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ABSTRACT

DAMIAN BEASOCK. Characterization of Dynamic and Functional Nucleic Acid Based
Systems. (Under the direction of DR. KIRILL A. AFONIN)

Nucleic acids are highly integrated into molecular biology and exhibit very
interesting character. They have immense engineering potential to improve human health and
influence molecular systems. Consequently, these biopolymers are the quintessential material
for facilitating natural and therapeutic functions in basic research, biomedicine, and
biological sciences. Life demonstrates many phenomena of nucleic acids and leaves
researchers with tools, challenges, and inspiration. The field of nucleic acid nanotechnology
is a massive research endeavor to understand and take advantage of DNA and RNA.
Progression of the field is evident with an increasing amount of therapeutic nucleic acids
(TNAs) approved for clinical use. Several TNAs such as rationally designed mRNA
vaccines, proved to be highly efficient to address the SARS-CoV-2 pandemic. Nucleic acid
nanoparticles (NANPs) are an innovative class of structures with novel functional promise.
Herein, a review of the field of nucleic acid nanotechnology is given to summarize the
potential of the field. The experimental approach aims to contribute versatility and
functionality options for NANP based platforms. A novel assembly method of NANPs via
selective nuclease degradation of RNA/DNA hybrids is introduced. DNA templated silver
nanoclusters, as a new class of therapeutics, are characterized to optimize their antibacterial
function. These studies advance the development of functional nucleic acids for the treatment

of diseases and the improvement of human health.
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1 CHAPTER 1: INTRODUCTION: THE FIELD OF NUCLEIC ACID
NANOTECHNOLOGY AND THE POTENTIAL OF NUCLEIC ACID
NANOPARTICLES

1.1 Introduction
Nucleic acid nanotechnology is a rapidly growing field that has the potential to

provide highly versatile molecular systems with a wide range of functions'. Therefore, this

potential drives a massive research effort to discover the intricacies of nucleic acids and
engineer ingenious solutions that improve the quality of human life. Nucleic acids have the
ability to participate in many cellular functions and efficiently regulate them across
biological systems. Most are familiar with nucleic acids and their role in the central dogma of
molecular biology?. DNA is primarily used for the storage and transmission of genetic
information in all organisms®. RNA is known to arbitrate this stored information for the
translation of proteins and regulation of their production. However, the capabilities of these
nucleic acids extend beyond these roles, especially for RNA. Most transcribed RNA is not
translated into protein. The amount of non-coding RNA is highly correlated with the
complexity of an organism. RNA is able to influence and participate in sophisticated
interactions with living systems® 3. Both RNA and DNA are essential to the existence and
propagation of life®.

The molecular structure of DNA and RNA defines their chemistry in the functions
they carry out. All nucleic acids in general are comprised of the same major components:
ribose sugars, negatively charged phosphate groups, and nitrogenous bases’ ®. These
components are illustrated in Figure 1 The sugar phosphate backbone consists of alternating

sugar and phosphate groups that are linked by phosphodiester bonds’. The phosphodiester



bonds link the 3' carbon of one sugar molecule to the 5' carbon of the next sugar molecule.
The sugar phosphate backbone is a repeating structural element that extends along the entire
length of the nucleic acid molecule providing connectivity!'?. The arrangement of the sugar
and phosphate groups implies important directionality of nucleic acids by differentiating a 5'
end and a 3' end!!. The phosphate groups contribute a uniform negative charge along the
entirety of a single strand. This is the only repulsive force exhibited in the dimer®. For nucleic
acid in a helical conformation, this is the most apparent factor in electromagnetic interactions
in solution at relevant pH values'?.

The sugar phosphate backbone provides a varying degree of mechanical properties
and stability depending on its constituents'®. The backbone alternates between sugar and
phosphate and extends for the length of the strand via phosphodiester bonds. The pentose
sugar provides connectivity for the attachment of the nitrogenous base. The most prominent
variation in nucleic acids is the presence or absence of a hydroxy group at the 2" position;
RNA possesses hydroxyl (OH) group while DNA bonds a hydrogen (H)®. DNA maintains a
stiff helical backbone and a more elastic core relative to RNA!* !>, DNA inherently has a
high degree of chemical stability, which is congruent with its primary function to preserve
genetic information. In contrast, RNA is allowed to be more reactive and flexible. The 2’
hydroxyl can participate in base pairing via C2’ exo conformation'¢. In general, RNA forms
an A form helix to minimize steric instability around the hydroxyl group. DNA is most stable
in a B form helix. These differences enable RNA to take part in many more functions and
biological interactions'’. The 2" hydroxyl in ribose can form hydrogen bonds with other
nucleotides, leading to the formation of RNA secondary structures such as loops and

bulges'®. These structures can act as binding sites for RNA-binding proteins or other RNA



molecules, enabling RNA to regulate gene expression and perform other biological
functions'!. The 2' hydroxyl group also makes RNA more susceptible to hydrolysis of its own
phosphodiester by acting as both an intramolecular and intermolecular nucleophile!. This
likely contributes to RNA's relatively short lifespan compared to DNA. However, this
implies that RNA is a highly active molecule and has capabilities beyond passive translation
of information. The added complexity and instability make the behavior of RNA much more
difficult to predict than DNAZ,

A nitrogenous base is connected to each sugar group of the sugar phosphate
backbone. These bases are derivatives of pyrimidine or purine, which are planar nitrogen
containing heterocyclic molecules. The nucleobase in nucleic acid is not charged at neutral
pH. Available bases differ between DNA and RNA; DNA contains thymine and RNA
contains uracil. A typical type of nucleic acid damage is oxidation. A cytosine can
spontaneously oxidatively deaminate in water?"> 22, In this case cytosine is converted into a
uracil. Since DNA does not contain uracil, repair mechanisms can identify the damage and
the sequence is preserved®*. Many, but not all noncovalent bonding occurs at this facet of the
molecule. Electronegative atoms in the nucleobases act as hydrogen bond acceptors or
donors. Atoms with a lone pair can act as a donor and atoms with a covalently bound
hydrogen can act as an acceptor?*. In Watson-Crick base pairing, thymine (T) (or uracil (U)
in RNA) and adenine (A) bind with two hydrogen bonds. Cytosine (C) and guanine (G) are
more tightly bound, having three hydrogen bonds. Helixes with sequences abundant in GC
base pairs have higher melting points due to the higher number of hydrogen bonds*’. This
trend in temperature change is highly consistent in a limited range and can be accurately

quantified with the Wallace rule*®. The nucleobases can absorb light in the ultraviolet (UV)



range. Each base absorbs a spectrum of UV wavelengths and the combined absorption
spectrum is centered around a peak near 260 nm?’. This absorption involves an electron
transfer of a nonbonding electron in an aromatic ring to an antibonding orbital known as a
— 7* transition?®. The atomic structure gives nucleic acids their complex properties and

allows these macromolecules to take part in very interesting phenomena and functions.

Bases S

Sugars

Phosphates

Figure 1. Basic components in RNA. Green bases can consist of nucleotides A, G, C, or U. The
sugar (blue) of RNA contains a hydroxyl group at the 2’ position and are linked by phosphates
(yellow) at the 5” and 3’ positions.

1.2 Interaction Forces

Annealing forces are the weak non-covalent interactions between complementary
nucleic acid strands. They influence the structure of the molecule and peripheral interactions.
The annealing forces that are present in nucleic acid structures include hydrogen bonds,
hydrophobic interactions, electrostatic interactions, and Van der Waals forces®. The
annealing forces in RNA play an especially important role in determining structure, kinetics,
and biological function. RNA structures can range from simple monomers to multi-domain
structures. Higher order assemblies are enabled by palindromic or complementary sequences
that are accessible and stable*’. RNA annealing can occur between separate molecules within
the same strand. The structure determines RNA function as it facilitates the interaction with

other molecules, including DNA, proteins, and small molecules®!



The most distinguishing annealing force in RNA and DNA is hydrogen bonding. The
dimerization of nucleic acid is facilitated by hydrogen bonds between the complementary
base pairs®> %3, Having relatively weak noncovalent interactions in base pairing leave the
option for separation of the two complements when needed in cell processes. This feature is
also highly advantageous when engineering dynamic assemblies from nucleic acids.

1.3 RNA base pairing

Canonical Watson-Crick base pairing in RNA occurs between A and U or between G
and C and follow a set of rules. However, less stable noncanonical base pairing may occur in
nucleic acid through combinations of hydrogen bonding and van der Waals interactions>*,
Noncanonical base pairing in RNA enables many functional structures®>. RNA base pairing
can be described using twelve geometric families. Each classification is differentiated by
interaction of the base edges and orientation of the glycosidic and hydrogen bonds** 3¢, The
base edges involved shown in Figure 2 are the Watson-Crick edge, the Hoogsteen edge, and
the sugar edge. All geometric relationships in RNA base pairing can be summarized with
isostericity matrices®’.

These different types of base pairs diversify the possibility of stable structures of
RNA. G-U wobble base pair, which occurs when a guanine nucleotide base pairs with an
uracil nucleotide. This base pair is highly common in naturally occurring functional RNA
molecules and has comparable stability with canonical base pairs. The G-U wobble base pair
is commonly found functional RNA structures, including tRNA and rRNA. The G-U wobble
base pair is also important for the formation of RNA-protein complexes, where G-U base
pairs mediate interactions between RNA and proteins. G and A base pairing is another

noncanonical base pair that aids in structure and function of globular RNA molecules®> 3.



Another common type of noncanonical base pairing is the Hoogsteen base pair. This occurs
when there is hydrogen bonding between the purine base and the sugar phosphate backbone
and can occur in RNA or DNA3¥, Noncanonical base pairing in RNA allows the stability of
many important RNA structures for cellular functions.

Specific RNA sequences allow for a multitude of secondary structures. Many motifs
or conserved sequences in nature are employed for functional RNA structures. Hairpins are
one of the most common RNA motifs. In a hairpin, single stranded RNA segment anneals
with a complementary sequence downrange of the same molecule. This complementary
portion forms a stem and the unbound sequence makes up the loop®. Bulges, internal loops,
and pseudoknots are more complex RNA motifs that assist in and enable RNA functions in
biology*’. Mg?* ions are the most important cations that stabilize many RNA structures by
nonspecifically binding to the phosphate backbone and promotes the formation of
noncanonical base pairs and secondary structures®*. The average lifespan of RNA is much

shorter than DNA, but it’s diversity of functions is immense*'. The depth of RNA capabilities

warrants current research investment.

9bpa LD-Uosiepy
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Figure 2. Available edges of RNA that can be involved in base pairing. The flexibility in base
pairing enables many stable RNA secondary structures.



1.5  Natural functions of RNA and biomedical potential

The variety of structures of RNA allows for many functions carried out in living
systems. RNA naturally is involved with gene regulation, catalytic activity, and cell
communication’ *>*_ Its ubiquitous use and compatibility in living systems evokes potential
in therapeutics.

An RNA molecule is capable of catalyzing the cleavage of its own phosphodiester
backbone®. A region of the RNA molecule serves as a catalytic site to cleave another region
leaving fragments. Hydrolysis of the backbone occurs when a deprotonated hydroxyl group
acts as a nucleophile and attacks a phosphorous in a phosphodiester bond. Rate of self-
cleavage is dependent on Mg?* ions which aid in the stabilization of the autocatalytic
structure confirmation. Self-cleavage can be a form of regulation, used to remove intronic
sequences, or release functional RNA sequences from precursors®.

Ribozymes are functional RNA molecules that catalyze a wide range of chemical
reactions. For example, the hammerhead ribozyme is found in viruses and plants and can
perform site specific reversible cleavage and ligation reactions*®. The protein production
performed by the ribosome is enabled by the catalytic activity of ribozymes to join amino
acids together*’. Ribozymes are similar to protein enzymes and are specific to substrates but
can be much smaller in size. Ribozymes can also catalyze intramolecular cleavage to self-
regulate its own activity. Self-splicing introns catalyze their own excision for gene editing
and gene regulation®.

Aptamers are generally short RNA or DNA sequences that are in vitro selected to
bind specifically to targets, including proteins, small molecules, cells, and bacteria. These

molecules have high affinity to specific molecules similar to antibodies**-*°. From a



therapeutic design perspective, aptamers can be precisely designed, readily produced, and
could be compatible with many existing applications>" 32,

RNA interference (RNAI) is a process in where RNA molecules drive the inhibition
of gene expression. Specific mRNA sequences can be targeted for degradation and protein
production inhibited>. RNAI is mediated by siRNA that is processed from longer RNA
precursors by Dicer processing™ >3, The siRNA is incorporated the RNA-induced silencing
complex (RISC) and used as a guide for specific mRNA molecules with complementary
sequences”®. The mRNA molecule is degraded, and protein expression is inhibited®’. The
versatility of RNA is diverse and highly congruent for developing medical applications.

1.6 Immunorecognition of nucleic acids

One of the most challenging barriers preventing widespread use of functional nucleic
acids is the body’s immune response to foreign nucleic acids®**°. The persistent threat of
pathogens required humans to evolve defenses to detect and combat infections. Certain
nucleic acids are perceived as an indicator of infection, and this can trigger the immune
response in an unproductive or harmful manner®" 2,

Pattern recognition receptors (PRRs) are a class of receptors that can recognize
molecular patterns associated with pathogens or damage to host cells®* . Pathogen-
associated molecular patterns (PAMPs) are foreign molecules that are associated pathogens.
Damage-associated molecular patterns (DAMPs) are molecules that are released from
damaged or stressed host cells** 6> 6567 PRRs are expressed on the surface of cells and
endosomes throughout the human body. Binding of PRRs to PAMP or DAMP molecules

triggers a cascade of events that lead to the activation of an immune response. An important

role of the innate immune system is the detection of molecules indicative of abnormalities.



Toll-like receptors (TLRs) are a family of PRRs that are expressed on the surface of
cells or on endosomes in the cytoplasm®. TLRs recognize a variety of PAMPs, including
foreign nucleic acids indicative of pathogens. Detection initiates pathways that cascade to the
activation of the innate immune response®” 7°. The immune system recognizes dsRNA via
TLR37!. dsRNA is a common intermediate in the replication cycle of many RNA viruses,
however some viruses actively prevent immune detection’?. Viruses such as influenza B that
sequester dsRNA are able to mitigate host IFN-P and protein kinase R activation and
therefore immune response relies on the detection of ssSRNA’> 74 TLR7 specifically
recognizes ssSRNAs which are also characteristic of many RNA viruses’. Sequences with
successive uridines are correlated with an increase in TLR7 activation’®. TLRS also detects
ssRNA, this TLR is phylogenetically and structurally similar to TLR7"7. However, each
activates a different response profile’®. TLR7 agonists more effectively induce IFN-o and
IFN-regulated chemokines. TLRS8 agonists are more effective for the induction of
proinflammatory cytokines and chemokines including MIP-1a, TNF-a, and IL-127°. TLR9
detects unmethylated CpG motifs which are found in prokaryotic DNA while not present
vertebrate genomes®® 8!, RIG-I is activated by dsRNA and ssSRNA and can differentiate
between foreign RNA from natural®?.

Cystolic receptor cGAS is responsible for detecting DNA and stimulates the
production of IFN-B. It is typically located in the cell nucleus®*. RIG-I leads to the activation
of transcription factors IRF3 and NF-kB’. The detection of foreign nucleic acid initiates
signaling pathways where cytokines and chemokines are produced downstream. The
production type I interferons and pro-inflammatory cytokines such as interleukin-1f3 (IL-1p)

and tumor necrosis factor-alpha (TNF-a), initiation inflammation and leads to the recruitment
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of immune cells to the site of infection and the %34, The immunorecognition of NANPs is an
important factor for the intended application. NANPs are made of nucleic acid molecules
much less than 100 nucleotides. The relevant PRR are summarized in table 1°.

Table 1. Pattern recognition receptors relevant to the immune recognition of NANPs and the
activating nucleic acid type.

PRR cGAS RIG-I TLR3 TLR7 TLR8 TLRO9

Nucleic dsDNA, dsRNA dsRNA ssRNA ssRNA dsDNA
Acid DNA/RNA dsRNA dsRNA
hybrid

1.7  Research Approach of Nucleic Acid Nanoparticles

NANPs are a novel class of TNAs that proposes unique advantages and versatility>”
85,86 Complex structures inspired by nature and engineered features can be combined to elicit
desired responses and enable functionalities. Some relevant NANP structures are outlined in
Figure 3. Therapeutic nucleic acids are a novel form of medicine and have complex
interactions in living systems. NANP research takes on many approaches to optimize
molecular function, determine safety, develop foundational knowledge, and expedite the

translation process> .,
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Cubes: Rings: Fibers:

- 3 dimensional - 2 dimensional - 1 dimensional

- 6 monomers - 6 monomers - 2 monomers

- intermolecular bonding - inter and intramolecular - inter and intramolecular
bonding bonding

Figure 3. Comparison of NANP scaffolds and key differences in structure.

RNA polymers with 2” hydroxyl group enables greater complexity and structure
possibilities and therefore is a highly advantageous building material for NANPs. RNA
tectonics is a building block approach to designing self-assembling nanostructures out of
modular components. RNA units consist of motifs inspired by nature and structures are built
in a similar fashion to toy bricks®’. With developing calculation methods and computational
power, software tools have become an increasingly reliable approach to explain and predict
RNA structures for NANP design® ®. For example, RNA cubes as therapeutics scaffolds
have been designed in silico consisting of 6 or 10 monomers utilizing Watson-Crick base
pairing. The design intended a monodisperse solution of self-assembling structures stable at
physiological conditions. Proper sequence design mitigates cross talk and ensures
thermodynamic stability. Experimental characterization confirmed the successful assembly
and validated the computational design approach®.

