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ABSTRACT

Use of supramolecular and mechanochemical assemblies has emerged as a promising
approach to address a wide scope of chemical challenges including targeted drug delivery,
environmentally responsible plastics, and molecular computers. Organization of molecules
through intermolecular interactions — a core component of supramolecular chemistry —
or through formation of a mechanochemical bonds results in materials with highly specific
behavior. However, the synthesis of these materials is difficult, and computational models
lack consistency in describing critical interactions which govern a system’s dynamics. As
a result, new computational approaches to elucidate supramolecular behavior and synthetic
strategies which readily provide access to useful topologies are needed. This dissertation
presents two distinct molecular architectures, bridging the gap between biologically derived
and entirely synthetic systems. For both systems, the intentional placement of functional
groups within the molecular assembly is crucial to its well-defined behavior. The first por-
tion of this dissertation discusses in silico investigations into DNA nanocage and human
serum albumin (HSA) complexes.

The use of DNA nanotechnology for nanomedicine is a steadily growing field. Unfor-
tunately, the low stability of DNA nanostructures (DNs) in biologically relevant conditions
remains a major obstacle. The conjugation of serum proteins to DNs is an effective means
of improving stability, particularly against nuclease degradation. Here, two decorated DNA
nanocubes complexed with HSA were investigated using large scale all-atom molecular
dynamics. These simulations reveal that in a cage with four (C,) or eight (Cg) decorations,
internalization of HSA maximizes dendrimer contacts, and is the preferred state of HSA.
Moreover, a conformational difference between the "HSA in" states of each model is readily
apparent. Finally, a swarm inspired approach to molecular dynamics coupled with Markov
state modeling is used to describe the transitions between the "in" and "out" state in the
C4-cage model.

The second portion of this dissertation presents the application and development of cat-
alytic [2]rotaxanes. [2]Rotaxanes represent a subset of mechanically interlocked molecules
(MIMs) comprised of one axle and one macrocyclic wheel. This portion of the disserta-
tion first presents the development of a catalytic [2]rotaxane capable of distant end-group
communication between reactive esters at either end of the axle. Using this communica-
tion, monoselective functionalization enabled the development of a rotaxane-based chemi-
cal logic gate. Next, a modification to the spatial presentation of the catalyst allowed for the
selective synthesis of a "doubly-directional" asymmetric [2]rotaxane. This new approach
to asymmetric rotaxane synthesis is both synthetically facile and readily adaptable to addi-
tional structural modifications.
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3.2 Representative structures of P[5]catzWitterionic intermediates (£Int)
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hydrogen bonds. Nonpolar hydrogens have been omitted for cladjy. (
Average percentage of both 3-Coord and 4-Coord structures observed over
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CHAPTER 1: INTRODUCTION

Supramolecular and mechanochemistry are concerned not only with the study of the
individual molecule, but the way in which molecules coalesce, join, and interact to yield
complex dynamical arrangements. Such a broad de nition means that both these elds
encompass a large subset of chemical space, are inherently interdisciplinary and, there-
fore, show promise in solving some of the most demanding challenges facing chemists
today. This dissertation presents investigations into two unique supramolecular motifs; (1)
supramolecular DNA nanocages and (2) mechanically interlocked rotaxanes, guided by
the fundamental questionHbw can we better construct materials wittell-de ned be-
havior?' This chapter begins with an introduction to supramolecular chemistry and other
key concepts which form the foundational concept on which the work in this dissertation
is built. Next, DNA nanotechnology is presented as the rst structural motif, with discus-
sion focusing on therapeutic uses and associated challenges. Then mechanically interlocked
molecules are introduced as the second structural motif, with a discussion of their origin
and potential applications. Finally, | conclude with a more thorough introduction of each
subsequent chapter and provide a unifying theme by which to view the totality of the work

herein.

