs against enzymatic
degradation have been discussed in the literature.”>* =’
Obstruction of potential endonuclease and exonuclease
binding through the formation of a protective shield represents
one promising strategy’~ and has been successfully demon-
strated using polyethylene glycol (PEG) and PEGylated
polymers.”>"** However, safety concerns regarding PEGyla-
tion are growing due to potential adverse effects, including
hypersensitivity and accelerated blood clearance.”***™%® An
emergin%g_e;llternative is to conjugate DNs with serum
proteins. However, the design of viable nanostructure—
protein conjugate pairs involves substantial trial and error,
further complicated by difficulties in characterizing the

© 2023 American Chemical Society
7873

7 ACS Publications

complex nanoscale interactions. To rationally design DNs as
nanomedicines, it is necessary to obtain a comprehensive
understanding of their structural organization and interactions
with relevant biomolecules.”"””> Molecular modeling can close
this gap by revealing how a DN’s size, topology, and non-
nucleic modifications impact key nano—Dbio interactions, which
may be refined for greater stability, specificity, bioavailability,
and immunogenicity. Elucidating these interactions at atom-
istic resolution will ultimately aid in translating DNA
nanomedicines from in vitro to in vivo applications.

In this work, we studied the nano—bio interactions of DNA
C, nanocages (n € {4,8}, the number of dendritic alkyl
decorations) (Figure 1), first synthesized by Sleiman et al.”” for
the high-affinity association to human serum albumin (HSA).
HSA is the most abundant protein in human blood
(concentration 0.53—0.75 mM’®) with a circulatory half-life
of 19 days.”* It is therefore used commonly to enhance the
efficacy of small-molecule and nanomaterial therapeutics.”*~*
Seminal work from Sleiman et al. demonstrated that
decoration of the C, nanocages with dendritic alcohol-
terminated alkyl chains (so-called D1 dendrimers) resulted in
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Figure 1. (A) Illustration of the DNA nanocage structures studied in this work. Each cage comprises four DNA strands or “cube clips”, each
containing 80 bases and four flexible linkers. Each side of the cage has 20 residues (~10 nm) linked consecutively by four thymine residues (shown
as orange dots), while the S’ and 3’ ends remain open. This produces a cage with four hybridized pillars, with eight single-stranded connecting
edges on the top and bottom. The pillars are double stranded, while the single-stranded connecting edges become double stranded upon
complementary D1-ssDNA binding. Hybridization of the D1-ssDNA strand to connecting edges of the cubic DNA cage scaffold creates a C, cage,
where C represents the cubic shape, and 7 is the number of hybridized D1-ssDNA on one (n = 4, C, cage) or two (n = 8, Cq cage) faces. For the Cq
construct, all edges are hybridized, while only the top edges are hybridized for the C, construct, leaving the bottom edges unhybridized. (B) Initial
models of the C, or Cq cages in complex with HSA either in or out of the cage, constructed by DNA-BACon, our program to build atomistic
models of DNA nanostructures (see SI for details). The HSA protein is colored lavender, ssDNA dark red, thymine linker light magenta, C and P
atoms of DI orange, and O atoms of D1 red. Nonpolar hydrogens have been omitted for clarity.

HSA binding at nanomolar affinity (K; = 5—41 nM).”" It was
also shown that these DNA/HSA complexes possess enhanced
stability in fetal bovine serum (FBS) compared to dendritic
DNA (D1-ssDNA, Figure 1A) as reflected in an increase in the
half-life from ~30 min to over 20 h. Unlike other nanoma-
terials known to form protein coronae,81 these nanocages
maintained a 1:1 binding ratio with HSA.”° Increasing the
number of dendrimers on the nanocage from four (named C,)
to eight (named Cg) leads to a small improvement in the K, of
the complexes but a significantly longer half-life.