RNA rings are a nanoscaffold that offers an array of structure options that enable
coordination of multiple functionalities®'. The scaffold structure involves 6 monomers where

each strand holds a functional molecule. The overall structure can offer multiple copies of the
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same functional or a unique function for each monomer. Extensive characterization of
structures showed successfully assembled and monodispersed solutions of structures®®. These
structures offer nanoscale precision and control. Compatible moieties could include any
molecule that is able to bind to an RNA toehold. These include siRNAs, aptamers, and
fluorophores®!: 2. Redundancy of an siRNA sequence on the scaffold significantly increased
the silencing capability by increasing the concentration of transfected material. Combining
multiple functions on a single scaffold offers capabilities to simultaneously suppress multiple
genes or combine therapeutic delivery and targeted delivery into the same platform.
Incorporation of fluorophores can enable tracking of and efficiency of delivery methods of
treatments*” 3693,

RNA fibers provide low immune response while offering a variety of molecular
capabilities’. Their utility as a scaffold includes stoichiometric and concentration control of
moieties. In addition, the functionalization options encompass many molecules with
therapeutic potential. Fibers are made of monomers that fold into dumbbell structures via
palindromic sequences. Although these sequences are conserved in all monomers, snap
cooling during the assembly process adequately prevents cross talk between monomers in
these regions of the sequence’. The quaternary structure of fibers is allowed by
intermolecular forces in the kissing loop portions of the monomer sequence. These sequences
are designed to specifically interact with a compatible complementary loop at a straight
angle®. Resulting in fibers with alternating monomers and an overall linear structure. If a
toehold is introduced, the monomer sequence is extended from the 3’ end after a single
stranded 3 uracil linker to mitigate alternative stacking. These structures were successfully

functionalized and transfected. Significant knockdown of GFP and mutated BRAF confirmed
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the therapeutic viability of a continuous linear assembly. Treatment of PMBCs also indicates
low immune recognition despite having an RNA composition.>” The synergy of minimal
immune response and functional programmability indicates profound potential for
therapeutic applications.

Immunostimulatory trends have been identified in varied NANP structures as a result
of many systematic studies®*®> 7. Therefore, NANPs may be designed with available
structures to produce intended immunostimulatory effects. Quantitative structure-activity
relationships (QSAR) modeling has been used to determine trends in the immunomodulatory
character of NANPs that is defined by physicochemical properties®’. A set of nanoassemblies
were chosen to systematically vary composition and structure. These polygons were run in
parallel through an array of experiments and analyses. This effort revealed that composition
was the most influential engineering choice regarding functional design; RNA was
significantly more immunostimulatory than DNA. The molecule size, melting temperature,
and stability showed therapeutic significance. PBMCs and immune reporter cell lines were
used in a large systematic immunological assessment of a library of NANPs. This was
performed to identify important facets of NANP structure and identify trends to improve the
prediction of immune response®. The possibility of harmful inflammatory response from
TNA'’s and the uncertainty of NANPs immune recognition prompted the need for mechanistic
studies over a wide range of nanostructures®- °" 6. The most probable method of
administration of a future NANP therapeutic would be via injection®’. This suggests that
NANPs will interact with many cell types in the body. Cytokine production following
treatment of PBMCs more closely replicates the complexity of the adaptive immune system

and reveals information more relevant to the adaptive immune system”®. Reporter cell assays
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call for a more standardized environment and primarily inform about intracellular recognition
by the innate immune system”®. The immune results showed significantly different levels of
recognition. From the array of data, structure, composition, and complementarity were strong
predictors of immune response. Increasing the dimensionality of NANPs was correlated with
increased immune response, where 3 dimensional cubes elicited the largest response. RNA
NANPs proved highly immunostimulatory while DNA NANPs were more
immunoquiescent™ > 6365 Observing trends in NANPs variations provides important insight
into safety and more relevant approaches through design.

NANPs have been deployed as a functional system by exploiting the thermodynamics
of nucleic acid. Shape switching cubes have been used as a novel strategy to activate multiple
biological functions”. NANPs were designed where the sequences of structural components
for one assembly were complementary to a separate assembly. This scheme coordinated the
specific thermodynamic reassociation. An even deeper dimension of design provided
consequent functions. Newly materialized structures were capable of RNA1, aptamer
functionality, initiating transcription, and FRET. Significant control over the immune
stimulation was determined based on the RNA and DNA content of the reciprocal system®’.

Multiple reconfigurable nucleic acid structures have been developed and applied as
systems with a therapeutically relevant approach. NANPs can contain split functionalities
that may be conditionally activated upon reassociation in the cytoplasm. Functions include
RNAIi, NF kB decoys, and transcription factors’>. FRET pairs, quantum dots, or fluorescent
aptamers are able to indicate target molecule presence and structure integrity*® 1°% 10! The
presence of target sequences can displace strands and alter fluorescence signals. Aptamers as

moieties enable specific binding of target molecules while retaining reversibility functions.
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Thrombin can be disabled without denaturation using RNA/DNA hybrid structures. The same
structure can also be reversed upon interaction with complementary stands administered as
needed'*.

Given the encouraging progress with NANP technology, many barriers remain.
Personalized therapeutic approaches are currently limited by safety, functional effectiveness,
and availability. The generation of value from TNAs is limited by delivery, storage stability,
production costs, and harmful side effects®- 103,

1.8  Future Directions

Nucleic acids are involved with many diseases and opens the possibility to intervene

with TNAs. Many drugs are already approved for clinical use or in clinical trials. Some of

these include: Mucagen for age-related macular degeneration (aptamer)!%*

, Kynamro for
familia hypercholesterolemia (antisense oligonucleotide)'*’, Givlaari for AHP porphyri'%,
Leqvio for LDL-D reduction (siRNA)!?’, Covid-19 vaccines (mMRNAs)!%, and Amvuttra for
TTR polyneuropathy (siRNA)!?. Personalized medicine entails multifunctional therapeutics
with predictable and versatile options. Therefore, the field of nucleic acid nanotechnology
must produce a variety of safe and adaptable molecular platforms to meet these
requirements®’. A therapeutic provides no value if the benefit from the primary effect is
overshadowed by the side effects. The nature of nucleic acids requires methods to circumvent
off target effects. The programmability of NANPs makes this technology a decidedly viable
approach for individualized treatments® 110-114,

The effort herein contributes to the better therapeutic systems by promoting

knowledge, innovating assembly methods to increase versatility, and optimizing moieties to

diversify functional options of NANPs. The first work is a review of the field of nucleic acid
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nanotechnology. This chapter is an effort to present recent innovations and advocate ideas.
The second work presents a novel approach to NANP assembly via nuclease treatment. This
approach aims to contribute to the versatility design options of NANPs to control immune
recognition and storage stability. The third aim offers a novel antibacterial function to expand
the array of available effective functions for future therapeutics. Nucleic acid inherently is a

very powerful tool and its translation will require thorough understanding.
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2 CHAPTER 2: BIOMOTORS, VIRAL ASSEMBLY, AND RNA
NANOBIOTECHNOLOGY: CURRENT ACHIEVEMENTS AND FUTURE
DIRECTIONS

2.1 Introduction
Nucleic acid engineering has been gaining considerable momentum for over a decade

since the first meeting of the International Society of RNA Nanotechnology and

Nanomedicine (ISRNN). This massive research effort is inspired by the immense potential

that RNA offers to basic research and in clinical settings. RNA is a natural biopolymer that is

highly integrated in a plethora of mechanisms essential for life and thus, understanding

RNA'’s folding, structure, and functions would allow for the rational design of RNA-based

therapies and nanodevices suitable for biomedicines 2. As the translational aspects of the

field have advanced, there have been new RNA therapies approved for clinical use *, most
notably two SARS-CoV-2 mRNA vaccines that were rapidly developed and introduced
during the COVID-19 pandemic. Despite these successes, the numerous translational
challenges of RNA therapeutics +*® still preclude their broader biomedical applications. With
the increasing number of research teams whose work focuses on overcoming these barriers,

the emerging RNA field keeps moving towards curative goals.

In order to advance the applications of RNA in the fields of nanotechnology and
nanomedicine, an interdisciplinary effort must be undertaken. To further this goal, the
ISRNN has hosted a biennial meeting series, entitled “Biomotors, Viral Assembly, and RNA
Nanobiotechnology”. At these events, researchers gather from across the globe to share and
discuss their findings in each of these areas, with the most recent boasting presentations from

over 15 countries by 68 independent researchers. This critical review aims to cover recent
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research highlights and perspectives in selected topics; namely, we discuss advancements in
the fields of biomotors and biomachines, nanopores, nanozymes, viral frameshifting

elements, RNA structure prediction and assessment, and RNA nanotechnology.

2.2 Biomotors and Biomachines
2.2.1 The push-to-open mechanism and the challenge of tethered mechano-sensitive
ion channel NompC
The 2021 Nobel Prize in Physiology and Medicine was given to Professors David Julis and
Aderm Patapoutian for their discoveries of receptors that sense heat and pain. These
breakthroughs launched intense research activities that lead to a rapid increase in our
understanding of how our nervous system senses changes in temperature and mechanical
stimuli. NompC is a TRP (Transient Receptor Potential) channel that is in the same family as
the capsaicin receptor TRPV1. NompC is also a special mechanosensitive ion channel
responsible for the sensation of touch and balance in Drosophila melanogaster °. Based on a
cryo-EM structure of NompC '°, the team performed all-atom molecular dynamics
simulations and electrophysiological experiments to study the atomistic details of NompC
gating. As shown in Figure 1, work done in the Shu group showed that NompC could be
opened by compression of the intracellular ankyrin repeat domain but not by stretching, and
that a number of hydrogen bonds along the force conveyance pathway are important for the
mechanosensitivity ''. Under intracellular compression, the bundled ankyrin repeat region
acts like a spring with a spring constant of ~13 pN/nm and transfers forces at a rate of ~1.8
nm/ps. The linker helix region acts as a bridge between the ankyrin repeats and the transient
receptor potential (TRP) domain, which passes on the pushing force to the TRP domain to

undergo a clockwise rotation, resulting in the opening of the channel. This could be the
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universal gating mechanism of similar tethered mechanosensitive TRP channels, which

enable cells to feel compression and shrinkage.

A

Ankyrin Compress

Gating

Microtubul

Figure 1. (A) The compression of the ankyrin repeat (AR) region will generate a pushing force
and a torque on the linker helix (LH) domain, pointing to the extracellular side. (B) The LH
domain further pushes the transient receptor potential (TRP) domain, leading to a tilt (side
view), and (C) a clockwise rotation of the TRP domain (looking from the intracellular side).
The motion of the TRP domain pulls the S6 helices to slightly tilt and rotate, which dilates the
constriction site of the pore.

The Shu group’s experimental collaborators, Prof. Zhigiang Yan’s group, found, using the
cell-attached patch clamp method that positive pressure acted on the NompC expressed by
Drosophila melanogaster S2 neuro cells, which simulated the compression of the gating
spring on NompC !'. From this experiment, electrical signals were detected from the cells,
which indicated that the NompC channel was open in response to the compression of gating
spring. By using the cell-attached method with negative pressure, there was no obvious
current detected. On the other hand, the outside-out patch clamp method with negative

pressure which also simulate the compression of gating spring, they can detect obvious
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current. These experiments validated the Shu group’s findings from MD simulations using in
vitro methods. These findings were further validated by Prof. Michael Krieg’s research group
via an in vivo C. elegans behavior experiment '2. They found that the movement of C.
elegans was controlled by two ion channels. Straight-forward movement was controlled by
the TREK?2 channel, a mechanosensitive potassium channel that can sense membrane
stretching and transmit electric signals. The omega turn movement of C. elegans was found
to be controlled by the NompC channel, which is stimulated by cellular compression ',
NompC-knock out C. elegans can only go straight while the TREK2-knocked out C elegans
can only perform the omega turn movement. Therefore, they summarize an interesting
physical model of C. elegans. When the C. elegans moves straight, the TREK2 channel opens
due to the stretch of nerve cells while NompC remain closed. On the contrary, when s C.
elegans performs an omega turn, the sensory cells are compressed, opening the NompC
channel while TREK?2 is closed. These findings showed that NompC plays key roles in
sensing touch and proprioception in C. elegans, which will provide promising logic element

for designing smart C. elegans.

The push-to-open gating mechanism of NompC represents a special mechanism for sensing
the compression of sensory cells, which is different from other traditional mechano-sensitive
ion channels that mainly rely on membrane surface extension and respond to cell expansion.
This model provides a promising area for designing smart biosensors in response to
mechanical stimuli. Although the sequence and structure of other TRP ion channel family
members, such as TRPV1 and TRPV4, is similar to NompC, whether the gating mechanism
of these TRP channels obeys the push to open model remains an open challenge for structural

biology. In the near future, the humans will begin to expand their explorations of space. The
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low gravity conditions in space pose a large challenge to the health of astronauts. Astronauts
will face quite different health challenges from those living on earth. The relative studies on
the gating of TRP channels under extreme conditions such as low gravity will give new

insight to solve these problems.

2.2.2 The asymmetrical revolving motor mechanism

A key characteristic of "living beings" is movement. These motion activities are
usually performed by ATPase motors '* 4. One of the most important motor functions is
dsDNA translocation, which occurs during DNA replication, cellular mitosis, plasmid
conjugation, DNA repair, and dsDNA viral genome packaging. The motor of these essential
living processes shares plenty of similarities, such as the structure and mechanism. A rotatory
mechanism has become a common belief due to the helical structure of the substrate DNA;
however, the rotation mechanism is questioned based on several experimental data ' '°. To
solve this problem, a revolving mechanism is proposed !”. Rotation involves the turning of an
object around its own axis like Earth moving around its axis every 24 hours, while revolving
is the circular motion of an object around a secondary object, similar to Earth orbiting the sun
every 365 days. Studies of the structure of biological motors in different species have
suggested a similar revolving mechanism that can transport the long dsSDNA genome. This
mechanism is established in the dsDNA packaging motor of the bacterial virus phi29, which
uses six ATPases to work in sequential action (Figure 2) '®!°. Several other biomotors have
been reported to function in the revolving mechanism as well, such as the packaging motor of
herpesviruses 2°, the cell division motor of Escherichia coli FtsK 2!, and plasmid conjugation
motor TraB in streptomyces ?2. The studies of these motors suggest an asymmetric hexameric

structure for transporting dsDNA in the sequential mechanism of action that is the motor
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contains four monomer subunits and one dimeric subunit arranged in an asymmetrical
structure. The finding may help understand why huge genomes, including chromosomes,
translocate in complex systems without coiling and tangling, which will decrease the speed

of dsDNA translocation and consume more energy.

A. Rotation Revolution B.
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Figure 2. Differentiation of revolving mechanism from the rotation mechanism. Rotation is
the object turning along its own axis. Revolving is one object moving around a second object.
(A) Earth rotates one round every 24 hours, analogous to the rotation of the bolt and nut (B).
(C) Earth moving around the sun every 365 days per circles. Revolution is analogous to the
RPM (revolution per minute) counting of rotors in ultracentrifugation (D). (E) The DNA
translocation motor used a revolving mechanism. The revolving is a result of the sequential
action of individual subunits trafficking DNA. DNA hugs the channel wall via sequential
handoffs via dimerization of individual gpl6 subunits (PDB 2KCA)*. This sequential
dimerization of the gp16 subunits is ATP driven and traffics one strand of the DNA through the
connector through touch and go interactions.

23 Nanopore and Nanozyme Technologies

2.3.1 Protein fingerprinting through nanopores

Nanopore technology has demonstrated its ability to detect fine molecular details, allowing
the study of subtle changes in protein or RNA conformation 22, characterization of short

polypeptide chains with single amino acid resolution, detect and identify specific amino acids

26,27 28,29

and detect subtle chemical modifications or post-translational modifications 3% 3! all
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which led to the hope of directly sequencing whole proteins. In addition, the biological
nanopore can be reengineered to be inserted in lipid bilayer system or commercially available

platform 3233,

While recent efforts to sequence proteins at the single-molecule level using nanopores have

shown promise 2% 3% 33

reading the protein sequence remains a challenge. Considering the
complexity of identifying proteins by reading their sequence, a new approach to identify
proteins without reading their sequence has recently been demonstrated *® 7. This approach
consists on identifying proteins by monitoring fragments resulting from the reaction products
of a protease through biological nanopores and using protein databases to determine to which
protein those fragments correspond, in a manner roughly similar to mass spectrometry
(Figure 3). Specifically, it has been demonstrated that the AeL nanopore enables
discrimination between three different proteins with approximately the same molecular mass,
opening up the possibility of extending this approach to the identification of proteins
irrespective of their size, charge, and structure/conformation *°. This new approach, which
can easily be miniaturized, could replace mass spectrometry as a part of the protein
identification workflow. If implemented by a commercial entity, the technology could be

made practical and low cost enough for use at point-of-care facilities, as the identification of

proteins for health-care applications does not require full sequencing.
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Figure 3. Following protease digestion, peptide fragments of various lengths and sequence can
be distinguished as they travel through a nanopore as a function of the normalized current
across the membrane, resulting in a unique fingerprint for each protein.