1.1 SUPRAMOLECULAR CHEMISTRY

In 1987, the Nobel Prize in chemistry was jointly awarded to Charles J. Pedersen,
Donald J. Cram, and Jean-Marie Lehn fdnéir development and use of molecules with

structure-speci ¢ interactions of high selectivity Their research, which would come to



be known as supramolecular chemistry, set the stage for a new era of molecular synthe-
sis that extends beyond the covalent bond. Jean-Marie Lehn would, for this reason, term
supramolecular chemistry as “chemistry beyond the molecule”, highlighting a proverbial
“molecular sociology” present in the newly understood supramolecular comptékes-
mally, supramolecular chemistry is concerned with any chemical system where the in-
teractions of interest are non-covalent in nature, and occur between at least two or more
separate componerft®. The individual components which comprise a supramolecular as-
sembly can be referred to as subunits. Complimentary recognition between individual sub-
units ultimately shapes the supramolecular assembly, and provides signi cant control over
a material's physical and chemical properti¢sThe interactions which give rise to recog-
nition between subunits are either electrostitié hydrogen bonding**® — and ion—
,12.20-25gr hydrophobié®-3tin nature. Incorporation of multiple subunits containing dif-
ferent recognition groups provides access to complex molecular architectures, and a reli-
able strategy by which to construct systems inaccessible through traditional synthetic tech-
niques. It is also pertinent to mention that changes to constituents of any supramolecular
assembly can have large implications in the overall chemical properties of the system, as
variations in recognition groups propagate throughout the entirety of the complex. Despite
its relatively recent appearance in literature, synthetic supramolecular principles predate
Lehn's rst mention, and can be traced as far back as Johann Jacob Diesbach's synthesis
of Prussian Blue in 170&. And, while synthetic supramolecular chemistry can only trace
its origin back some 300 years, the fundamental building blocks of biology — which can
be traced back much longer — also depend on these same supramolecular interactions. At
the molecular level, nature is the true master of precision. It is, therefore, no surprise that

the supramolecular assemblies found in nature often serve as a gold standard by which to



construct synthetic systems. For example, one of the most in uential reports of modern
supramolecular chemistry was detailed in Ermil Fischer's lock-and-key theory of enzyme/-
substrate binding3334This supramolecular description of a biological phenomena was the
rst of its kind in literature, and marked an important ideologically shift in the interpreta-
tion of cellular processesFigure 1.1).3° Twelve years after Fisher's initial report, Paul
Ehrlich proposed the existence of binding sites (receptors) in enzymes; which would later
partially serve as inspiration for host-guest binding concepts in supramolecular &&¥ign.

Practically, supramolecular structures did not formally begin until Cram's 1959 synthesis

Figure 1.1.Fisher's lock and key description of enzyme/substrate binding (1893) shown
left to center, while induced- t models of binding would be described in 1958 by Koshland
(shown right to center).

of a cyclophane and the investigation of its interaction with tetracyanoeth$fledther
macrocyclic complexes — including those used by Cd##tiBusch3® Jager? Lehn? and
Pedersoh(shown inFigure 1.2B) — were the earliest supramolecular assemblies reliant
on host-guest chemistry. While the eld has continued to evolve and grow, the question
of how best to control the self-assembly of individual components remains central to the

conversation.



Figure 1.2. Principles in supramolecular chemistrp)(Highlighting the difference be-
tween classical, covalentnolecular' chemistry (top) and supramolecular chemistry (bot-
tom). Reproduced with permission from reference [3B). énd C) Two supramolecular
interactions showing host-guest (dibenzo-18-crown*6¢Emplex) chemistry and recogni-
tion group binding (Guainine and Cytosine base-pair recogniti@))B{nding of ibupro-
fen to Human Serum Albumin.

1.1.1 HoST-GUEST CHEMISTRY AND SELF-ASSEMBLY

The challenge for synthetic organic chemists is determining how target molecules can
be chemically synthesized in the most ef cient manner possible. Intuitively, this means that
any chemical process should be performed in as few steps as possible, while maximizing
yields and ideally utilizing readily available starting materials. To address the challenge of
designing ef cient synthesis for complex molecules, chemists turn to the target directed
strategy known as retrosynthetic analysis. Developed by E. J. Corey in the 1966's,
rosynthesis has become foundational in modern total syntheswough careful consid-

eration of the target molecule, desired structure, isomerism, etc., retrosynthesis provides