B RESULTS AND DISCUSSION

Maximized HSA—Dendrimer Contacts Are Found
with the Protein in DNA Cages. Aided by DNA-BACon,
our original program to build all-atom models of DNA
nanostructures, we generated six models for C, and Cg
nanocages: three with HSA inside the cage (C,-in) and three
with HSA outside the cage (C,-out). Each construct was
simulated for 100 ns in SPC water with 15 mM Mg** and the
number of Na* ions needed to neutralize the unit cell charge
exactly. To analyze the C, (Figure 2) and Cg (Figure 3)
simulations, we define one HSA—nanocage contact as the
contact between the dendrimer (D1) and HSA within 4.5 A
(heavy-atom distance). Many D1-HSA contacts formed
within 50 ns, consistent with the experimental affinity trends.”’
Our contact counts consider the final 20 ns of each trajectory,
over which averages remained stable with fluctuations of +10%

(Figure S1).
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The most significant difference between the C,-in and C,-
out trajectories was the number of simultaneously bound D1
dendrimers. The C,-out constructs have 2 to 3 dendrimers
bound to HSA, while the C,-in constructs have 3 to 4 (Figure
2A). Thus, although an individual bound dendrimer interacts
similarly with HSA in both C,-in and C,-out trajectories
(Figure 2A), 25% more total contacts form between HSA and
dendrimers in the C,-in model than in the C,-out model. This
distinction was also observed when comparing the Cg-in and
Cg-out trajectories (Figure 3). As one might expect from these
contact counts, additional C, simulations (discussed below)
suggest that the complexes with HSA inside the cage have
slightly lower free energy than complexes in which HSA resides
outside the cage.

Next, C, models were compared to Cg models. In our
simulations, despite all eight D1 dendrimers initially being
positioned to encourage interaction with HSA in the Cg-in
constructs (Figure 3B), no more than five dendrimers are
bound at any time (Figure 3A). Moreover, we did not observe
the simultaneous binding of four dendrimers from the same
face of the nanocage in any Cg-in trajectory. This observation
follows a “3 + 2” rule: at most, only three ligands from one face
and two from the opposite face may be simultaneously bound.

In contrast to the Cg-in models, the C4-in models supported
binding of all four dendrimers from one face of the cage to
HSA (Figure 2). To further investigate, we simulated a
construct in which HSA was placed within a Cq cage, but only
four dendrimers from a single face were favorably positioned to
encourage binding, while the other four dendrimers were
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Figure 2. (A) Average number (+standard deviation) of contacts per bound dendrimer over the last 20 ns for all three C, cage systems. Three
constructs with different HSA orientations were simulated for 100 ns for the Cy-in or C4-out models. The contact analysis counts the contacts
between D1 and HSA in the final 20 ns, using a heavy atom distance cutoff of 4.5 A. Figure S13 illustrates our choice of cutoff distance. The inset
value (at the bottom of each bar) represents the number of dendrimers bound (>1 contact) within the final 20 ns of the simulation. See Supporting
Information for a description of the contact counting methods. (B) Snapshots at 0, 50, and 100 ns of two representative simulations. Solvent and
counterions are hidden for clarity; representations are colored identically to Figure 1.
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Figure 3. (A) Average number (+standard deviation) of contacts per bound dendrimer over the last 20 ns for all three constructs of the Cg cage
simulation. Three constructs with different HSA orientations were simulated for 100 ns for the Cg-in or Cg-out models. The contact analysis counts
the contacts between D1 and HSA in the final 20 ns, using a heavy atom distance cutoff of 4.5 A (same as Figure 2). The inset value represents the
number of dendrimers bound (>1 contact) within the final 20 ns of the simulation. (B) Snapshots at 0, 50, and 100 ns of two representative

simulations. Solvent and counterions are hidden for clarity.

pointed away from the center of the cage (Figures S2A). This
model, named Cg-in*, is analogous to the C,-in model except
that its bottom face is fully hybridized with DI-ssDNA.
Analysis of these simulations reveals a significantly decreased
number of total interactions between the D1 dendrimers and
HSA (Figure S2B), with no more than two dendrimers
simultaneously bound. Thus, we propose that the "3 + 2"
phenomenon arises, at least in part, from the greater energetic
cost of deforming the more extensively hybridized C; DNA
nanocages such that all four dendrimers from one face interact
strongly with HSA, compared to the cost of deforming the
partially single-stranded C, scaffolds.