2.3.2 Computational design of nanozymes for biomedical applications

Many inorganic nanomaterials have intrinsic catalytic activities in living cells mimicking
those of oxidoreductases, which endow the nanomaterials with intriguing potentials in
biomedical applications *%. These nanomaterials are collectively called nanozymes. For
example, the peroxidase-activity of nanomaterials activates H2O2, which is abundant in
tumor cells, to abstract electrons from the surroundings and thus induces apoptosis or
necrosis of tumor cells. The catalase-like activity converts H2O2 into Oz, which is useful to
attenuate tumor hypoxia. The superoxide dismutase-like activity is useful for scavenging O2™
, providing the nanomaterials with anti-oxidant activity. Owing to their enzyme-like
activities, the nanomaterials have potentials in tumor chemodynamic, anti-hypoxia, and

antioxidant protection therapies (Figure 4).

Because specific biomedical applications require that the nanomaterials have high catalytic

activities, it is desirable to understand the atomistic-level mechanisms for the catalysis and
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develop theoretical methods to evaluate the activities prior to experimental applications.
Density functional theory calculations have played an indispensable role in studying
atomistic mechanisms and structure-activity relationships for catalysts. Using these
calculations, the Gao group has studied the mechanisms for the above oxidoreductase-like
activities and further developed theoretical methods to predict the peroxidase-, catalase-, and
superoxide dismutase-like activities of nanomaterials, paving a road for the application-

targeted design of nanozymes %!,

However, challenges still remain. Among them, a big challenge is to improve the substrate
selectivity for the nanomaterial catalysis by de novo design, and another question is to

improve the accuracy of experimental fabrication and characterization of nanomaterials to
comply with the design. Other questions like the long-term toxicity of nanomaterials merit

further investigation.
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Figure 4. (A) The enzyme-like activities of nanomaterials and (B) potential biomedical
applications.
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2.4  Ribosomal Frameshifting Elements
2.4.1 Programmed ribosomal frameshifting: a potential broad range target for
antiviral therapeutics
Human population growth, climate change, and globalization are accelerating the
emergence of novel pathogenic viruses. Many viruses use a programmed —1 ribosomal
frameshift (—1 PRF) mechanism to direct synthesis of their replicase proteins, a critical
switch in their replication program that can be therapeutically targeted >. Nearly half a
century of research into —1 PRF have provided insight into its biological importance, the
molecular mechanisms that drive it, and approaches that can be used to manipulate it towards

therapeutic outcomes, with particular emphasis on SARS-CoV-2.

The -1 PRF is a kinetically driven process. Elongating ribosomes are forced to pause
over heptameric “slippery sequences” by metastable frameshift stimulating elements (FSEs)
on mRNAs, typically pseudoknots +*. Emerging evidence suggests that the frequency of -1
PRF events is dictated by the extent of structural heterogeneity, or Shannon Entropy, of these
FSEs *. The idea is that the greater the number of structures that a sequence can sample, the
greater the chance that one will be sampled that favors ribosome slippage. The ribosome is
also an active player in the frameshift process. The dynamic conformational changes that it
undergoes as it transits through the elongation cycle, along with the hydrolysis of GTP by the
elongation factors provides the energetic inputs required to overcome the otherwise
energetically unfavorable slippage events **. While -1 PRF is ultimately a stochastic process,
each individual -1 PRF signal is evolutionarily fine-tuned to shift ribosomes at a specific

frequency.
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First demonstrated using the yeast “Killer” virus system *°, the idea that altering -1
PRF rates negatively impacts viral replication has been broadly demonstrated in retroviruses,
coronaviruses, flaviviruses, alphaviruses, and others *?. Decreases in -1 PRF can result in
large, e. g., 3-4 orders of magnitude, decreases in viral copy numbers 648, The triple-stem
loop FSEs of coronaviruses present particularly promising therapeutic targets, as they harbor
ring and hole structures conveniently sized to accommodate drug-sized small molecules #-!.
Recently, high throughput screens have identified FDA approved drugs that alter SARS-CoV-
2 -1 PREF efficiency, as well as -1 PRF promoted by other coronaviruses that may potentially
emerge into the human population 3%, However, these small molecules were originally

optimized to interact with proteins; efforts should be devoted toward developing RNA-

specific interactors.

Although numerous academic and private entities are currently targeting the -1 PRF
signal of SARS-CoV-2, the challenge of drugging a highly dynamic RNA structural element
situates these efforts at the cutting edge of technology. Further, while -1 PRF is an essential
regulatory element for many viruses, each viral -1 PRF signal is unique, likely necessitating
developing -1 PRF signal-specific drugs for every virus. Additionally, as it is becoming clear

3336 the activities of such antiviral

that -1 PRF is used to regulate human gene expression
agents on -1 PRF in cellular genes will have to be investigated, although, as noted above, the
unique nature of each -1 PRF signal may allay this concern. On a positive note, since the -1
PREF signals of each virus are highly conserved, this mitigates worries about drug-resistant

bypass mutations. As we try to peer over the horizon to prevent the next pandemic(s), -1 PRF

represents an important target to add to the arsenal of antiviral therapeutic strategies.
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2.4.2 Unraveling structures and mechanisms of the SARS-CoV-2 RNA frameshifting
element by graph theory and molecular modeling
Nucleic Despite the ongoing vaccination campaigns across the world, we are entering
the third year of the COVID-19 pandemic with new waves of infection by SARS-CoV-2 and
witnessing mutations that continue to evade our immune system while producing alarming
symptoms in increasing cohorts and parts of the world. It has become clear that simple
solutions are difficult and that more fundamental scientific knowledge, as well as clinical

evidence, is required to address current and future viral infections that inevitably will arise.

Fortunately, the level of scientific cooperation and advances we have witnessed since
early 2020 offers hope. Besides successful vaccine development efforts, progress on
unraveling the complex and multifarious biophysical aspects of the virus life cycle and
infection trajectory has helped us describe how the virus hijacks our own protein-synthesis
machinery into making viral proteins efficiently and propose new lines of defense against the
deadly disease it carries. These insights into the life cycle of the virus and mode of action are
invaluable for further development of drugs and other strategies to combat current and future

viral epidemics.

Investigations of the RNA viral agent itself are crucial for understanding how the
RNA invader replicates itself, is translated by the human ribosomal machinery, assembles,
and synthesizes a suite of viral proteins that enable the continuation of its invasive trajectory.
Importantly, RNA-targeting therapeutics and vaccines can disarm the origin of the infection
rather than its products and potentially be more effective in the long term. However, the
complexity of the RNA molecule and the lagging science about its modeling, imaging, and

drug screening, as compared to proteins, poses several challenges. With technological
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improvements in RNA delivery systems, the rise of CRISPR-based gene editing systems °”
38 and improved RNA modeling techniques ** ®°, this RNA focus is not only warranted but

clearly successful, as evidenced by recent mRNA-based vaccines.

Of particular interest by many groups is the RNA frameshifting element (FSE), a
small region in the open reading frame ORF1a,b region (Figure 5A) of the viral genome that
codes for the polyproteins that initiate the cascade of viral protein synthesis. The FSE is
responsible for the crucial —1 PRF mechanism utilized by many viruses, including HIV-1, to
handle protein synthesis from overlapping reading frames ¢-%. A pseudoknot (intertwined
hydrogen-bonding), or a stem-loop motif, is believed to be crucial for the requisite pausing

associated with frameshifting -6,

When encountering ORF1b, out of register with respect to ORF1a, the ribosome
backs up one nucleotide in the 5’ direction to define a different sequence of codons (Figure
5). Because studies indicate correlations between the FSE conformational plasticity and
frameshifting efficiency, it is likely that more complex conformational mechanisms are

» 42,6668 Indeed, the discovery of many alternative

involved rather than a simple “barrier
conformations of the SARS-CoV-2 FSE % %78 suggest a complex conformational and

thermodynamic landscape.

The FSE’s crucial role in viral protein synthesis makes it an excellent target for
therapeutic intervention > 7% %, Already, small-molecule agents such as 1,4-diazepane
derivative 10 (MTDB) (originally designed for SARS-CoV ©%8!-82) fluoroquinolone
antibacterial merafloxacin 7%, and a phenyl thiourea C5% were found to hamper SARS-CoV-2
frameshifting. However, a mechanistic understanding of the process and the drug effect is

unknown. Complexity is inherent in the makeup and variability of the FSE region. The 84-
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residue SARS-CoV-2 FSE (13462-13545 of the 29891 nt RNA genome) contains a 7-residue
slippery site (UUUAAAC) and a 77-residue conformationally flexible region (Figure 5).
Besides the folds and mechanisms of the RNA FSE itself, important interactions are involved

between the FSE and the ribosome during viral protein synthesis.

The Schlick group focuses on better understanding the conformational landscape of
the FSE using a combination of complementary graph-based modeling and chemical
reactivity and other experiments. Already, several groups have explored FSE structure by

49,69, 77,78, 84

modeling , in vivo Selective 2’-Hydroxyl Acylation by Primer Extension

(SHAPE) * % and DMS structure probing experiments > 7, NMR %7, Cryo-EM °* 3!, and

other biophysical mutational profiling and scanning approaches 5% 888

Many have characterized the FSE of SARS-CoV-2 as a 3-stem hairpin (H-type)
pseudoknot with colinear Stems 1 and 2 intertwined via a pseudoknot and perpendicular
Stem 3. This association has persisted from the SARS-CoV FSE characterization 2, which
differs in only one base from the SARS-CoV-2 FSE (residue A13533 in Covid-19 is C in
SARS, Figure 5). However, depending on the modeling software and experimental technique,
alternative secondary structures have been reported for SARS-CoV-2, both pseudoknotted

and unknotted 3% %78,

Developing further and applying the RNA-As-Graphs (RAG) graph-theory tools for
handling pseudoknots **-** to the SARS-CoV-2 FSE, the Schlick group has designed double
mutants, shown in Figure 5B, that dramatically alter the FSE conformation (see 3 and
accompanying New & Notable commentary °°). These mutations define target residues for
drug binding and gene editing. By further probing the FSE structure as a function of length

and performing chemical reactivity experiments with SHAPE, we have described alternative
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forms of the FSE ?°. Notably, the combined complex conformational landscape has three
viable structures of the FSE: two 3-stem pseudoknotted RNAs (3 _6 and 3 3 in the dual graph
notation), and one unknotted, 3-way junction RNA (3 _5) (Figure 5B). The flexible Stem 2
may be involved in a switch between these conformations and associations with the ribosome
during protein translation, as well as define a co-transcriptional kinetic folding trap. For
whole genome constructs, a stem-loop motif (2_2 graph) may also compete with these forms.
In addition, we confirmed experimentally that other designed FSE mutants stabilize one
conformation over all others ?’, lending confidence in these mutational transformations.
These conformation-specific mutations may be particularly effective when used in
combination with anti-viral compounds that target a specific FSE form. The Schlick group’s
recent molecular dynamics studies of these alternative conformations at various lengths
suggest key transition states that are shared by all three FSE conformations and, importantly,
pathways for inter-conversion among them °’. These studies also point to several therapeutic
avenues, including interference with FSE transformations, FSE/ribosome interactions, and
FSE folding. Ongoing research is addressing these possible therapeutic avenues as well as the

dynamic mechanisms associated with frameshifting.
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A Three Conformations of the SARS-CoV-2 Frameshifting Element
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Figure 5. FSE sequence, three relevant 2D structures for the SARS-CoV-2 84 nt FSE (residues
13462-13545) emerging from the Schlick group’s work % ¢ and mutants that transform the
3 6 motif and stabilize all conformers, using graph based models, 2D structure prediction,
SHAPE structural probing, thermodynamic ensemble modeling, and molecular dynamics
simulations °’. (A) The —1 frameshifting moves the transcript UUU-UU*A(Leu)-AAC(Asn)-
GGG at the second codon (asterisk) to start as AAA-CGG(Arg), so that translation resumes at
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CGG. Top: FSE sequence, with the attenuator hairpin region, the 7 nt slippery site, and A13533
labeled (C in SARS). The ORF1la end and ORF1b start codons for the overlapping regions are
marked. For each 2D structure, 3_6 pseudoknot, 3 3 pseudoknot, and three-way junction 3 5
(unknotted RNA), we show corresponding dual graphs, 2D structures, and arc plots, with color-
coded stems and loops. (B), Left: Mutants that stabilize each conformer; (B), Right: Double
mutants that transform the 3 6 form into other RNAs. B, Middle: Straight to L-shape transition
captured in the simulation for wild type 3_6 system, which is suppressed in the 3_6 stabilizing
mutant.

2.5  RNA Structure and Assessment
2.5.1 End-to-end prediction of RNA base pairing structures through deep transfer

learning of evolution and co-evolution information

Predicting RNA secondary structure has long been dominated by folding-based
algorithms, which require a scoring function coupled with a minimum-searching algorithm.
These predictions, however, are often limited to nested and stacked canonical base pairs (i.e.,
AU and GC Watson-Crick and GU wobble base pairs), while ignoring other hydrogen-
bonded bases stabilized by tertiary interactions. The ignorance reflects the difficulty to
predict “tertiary” base pairs without knowing three-dimensional structures. Structure-
stabilized base pairs include un-nested (pseudoknot), noncanonical and isolated lone base
pairs as well as base triplets. Thus, a gold-standard dataset for these “tertiary” base pairs
requires experimentally determined three-dimensional structures. However, there are only a
few thousand RNA structures that have been solved so far. Such a small number of RNA

structures makes it challenging to apply deep learning to RNA structure prediction.
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Figure 6. Base pair prediction for 70S ribosome (PDB 6CAE, chain 1Y) by (A)
CentroidAlifold [PR=95, SN=67], (B) SPOT-RNA [PR= 93, SN=83], and (C) SPOT-RNA2
[PR=94, SN=97], compared to (D) the native as labelled. All false positives are shown in red.
Tertiary base pairs (noncanonical base pairs in orange and pseudoknots in green) are the most
visible improvement from the traditional folding algorithm (CentroidAlifold, limited to
canonical base pairs in blue) to SPOT-RNA without evolution information and SPOT-RNA2
with evolution information. Copyright (2021) Oxford University Press.

Recently, Singh et al. showed that the above problem can be addressed by using a
highly accurate but approximate database of RNA secondary structures for initial training °%.
The initial training is followed by transfer learning with a small dataset of full base-pairing
structures derived from RNA structures. The resulting method called SPOT-RNA showed that
a single sequence (i.e., without information of homologous sequences) can provide a
significant improvement over the stagnant accuracy of secondary structure prediction by
folding-based algorithms in recent years. The most significant improvement is in “tertiary”

base pairs such as pseudoknots, noncanonical and lone base pairs.

To further improve the above prediction, it is necessary to incorporate sequence
conservation and co-variation information as in proteins. However, unlike proteins, 4-letter
coded RNA can easily lose their sequence identity in evolution. Thus, it is necessary to
incorporate structural information in homology search as has been done in INFERNAL *°,

which searches homology sequences using a secondary-structure-based covariance model.
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RNAcmap is the first fully automatic pipeline that performs homology search, multiple
sequence alignment, and direct coupling/co-mutational analysis in a single run '%°.
Incorporating sequence profiles and mutational coupling generated by RNAcmap yields
another significant improvement in RNA secondary structure prediction (SPOT-RNA2 '°1)
and distance-based contact prediction (SPOT-RNA-2D !'%%) for those RNAs with a significant
number of homologous sequences, in particular. One example was shown in Figure 6, where
SPOT-RNAZ2 provided accurate prediction of tertiary base pairs. The result highlights the
usefulness of deep learning and multiple sequence alignment for the problems related to
RNA structure prediction. RNAcmap, SPOT-RNA, SPOT-RNA2 and other RNA/protein-

related tools (SPOT-RNA-1D for backbone structure ' and RNAsnap2 for solvent

accessibility 1) are available for download or as online servers at http://sparks-lab.org.

Despite the above progress, many challenges remain. For example, RNA homologies
remain difficult to find, for long RNA sequences (>1000 nucleotides) in particular '%.
Moreover, even with perfect contact maps as restraints, many RNA structures remain elusive
193 because RNA backbone structures have a much higher degree of freedom (6 torsion
angles) than protein backbone structures (2 torsion angles). Better energy functions are
certainly needed '%°. More importantly, the number of 3D structures in protein databank is
insufficient for typical deep learning techniques. Thus, it is likely that a combination of deep
learning with RNA-specific scoring/energy function is required to make significant progress

in the foreseeable future '%.

2.5.2 Cryo-EM reveals conformational dynamics in a multifunctional viral RNA
Development of new nanotechnologies based on engineered RNA structures depends

on knowledge of the fundamental properties of RNA folding and its conformational
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dynamics '%. The modular architecture of RNA can be exploited to rationally build RNA
structures '% 1% but we need to solve the structures of more, and more dynamic, RNA
structures to understand underlying principles and discover conformationally dynamic

‘building blocks’ for use in RNA nanotechnology.

Viruses ubiquitously use structured RNA elements as part of their overall infection
strategy, and for regulating the formation of the capsid ''%!'3. Many structured viral RNA
elements are multifunctional, a feature that may depend on conformational changes
programmed into the RNA structure. Thus, explorations of these RNA elements can yield
new tools for RNA nanotechnology while revealing fundamental features of RNA folding
and dynamics. Although traditional structural methods are ill-suited for large, structurally
dynamic RNAs, advances in cryo-electron microscopy (cryo-EM) may provide a new way to

explore these RNAs.