the chemist with places of key strategic disconnections and functional transformations,
working backwards from the nal product, ultimately yielding the required molecular pre-
cursors. Essentially, this process is the reverse of what is shown for the molecular synthesis
in Figure 1.2A. This systemic approach can also be applied to the design of supramolec-
ular complexes, where instead of standard covalent precursors, disconnections and trans-
formations between host and guest molecules are considered. Traditional retrosynthesis
often goes hand-in-hand with its supramolecular sibling, where covalent transformations
are instead non-covalent disconnections, and intentional design becomes a challenge of
where best to place complementary recognition groups. Preorganization is a core tenant
of supramolecular synthesis, and involves the rational design of supramolecular building
blocks in a manner such that the binding cavity (or region) is pre-assembled into an op-
timal or near optimal shape for host binding. This is most often achieved via traditional
covalent synthesis, and is particularly useful as the entropy and enthalpy costs associ-
ated with organization can be "paid" before the supramolecular structure is assémbled.
Early examples of supramolecular structures were dominated by the interactions between
macrocyclic hosts and their complementary guests, an example of which is sh&iga in

ure 1.2A. A host molecule is said to be anything with convergent binding sites (i.e. a
Lewis basic 18-crown-6) while a guest is said to be anything with divergent binding sites,
as is the case with a Lewis acidic'¥* Small-molecule binding in proteins is a great
example of host-guest binding observed within biological systefitpue 1.2C).4344 |t

is important to note many supramolecular assemblies exist where assignment of a host
and/or guest is not feasible due to the nature of the interactions present. DNA duplexes
are perhaps the most recognizable example of a supramolecular architecture, as binding

between base-pairs (shownhigure 1.2B) is not a true host-guest interaction. For these



and other systems, self-assembly via non-covalent interactions is the de ning feature of
the supramolecular architecture. Self-assembly refers to the process of spontaneous asso-
ciation and organization, either in solution or solid state, of molecules under equilibrium
conditions, into stable, well-de ned structures through non-covalent (or dynamic covalent)
bonds® The reversible nature of self-assembly allows for the correction of mismatched
recognition groups between molecules, yielding more thermodynamically stable products.
Recently, the Schneebeli group has exploited self-assembly to enable unique supramolec-
ular chemistries in both solid and solution phase. In 2017, Shara et al. demonstrated how
solid-state heading was capable of resolving a mixture of seven atropoisomers via con-
version in a single (>96%). sterecisomEigure 1.3A).#¢ Supramolecular interactions —
namely [CH ]and [C-H O]— provide a stabilizing effect for theyn— enantiomer in

the solid phase, and is likely responsible for the stereochemical enrichment observed upon
solid-state heatinf Our group has also utilized supramolecular host-guest interactions to
control binding between a C-shaped molecular strip and a pillar[5]arene macrécigle.
varying the size of the molecular strip, subsequent binding by pillar[5]arene and a small
molecule bis(octyl)viologen dibromidé&/Br-1) could be controlledKigure 1.3B). More
recently, Shara et al. demonstrated how the entanglement of a molecular tetrahedron and
amine-functionalized poly(isobutylene-alt-n-octyl maleamidéii¢-POA) leads to size-
selective behavid® In this work, a molecular tetrahedron was rst functionalized with
supramolecular glyme catalysts. Exposure of this tetrahedriiHiePOA (whereb > 1)2
resulted in the preferential aminolysis of smaller polymeric species. This size-selective be-
havior serves as a proof of concept not only to the power of supramolecular design, but
also the manner in which synthetic supramolecular systems can effectively mimic complex

biological processes observed in nature.



Figure 1.3.Examples of Supramolecular chemistry within the Schneebeli gréysglid-

state, crystal-packing-driven enrichment of atropoisomers due to supramolecular interac-
tions. Reproduced with permission from reference [4B).Qupramolecular self-assembly

of pillar[5]arene P[5]) within C-shaped molecular strips, and binding of bis(octyl)viologen
dibromide ¥Br-1). Reproduced with permission from reference [4Q) Size-selective
acylation through supramolecular catalysis of a Molecular tetrahedron. Reproduced with
permission from reference [48].