HSA Protein in the DNA Cages Is Consistent with
Experiments. The "3 + 2" model may explain the comparable
experimental binding affinities between the differently
functionalized DNA nanocages and HSA (Kg= S + 2 nM for
Cgand Ky = 8 + 2 nm for C,).”° To develop a semiquantitative
model, we assume that each dendrimer in the nanocage binds
independently to an HSA protein with an associated free
energy AG, while contributions to the free energy not
resulting from the binding of ligands to HSA (including those
from the conformational fluctuation of the nanocage) are
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represented by AG,,,,. Thus, the total free energy of binding,
AG,y, can be expressed as

AG,, = nAGy, + AG

cons (1)
where 7 represents the number of bound dendrimers. From the
previously reported dissociation constant,’’ we calculated
binding free energies (AG,,) of C;, C,, and C, cages as
—9.6, —10.3, and —11.2 kcal/mol, respectively, via eq 2

tot

AG,, = RTIn(K,) (2)
where RT was chosen as 0.6 kcal/mol. Linear regression (r* =
0.99) sets the AGyg and AG,,,, values to —0.5 and —9.2 keal/
mol, respectively (Figure S3). Although intuition suggests that
a negatively charged protein moving toward a negatively
charged nanostructure without establishing significant contacts
(n = 0) should not have such a favorable AG,,, = AG,,,, the
linear model is a strong approximation for the more complex
negative cooperative effects that may arise when two or more
dendrimers are bound (Figure S3). In the case of the Cg cage
model (K; = 5 nM,”® AG,,, = —11.5 kcal/mol), the number of
bound ligands n equals 4.6, consistent with our observation

tot
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Figure 4. Displacements between HSA (solid trace) and the top face of the DNA cage (dotted trace) to the center of the DNA cage for all three
C,-out (A) and Cg-out (B) simulations. The displacements were calculated using the projected vectors as described in the Methods and Models
section. The highlighted region of panel B ranges from 7 to 33 ns and highlights the partial insertion into the center of the cage and subsequent
rapid outward diffusion of HSA. (C) Partial crossing and insertion of HSA into the center of the Cg cage as highlighted by the gray region in panel
B, solid green trace. The snapshot on the right highlights the point at which HSA has the smallest value of R, at 26.5 ns. (D) Relative free energy
surface for the C, cage was formed from combining C,-in, C,-out, and additional C, trajectories used to estimate a Markov state model near the
transition region for HSA insertion (Repeer ~ S5 A). Rg, is the displacement of the protein from the center of the top face of the cage projected
into the plane of the top face of the cage. Also shown are atomistic structures from two regions (C,-in as green and C,-out as orange) used for the
mean first passage time (MFPT) estimation. Similar energetics are shown for both the C,-in and C,-out models with slow crossing MFPTs. Errors
in the MFPTSs were estimated through Bayesian sampling with 500 samples.

that no more than five dendrimers could firmly bind to HSA in
the Cg-in simulations.

We also observed slight variations in the contact count
between the C, and Cq cage models. When either three or four
D1 dendrimers were bound to HSA in the C,-in model, an
average of 44 contacts per dendrimer were formed (Figure
2A). Comparatively, Cg-in shows an average of 38 contacts/
dendrimer (Figure 3A), which represents a decrease of 15%.
Considering the time-average of all dendrimer contacts, the Cg-
out model had 53% fewer contacts than the C,-out model.
This difference between the C, and Cq cage models may reflect
differences in cage rigidity due to different hybridization. Still,
more work is needed to fully characterize the complex
responses of DNA nanocages to varying hybridization. A
maximum number of possible contacts limits interactions
between the protein and dendrimer. Such key differences arise
in the ability of the Cg-in model to incorporate an additional
dendrimer over the C,-in model.

Molecular Mechanism of Protein Enclosure in DNA
Cages. Next, considering the comparable sizes of HSA and
our DNA nanocages, we investigated the mechanism of protein
internalization. First, we define R ., as the displacement of
HSA to the geometric cage center (Supporting Information).
Analysis of the C,-in simulations reveals that the protein may
move from the center of the cage toward a dendrimer-
functionalized face, while in the C,-out and Cg-out simulations,
the protein occasionally approaches the same face from the
opposite direction (Figures 4A and B). Additionally,
examination of the Cg-out simulations revealed a transient
crossing event (Figure 4B, green trace). Initially, the R, Of
HSA remained high (~6S A at 6.5 ns, Figure 4C), indicating
externally bound HSA. After approximately 20 ns of simulation
time, the value of R o, (40 A at 26.6 ns, Figure 4C) indicated
that HSA had transiently crossed the face of the DNA
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nanocage) with, notably, only three dendrimers bound to the
protein. Moreover, two “pillars” of the cage (P2 and P3) bent
to accommodate the protein (Figure SS). Thus, cage dynamics
and deformation can play roles in protein recognition and the
formation of stable complexes.