Examples of structured, multifunctional, and perhaps conformationally dynamic RNA
elements are the tyrosine-accepting tRNA-like structures (TLSTyr). TLSTyr are found at the
3’ end of specific single-stranded positive-sense RNA viral genomes !'* !5, They are
aminoacylated by the host cell’s tyrosine aminoacyl tRNA synthetase (Tyr-AARS) and
regulate several viral processes. These characteristics suggest TLSTyr are tRNA mimics that
undergo programmed conformational changes, but their structure had remained elusive for

decades.

The Kieft group has used single-particle cryo-EM to solve the structure of a
representative TLSTyr RNA (~55 kDa) in both its unbound form and bound to Tyr-AARS
(Figure 7) ''®. The unbound RNA comprises a complex structure of multiple helical elements

emanating from a central junction. Surprisingly, the structure does not directly mimic tRNA,
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suggesting it must change conformation to productively bind the Tyr-AARS. Further analyses
revealed that the part of the RNA that acts as the anticodon loop mimic is within a
conformationally mobile domain. The structure of the TLSTyr RNA in the Tyr-AARS-bound
state subsequently showed that this mobile domain adopts a position at a roughly right angle
to its position in the unbound state. This mode of binding differs dramatically and

unexpectedly from that of an authentic tRNA.

These findings show that programmed conformational dynamics are an inherent and
necessary component of TLSTyr RNA’s ability to hijack the host cell synthetase.
Furthermore, there exist two distinct bound states, one in which the TLSTyr RNA is making
limited contact with the enzyme and one in which the 3’ end of the RNA is ‘pulled into’ the
enzyme’s active site. Although we cannot ascribe an order of events to these states, they
suggest a multistep mechanism of binding that may be more generally applicable. Overall,
these studies show the power of cryo-EM to detect and characterize conformational changes

in RNAs that have been largely intractable by other methods.

TLS™ RNA TLS™ RNA+Tyr-AARS TLS™ RNA+Tyr-AARS
Unbound Bound State 1 Bound State 2

Figure 7. Structure of a TLSTyr RNA (grey and purple) in the unbound form (left) and bound
to a Tyr-AARS, which is colored orange (center and right). Solvent-accessible surfaces are
shown. The purple TLSTyr RNA domain is dynamic relative to the rest of the molecule (grey),
adopting different positions in the unbound versus bound states.
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2.5.3 Correlating SHAPE data to RNA 3D structure

The talk from Shi-Jie Chen’s research group from the University of Missouri, Columbia,
focused on a novel method for data-assisted RNA structure prediction. As a readily available
alternative to x-ray footprinting of RNA for assessing secondary and tertiary structures which
does not require the use of a synchrotron, selective 2’-hydroxyl acylation analyzed by primer
extension (SHAPE) provides insights into the flexibility of nucleotides ''”- '8, A SHAPE
ligand such as 1-methyl-7-nitroisatoic anhydride (1M7) reacts with nucleotides in the flexible
regions of RNA (flexible loops) and does not react with nucleotides in rigid regions (helices,
rigid loops). SHAPE is known to supply effective constraints for the prediction of a 2D
structure (base pairs)®*. However, nucleotide flexibility is determined by atomic interactions,
which is 3D. Thus, SHAPE reactivity is intrinsically tied to the 3D structure of RNA. The
Chen lab has developed, SHAPER!"*-1?! a web server (URL:
http://rna.physics.missouri.edu/shaper/) that can compute the SHAPE profile from a 3D RNA
structure. Combined with computer simulations that can generate a pool of candidate 3D
structures, SHAPER would provide a novel, SHAPE data-driven, method to efficiently
identify the native structure or near-native structures by removing SHAPE-incompatible

structures from the pool of candidate structures.

The key product of the model is a new estimator of SHAPE reactivity for each nucleotide in
a given 3D structure®® ''°. The main driver of the prediction is the energy-like score that
connects the SHAPE reactivity profile to the energetics of the nucleotide. This SHAPE
energy score is related the 3D interaction energy that combines the effects of base pairing and
stacking to estimate the interaction strength for a nucleotide. This score also accounts for

several key factors including ligand accessibility, sugar conformation, and the effect of
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terminal residues due to alterations of the terminal regions of the RNA during the
experiment. Because a SHAPE reaction occurs at the 2°-OH, the SHAPE ligand has to access
the space between the nucleotide being scored and the nucleotide directly downstream, so the
interaction strength of these two nucleotides with other members of the RNA and the 5’ to 3’
polarity of the nucleotide interactions are very important to the ability of the SHAPE ligand
to react. Furthermore, Chen lab found that including the non-nearest-neighbor interactions of

these nucleotides is also important in estimating the SHAPE reactivity.

Overall, this new model displays substantial promise in the assessment tested. For a structure,
the Pearson correlation is calculated between the predicted SHAPE profile and the
experimental profile. The result (Figure 8) of the Spearman rank correlation between the
Pearson correlation and the interaction network fidelity (INF) show that the model is able to
discern between near-native and non-native structures with a high degree of accuracy. Taken
together, these results suggest that the model is both sensitive and accurate in identifying the
native or near-native 3D folds of an RNA. Combined with SHAPE data, the model would

provide a powerful tool for RNA nanoparticle design based on the desired RNA native

129-132 133-135

structures '?>1?8, RNA conformational changes , and RNA-ligand interactions

There are two major challenges to the SHAPER model. First, the SHAPE data used to train
the model are from various systems and may rely on different data processing of the raw
data. Therefore, the model may suffer from the quality of the training data set. This has been
shown by a previous attempt of using machine learning to predict the SHAPE profile from a
3D RNA structure '*°. Second, the correlation between intra-molecular interactions and
SHAPE reactivity is not fully clear, which would directly impact the reliability of the model.

In future developments, more high-quality SHAPE data needs to be collected for different
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RNA structures, in particular, for RNA nanoparticle structures. With such data, the SHAPR
model will be refined to more effectively and accurately sieve incorrect 3D folds and identify
the correct native structures for RNA nanoparticles. Furthermore, future development of the
SHAPER model should rely on a rigorous model for intramolecular interactions, in
particular, for the non-canonical base-pairing interactions in different tertiary structural
motifs. Better models of the interactions demand more biophysical data on RNA structure

and stability.

Figure 8 The figure shows the trends between the Pearson correlation, INF and RMSD for
Lysine riboswitch (PDBID: 3DIG). The INF is a measure that captures native interactions, so
the reference native structure has an INF of 1. The RMSD is the root mean squared deviation
of the structure, so the reference native structure has an RMSD of 0. Structures in the green
region are the decoys generated from a simulation of the native RNA with the backbone and
base pairs restrained. The blue region represents a similar ensemble of structures, except that
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the base pairs are no longer restrained while the backbone atoms are restrained to maintain the
global folding. Structures in the purple region are the decoys generated from coarse-grained
simulations with the base pairs enforced, but no backbone restraints. The black region shows
an ensemble of alternative (nonnative) low-energy 2D structure decoys generated from coarse-
grained simulations. The projections of the decoy structures are shown as shadows in each 2D
plane. We see that as the INF increases and RMSD decreases, i.¢., as the structure approaches
the native state, the Pearson correlation between the SHAPER prediction of the SHAPE
reactivity and the experimental SHAPE reactivity of the structures increases, indicating that
the model is successful in estimating the SHAPE reactivity for decoy structures. This may be
used for predictive purposes. By sieving low-energy decoys, the model can improve
predictions RNA structure prediction by removing structures that are incompatible with
SHAPE data.

2.5.4 Integrating molecular dynamics simulations and SAXS data

Small angle X-ray scattering (SAXS) experiments are valuable in providing information
about size and shape of RNA molecules and thus optimally complement other biophysical
techniques !*”- 138, Given their low resolution, SAXS data must be integrated with accurate
modeling tools so as to provide detailed structural information. For a single molecule in
vacuum, frozen in a single conformation, scattering intensities are straightforwardly related
to the radial Fourier transform of the atomic coordinates. However, for biomolecules in
solution, two additional factors might make the interpretation more difficult, namely (a) the
contribution of the solvent and (b) the presence of multiple alternative conformations in the

same buffer (RNA dynamics).



53

A

FES (kcal/mol) B

10 15

Figure 9. Integrating enhanced sampling simulations and SAXS data. (A) Molecular dynamics
simulations with enhanced sampling techniques allow the extraction of a free energy surface
(FES) as a function of one or more collective variables (CV1 and CV2). (B) The generated
ensemble contains both compact and extended structures, and associates them with a
population. (C) SAXS experiments at different ion concentrations provide a spectrum that is
affected by solvent effects and ensemble averages. (D) The combination of molecular
dynamics and experiments allow RNA dynamics to be reconstructed at atomistic resolution.
Copyright (2021) Oxford University Press.

Molecular dynamics simulations allow for RNA dynamics to be investigated at atomistic
resolution and are currently a standard tool for structural biology studies '*°. Notably, they
can be combined with SAXS data so as to provide an interpretation of the experiment at

atomic resolution '*°. In theory, they allow both factors mentioned above to be considered.
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Solvent effects can indeed be included by explicitly subtracting a separate buffer simulation,
similarly to what is done in experiments '#!: 142, At the same time, the presence of multiple
conformations naturally arises from the spontaneous structural fluctuations, which can be
directly averaged. Given the typical timescales required for RNA conformation changes, this
can only be obtained by using suitably designed enhanced sampling methods '43. These two

ideas have been however rarely combined.

In a recent work ! (see also Figure 9), the Bussi group has shown how solvent effects and
RNA dynamics can be brought together to characterize the ion-dependent population of
compact and extended states of the GTPase-associated center, an RNA molecule involved in
protein translation for which SAXS data were previously reported 4. Specifically, an
enhanced sampling method '#¢ was used that encourages the exploration of structures with
heterogeneous SAXS spectra, by quickly estimating spectra on-the-fly without including
solvent effects '*7. This allowed to generate an ensemble consisting of a mixture of compact
and extended structures. The SAXS spectra for the generated ensembles were then
reconstructed by explicitly including water contributions and modeling the experimental
buffer subtraction '*!, and use the maximum entropy principle to reweight the results so as to
match experiments '“®. The results show that different populations of compact and extended

states are required based on the type and concentration of ions present in the buffer.

Overall, these results show that both conformational dynamics and solvent effects play an
important role in SAXS spectra of RNA, and indeed, neither of the two effects can separately
account for the experimental results. The importance of the solvent might be ascribed to the

highly charged nature of RNA. At the same time, the observation that rich and heterogeneous
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conformational ensembles are required to match experiments underlines the importance of

RNA dynamics in analyzing data obtained in solution.

Given the relative simplicity of small (and wide) angle X-ray scattering experiments (SAXS
and WAXS) when compared to other biophysical techniques, as well as their capability to
capture dynamical effects, the application of these techniques to RNA systems is gaining
momentum. At the same time, several methods are emerging to combine them with molecular
modeling techniques so as to extract the maximum amount of information. We believe that
this field will see other methodological developments in the next few years. In addition to
methods based on maximizing entropy, such as the one discussed above, other techniques
based on the maximum parsimony principle, such as sample-and-select, have been recently
applied to RNA ¥, These techniques have the advantage of reporting a limited number of
structural models, and thus provide more interpretable results, at the price of ignoring a
possibly relevant fraction of conformation dynamics. A future challenge in the field is
certainly the synergistic integration of these ideas so as to combine their benefits. Finally, it is
important to recognize that the applicability of atomistic molecular dynamics simulations to
medium-sized (50—100 nucleotides) RNAs is extremely expensive, especially in the most
interesting cases where conformational dynamics is important. The field will thus certainly
benefit from the development and availability of novel enhanced sampling methods based on
the application of machine learning techniques '°°. An alternative approach is that of using
coarse-grained models that have an inherent advantage when compared to MD in their
capability to quickly generate large sets of heterogeneous structures '*!. Hence, we believe

that future research should be aimed at developing methods to increase the accuracy in the
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back-calculation of SAXS and WAXS spectra when using coarse-grained representations of

RNAs.

2.6  RNA Nanotechnology
2.6.1 The dynamic property of RNA leads the emerging field of RNA nanotechnology
RNA folds into thermostable structures and nanocomplexes with defined
stoichiometry, size, and shape from one or multiple RNA oligo strands '°*'%2, RNA ensemble
structures hold a higher level of apparent entropy (S), or structural disorder than DNA,
despite RNA possessing more a compact helical region '- 152161 Helical regions of RNA are
highly structured and inflexible, but other elements, such as loops and bulges, are capable of
dynamic motions capable of interacting with small molecules and receptors via induced fit
models !>, The high level of entropy and the ability for dynamic motions allow for RNA to
have the property of movement, motion, and deform shapes much like an amoeba. This
amoeba-like property has often been encompassed in a worm/snake-like chain structural

model and possesses unique biodistribution properties %164,

Methods for examining the motion and movement of RNA utilize nuclear magnetic

165, 166

resonance (NMR) 1°+1%° X_ray crystallography , single-molecule imaging microscopy

167-169 ) 169, 170

, and cryogenic electron microscopy (cryo-EM
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Figure 10. RNA nanoparticles stretched via dual trap optical tweezer by Guo and colleagues.
(A) Dual trap optical tweezers with tethered RNA construct between two dsDNA handles via
affinity linkers. (B) Control force—extension curve for stretching (red) and relaxing (black) of
RNA nanoparticle as a square. Inset: Point at which the nanoparticle undergoes conformational
change in response to force. !’! (C) RNA nanostructures constructed through using the dynamic
property of pRNA 3W] its natural angles of 97, 138, and 125 respectively, tunable past its these
natural angles to 60°, 90°, and 108° respectively. !> (A-B) Reprinted (adapted) with
permission from Ghimire et al 2019. Copyright 2019 American Chemical Society. (C)
Copyright 2014 Oxford University Press.

RNA moves to change conformations in the presence of a ligand during the binding
of proteins, or when undergoing co-transcriptional dynamic folding and restructuring,
demonstrating movement during enzymatic behaviors in accordance with the induced fit
model of substrate ligand interactions 33 160-162.166 Besides mRNA, rRNA, and tRNA, cells
contain many other noncoding RNA for critical functions in the regulation of basic cellular
functions !>, The dynamic nature of RNA results in its motile and deformative behavior
which is interacting with a large variety of cellular functions aside from post-transcriptional

and translational functions. This deformative property is highlighted in Figure 10.
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Conformational transitions change base-pairing, breathing within complemented strands ',

177

and pseudoknot formation at a 2D level '77, as well as the induced-fit !”® and conformation

capture at the 3D level 7

which are important for biological functions including regulation,
translation, and catalysis. The dynamic conformational transition follows the nearest
neighbour principle to determine an ensemble of transient states with respective Gibbs free
energies sitting around the “lowest” Gibbs free energy state which are adopted at any
moment ¥, The dynamic, motile, and catalytic activity has led to a belief that RNA is the
origin of life in the RNA world hypothesis, underscoring the interest in understanding RNA
structural dynamics '8!, This deformative property of RNA nanoparticles enhances their trans
vascular permeability past the leaky blood vessels associated with angiogenesis while also
rapidly passing the glomerular membrane for rapid body clearance. The biodistribution of
RNA nanoparticles can be further improved by the incorporation of ligands for entry into
solid tumours with extensive vascular networks '%*. The negative charge of RNA decreases
the toxicity of drugs carried by this platform by preventing nonspecific binding to the
negative charge cell membrane while enhancing the solubility of hydrophobic drugs for
favourable hemodynamics'®?. These unique properties of RNA nanoparticles and the
mechanism of RNA dynamic, motile and deformative properties were presented at the

meeting to welcome RNA therapeutics as the third milestone in pharmaceutical drug

development.

2.6.2 Strand displacement in Nucleic Acid Nanotechnology
Strand displacement is a reaction between DNA or RNA strands that is essential to dynamic
nucleic acid nanotechnology, and has been used in nucleic acid circuits designed for

molecular computing, as well as in synthetic biology and molecular sensing'®3. Furthermore,
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there is increasingly more evidence that strand displacement is also involved in numerous
naturally occurring processes, such as during RNA cotranscriptional folding or during RNA

invasion into double-stranded DNA in the CRISPR-Cas9 complex '8+,

The Sulc group has studied toehold mediated strand displacement reaction (TMSD)!85-187 ]t
consists of an invader strand that binds to a complementary strand (substrate) that has been
previously bound to another complementary strand (incumbent) (Figure 11). The substrate
strand has a single-stranded overhang (toehold) to which the invader bounds prior to

removing the incumbent.