1.1.2 (HALLENGES IN SUPRAMOLECULAR CHEMISTRY

In the time since its formal introduction, supramolecular research has grown dramati-
cally across many disciplines including the development of biomedical dé¥ieesovel
therapeutic§?°°and advanced materiai§:*° As chemists aim to develop assemblies with
ever-increasing complexity, a fundamental challenge remains in attempting to control,
design, and understand the behavior of supramolecular structures. In particular, signif-
icant effort has been made towards advancing design principles in DNA nanomaterials
and mechanically interlocked molecules(MIMs); two emerging frameworks which rely on

supramoleculdrchemistry. For these systems, it remains an open challenge for how to

ap is the symbol for polydispersity, whe = ',\\"A—W andM,, is the weight average molecular weight and

M, is the number average molecular weight. Wiken 1, there is a distribution polymer sizes.
bNot all MIMs molecules are supramolecules. However, many MIMs contain supramolecular elements,
and thus, will be considered in terms of supramolecular behavior for this dissertation.



best build suf ciently advanced assemblies capable of well-de ned behavior, and study

these materials so that we might better understand them.

1.2 DNA NANOTECHNOLOGY AND NANOMEDICINE

Nanotechnology and nanoscience have garnered signi cant att€rgiooe it was rst
introduced conceptually by physicist Richard Feynman in 1959 and formally termed as
such by Norio Taniguchi in 197%:%%In fact, a request of 1.98 billion dollars in funding for
nanotechnology research was recently made by the United States National Nanotechnology
Initiative in 2022% Such interest is mainly a result of the utility of nanotechnology for use
in novel therapeutic and medicifiefood and agricultur&® national security and defen$,
environmental protectioff,and technological systemIn order to meet the demand for
new nanomaterials across these disciplines, developing reliable and facile methods for their
construction are a key focus of many research groups. For a material to be considered

"nano’, it should generally meet the following two criteria.

1. The material must be on the scale of 1-100 nm in size in at least one dimension. The
dimensionality of a nanomaterial can then be de ned by the number of dimensions
within the nanoscale.

2. The properties, behavior, and utility of the material must at least partially derive from
the small scale of that material.

Production of materials which meet these criteria is achieved either usimt@am-up
approach or @&op-downapproactt* Top-downapproaches work to transform bulk materi-

als into nanoparticles through chemical or physical processes. Lithography is perhaps the
most well-knowntop-downmethod, and is commonly used in the fabrication of computer
chips and other small electronics. Converselyttom-upapproaches rely on the assem-

bly of smaller molecular building blocks into larger nanostructures through a combination

8



of chemical synthesis and self-assembly. Supramolecular chemistry plays a central role in
manybottom-upstrategies, as self-assembly and host-guest recognition are frequently uti-
lized in order to drive the formation of complex structufésor bottom-upapproaches

which rely on self-assembly, the programmability and highly predictable behavior of DNA
has made it an attractive building block for the construction of well-de ned nanomaterials.
The Watson-Crick base pairing which drives nucleobase recognition can be exploited to
create complex 2D and 3D nucleic acid nanostructures with well-de ned struGtdea

result, nucleic acid nanostructures have emerged as promising targets for the development
of nanotechnologies.

In 1983, Seeman et al. reported the rst DNA structure of its kind — an immobilized
4-way junction built using four unique strands of DNRigure 1.4A).”* Extensions of this
tile-based approach were later used to create two- and three-dimensional nanostructures
including a DNA nanocubeHjgure 1.4B),” and double-crossover (DX) junctiofifure
1.4C).”® Then in 2006, DNA Origami approach was introduced by Paul Rothemun, and
has since become the predominant method for DNA nanostructure asgéimilyis tech-
nique, long “scaffold” strands of DNA are folded into the desired shape using short “staple”
strands Figure 1.4D), and has been extended for the construction of 3D DNA nanostruc-
tures. As methods in DNA nanostructure assembly have improved, access to intricate struc-
tural assemblies has become a practical reality. This growth in the past few decades has seen
the application of the resulting material to many areas of research, but perhaps none more
frequently than nanomedicine and nanotherapeutics. In addition to the diverse methods and
predictable self-assembly of DNA, applications of DNA nanostructures in nanomedicine
are additionally bene cial as DNA is (obviously) already present in all living things. As

a result, the toxicity of DNA based therapies may be less than traditional therapies, but



Figure 1.4. (A) A 4-way DNA junction formed from DNA single strands. Reproduced
with permission from reference [77B) A 3D DNA nanocube. Reproduced with permis-
sion from reference [73].Q) DNA crossover junctions which form well-ordered struc-
tures visible via microscopy. Reproduced with permission from reference [@B]Tlfe