To further verify our findings from the Cg nanocages, we
carried out swarm-based MD simulations of the C, models,
which allowed for a more extensive sampling of the protein
internalization process. Guided by the relative position of HSA
to the DNA cage center, 10 “generations” of five replicas were
successfully performed to sample the protein entering the cage.
Simulations initialized with HSA at the center of the cage and
totaling 0.4 ys were used to construct a Markov state model
(MSM) (Figure 4D, Supporting Information). The relative
free energy surface (FES), computed using the long-time
equilibrium probability distribution of the MSM, was also used
to unify the C,-in and C,-out simulation data (Figure 4D). The
resultant FES shows that both C,-in and C,-out models have
similar free energy with a low transition barrier in the
parameter R, which roughly spans 50—70 A. A mean first
passage time (MFPT) analysis was used to explore the time
scale for crossing this transition region, revealing that insertion
events can occur as fast as 21.0 + 1.5 ns, a time scale in good
agreement with the single crossing event observed in the Cg-
out models (Figure 4B and C). Transitions from the center to
the outside of the cage can occur as fast as 106 + 23 ns. Taken
together, our data support a dynamic mechanism for HSA—
DNA nanocage interactions, where HSA is capable of
transitioning both into and out of the cage. The internalization
of HSA into the DNA nanocages takes advantage of the
intrinsic dynamics of the nanocage, which suggests that tuning
these dynamics via rational design can modulate the nano—bio
interactions with HSA.
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Fuzzy Nano—Bio interactions. Lastly, we systematically
analyzed the specificity of the predominant D1—HSA nano—
bio interactions (Supporting Information). Our search for
specific interactions did not identify preferential binding of the
dendrimers to any of the known small-molecule binding
sites.”* ™ Examination of the binding frequencies in all four
constructs revealed that only five residues are conserved. We
also observed that contacts across all simulations are widely
distributed (Figures S12 and S13), which further supports
nonspecific interactions between the DNA nanocages and
HSA.

Like proteins in fuzzy complexes, these dendrimers were
highly dynamic and adopted various conformations in our
simulations, presumably due to their amphiphilic nature and
structural flexibility. For example, extended conformations
(Figure S10D1) allowed the terminal —(CH,);,—OH groups
to recognize the pockets where hydrophobic small molecules
often bind. The folded conformations (Figure S10D2), which
tightly pack the 12-carbon chains, formed a surface that
interacts with the hydrophobic patches of HSA. This state
likely enhanced the interactions of the amphipathic dendrimer
with the protein and distinguished itself from poly-
(amidoamines) (PAMAM) dendrimers,***’ which form weak
complexes with HSA. The ambiguity in the D1 dendrimer
binding to the HSA surface contrasts with the specific/selective
binding between proteins and small-molecule ligands.

86,87

B CONCLUSIONS

In this work, we computationally studied prototypical DNA
nanocages interacting with a serum protein, HSA, and gained
novel insight into the molecular origin of the nano—bio
interactions. We discovered that DNA nanocages recognize
HSA mainly through nonspecific or fuzzy interactions between
their dendrimer decorations and the protein. We also identified
several unique features (ie., the number of dendrimers, cage
rigidity, and protein positioning) in the design of DNA
nanocages that contribute to the high affinity and the 1:1
binding stoichiometry. While internalization of HSA is optimal
for maximizing contacts with the dendrimer, the protein
position is different between each construct. In the Cg cage,
HSA remains centrally located for the duration of the
simulation, while in the C, cage, the protein prefers a position
at or near the decorated face. Further computational and
experimental studies are still needed to explain the complex’s
protection mechanism to extend the DNA’s half-life, because
many other proteins in serum, such as the nucleases and the
neonatal Fc receptor, may be involved. Although DNA has
been studied as a highly programmable material,”’~"> our
research shows the potential of molecular modeling and
simulation to bridge the gap from the design to the expected
properties. Ultimately, this work provides the first in-depth
investigation of the nano—bio interactions between DNA
nanomaterials and a human serum protein. Building on the
discussed methodology, we are ready to construct an in silico
platform to design and select new DNA nanocages and potent
protein partners or targets toward nanomedicines.