While the kinetics and thermodynamics of the TMSD reaction between DNA strands has
been studied in detail for DNA nanotechnology via computational and experimental studies,
there has not been a systematic study of such systems experimentally carried out when RNA
strands are involved. Experiments have also not been carried out for hybrid reactions, where
either RNA invades a DNA duplex, thus creating RNA-DNA hybrid, or when DNA strands
invades an RNA duplex. The Sulc group has performed an experimental study where they
varied the length of the toehold for RNA TMSD, as well as introduced mismatches between
the invader and the substrate. Through this work, it was found that increasing toehold length
speeds up the reaction exponentially, as was previously observed for DNA. Introducing
mismatches slows the reaction, and the closer the mismatch is to the interface of the toehold /
incumbent strand, the larger the slow-down. For a six-nucleotide toehold, it was observed
that RNA invading an RNA duplex is faster than RNA invading a DNA duplex. For a toehold
of length 3 nucleotides, they found RNA invading DNA to be faster than RNA invading

RNA.
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It should be noted that these studies are just a first step towards understanding the strand
displacement kinetics that involves hybrid DNA-RNA systems. Such systems are still not
integrated into available simulations and the design tools that our community uses to design
and test strand displacement circuits. The studies which involve invasion (of DNA or RNA)
into DNA-RNA hybrid circuits have not been performed yet, and testing of effects of
different sequences and positioning on the 5’ or 3’ end of substrate is also needed for better
understanding of RNA TMSD reaction. Finally, while the thermodynamics of DNA and RNA
duplexes has been carefully studied over the years, and is currently incorporated into widely
used dynamic programming tools for secondary structure prediction such as NUPACK or
RNAStructure, the free energies of fully complementary DNA-RNA hybrids were measured
in the above work. The thermodynamics of mismatches in DNA-RNA hybrids has still not

been measured.

Figure 11. A schematic representation of the toehold-mediated strand displacement reaction
that was previously simulated with a coarse-grained RNA model. (A) Invader starts to bind to
toehold. (B) Invader strand fully bound to the toehold. (C) Invader starts to replace base pairs
between the incumbent and the substrate. (D) Invader fully replaces all bonds between the
incumbent and the substrate.

2.6.3 Rationally designed nucleic acid nanoparticles (NANPs) with regulated immune
recognition
As was revealed by the COVID-19 pandemic, there are numerous biological

challenges that we are not prepared for® !38. Nevertheless, while the same risks still exist for
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many other pathogens and diseases, there is now an enormous potential available for

accelerated solutions that can be provided for future health threats.

With traditional small molecule drugs, there are two main components -- the
dianophore that defines drug’s biodistribution and pharmacokinetics, and the pharmacophore
that determines its targeted function and biological responses. Therefore, even minor changes
to a chemical composition of a small molecule drug can have drastic effects on its function
and distribution and consequently, would require its complete re-evaluation'®’. In contrast,
the separation of the dianophore and pharmacophore components yields a more modular
therapeutic approach. In the case of therapeutic nucleic acids (TNAs), the backbone
chemistry and the sequence define the dianophore and the pharmacophore components,
respectively. This modularity allows for a tighter control over therapeutic characteristics of
the drug and by changing ether chemical makeup of the backbone or the sequence of TNAs,

the new therapeutic effect can be predicted and tuned as required for specific functions.

On top of being used as therapeutics, nucleic acids can now be employed as
nanoscaffolds to coordinate simultaneous delivery of multiple different TNAs that are
intended for synchronized action in the same diseased cell'*® !, These nucleic acid
nanoparticles, or NANPs, are rationally designed to self-assemble into specific structures'®?
that gain pre-defined architectural and physicochemical parameters!'®*. Furthermore, NANPs
can be programmed to carry multiple functionalities embedded in their structures that all

together can be activated to target multiple pathways in a particular disease.

Due to the intended applications, it becomes important to understand how NANPs
interact with the human innate immune system, evolutionary equipped with the diverse set of

pattern recognition receptors (PRRs) that act specifically against non-self nucleic acids.
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During the extensive course of systematic studies in clinically relevant model systems,
several important factors responsible for NANPs’ immune recognition have been discovered®
7.193-203 For example, carrier molecules are required for the intracellular delivery of NANPs
and their immunorecognition. In addition, the carrier provides extensive protection for
NANPs from degradation by nucleases and defines NANPs biodistribution. Without any
carriers, all tested NANPs have been effectively invisible to the cells of the immune system.
Toll-like receptors in endosomal compartments are the first line of defense against NANPs
that undergo scavenger receptor mediated endocytosis and there are various mechanisms with
which the immune system responds to NANPs. The recognition of NANPs by human
immune cells normally activates a complex network of signaling cascades with excreted
interferons being produced as key cytokines. Upon the assessment of immunostimulatory
properties of a representative set of NANPs, their dimensionality (1D, 2D, or 3D),
composition (RNA vs DNA), and extend of functionalization were found to be the main

contributors to the immunostimulation (Figure 12).
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Figure 12. The immunorecognition of NANPs is defined by their structure, composition,
functionalization and require the use of delivery agents.

Mechanistic studies helped to disseminate how NANPs can be recognized by the

immune cell machinery to trigger the observed immune responses. For example, endosomal
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TLR7 and TLRY and a cytosolic RIG-I have been identified to be important regulators of
NANPs’ immune recognition by human immune cells!®? 194:196:204 The chemical
composition of NANPs also defines their interactions with PRRs as well as their localization
within a cell. For example, while in the cytoplasm, some RNA made NANPs may be
recognized by RIG-I and DNA hybrids with 2" fluorination can be recognized by RNA

polymerase III that transcribes RNAs amenable for detection by RIG-I '%°,

Overall, NANPs technology introduces a unique class of therapeutics that bring new
possibilities for immunotherapies and targeted drug delivery with their structural versatilities.
These particles have the potential to interact with human immune system in unique ways and,
if designed correctly, can become a basis for a new class of safe and effective therapeutics.
The knowledge and experience we gained by now are testimony to NANPs' potential. Further
studies of how NANPs produce the observed immunological effects will pave the way for

novel applications.
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3 CHAPTER 3: BREAK TO BUILD - ISOTHERMAL ASSEMBLY OF
NUCLEIC ACID NANOPARTICLES (NANPs) VIA ENZYMATIC
DEGRADATION

3.1 Introduction

The intrinsic properties of RNA and DNA biopolymers emphasized by engineered nucleic

acid nanoparticles (NANPs) offer accelerated development of next-generation therapies. The

rational design of NANPs brings about reproducible architectures intended for regulated
molecular and cellular interactions. The conventional bottom-up assembly of NANPs relies
on the thermal annealing of individual strands. Here, we introduce a concept of nuclease-
driven production of NANPs where selective digestion of functionally inert structures leads
to isothermal self-assembly of liberated constituents. The working principles, morphological
changes, and assembly kinetics as well as the retention of structural integrity for system
components, subjected to anhydrous processing and storage, are assessed. Furthermore, the
experiments with immune reporter cells show that the developed protocol retains the
functionality of tested NANPs. This approach enables exploiting the advantages of various
conditionally produced NANPs and that NANPs’ stability, immunorecognition, and assembly

can be regulated to allow for a more robust functional system.

Self-assembly is a ubiquitous natural process where molecules spontaneously organize
themselves in higher-order structures based on non-covalent interactions !. This phenomenon
encompasses a broad spectrum of assembly examples involving many types of molecular
structures, including nucleic acids, proteins, and lipids making their self-assembled structures
indispensable for life 2. Many assemblies, such as the cytoskeleton, are in a continual

dynamic process of regulated assembly and disassembly. Although the molecular
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rearrangement of this system is spontaneous, cells maintain substantial control over
molecular associations 3. The working principles of these active structures have already
inspired the development of responsive, shape-switching protein and nucleic acid-based

nanosystems %>

The self-assembling nucleic acid nanoparticles (NANPs) are an advanced class of
biomaterials comprised of programmable combinations of structural and functional RNA and
DNA motifs embedded within the same unique architectures. Assembled NANPs often gain
new physicochemical properties that can be quite distinct from their original constituents but
still retain the functional roles of nucleic acids . Significantly, the immunomodulatory
properties of NANPs also differ from the unassembled monomers and can be rationally

designed to illicit expected immune responses ".

The bottom-up assembly of NANPs is typically a multistep process that requires the
combination of individually synthesized and characterized constituent strands subjected to
different assembly protocols characteristic to individual NANPs’ design principles and
composition !°. The correctly assembled 3D structures play a prominent role in NANPs not
only by spatially organizing multiple functional moieties but also by dictating the
immunomodulatory responses to different NANPs ' 12, While widely used, the high level of
technicality of the existing assembly protocols and the lack of control over the conditional
formation of NANPs at isothermal conditions preclude broader biomedical applications of

NANPs.

We report a novel method for NANP self-assembly that relies on a single incubation step
involving the substrate-specific nucleases to selectively digest the intended constituents of

the precursor structures. Cleaving only the selected strands within the inert structures releases
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complementary sequences that adopt the next most thermodynamically stable conformation
corresponding to a particular NANP. Notably, cleavage and self-assembly occur

simultaneously and under the same conditions at 37°C.

3.2 Nuclease Driven Assembly

This approach represents a crucial step forward since 37°C is the normal temperature of the
human body and a benchmark temperature for all therapeutics. In our opinion, this proof of
concept study will originate a new branch of nucleic acid nanotechnology where different
enzymes can govern the selective degradation of delivered material to initiate the assembly

of expected functional NANPs within the cells.

The standard bottom-up approach for NANPs construction relies on one-pot annealing of
purified single-stranded monomers under specific thermal conditions that differ for various
NANPs (Figure 1a). Our approach examined a new method that depends on the selective
digestion of precursor hybrid DNA/RNA material. Upon addition of RQ1 DNase or RNase
H, corresponding nucleic acids are degraded, and remaining intact RNA or DNA strands are
free to re-assemble into the intended cubic structure. This new method for the formation of
DNA or RNA cubes circumvents multiple incubation steps and allows both assemblies to
occur in a single step by an isothermal incubation at a physiological temperature of 37°C
(Figure 1a). This could provide an advantage for the upscaled production of NANPs.
Furthermore, this approach allows the production of NANPs without any advanced lab

equipment or complex protocols.

The addition of RQ1 DNase to hybrid RNA/DNA duplexes leads to the assembly of RNA
cubes since subsequent treatment of RNA cubes with RNase ONE degrades all RNA

assemblies, as shown by native-PAGE experiments (Figure 1b). Similarly, RNase H releases
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DNA monomers from hybrid duplexes that create DNA cubes that can then be degraded by
RQ1 DNase (Figure 1b). If we conjugate individual RNA and DNA cube monomers with
Alexa488 or Alexa546, respectively, we can observe the shift in gel migration and color
change after individual strands bind to their complementary counterparts (Figure 1b). After
applying relevant enzymes, corresponding strands are degraded, and DNA or RNA cubes are

formed (Figure 1b).
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Figure 1: Dynamics of nuclease-driven DNA or RNA cube assembly. (a) The schematic idea
of the proposed assembly of nucleic acid nanoparticles via enzymatic degradation by the
“break to build” approach. (b) Confirmation of cube origin by nuclease treatment after
ethidium bromide staining (left) and by fluorescent labeling (right). (c) Time course-dependent
DNA and RNA cube nuclease-driven assembly. Duplexes were treated with nucleases at 37°C
for up to 5 hours. In highlighted time points, assemblies were moved to 4°C until 5 hours. (d)
Short-term assembly dynamics of fluorescently labeled RNA or DNA strands. (e) Kinetics are
calculated based on assemblies depicted in figure (d).

3.3  Kinetics of Degradation and Assembly

Depending on the composition of intact strands, DNA or RNA cubes are assembled at
different rates at physiological temperatures. Traditional assembly of NANPs was used as a
standard for comparison to nuclease-driven assembly reactions. In both cases, cubes created
by nuclease-driven assembly have the same molecular weight as cubes formed by the

traditional bottom-up method. The first DNA cubes are formed within 30 minutes after
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RNase addition, as seen by non-denaturing polyacrylamide gel electrophoresis (Figure 1c).
Interestingly, prolonged incubation of up to 5 hours does not lead to higher yields; however,
after 5 hours, the yield of DNA cubes was lower. Extended storage of DNA cubes at 4°C
seems to ensure higher yield. We have not observed any changes during similar conditions of
intact RNA/DNA duplexes without nucleases. It should also be noted that DNA cubes show
less aggregation remaining in the loading well compared to cubes prepared by the traditional
assembly protocol. This could be attributed to the slow equimolar release of cube monomers

while incubated near the melting point of the cube consisting of DNA only.

Observation of assembly dynamics less than 35 minutes showed that RNase-driven assembly
of DNA cube starts forming as soon as after 5 minutes, and all monomers are assembled in
10 minutes (SI Figure S1). Interestingly, the second band is visible in nuclease-driven
assembly but not in control DNA cubes. The likely explanation is that the two bands appear
as an artifact arising from snap freezing in liquid nitrogen that caused cold-denaturation

leading to destabilization of the DNA cube structure.

Assembly of RNA cubes requires a significantly longer time; after 30 minutes, we can still
observe monomer hybrid blocks, and RNA cubes only appeared after 1 hour (Figure 1c).
Compared with the control assembly, the proportion of RNA material trapped in wells is

higher.

Further analysis of nuclease-driven assembly kinetics shows that DNase RQ1 is significantly
slower in the degradation of DNA monomers (~ 30 minutes) and thus releasing ssRNA
strands, while RNase H degrades its RNA substrate in DNA-RNA hybrids much faster (~ 10
minutes) (Figure 1d-e). Although DNA monomers are degraded after 15 minutes, we observe

the first RNA assemblies not sooner than after 60 minutes. We speculate that the incubation
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temperature below the melting temperature of the RNA cube may allow secondary structures.
These unwanted interactions take additional time to overcome during RNA cube assembly.
The presence of partially cleaved DNA strands that are still hybridized to their RNA

counterparts may be another hindrance that may reduce the speed of RNA cube assembly.

3.4  Structural Characterization

Finally, we confirmed the homogeneity of structure and the morphology of
RNA/DNA duplexes and RNA or DNA cubes by atomic force microscopy (AFM) (Figure 2).
The short linear strands of the duplexes were no longer present, indicating that the nucleic

acid was restructured after the nuclease digestion.

RNA cubes ] RNA/DNA duplexes

DNase

0 (um) 0.8 0 (nm) 50 0 (pum) 0.8 0 (nm) 50 0 (pm) 0.80 (nm) 50

Figure 2: AFM images of RNA and DNA cubes assembled upon selective nuclease cleavage
of RNA/DNA hybrid duplexes.

3.5 NANP Storage Stability

Currently, the standard storage and transportation of NANPs require a cold chain that is
costly and, under some circumstances, challenging. Previously we found out that diverse
NANPs react differently to various dehydration methods and subsequent storage conditions
13 SpeedVac is one of the simplest available laboratory techniques with the most promise for
future upscaling and cost-effectiveness when addressing storage possibilities outside the cold
chain. However, from examined dehydration techniques (lyophilization and Light-assisted

drying), SpeedVac has the most negative impact on the structure and recovery of cubes (DNA
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and RNA) or rings (RNA), no matter the storage conditions. While DNA cubes were restored

to some extent, RNA cubes and rings were completely lost.

The advantage of the presented “break to build” approach is that from one simple structure,
we create two different NANPs. Duplexes are highly stable when dried by any dehydration
method. Therefore, we investigated how the SpeedVac dehydration method affects nuclease-
driven reassembly (SI Figure S2a). Possible harsh conditions during shipping and storage
outside of the cold chain were simulated by storage of dried duplexes at 50°C for 25 hours.
As expected, duplexes resisted elevated temperature either dried or in solution as determined
by native-PAGE. Similar resistance was observed for DNA cubes. DNA cubes created by
RNase H-driven assembly, regardless of the duplex storage, assembled efficiently to the
expected structure even without the presence of any trapped complexes in the wells (SI
Figure 2b). Unlike DNA cubes, dried RNA cubes by SpeedVac have not been recovered after
rehydration. However, assembled DNA cubes stored at 50°C for 25 hours in solution
maintained their structure. Remarkably, duplexes stored at 50°C in a dry or soluble state were

re-assembled to RNA cubes after DNase treatment (SI Figure S2b).

3.6  Cube Reassociation from a Single Duplex

Next, we hypothesized that accommodating all six monomers into one long duplex
might improve the stoichiometry of individual cube components, thus enhancing equimolar
assembly. To test this hypothesis, we designed six holding DNA strands that were
complementary to RNA monomers as well as a 15-mer overhang complementary to adjacent
holding DNA strands. The addition of RQ1 DNase should lead first to the degradation of
dsDNA toeholds that connect all six hybrid duplexes. In the follow-up step, DNase should

degrade DNA in duplexes (Figure 3a). Assembly of DNA holding strands with RNA cube
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components should create 396 bp long fibers, as confirmed by agarose electrophoresis
(Figure 4b). Our assumption of step-wise degradation of long fiber was confirmed by time
course treatment of fibers with DNase and native PAGE analysis. DNase first degrades the
long fiber structure into hybrid duplexes and then, in a slower fashion, degrades DNA in
RNA/DNA hybrid duplexes. The RNA cubes are visible after one hour, corresponding with
previous results (Figure 4c). The nuclease-driven transition of long fibers to RNA cubes was

finally confirmed by AFM (Figure 3d).
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Figure 3: DNase-driven assembly of RNA cubes from long fibers and immunostimulation of
RIG-I and TLR7 in reporter HEK-Lucia RIG-I or HEK-Blue hTLR7 reporter cell lines by
transfected cubes, fibers, and duplexes. (a) Schematics of long fiber composed from hybrid
RNA/DNA duplexes interconnected through DNA toehold interactions. The proposed
degradation mechanism assumes two-step DNA cleavage- first, dSSDNA toeholds are degraded,
followed by hybrid duplexes. (b) Confirmation of RNA/DNA fiber assembly. (c) Gradual
stepwise fiber degradation by DNase and assembly of RNA cubes over time. (d) AFM
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confirmation of fibers and resulting RNA cubes. (¢) Scheme of RIG-I activation with
subsequent expression of Lucia luciferase that is secreted to cell media and normalized fold
induction of RIG-I by individual treatments. n= 3, + SEM. Statistical analysis by ordinary one-
way ANOVA. (f) Scheme of TLR7 activation with subsequent expression and secretion of
SEAP to cell media. Normalized fold induction of TLR7 by individual treatments. n= 4, +
SEM. Statistical analysis by ordinary one-way ANOVA.