DNA origami method and the wireframe method approaches to building DNA nanostruc-
tures. Depending on the desired topology, either may be used to generate unique structures.
Reproduced with permission from reference [7H) Visual representation of DNA nan-
otechnology's application to nanotherapeutics. Reproduced with permission from reference
[78]. (F) Strand displacement triggers the formation of a membrane channel. A "key" strand
binds the "lock" strand upon addition, triggering structural reorganization into a membrane
spanning pore. Reproduced with permission from [79].
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more importantly, it may be possible to leverage already existing biological function to im-
prove or enable the therapeutic potential of these materials. Highlighted in Fjgree

1.4E, the application of DNA nanotherapeutic encompasses much of the entire therapeu-
tic pipeline/”"880810Qne of the most promising applications of DNA nanostructures is in
the development of chemotherapeutics. In recent years, the use of wireframe Tetrahedral
DNA assemblies for the delivery of doxyrubicin (DOX) has proven effective as a poten-
tial treatment for colorect®® and chemo-resistant breast carféép.A similar strategy

has also been employed for the delivery of DOX to mitochondrial é&ihe effective-

ness of these tetrahedral nanostructures for drug delivery is a product of their unique shape,
which is thought to enhance cellular upt&kdhey also provide a scaffold on which further
modi cations are readily accessible, and generally adaptable to conjugation with a variety
of different drugs. While many examples of DNA nonstructures have been presented in
literature, predicting and describing the dynamical behavior and structural mechanics of
such systems is often dif cult due to both the magnitude and complexity of existing in-
teractions. Furthermore, the heterogeneitinofitro andin vivo environments may further
complicate the understanding of DNA nanostructure dynamics. In an effort to address these
challenges, signi cant effort has been made towards develapisigico strategies to model

DNA nanomaterials and their dynamical properties.

1.2.1 In Silico MODELING OF DNA NANOSTRUCTURES

1.2.1.1 Molecular Dynamics
Nanostructures are by nature large, and therefore, often computationally expensive to simu-
late. Advances in high performance computing and GPU acceleration has recently enabled

the practical application of molecular dynamics (MD) simulations to study especially large
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supramolecular structur€$:%Traditional MD based approaches are increasingly comple-
mented by non-physics-based meth&btshich provide alternatives to accessing structural
information in otherwise costly or inaccurate mod®& The foundation of MD lies within

the statistical mechanics interpretation of systems at equilibrium. The canonical partition
function, Eq. 1.1, is used to describe a system's statistical properties at thermodynamic
equilibrium.

Z= e Ei (1.1)

where is the thermodynamic betgl—, kg is the Boltzmann factor, anl; is the total
energy of a system at microstaté\s the partition function is directly related to the energies

of each microstate, it can be used to derive thermodynamic properties for a given system
where the distribution of states is known. For a system with some equilibrium, the ensemble
average distribution can be expressed as

4

G(r1;7 Mg )e Y Moddrg; N

hGi ensmb = (1.2)

e Vi twldr; oy,

whereG is a property of the system over phase spd¢e;; n, )- FOr a molecular
dynamics simulation wittV number of measurements over time, the time average property

hGiime can be de ned as

. 1 X
hGi time = M G (rl; er) (1-3)

=1

In this equation, is representative of a snapshot (frame) of the trajectory, but can be ex-
tended to include any number of trajectories for an identical sys#ens.the total number

of frames (ensemble) within the trajectory (or trajectories). We can assume that for suf-
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cient sampling (whereM is very large), the time average distribution given by MD is
equivalent to the ensemble average of the system, sucthi@hgte h Giensmp. When

a system meets this requirement, it is said to satisfy the ergodic principle. MD accom-
plishes sampling by allowing a set of atoms to interact for a given amount of time. During
the evolution of an unbiased MD simulation, energies are calculated in incremental time
steps shorter than the fastest observable motion, typically on the order of 0.5 — 2 femp-
tosecond$’ % At each incremental step, the potential energy of the sy&eat statd is
calculated as a sum of the potential energies of the bonded (colored red) and non-bonded

(colored blue) components de ned itfg. 1.4

Ei;tot = Ei;bonds + Ei;angles + Ei;dihedrals + Ei;electrostatic + Ei;LJ (1-4)

This equation is a highly simpli ed functional form for a force eld, and is at the heart

of molecular dynamics simulations. The potential energy for each term is calculated using
classical approximations, namely Hooke's law for bonds, angles, and dihedrals, Coulomb's
law for electrostatics, and a Lennard-Jones potential for van der Waals. Consequently, prop-
erties derived from MD simulations are dependent on the chosen force eld. It is therefore
important to use caution when selecting a force eld, as they are parameterized using ex-
perimental and quantum methods, and may not accurately represent the system of interest.