B METHODS AND MODELS

Model Construction. We have developed an in-house
software program, DNA Build Assemble CONstruct, (DNA-
BACon) to construct precisely and efficiently three-dimen-
sional (3D) atomistic models of DNA nanocages for all-atom
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modeling. In this work, we used DNA-BACon to construct the
C4 and Cg cage models (Figure 1). Our input files for DNA-
BACon that describe the sequences of DNA from and the
thymine linkers to connect the corners are provided in a
GitHub repository (https://github.com/ftclark3/DNA-
BACon). The thymine linker PDB was generated using
Maestro (Schrodinger, Inc.). With the C, and Cg cage models,
we further built the HSA—DNA nanocage complexes in
Maestro. We used the Protein Preparation Wizard (Maestro)
to prepare the HSA protein model (PDB ID: 1A06), which
was then placed either inside or outside of the nanocages in
three indiscriminate spatial and rotational orientations, leading
to 12 constructs (three constructs for C,-out, C,-in, Cg-out,
and Cg-in, Figure 1B). To promote dendrimer interaction with
the protein, the dendrimers were preorganized around the
protein using Maestro’s atom sculpting before being relaxed to
generate initial solute positions. All constructs were minimized
in Maestro to eliminate steric clashes. Finally, all constructs
were solvated with the SPC water model (15 A cubic buffer)
using the System Builder program in Maestro. Mg** ions were
then added to achieve a concentration of 15 mM to mimic the
experimental condition, while the remaining negative charge of
the complex was neutralized with Na* counterions.

MD Simulation Setup. A summary of our simulations
(totaling 2 us) is provided in Table S2. The system size was
around 374,000—890,000 atoms in each construct. All
simulations used the OPLS3e force field”** and were run in
the Desmond (Schrddinger, Inc.) on GPUs. Each construct
went through a multistage equilibration and a 100 ns MD
production run in the NPT ensemble (300 K, 1 bar, Nosé—
Hoover thermostat with 1-ps relaxation time, and Martyna—
Tobias—Klein isotropic barostat with 2 ps relaxation time)
using a 2-fs time step. The particle mesh Ewald (PME)
technique was used for the electrostatic calculations. A van der
Waals and short-range electrostatic cutoff of 9 A was selected
and updated with a time step of 2 fs, while long-range
electrostatics were calculated every 6 fs. One simulation was
run for each construct.

MD Simulation Analysis. Visualization was performed
using VMD1.9.3 and Pymol. Our MD analysis was performed
using in-house Tcl and Python scripts. Trajectories were
unwrapped and aligned to the initial frame of each simulation
before analysis and visually checked using VMD. To determine
an appropriate cutoff distance for DI1/HSA interactions,
histograms of the interaction count between D1 and HSA
with a spacing of 0.25 A were measured (Figure S13) to
capture the important atom pairs in all simulations. In our
simulations, a heavy-atom—heavy-atom distance of 4.5 A
captured approximately 50% of the interactions and was
therefore chosen as our cutoff distance. To determine the area
percentage of the protein’s surface involved in interactions with
the D1 dendrimers, VMD’s atom selection language was
utilized to selectively evaluate the solvent-accessible surface
area (SASA) for those HSA atoms within 4.5 A of the
dendrimer and then compared with the SASA of the HSA
protein. Due to the highly dynamic nature of these systems,
only the last 20 ns of all constructs were analyzed, as this
typically provided a consistent window by which to compare
all simulations.

Swarm Simulations Setup. Initially, five conformationally
unique structures were chosen from our unbiased Cjin
simulations. Next, all five replicas were prepared, parametrized
as described above, and simulated for 10 ns. Next, the value
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Ronter (see below) was calculated for all five replicas. Then, a
new set of five unique structures were chosen such that the
value of R .y, had increased—indicating movement of HSA
away from the center of the cage, and simulated for 10 ns as
before. If five structures did not exist where R, did not
increase (in other words, the protein did not move away from
the center of the cage) could not be found when t > 0, the
simulations were restarted and assigned a new seed. A second
parameter, Rg, ., was defined as the magnitude of the projection
of the vector from the geometric center of the cage to the
geometric center of HSA, Vi,, onto the plane defined by the
decorated C, cage face. (This plane is analogous to that shown
in green in Figure 4C.) To ensure HSA remained oriented
along a reasonable trajectory path, all structures with R, > 30
A were disqualified and substituted for the next best structure
which met our R, selection criteria. This process was
repeated until additional simulations did not increase the Ry,
after multiple attempts. In this work, 10 “generations” of five
replicas were successful until the value of R, no longer
increased. The resulting trajectories were then used to
construct a Markov state model (MSM) using PyEMMA%
as described in the Supporting Information. These swarm
simulations were entirely automated and designed to work
with Desmond MD; the code is available as a GitHub
repository upon request.