3.7  Effect of Enzyme Treatment on Immunorecognition

Functionalized and scaffolded DNA and RNA cube nanostructures have been tested to
induce selected pattern recognition receptors. We examined the immunostimulatory
properties of our assemblies in reporter cell lines that express TLR7 or RIG-1. The TLR7 is
endosomal receptor sensing sSRNAs, while RIG-I is a cytosolic receptor recognizing RNA
with triphosphate on the 5’ end of RNA. Naturally, the outcome of signaling pathways
triggered through both receptors is Interferon type I production. Stimulation of TLR7 or RIG-
I in engineered cell lines activates expression and secretion of SEAP (secreted embryonic
alkaline phosphatase) or Luciferase, respectively (Figure 3e and 3f). None of our constructs
activated TLR7 signaling higher than a positive control R848, suggesting that no or minimal
free RNA monomers were present in our nucleic acid-carrier complexes (3f), though all
RNA-containing structures, except A to F and hold duplexes, activated TLR7 significantly
higher than DNA cubes. The cell viability in HEK-Blue hTLR7 cells treated with our
constructs, except duplexes A to F and Hold-duplexes, was substantially lower compared to
cells incubated with positive control or transfection reagent (SI Figure S3a). A more
interesting situation was observed in HEK-Lucia RIG-I reporter cells. Transfected DNA
cubes prepared from pure DNA strands or RNase H-driven DNA cubes have not elicited
RIG-I stimulation compared to hybrid RNA/DNA duplexes (Figure 3f). Both RNA cube
assemblies, control, and DNase-driven, stimulated RIG-I similarly and significantly higher

than DNA cubes and corresponding duplexes or positive control 3php-RNA. Interestingly,
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the most stimulatory RNA assembly arose from degraded long fibers. Except for DNase-
driven RNA cubes, the level of secreted Luciferase upon transfection of DNase-driven RNA
cubes from long fibers was significantly higher than any compared cube assembly or control
sample (Figure 3f). The viability of HEK-Lucia RIG-I cells was similar for all transfected
cells without any significant difference from cells incubated with control reagents (SI Figure

S3b).

3.8  Computational Analysis

We employed molecular dynamics (MD) simulations to investigate the stability and
dynamics of RNA structures at two different temperatures, 37°C and 45°C. Our findings
(Figure 4a and 4b) indicate that the root-mean-square deviation (RMSD) and root-mean-
square fluctuation (RMSF) values of the RNA cube structure at 45°C were higher than those
at 37°C, suggesting that the thermostability of the cube structure was reduced at the higher
temperature. To further explore the effects of digested DNA on RNA structures, we
conducted simulations for RNA-only and RNA with digested DNA structures—the RNA-
only configuration comprised 6 RNA chains arranged at random. In contrast, the RNA-DNA
hybrid structure encompassed multiple 5-mer DNA fragments that were complementary to
the residues present in the 6 RNA chains. The RMSD and RMSF analyses (Figures 4c and
4d) revealed that the interaction between the RNA chains and digested DNA led to an
elevation in the thermostability of the RNA chains, hindering their ability to form the cube
structure due to base pairing interactions between RNA and DNA residues. Finally, we
performed simulations for DNase with dSDNA and DNase with RNA/DNA complexes. The
RMSD and RMSF analyses (Figures 4e and 4f) revealed that the RNA/DNA complex was

more stable than dSDNA upon binding the DNase. In addition, the radius of gyration of
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dsDNA (Figure 4h) was observed to be greater than that of the RNA/DNA complex. This
observation suggests that the DNase exerted a more pronounced stretching effect (Figure 4g)
on the double-stranded DNA, which may have increased the likelihood of the DNase
cleavage site encountering the DNA chains. Conversely, the RNA chains in the RNA/DNA
complex imparted a higher degree of rigidity compared to dsDNA. Notably, we computed the
distances between the active site of the DNase (H134) and the DNA chains and observed that
the distances in the DNase/dsDNA complex were significantly shorter than those in the
RNA/DNA complex (Figure 41). This finding elucidates the mechanism underlying the faster

rate of DNase-mediated cleavage of dsDNA compared to the RNA/DNA complex.
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Figure 4: The molecular dynamics simulation results. (a) and (b) are the root-mean-square
deviation (RMSD) and root-mean-square fluctuation (RMSF) analyses of the RNA cube
structure under 37°C and 45°C. (¢) and (d) are RMSD and RMSF analyses of the RNA-only
structure and the RNA with digested DNA structure. The striped shading of the background in
(b) and (d) indicates different RNA chains. (e) and (f) are the RMSD and RMSF analyses of
the DNase/RNA/DNA complex and the DNase/dsDNA complex. The striped shading of the
background in (f) indicates different RNA and DNA chains. (g) is the centroid structure of the
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largest cluster from the simulation of the DNase/RNA/DNA complex and the DNase/dsDNA
complex. (h) is the radius of gyration analysis of the two complexes. (i) is the distribution of
the distances between the active site (H134) in the DNase and the DNA chains.

3.9  Conclusions

In summary, we described a new one-step protocol for the assembly of cube
nanoparticles with distinct immunostimulatory profiles. Formation of DNA or RNA cubes
requires only physiological temperature and the addition of substrate-specific nucleases.
Together with the temperature stability of source material, our approach allows storage and
assembly independent of cold chain and complex laboratory equipment. The further
development of the “break to build” method besides the streamlining of NANPs assembly
may result in the design of particles that will assemble intracellularly by using cellular

enzyme machinery.
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3.11 Appendix A: Supporting Information for Break to build: isothermal assembly of

nucleic acid nanoparticles (NANPs) via enzymatic degradation

Sequences used in this project:
RNA cube:

rA- 5’- GGCAACUUUGAUCCCUCGGUUUAGCGCCGGCCUUUUCUCCCACACUUUCACG
rB- 5’- GGGAAAUUUCGUGGUAGGUUUUGUUGCCCGUGUUUCUACGAUUACUUUGGUC
rC- 5’- GGACAUUUUCGAGACAGCAUUUUUUCCCGACCUUUGCGGAUUGUAUUUUAGG
rD- 5’- GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCC
rE- 5’- GGGAGAUUUAGUCAUUAAGUUUUACAAUCCGCUUUGUAAUCGUAGUUUGUGU
rF- 5’- GGGAUCUUUACCUACCACGUUUUGCUGUCUCGUUUGCAGAAGGUCUUUCCGA

rD-A1488-

5'- GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCC/A1488/

DNA cubes with three As at each corner (all starnds are complementary to corresponding
cube strands):

anti-dA- 5°- CGTGAAAGTGTGGGAGAAAAGGCCGGCGCTAAACCGAGGGATCAAAGTTGCC
anti-dB- 5’- GACCAAAGTAATCGTAGAAACACGGGCAACAAAACCTACCACGAAATTTCCC
anti-dC- 5’- CCTAAAATACAATCCGCAAAGGTCGGGAAAAAATGCTGTCTCGAARRAATGTCC

anti-dD- 5°- GGCCAAAAGTCATTAAGAAATAGGGGACATAAAGCAGAAGGTCAAAAGCGCC


https://doi.org/10.1002/smll.202104814
https://doi.org/10.1002/smll.202104814
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anti-dE- 5°-
ACACAAACTACGATTACAAAGCGGATTGTAAAACTTAATGACTAAATCTCCC

anti-dF- 5°- TCGGAAAGACCTTCTGCAAACGAGACAGCAAAACGTGGTAGGTAAAGATCCC
anti-dDA1546:

5’- /A1546/GGCCAAAAGTCATTAAGAAATAGGGGACATAAAGCAGAAGGTCAAAAGCGCC

DNA strands equired to form RNA/DNA fibers when mixed with RNA cube strands

For the RNA/DNA fibers, the 15mer overlaps have been color-coded to reflect their intended
interactions.

Holding A
S'TAGGCACCTTGCTAACGTGAAAGTGTGGGAGAAAAGGCCGGCGCTAAACCGAGGGATCAAA
GTTGCC

2

a

Holding B
5S'TTAGCAAGGTGCCTAGACCAAAGTAATCGTAGAAACACGGGCAACAAAACCTACCACGAAA
TTTCCCGTATACGACGCGCTA

b,

Holding C
5'CTACGGTCATATTGCCCTAAAATACAATCCGCAAAGGTCGGGAAAAAATGCTGTCTCGAAA
ATGTCCTAGCGCGTCGTATAC

2

C

Holding D
5'GCAATATGACCGTAGGGCCAAAAGTCATTAAGAAATAGGGGACATAAAGCAGAAGGTCARAA
AGCGCCGTCACTGATGTCAGA

dl

Holding E
5'ACGACTGTCAGGTCAACACAAACTACGATTACAAAGCGGATTGTAAAACTTAATGACTARAA
TCTCCCTCTGACATCAGTGAC

'

€

Holding F
5'TGACCTGACAGTCGTTCGGAAAGACCTTCTGCAAACGAGACAGCAAAACGTGGTAGGTARAA
GATCCC
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Supporting Figures:
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of simulation test for RNA, DNA cubes or duplexes storage under elevated temperature. (b)
Native PAGE analysis of DNA, RNA cubes, and duplexes stability after storage at 50°C in
soluble or dehydrated state.
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Supporting Figure S3: Cell viability of reporter HEK-Blue hTLR7 and HEK-Lucia RIG-I
reporter cell line by transfected cubes, fibers, and duplexes. (a) Normalized cell viability in
treated HEK-Blue hTLR7 cell line. n=4, £SEM. (b) HEK-Lucia RIG-I viability, n= 3, +SEM.
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Material and methods

NANP Synthesis.All template DNA and primers for PCRs and DNA cube monomers were
purchased from IDT. PCR was used to amplify transcription templates using MyTaq Mix
(Bioline). PCR product was then purified by DNA Clean and Concentrator kit (Zymo
Research). RNA cube monomers were transcribed by in vitro run-off transcription with T7
RNA polymerase in 80 mm HEPES-KOH (pH 7.5), 2.5 mm spermidine, 50 mM DTT, 25
mm MgCl2, and 25 mM of each tTNTP at 37 °C for 3.5hr. RQ1 RNase-free DNase (Promega)
was used to degrade DNA templates before RNA purification by 8 M urea PAGE 8%AA
(29:1). Excised bands were cut and overnight eluted in crush and soak buffer (300 mm NaCl,
89 mm tris-borate [pH = 8.2], 2 mm EDTA). Eluted RNA in crush and soak buffer was mixed
with 100% EtOH in 1:1.5 ratio and placed in -20 °C for at least 4 hours. Mixture was
centrifuged at 14,000 rcf for 30 min. Pellets were rinsed three times with 90% ethanol.
Samples were finally dried by SpeedVac at 55°C and RNA pellets were resuspended in
endotoxin free water. Absorbances were checked using a NanoDrop 2000. NANPs were
assembled in equimolar ratio of each monomer. DNA or RNA monomers were denatured at
95 °C for 2 min after that assembly buffer (89 mm tris-borate [pH 8.2], 2 mm MgCl2, 50 mm
KCl) was added, and solution was incubated at 45°C for 30 min. Similarly, duplexes were
treated but incubation in assembly buffer was at room temperature for 20 mins. Long fibers
were assembled by first assembling duplexes of each RNA cube monomer and the
complementary DNA holding strand. All separate duplexes were then added in an equimolar
ratio to a single solution and allowed to assemble at 37°C. Assemblies were confirmed on an

8% (37.5:1) non-denaturing (native-PAGE) polyacrylamide gel with running buffer
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containing 89 mm tris-borate (pH 8.2) and 2 mm MgCI2. The gels were run in a Mini-
PROTEAN electrophoretic apparatus at 200V for 40 minutes and stained with ethidium

bromide for 5 min.

AFM. AFM was carried out on a freshly cleaved mica surface submerged in an aqueous
solution of APS (10(3-aminopropyl)-silatrane). AFM imaging was performed with a
MultiMode AFM Nanoscope IV system (Bruker Instruments) in tapping mode. Images were
processed by FemtoScan Online software package (Advanced Technologies Center, Moscow,

Russia).

Nuclease treatment. The 3 uL of RQ1 DNase or RNase H were used to treat 60 pL of mixed
duplex A-F solution at 1 uM. Samples were incubated at 37°C for the duration of the
experiment. For control solutions, 3 pL of H20 was added instead of nuclease. 2 uL aliquots
were taken from the reaction tube at specific time points and added to labeled PCR tubes.

Time point aliquots were stored at 4°C to inhibit nuclease activity.

Kinetics. Quantification of band intensities was performed using ImageLab software version
6.0.1. Lanes and bands were manually defined. Kinetics were graphed using OriginPro 2023

and sigmoidal fit was performed using a Boltzmann function.

Stability experiments. An IR Vacuum Concentrator (Labconco) was used to dry all structures
at 55°C and with IR radiation until no liquid remained. Sample tubes were placed on a heat
block at 50°C for the reported length of experiment. Samples were resuspended back to the

original volumes using endotoxin free water.

Reporter cell assays. HEK-Blue hTLR7 and HEK-Lucia RIG-I cells were all purchased from

InvivoGen and maintained according to the supplier's guidelines in an incubator at 37°C and
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5% CO2. Cells were plated at 10,000 cells per well in a 96-well plate 24 h prior to
transfection. All NANPs were complexed with Lipofectamine 2000 (to ensure 0.375 pL per
well) at room temperature for 30 minutes before adding to cells. Positive controls were 10 ng
mL of 3p-hpRNA for HEK-Lucia RIG-I and 2 pg mL of R848 for HEK-Blue hTLR7 cells.
Immunostimulation was visualized by QUANTI-Blue for HEK-Blue cell line or QUANTI-
Luc for HEK-Lucia RIG-I cell line. For the QUANTI-Blue assay 180 uL of the reagent was
added with 20 pL of cell supernatant in a 96-well plate and incubated for 3 h at 37°C. The
plate was read on a Tecan Spark plate reader at an absorbance of 638 nm. All well values
were the averages of 16-point reads. For the QUANTI-Luc assay, 50 pL of the reagent was
added with 20 pL of cell supernatant in a black-walled 96-well plate. The plate was read

immediately on a Tecan Spark plate reader for luminescence with a 100 ms reading time.

Computational simulations. The MD simulations were conducted using the pmemd.cuda
program within the Amber 18 software package. We utilized the Amber RNA OL3 force field
and protein ff14sb force field, which has been previously demonstrated to yield satisfactory
results when studying the stability and dynamics of RNAs. The starting structures of RNA-
only and RNA with digested DNAs were generated using iFoldRNA program [1-3]. The
structure of DNase I - DNA complex (PDB ID: 2DNJ) was used as a template to build the
initial structure of DNase/dsDNA and the DNase/RNA/DNA complex. All the structures
were prepared using the teLeap module in Amber 18. The molecules were solvated in an
octahedral box containing TIP3P water molecules, with a distance of 9A maintained between
atoms and the box boundary. We added potassium ions to neutralize the system, followed by
additional K™ and CI ions to achieve a concentration of approximately 0.3 M. We conducted

several energy minimization steps before the actual simulation. Firstly, we employed the
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steepest descent method for 1000 steps followed by 1000 steps using the conjugate gradient
method to perform energy minimization of the entire system. During the MD simulation
phase, we initially applied weak restraints to the molecules and allowed the system to heat up
from 0 K to the designated temperatore (37 °C or 45 °C) over 200 ps. Afterward, we removed
the restraints on the RNA molecules and performed explicit solvent MD under constant
pressure using the isothermal-isobaric (NPT) ensemble, with a time step of 2 fs. The length
of hydrogen bonds was constrained using the shake algorithm, while the temperature was

maintained, and pressure was kept constant at 1 bar throughout the simulation.
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4 CHAPTER 4: DNA-TEMPLATED FLUORESCENT SILVER
NANOCLUSTER INHIBIT BACTERIAL GROWTH WHILE BEING NON-
TOXIC TO MAMMALIAN CELLS

4.1 Introduction
Silver has a long history of antibacterial effectiveness. The combination of atomically

precise metal nanoclusters with the field of nucleic acid nanotechnology has given rise to

DNA-templated silver nanoclusters (DNA-AgNCs) which can be engineered with

reproducible and unique fluorescent properties and antibacterial activity. Furthermore,

cytosine-rich single-stranded DNA oligonucleotides designed to fold into hairpin structures
improve the stability of AgNCs and additionally modulate their antibacterial properties and
the quality of observed fluorescent signals. In this work, we characterize sequence-specific
fluorescence of four representative DNA-AgNCs, com-pare their corresponding antibacterial

effectiveness at different pH, and assess cytotoxicity to several mammalian cell lines.