The potential energy is in turn used to calculate force on each particle Egiriy5,

F = r Ei;tOt (15)

which is then used to update atomic motions. The resulting trajectory can provide insight

into the behavior of supramolecular systems when sampling is suf cient. Oftentimes, for
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very large systems, the use of classical molecular dynamics requires unreasonably long
simulation times to observe useful microstates, especially when they are separated by one or
more large energy barriers. Increasingly, computational methods have begun to rely on en-
hanced sampling techniques as a means of overcoming the sampling challenge. Enhanced
sampling methods are most simply described as any strategy which increases the sampling
of energetically unfavorable states (or transitions) which are traditionally inaccessible dur-
ing classical molecular dynamics simulatici©ne common method to increase sampling

is by continually introducing a bias potential into the system in order to increase the energy
of highly sampled states. By introducing this bias, it is possible to more ef ciently access
energetically unfavorable microstates and transitions across the free energy landscape, ef-
fectively reducing the simulation cost and timescales required. These strategies are often
referred to as biased molecular dynamics, or collective variable depefitiantthey rely

on a series of collective variables (CVs) to de ne the coordinate system on which to sam-
ple. CVs are most effective when they describe the coordinate upon which the transition
between states occurs. Selecting an appropriate collective variable is in its own right a sig-
ni cant challenge, although chemical intuition aagriori knowledge can be useful in this
process. Once an effective set of CVs is determined, bias is applied along the coordinate
system as a function of timé! As a result, states which are accessed frequently have the
largest potentials, which in turn pushes the system to explore new areas of the potential en-
ergy surface. Metadynamit’s well-tempereéf* metadynamics, and umbrella samplifg

are perhaps the most well-known implementations of biased MD, and are powerful meth-
ods by which to explore complex potential energy surfaces and transifiod€In chapter

3, metadynamics simulations will be used to explore the binding nature of a glyme cata-

lyst and a secondary ammonium salt in [2]rotaxane catalyst. An alternative to enhanced
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sampling called'swarm molecular dynamic{SwMD) will be presented in chapter 4 as

a method for sampling protein diffusion within a DNA nanostructifeCollective vari-

ables which de ne catalyst—active site distance (in the former) and protein—cage distance
(in the latter) represent the de ning features of each system which accelerate sampling of

the free-energy landscape.

1.2.1.2 Probing DNA Nanostructures Using Molecular Dynamics
As the complexity of DNA nanostructures and nanomaterials increases, so too does the
need for methods to accurately model them and provide a rational basis for observed ex-
perimental behaviors. This is especially true for DNA nanotherapeutics, as predicting how
changes in environment, especially durimgvivo circulation, affect the supramolecular
assembly and stability would be useful in designing better nanotherapeutics. Designing
complex DNA nanostructures require the precise folding and pairing of numerous strands
of DNA, which is practically impossible to do by hand. To address these challenges, soft-
ware packages and simulation methods which combine advanced algorithms and predictive
modeling have now become a powerful tool in the design of 2D and 3D design of DNA
nanostructure&8-112

Programs such as Tiamd# CaDNAno!'* and PERDIX® are convenient platforms to
construct lattice and scaffolded DNA structures Where applications including vHelix and
Daedalu$'® are more suited for the construction of 2D and 3D architectures from DNA
origami. Structural validation, optimization, and visualization are possible to some extent
on these platforms, and offer a practical way to effeciently build large DNA nanostruc-
tures. Software programs of this kind are often successful at predicting general shape and
sequence. Iterative relaxation protocols can be applied during the design stage in order to

predict strain and torsion within the model, which can subsequently be corrected by chang-
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ing structure components. However, these applications are not capable of delivering an
accurate representation of the nanostructure dynamics necessary for predicting behavior in
solution. To gain insight into DNA nanomaterial behavior, molecular dynamics simulations
are necessary.