To measure the displacement, R, of HSA from the
center of the DNA nanocage, we utilized eq 3 as described
below:

Rcenter = VI‘ i VHSA (3)

where f’T is the unit vector between the geometric center and
top face of the nanocage, and Vi, is the vector between the
geometric center of the nanocage and geometric center of HSA
(Figure S14). Here, the top face of the nanocage is defined
uniformly in all constructs to ensure consistency. Equation 3 is
used to minimize changes in displacement associated with the
translation of the protein in the same plane as the top face of
the DNA nanocage.
The pitch of each pillar, 6,, is described in eq 4 as

—1[ VeV, ]
Hp =cos | —5—F—
VIl ell V. II (4)

where {/i is a vector drawn from the midpoint of each main
pillar to the top corner of the DNA nanocage, and V7 is the
vector between the geometric center and top face of the
nanocage (see Figure S14 for more detail). In all models, the
“top face” of the cage was consistently defined to be the same
four strands to avoid ambiguity. A depiction of all four pillars is
shown in Figure SSA.

Markov State Model Estimation. Following an initial
relaxation of the swarm MD simulations (first two iterations
totaling 100 ns), in-plane and out-of-plane HSA distances for
the remaining 40 distinct 10-ns trajectories were used as
collective variables for MSM estimation within PyEMMA. K-
means clustering using 50 centers initially discretized the
trajectory state space (Figure S6A). Implied time scale plots
were used to select a 1-ns lag time for estimating MSMs
(Figure S6B). At lag times longer than 1 ns, the relaxation time
scales of the computed MSMs were constant. Multiple, 500,
MSMs were then computed using Bayesian sampling to enable
reporting of statistical quantities. First, we visualized the
slowest kinetic process in the input collective variable space,

revealing positive and negative amplitudes on either side of the
out-of-plane HSA distance coordinate near the face of the
DNA cage containing the ligated therapeutic DNA (Figure
S7). This demonstrates that the resultant MSM captures the
difficult-to-sample transitions between C,-in and C4-out
models. Mean first passage time (MFPTs) and their standard
deviations between the C,-in and C,-out models in the
sampled trajectories were estimated by classifying microstates
as -in or -out using cutoffs of distance < S0 A and distance > 65
A, respectively. Free energy surfaces (FES) were then
computed from the MSM model by using a weighted kernel
density estimation (KDE) of the long-time equilibrium
distribution of the MSM (Figure S9B). In addition, KDE
was also used for computing the FES from the C,-in and C,-
out simulations (Figure S8A and C). To combine the three
FES in Figure S8 into the FES (Figure 4), we used nonlinear
optimization of the unknown energy shift (s,;) to minimize the
average absolute difference in energy (ADE) surface values in
overlapping regions (eq 5).

ADE(s,) = ~— 3 IFES, (5, ) = FES (% ) + sul
Nx}’ x,y

(5)
In eq §, N,, are the number of grid points in the overlapping
regions between FES from C,-in simulations (FES,,) and FES
from C,-out or Cymsm simulations (FES,,) (alt meaning
“out” or msm). Values of the ADE and shift are shown in
Figure S9 using overlapping regions of 45 A < out-of-plane
distance < 50 A for FES,, and 58 A < out-of-plane distance <
63 A for FES

out*
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Data Availability Statement

DNA-BACon is freely available for use and can be found at
https://github.com/ftclark3/DNA-BACon. MD Trajectories
are available upon request to the corresponding author.
Code used for the swarm MD simulations and Markov state
modeling can be accessed free of charge at https://github.
com/dillonrmeccarthy/hsa-swarm-msm-2022.

© Supporting Information

Simulation parameters including the base-pair sequence of all
nanocage models. These sequences can be used for DNA-
BACon to reconstruct the model systems. Experimental details
and analysis of fragment docking experiments, and analysis of
additional dendrimer/protein interactions, and corresponding
figures for the Markov state modeling. The Supporting
Information is available free of charge at https://pubs.ac-
s.org/doi/10.1021/acs.jctc.3c00720.
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