The formation of silver nanoclusters (AgNC) on single-stranded (ss) DNA templates
has been shown to promote the unique optical properties defined by the sequences of the
DNA strands.!” Out of all available coordination sites on nucleobases, silver cations
demonstrate the highest affinity for the N3 of cytosines,* and therefore cytosine-rich ssDNAs
become efficient capping-agents for AgNC formation. The size and shape of AgNCs are
regulated by rationally designed DNAs with different numbers of single-stranded cytosines
embedded in secondary and tertiary DNA structures such as hairpin loops, i-motifs, and G-
quadruplexes, to name a few.> * The optical properties of DNA-AgNCs are dictated by their
size, as the appearance of the characteristic fluorescence is possible for nanoclusters

comprised of only a few silver atoms. At this nanometer size, a continuous density of
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electronic energy states present in bulk silver breaks up and a band gap in the material
becomes apparent.'® This, in turn, causes a molecule-like behavior of AgNCs with discrete
energy states allowing for size-dependent fluorescence to occur.”’ DNA-capped AgNCs are
also generally more resistant to photobleaching when compared to traditional organic
fluorophores or fluorescent proteins, and this property begets the application of DNA-AgNCs
in a variety of nanophotonics and biosensing/biomedical applications.®!! While
nanophotonic and biosensing with DNA-AgNCs’ advantageous optical properties have been
widely probed and studied, other practical uses of AgNCs remain unexplored. Since the main
functional component of DNA-AgNC:s is silver, applications based on effects known for this
element may prove useful. Various forms of silver, including ions and silver nanoparticles,
are well-documented to have antibacterial efficacy.'?!> Several groups have shown DNA-
AgNCs to be effective against both Gram-negative and Gram-positive bacteria in liquid

cultures'®'®

and against the formation of biofilms when aptamers for increased targeting and
binding of the bacteria of interest were introduced.!®2° However, the underlying mechanisms
and relationship between the fluorescent properties of AgNCs and their antibacterial actions
are still understudied and poorly understood. AgNCs offer a large surface-to-volume ratio
and are composed of both forms of silver: cationic (Ag") and neutral (Ag’), thereby
providing further advantages over solid silver, silver salts, or silver nanoparticles.

We reason that understanding and linking optical and antibacterial properties of
DNA-AgNCs may pave the way to the development of next generation antibacterial agents
with high potency and regulated activity. Our current work includes four representative DNA

hairpins that template the formation of DNA-AgNCs with four distinct colors and

investigates their optical properties in relation to antibacterial activity measured at different
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pH, as well as in relation to cytotoxicity assessed for several human cell lines. The use of
antibacterial DNA-AgNCs formed on DNA hairpins becomes advantageous for various
antibacterial formulations and opens broader possibilities for DNA nanotechnology due to
the relative structural stability of the hairpins and their inability to participate in any
undesirable base-pairings, thus not interfering with any other DNA nanodesigns. As proof-
of-concept work, we explore the use of DNA-AgNC forming hairpins with odd numbers of

consecutive cytosines (C7, C9, C11, or C13) in their loop compositions.
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Figure 1. Experimental flow of DNA-AgNC synthesis, purification, and analysis. The
embedded image shows DNA-AgNCs after their purification upon UV excitation on a
transilluminator.

4.2  Results

4.2.1 Template design

Cytosine-rich ssDNAs are suitable capping agents for templating stable DNA-AgNCs due to

cytosine’s high affinity for silver ions, Ag". Various sequences have been reported to stabilize
clusters with unique optical properties, including bright emission bands in the visible part of

the spectrum and excitation bands in the UV and visible regions. The emission wavelengths

can be modulated by choosing a specific DNA sequence and various colors (e.g., blue, green,
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red as shown in Figure 1) of DNA-AgNCs have been reported based on prevalent emission
wavelengths for a particular nanocluster. While the parameters that define emissive
properties of DNA-AgNCs are still not well understood, it is generally accepted that shape,
size, and overall charge state of the AgNC are among the main contributors. We hypothesize
that the same factors are responsible for modulating the antibacterial activity of the DNA-
AgNCs. While cytosine-rich ssDNAs have been widely used in synthesizing AgNCs, these
sequences are prone to forming alternative DNA structures.?! Such alternative structures
include i-motif and non-canonical C-Ag-C base paring facilitated by the presence of silver
cations. We have compared properties of two C12-containing templates in which one is an
opened ssDNA and another is a sequence embedded in a hairpin loop. The results
(Supporting Figure S1) clearly show the differences observed for these two sequences after
DNA-AgNC formation. As evident from AFM images (Supporting Figure S1A-B), the
single-stranded template shows various degrees of polymerization, while the hairpin-loop
template does not polymerize, forming isolated DNA-AgNCs. These results agree well with
our recent study demonstrating that the formation of alternative DNA structures in the
presence of Ag+ drives the polymerization of various sequences containing single stranded
C-rich stretches.?! Additionally, such polymerization also alters fluorescence properties of
AgNCs (Supporting Figure S1C-D). Hairpin-looped structures feature one single
fluorescence peak while single-stranded templates shows multiple peaks, suggesting the
formation of AgNC with various sizes and shapes due to variety in the polymerized
templates.?! To avoid structural and functional uncertainties associated with ss-Cn template
sequences and to make the structures suitable for further implementation in nanodesign, we

have chosen to work only with DNA hairpin templates wherein the Cn sequence forms the
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loop of the hairpin structure. Four representative templates were constructed with the same
double-stranded stem and a loop with a variable number of cytosines (C7, C9, C11, and
C13). This design gradually increases the number of binding sites for silver and makes the
size of the loop larger (Figure 1).*?* An odd number of cytosines in the loop with +2C steps
was intended to noticeably alter properties of the DNA-AgNCs with fluorescent colors
covering the entire visible spectral region (Figure 1). We reasoned that such substantial
optical differences would provide an insight into which factors modulate the antibacterial
activity of the DNA-AgNCs and how antibacterial activity correlates with the optical
signatures of individual DNA-AgNCs. Incubation of the looped DNA templates with silver
nitrate and subsequent reduction of silver using sodium borohydride results in the formation

of optically active nanoclusters with bright emission (Figures land 2).
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Figure 2. Fluorescence measurements of DNA-AgNCs. Excitation-Emission Matrix
Spectroscopy: top panel shows the initial readings of freshly made DNA-AgNCs, bottom panel
corresponds to the analysis of samples aged over a period of two weeks (dual fluorescence
pattern with both green and red peaks is typical for freshly prepared AgNCs producing distinct
colors shown in Figure 1).
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4.2.2 Fluorescence

The formation of DNA-AgNC:s is tracked by the changes in solution that are observed
within a few hours after the addition of silver nitrate and sodium borohydride reducing agent
and incubation in the dark. We have characterized the optical properties of these DNA-
AgNCs using fluorescence excitation-emission matrix spectroscopy (EEM). EEM represents
the excitation/emission relationships of the optical response of the DNA-AgNCs presented as
2D contour maps.* Figure 2 shows EEM maps for all four DNA-AgNCs in the 300-800 nm
range for the excitation while recording the emission spectrum spanning 300-800 nm
wavelengths. Initial reading of the EEMs after purification (top panel of Figure 2) indicates
that all four samples show a great degree of similarity in the behavior of emission. All four
samples are dominated by one peak in the red part of the spectrum. While similar in general,
the peaks show detectable differences.

In Table 1, we summarize peak positions for the maximum of excitation and
maximum of emission for all four DNA-AgNC:s. It appears that smaller loop DNA-AgNCs
have maxima for both excitation and emission shifted to higher wavelengths. It is very
pronounced for C7 and C9 with Aexc/AeM=600/685 nm and Aexc/AeM=580/661 nm,
respectively. Further shift to Aexc/AeM=562/647 nm and Aexc/AemM=562/645 nm is observed
for C11 and C13, respectively. C11 DNA-AgNC also features an extra shoulder of emission
at lower excitation wavelengths. C9, C11, and C13 peaks appear to be elongated featuring
red edge emission shift (REES) as reported previously and as is common for AgNCs.2!»24 23
Interestingly, C7 DNA-AgNC does not have REES-based elongation of the emission peak

which is well-pronounced for other samples. These observations emphasize the differences of
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DNA-AgNCs formed by the four looped templates despite all samples having “red”
emission.

Table 1. Spectral position of excitation and emission for “red” emitting peak in initial EEMs.

Wavelength, nm C7 C9 C11 C13
EXCwmax 600 580 562 562
FLUwmax 685 661 647 645

The differences in observed optical properties intensify further as samples are
allowed to age. Changes in emission pattern with time develop quickly and represent
conversion of AgNCs upon interaction with ambient conditions. We have previously reported
that aging of DNA-AgNCs leads to the conversion of “red” to “green” emission.?* Such
changes can be linked to the interactions of AgNCs with species dissolved in the solution that
are capable of oxidizing silver atoms (Ag’ = Ag"), such as molecular oxygen.?* Many
reports documented the “blue” shift with aging and some protocols call for bubbling oxygen
through to stimulate this transition.?¢ All four of our samples also experience such “blue”
shift and eventually develop a pattern of multi-peaked emission with some samples more
noticeable that others, for example C9 vs C13. Figure 2 summarizes in detail all changes in
emission patterns when C7-C13 DNA-AgNCs age over a period of two weeks. The
appearance of additional emission peaks in the “green” region are obvious for C7, C9, and
C11, while C13 remained primarily as a single peak. The changes in C13 DNA-AgNCs
include the loss of elongated shape with the near-IR part of the peak disappearing over time.
Shorter loops C7, C9, and C11 develop an obvious multipeak excitation-emission pattern
over time. These new peaks appear in the “orange” and “green” spectral region. Also, these
peaks differ significantly in their position and intensity. C7 DNA-AgNCs have only one new

peak of Aexc/AemM=465/547 nm — “green”. The intensity of this new peak is 27% the intensity
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of the original “red” peak. Both C9 and C11 have multi-peak patterns of newly appeared
“orange” and “green” emission labeled O (longer wavelengths) and G (shorter wavelengths).
The positions of these two new peaks are very similar for both C9 and C11 DNA-AgNCs:
AExc/AeM=475/606 nm (O-C9), Aexc/Aem=480/606 nm (O-C11), Aexc/Aem=408/530 nm (G-
C9), and Aexc/Aem=410/536 nm (G-C11). Similar spectral positions indicate the same nature
of “green” states for both C9 and C11 DNA-AgNCs. The differences for these two samples,
however, include the position of the “red” peak as listed in Table 1. Another major difference
is the relative intensities of green peaks, both O and G. O peak dominates in the C11 sample,
while G is more pronounced in the C9 sample. The following are the relative intensities as
compared to the original “red” peak: 22% (O-C9), 360% (O-C11), 112% (G-C9), and 29%
(G-C11). The observed intensities suggest that C9 DNA-AgNCs primarily stabilize G state
while C11 DNA-AgNCs prefer O. O peak is not observed in the fluorescence of the aged C7
sample, while C13 remains “red” during aging.

To complete the description of emissive properties of C7-C13 templated AgNCs, we
also visualized the emission of nanoclusters under UV excitation on a trans-illuminator (at
254 nm). Such excitation is typically discussed as a means of excitation via DNA bases that
contact silver atoms in the nanocluster. 254 nm excitation results in a color palette of the
employed samples (colors under trans-illuminator excitation, Figure 1- top). This picture
reflects the rich emission pattern observed for C7-C13 samples in the visible part of the

spectrum.
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Figure 3. Biological activity of AgNCs. (A) The growth curves of E. coli when treated with 4
uM DNA-AgNC are shown at pH 7.4 (the pH of standard LB) and pH 5.5. The standard
deviation of each measurement is shown as a dotted line on both sides of the solid line in the
same color. The lines for C11, C13, and Carbenicillin overlap at pH 5.5. (B) The normalized
cell viability of THP1-DualTM, Jurkat, and 293FT cells after incubation with 4 uM AgNC for

20 hours, as assessed by an MTS assay.

4.2.3 Cell Culture
To assess the relative effects of representative DNA-AgNCs on bacterial cells,

TOPIO0F’ E. coli were grown in liquid cultures and were treated with the panel of DNA-

AgNCs at a final concentration of 4 uM (Figure 3A). A decrease in the bacterial growth was
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observed over a 20-hour period for all E. coli cultures treated with AgNCs when compared to
the non-treated control. There was a strong dose dependence noted for all AgNCs
(Supporting Figure S3) with 4 pM showing moderate effectiveness for all of them. As such,
all further experiments were carried out at 4 uM in order to best resolve differences between
individual clusters. In order to quantitatively examine the inhibition of E. coli growth, we
compared the change in the amount of time required for bacteria cultured with each AgNC to
grow to half of their maximum optical density (Ati2). As compared to bacteria alone, C11
was the most effective with a Ati2 of 6.3 + 0.4 hours. The other AgNCs showed a lesser
extent of inhibition with Ati2 values of 3.5 + 0.5 hours, 1.5 + 0.3 hours, and 5.6 = 0.4 hours
for C7, C9, and C13 respectively. The effect of free-silver ions or nanoparticles at the
concentrations used to synthesize the AgNCs can be considered minimal since the control
experiment with 650 uM of Ag", the highest of the concentrations used for Cn synthesis, was
found to have a minimal effect on the growth curve after being reduced with NaBH4
(Supporting Figure S4). The antibacterial effect of the AgNCs greatly increased with a drop
in pH. When E. coli grown in pH 5.5 buffered LB were treated with 4 uM of each DNA-
AgNC, the growth was nearly fully inhibited over the entire 20 hours (Figure 3A). From all
of these experiments, an interesting pattern appears that C7 outperforms C9 and C11
outperforms C13 in bacterial growth inhibition. It is clear from these data that the number of
cytosines in the loop does not directly play a role in the antibacterial effectiveness of a
particular DNA-AgNC complex.

In order to test these same conditions in mammalian cells, several human cell lines
were used. All AgNCs were again introduced at a 4 uM final concentration and the cell

viability was assessed after 20 hours of incubation using an MTS assay. No statistically
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significant reduction in cell viability was found after incubation with AgNCs for Jurkat,
THP1, or 293FT cells (Figure 3B). In order to ensure the AgNCs were relatively safe for
mammalian cells, these experiments were repeated at a final concentration of 8§ uM AgNC
with all three cell lines. Again, no statistically significant decrease in cell viability was found
at the higher AgNC concentration (Supporting Figure S5). Therefore, AgNCs remain

harmless to mammalian cells at concentrations required to inhibit bacterial growth.

10 uL AgNC Solution Electron Beam
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Figure 4. (A) The general workflow for the SEM and EDS experiments is shown. The drying
step took place at ambient conditions with the silicon wafer covered by a petri dish. (B) A
representative SEM image is shown of an AgNC C9 sample and the (C) raw EDS spectrum of
the same sample. The purple ring defines the outer perimeter of the area that was scanned to
obtain the EDS spectrum.
4.2.4 Stoichiometry determination

In order to quantify the number of silver atoms bound to each ssDNA
oligonucleotide, EDS was performed and micrographs of dried AgNC solutions were

recorded using SEM. The ratio of the relative atomic percentages of the Ag and P in the EDS

spectrum were used for evaluating stoichiometric ratio of silver per hairpin-loop DNA
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template. DNA-AgNCs with the highest (C11) and the lowest (C9) antibacterial activity were
examined. From these experiments, we determined that C9 DNA-AgNC binds an average of
8.5 £ 0.5 silver atoms while C11 DNA-AgNC binds an average of 11.7 £ 0.5 silver atoms.
Representative micrographs are shown in Figure 4 and the supplementary information
(Supporting Figure S6).
4.3 Discussion

Silver has long been used as a disinfectant. The most recent applications include the
use of silver nanoparticles in many different areas including food packaging, water and air
disinfection, the textile sector, and medical applications (Silver Soaker® Catheters,
Acticoat™, SilvaSorb® Gel).?”-2® The search for new therapeutic agents to combat multi-
drug resistant (MDR) bacteria is ongoing. While silver nanoparticles have been recently
extensively studied for their use as antibacterial agents,?® novel silver nanoclusters have been
largely overlooked!¢ primarily because most studies have focused on biosensing applications
due to the unique optical properties of AgNCs.?>3%3! DNA-AgNCs have several advantages
which position them as excellent candidates for antibacterial applications. First, DNA-
AgNCs are small in size — they are comprised of only a few atoms of silver capped with
stabilizing cytosine-rich ssDNA oligonucleotides. Since DNA-AgNCs are bound to DNA, in
addition to serving as a host for AgNCs, DNA can also be utilized for embedding AgNCs
into a structured network of functional assemblies leading to novel properties and functions
of hybrid nanomaterials.?!>2* In this study, we show that AgNCs are capable of inhibiting
bacterial growth at a much lower concentration (4 uM) than carbenicillin (132 uM), which is
a bactericidal antibiotic from the penicillin group and was used as a positive control in this

study. Additionally, we confirm that DNA-AgNCs show very little toxicity against human
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cells and that the DNA templates contribute to the solubility and biocompatibility of DNA-
AgNCs, which is one of the biggest advantages of nanoclusters. Thus, DNA-AgNCs could
potentially be used against a broad range of various bacteria without harmful side effects.
Furthermore, robust fluorescence of AgNCs can be coupled with biocompatibility and
antibacterial properties to produce label-free bioimaging agents with dual purpose. Our
additional experiments indicate that DNA-AgNCs exhibit antibacterial activity against
Lactobacilli (Supporting Figure S2), suggesting that AgNCs might cause undesirable effects
to the gut microbiota, and should be avoided in applications involving oral ingestion of these
materials, e.g. in food packaging.