As previously mentioned, the cost associated with simulating all-atom models rises
considerably with the complexity of the system. This is in part due to simply having to
calculate more energies for larger systems which contain more atoms. However, cost also
arises due to the increased complexity of the free energy surface itself. For very large sys-
tems like DNA nanocages, convergence of the free energy surface (i.e. suf cient sampling)
is dif cult to achieve. One solution is to use a coarse-grained (CG) representation rather
than an all-atom (AA) representation. In a CG-MD simulation, groups of atoms are instead
represented by beads which reduce computational cost and prevent the model from being
trapped in local minima. As a result, ef cient sampling of the free energy surface for large
systems and long timescale processes is possible. In one example, Shi et al. used a CG
models to accurately predict the behavior of a programmable DNA Hirigeneir results
showed that CG-MD simulations were able to predict the hinge angle of the DNA joint with
increasing spring lengtliF{gure 1.5A). More importantly, their predictions agreed with the
equilibrium hinge angle given via TEM imaging. Shi and co-workers were also able to ac-
curately model the major motions of the nanohinge. These impressive results are a direct
product of 100s of simulation time, which would be signi cantly more challenging to
obtain using AA-MD. When CG simulations are still not suf cient for sampling, enhanced
sampling offers an alternative to longer timescales. Recent reports from Wontf‘edadl
Shi et al*?2 have demonstrated the effectiveness of enhanced sampling techniques in mod-

eling the behavior of large DNA hinges. More recently, Kaufhold et al. explored the use

16



Figure 1.5. Examples of CG and AA molecular dynamics simulatiows) CG simula-

tion of a DNA hinge with single stranded springs. Figure reproduced with permission from
reference [117].B) A metadynamics CG approach to the simulation of a large DNA joint-
like nanostructure. Figure reproduced with permission from reference [X1BRA-MD
simulation of DNA nanostructures decorated with cholesterol. The aggregation of these
structures can be tuned via the addition or removal of nucleotide overhangs. Figure repro-
duced with permission from [119]D) Snapshot from an AA-MD simulation of a pore
forming DNA nanocage. Figure reproduced with permission from [120].

of a CG metadynamics based approach to improve the sampling of particularly large DNA
nanostructuresHigure 1.5B).118 However, AA-MD simulations remain the gold standard

for situations when detailed representations of atomistic interactions and dynamics is nec-
essary, Despite the computational cost associated with AA-MD, they can often provide
insight into dynamical processes that CG models are not capable of representing. In 2019,
Ohmann and co-workers were able to use AA-MD to show how nucleotide overhangs could
be used to control aggregatidfigure 1.5C).1*° Our group has used AA-MD to model how

cholesterol decorated DNA nanocages formed stable membrane spanning nanopores via
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cholesterol insertion and membrane distortibig(re 1.5D).12° Sampling enhancement of
AA-MD simulation may also be achieved through the application of a bias potéftial.
chapter 2 of this dissertation, enhanced sampling will be employed to probe the dynamics
of a protein located within a DNA nanocage. Ultimately, molecular dynamics can predict
key dynamic behavior in DNA nanostructures. Insights gained through these simulations
are crucial for the design of more effective DNA nanomedicines and nanomaterials, and

signi cant effort has been directed towards thesilico modeling of these systems.

1.2.2 (CHALLENGES IN DNA NANOMEDICINE

The future of DNA based nanomedicine is incredibly promising, and numerous ad-
vancements have been made in the design and application of DNA based nanostructures.
However, signi cant work still remains within the eld of nanomedicine before the poten-
tial of DNA nanotherapeutics can be fully realized. First, researchers must aim to address
the poor stability — particularlyn vivo — of DNA nanomaterials. In biologically rele-
vant conditions, these nanomaterials are subject to degradation from nucleases and varying
salt concentration®* Second, how best to selectively deliver DNA nanostructures to the
desired cellular location remains an open question. Lipid nanoparticle delivery and DNA
nanostructures show some promideyet are often dif cult to design. AA-MD, and other
predictive modeling techniques, offer an effective way to understand the dynamic behavior
of these nanostructures. The insight gained from these systems may ultimately help solve

some of the most dif cult challenges facing DNA nanotherapeutics and nanotechnology.
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