Our results show that C11 and C13 DNA-AgNCs produce the highest antibacterial
activity among all four studied sequences, while C7 and C9 DNA-AgNCs show lower
activity (Figure 3A). It is of note that the smaller of each of these pairs is the highest
performer. While there are several factors that might contribute to antibacterial activity, the
number of cytosines in the templating sequence does not appear to be the decisive factor.
Since the amount of silver was matched in our experiments with the number of cytosines in
the loop, which was confirmed by EDS analysis to match a 1:1 ratio of Ag:C, it is also
unlikely that the amount of silver in the cluster determines the antibacterial properties of
AgNCs. Our conclusion is supported by a previous report which also ruled out the number of
cytosines in a sequence and the amount of silver atoms per cluster.'® Emission color has been
proposed to correlate with DNA-AgNCs’ antibacterial properties with “red” emissive clusters
being the most active.'® We also turned to fluorescence properties in search of a possible
explanation for the antibacterial activity of DNA-AgNC:s. It is unclear how exactly silver

nanoclusters act in terms of antibacterial properties and this uncertainty in the mechanism of
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antibacterial action for DNA-AgNCs has triggered the current study. There are clear changes
in fluorescent properties of DNA-AgNCs which we can correlate with the increased
antibacterial activity of AgNCs. It appears that a multi-peak emission pattern might be the
key. The mere presence of “red” fluorescence does not define antibacterial properties; all
samples are “red” initially, but the abilities to inhibit bacterial growth differ among C11, C13
and C9, C7. C13 remains “red” during aging while C11 effectively converts to “orange.” At
the same time, C11 provides better antibacterial efficacy as compared to C13. Also, C7
remains primarily “red” while its activity is lower than C11 and C13. C9 is the only sample
that develops a “green” peak with high intensity, but it is also less effective at inhibiting
bacterial growth.

It is commonly accepted that DNA-AgNCs include both Ag® and Ag" atoms in their
composition. The ratio of Ag’/Ag" defines the overall charge state and the color of the
nanocluster’s emission.* It has been proposed that distinct “green” and “red” fluorescence
occurs for a “magic number” of neutral silver atoms in the nanocluster.*> ** Four neutral
atoms produce green fluorescence and six neutral Ag atoms produce red fluorescence
regardless of the number of Ag”.>? Recent studies indicated that such conversion does not
change the overall number of silver, &, in the cluster as this conversion is reversible.* 2’
“Red,” “orange,” and “green” emissive states of AgNCs we observe may represent different
ratios of Ag” to Ag’. Aging of the samples can therefore be explained by the interaction of
AgNCs with species dissolved in the solution that are capable of oxidizing silver atoms (Ag’
- Ag"). For example, dissolved “molecular oxygen” might effectively convert “red” to
“orange” and to “green” emitting species. Controlled oxidation with hydrogen peroxide

confirms our conclusion (Supporting Figure 7). The addition of hydrogen peroxide gradually
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converts emissive patterns which resembles “aging” of all samples. Many studies relate the
antibacterial activity of silver nanoparticles to oxidative release of Ag".3* In this regard,
AgNCs already have silver ions in their composition and can therefore act as antibacterial
agents. Furthermore, the ratio of Ag"/Ag’ can modulate the antibacterial activity of AgNCs.
It is tempting to suggest that the increased number of silver ions in AgNCs may explain
higher antibacterial activity. However, C9 is dominated by “green” emitting species which
would supposedly have the highest number of cations in the AgNC composition, while we
observe that C9 has the lowest antibacterial effect. It is possible that the looped hairpin
templates used herein while varying in the length may have different protective properties for
AgNCs depending on the final conformation of the loop wrapping around silver clusters. For
example, faster conversion of C11 to “orange” emitting species might indicate lesser
protection of the clusters and thus correlate better with higher antibacterial activity of C11.
Additional studies will be required to identify whether intact DNA-AgNCs act as the
antibacterial agent or if their activity requires nanocluster dissolution with the release of
silver ions into the solution.

Another possible explanation for different activities observed for the four samples
studied is that the nature of emissive and non-emissive states may be important. We observed
that all four samples age and react with H20: very differently. It is also apparent that partial
oxidation is involved in “red” to “orange” or “red” to “green” conversion of emissive AgNC
states. We have evaluated the rate of “red” peak conversion as a function of H2O2
concentration (Figure 5) for all four Cn-AgNCs using a modified Stern-Volmer

relationship.®®
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Figure 5. Stern-Volmer plots for (A) C7 — AgNC, (B) C9 — AgNC, (C) C11 — AgNC, (D) C13
— AgNC. Data points were fitted with equation 1 which considers two possible quenching
mechanisms: static and dynamic.

Generally, a linear Stern-Volmer plot indicates a single class of fluorophores which
are all equally vulnerable to quenching by H202.%> All four AgNC samples show non-linear
Fo/F vs Cm202 dependence (Figure 5), suggesting a complex nature of fluorescence quenching
with at least two deactivation pathways: intermolecular quenching due to H202 (dynamic
quenching, Kp, most likely due to intersystem crossing from singlet S* to triplet T*) and
intramolecular conversion of “red” to “orange” or “green” (static quenching, Ks, due to
change of the overall charge state of AgNC). While C7 and C9 exhibit slightly upward
curvature, C11 and C13 show clear downward curvature. This observation indicates that
these two groups have different mechanisms of quenching while interacting with H20x.
Typically, downward curvature is associated with fluorophores which are inaccessible to the
quencher, suggesting a more protective nature of larger loops.>® Interestingly, C11 and C13
also show higher antibacterial activity. While it is difficult to specify exact details of
interactions between the “quencher” and certain states of AgNCs without further studies, it is
apparent that the charge state of the AgNC can play a critical role in defining the antibacterial
activity of nanoclusters. Several reports have indicated that silver nanoclusters are capable of
generating excessive amounts of intracellular reactive oxygen species which is proposed as
the major contributing factor defining AgNCs’ antibacterial ability.'® 3¢ It is also becoming

increasingly apparent from recent studies both theoretical’’ and experimental®® that certain
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shape, composition, and charge states of AgNCs can increase the chances of optically “dark”
states to exist with high spin multiplicity (doublet and triplet). Therefore, it is not
unreasonable to propose that high spin AgNC states may interact with highly abundant triplet
oxygen removing the "spin-forbidden" condition and stimulating the transition of triplet to
singlet oxygen: *02 = '0x. Since singlet oxygen is far more reactive compared to triplet
oxygen, this can explain various antibacterial properties of different AgNCs and the
generation of reactive oxygen species.

In conclusion, nucleic acid-based nanomaterials are often designed based on two
rationales: the delivery of functional moieties which can be implemented into the
nanoscaffolds and the patterns in recognition of nucleic acids which contribute to the cellular
response. DNA-templated AgNCs offer an approach by which functional fluorescent
moieties can contribute to selective growth inhibition of bacterial culture. The results of this
study suggest that the rich optical behavior of the AgNCs is tightly linked to the antibacterial
properties of this novel class of nanostructures. Multiple emission peaks, their
interconversion, and connection with environmental changes are the keys to understanding
the mechanism of AgNC inhibitive action. The results obtained herein warrant further
exploration of the antimicrobial effects of DNA-templated AgNCs on both pathogenic and
non-pathogenic bacteria species.

4.4  Materials and Methods
4.4.1 Synthesis of DNA-AgNCs

All DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT),

Inc. (Coralville, IA, USA) as desalted products and used without further purification. All

sequences are listed in the Supporting Information. Nuclease-free water was obtained from
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IDT. Sodium borohydride was purchased from TCI America, Inc. In a typical preparation,
DNA template (C13, C11, C9, or C7) and AgNOs aqueous solutions were mixed and
incubated for 25 min at room temperature in ammonium acetate buffer (100 mM NH4OAc ,
pH 6.9). Next, NaBH4 aqueous solution was added and samples were placed on ice and
stirred vigorously. The final concentrations (C) of the components were as follows: Cpna-
template = 50 uM; Cagno3 was adjusted to match the number of cytosines in the loop according
to n*AgNO3:Cn;CnaBH4:Cagnos was taken at 1:1 ratio and Cnnaac =4 mM. The solution was
then incubated in the dark for 24 h at 4°C. Synthesized DNA-AgNCs were then purified via a
NAP-5 (Cytiva) filtration gel column purchased from Sigma-Aldrich, Inc. for fluorescence
measurements. Purification was performed according to the protocol supplied by the
manufacturer. Final concentrations of DNA-AgNC obtained after filtration varied between 8
— 15 uM and were evaluated by taking DNA absorption at 265 nm wavelength. For
antibacterial and mammalian cell viability experiments, DNA-AgNCs were purified using 3
kDa Amicon centrifugal filters by washing twice with buffer and diluting to 50 uM DNA-
AgNC.
4.4.2 Fluorescence measurements

The excitation and emission spectra were acquired on a Duetta — Fluorescence and
Ab-sorbance Spectrometer (Horiba, Inc., Chicago, IL, USA). In all the measurements, the
con-centration of the templating sequence was kept the same at ~6 uM. Fluorescence meas-
urements were carried out in a Sub-Micro Fluorometer Cell, model 16.40F-Q-10 (from
StarnaCells, Inc., Atascadero, CA, USA) at room temperature of ~22 °C. The excitation—
emission matrix spectra (EEMS) were recorded with 0.5 nm resolution. Fluorescence spec-

tra were recorded with the emission wavelength range from 300 nm to 1000 nm, the initial
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excitation wavelength was set to 280 nm, and the final excitation wavelength was set to 800
nm with an increment of 0.5 nm. Matrix data were then used for 2D contour plot using

MagicPlot Pro software.

4.4.3 Bacterial growth assays

TOP10F’ E. coli were purchased from ThermoFisher Scientific and grown in Luria
broth (LB) purchased from Sigma. Where shown, the pH of LB was adjusted to pH 5.5 with
100 mM 2-morpholin-4-ylethanesulfonic acid (MES). E. coli were grown in LB from single
colonies while shaking at 200 rpm at 37 °C in a GeneMate Incubated Shaker. For treatment
with AgNCs, bacteria were diluted in LB to an optical density at 600 nm (ODsoo) of 0.018-
0.020. Next, 50 uL of diluted bacteria were added to each well of a 96-well flat-bottom
black-walled plate. Purified DNA-AgNCs were added with LB to reach a final volume of
100 pL in each well with 4 uM final concentration of AgNC. Carbenicillin was used as a
positive control at a final concentration of 50 ng/mL (132 uM). The lids of the plates were
hydrophobically treated by filling them with 10 mL of 20% ethanol, 0.05% Triton X-100 for
30 seconds.*® The excess liquid was drained, and the lid was leaned against the back of a
fume hood to dry for 30 minutes.*” The lids were parafilmed to the microwell plates to
prevent excess evaporation. Microplate optical density measurements were recorded using a
Tecan Spark microwell plate reader. The plates were shaken for 30 seconds between each
measurement and were incubated at 37 °C with ODeoo measurements taken every 15 minutes
over 20 hours. A minimum of six technical repeats and two biological repeats of each
experiment were performed. The time required for each growth curve to reach half its
maximum optical density, ti2, was calculated with GraphPad Prism 9 using a non-linear fit of

the data. The difference between the untreated control ti2 and the treatment ti/2 is reported as
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Ati2. Additional experiments in Lactobacillus cultures were conducted to understand the
effects of DNA-AgNCs on normal microflora (Supporting Information).
4.4.4 Mammalian cell viability assays

For all experiments, cells were maintained and cultured at 37°C, 5% CO.. THP1-
Dual™ cells were purchased from InvivoGen and were maintained in RPMI 1640, 2 mM L-
glutamine, 25 mM HEPES, 10% heat-inactivated fetal bovine serum (FBS), and PenStrep
(100 U/mL,100 pg/mL). 293FT cells were cultured in DMEM, 2 mM L-glutamine, 10%
FBS, and PenStrep (100 U/mL, 100 ng/mL). Jurkat cells were cultured in RPMI 1640, 2 mM
L-glutamine, 25 mM HEPES, 10% FBS, and PenStrep (100 U/mL,100 pg/mL). For cell
viability studies, cells were plated in a 96-well flat-bottom plate at a density of 40,000 cells
per well along with DNA-AgNC solution at final concentrations of 4, or 8 uM and final well
volumes of 100 pL. After incubation with AgNC treatments for 20 hours, 20 pL of CellTiter
96® AQueous One Solution Cell Proliferation Assay (MTS) were added to each well. Plates
were incubated for an additional 75 minutes at 37 °C, 5% COz. The plates were then read on
a Tecan Spark microplate reader for absorbance at 490 nm. Sixteen reads per well were
averaged for each value.

4.4.5 Scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy

(EDS)

Solutions of 50uM C9 and C11, in buffer, were pipetted on a polished silicon wafer
as 10 uL droplets. Droplets were allowed to dry in a covered petri dish overnight at room
temperature. The solid residue was analyzed with SEM/EDS to determine the atomic ratio
between P and Ag. Dried solutions on the Si substrate were analyzed with a JEOL JSM-6480

SEM. Micrographs were taken in secondary electron mode with an accelerating voltage of
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5kV. EDS spectra were collected using an Oxford Instruments INCA EDS behind a
beryllium window. Atomic percentages were calculated by the INCA instrument software
from P Ka (2.013 keV) and Ag La (2.984 keV) characteristic x-rays.
4.4.6 Statistical analysis

All data is presented as the mean + standard error of the mean (SEM) for a minimum
of N=3 independent biological replicates. For statistical analysis, a one-way ANOVA was
performed, followed by a t-test using GraphPad Prism 9.0.0 for Windows, GraphPad
Software, San Diego, California USA, www.graphpad.com. P-values of p<0.05 were

considered statistically significant.
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4.6  Appendix B: Supporting Information for DNA-templated Fluorescent Silver
Nanoclusters Inhibit Bacterial Growth while being Non-toxic to Mammalian
Cells
SEQUENCES USED IN THIS PROJECT
All oligonucleotides were purchased from IDT, Inc. Names denote the numbers of

cytosines in each hairpin loop, underlined below.!?

C7: 5°- TATCCGTCCCCCCCACGGATA
C9: 5°- TATCCGTCCCCCCCCCACGGATA
C11:5’- TATCCGTCCCCCCCCCCCACGGATA

C13:5’- TATCCGTCCCCCCCCCCCCCACGGATA

From Fig. S1:

C12:5’- TATCCGTCCCCCCCCCCCCACGGATA

Single-stranded C12: 5°- CCCCCCCCCCCC

SUPPORTING METHODS
Bacterial growth of Lactobacilli on LB agar. One colony with the morphology of
Lactobacilli was isolated from 1:100 and 1:1000 dilutions of Bulgarian yogurt (White
Mountain) tested on LB agar plates in duplicate and was inoculated into SOS medium
(Invitrogen) to prepare a pure culture. The culture was incubated at 42-45 °C for 36 hours to
produce a turbid culture. A 100 pL aliquot of this culture was transferred into fresh SOS

medium and again incubated at 42-45 °C for 36 hours to adapt Lactobacilli to SOS medium.
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This culture was then used for all subsequent experiments and was stored at 4 °C between
experiments to prevent bacterial cells from proliferating. Each DNA-templated AgNC (C7,
and C9) was mixed with liquid Lactobacilli culture in SOS media so that the final dilutions
of bacteria were 1:1000 and 1:10,000 with nanoclusters at the final concentration of 22.5 uM
of silver in 100 pL. From this, 25 puL of each sample was plated per one quarter of an LB
agar plate; two replicates per sample were tested. Plates were incubated at 42-45 °C for 36

hours, then individual colonies were counted.
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SI Figure S1. Comparison of C12 template as a single-stranded nucleotide or as a loop in a
hairpin structure. (A) AFM image of AgNCs formed on a template containing single-stranded
C12 sequence, (B) AFM image of AgNCs formed on a template containing C12 loop, (C) EEM
of AgNCs templated on a template containing single-stranded C12 sequence, (D) EEM of
AgNCs templated on a template containing C12 loop.
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SI Figure S2. Liquid culture growth curves are shown of E. coli which have been treated with
varying concentrations of AgNC. Each is shown with the standard deviation as a dotted line on
either side of the solid line in the same color. There is a strong dose-dependence for each AgNC
with 8 uM C11 eliminating growth for almost the full 20 hours.
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SI Figure S3. To see the effects of free silver that may not have bound to DNA, 650 uM AgNOs3
solution was reduced with an equimolar amount of NaBH4, just as in the synthesis of the C13
AgNC. E. coli was then treated with the same amount of this solution as would be present in 4
uM C13 AgNC treatments. While there was a slight reduction in growth rate and the maximum
0OD600, these were minimal compared to the effects of the C13 AgNC at 4 uM.
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SI Figure S4. Additional mammalian cell viability assays were conducted with 8 uM AgNC
concentrations following the methods described in the main text. Following 20 hours of
incubation at 37 °C and 5% CO2, MTS was added and incubated for an additional 75 minutes
at the same conditions. The absorbance was recorded at 490 nm and the relative cell viability
was calculated. No statistically significant reduction in cell viability was found at the elevated

AgNC conditions.
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SI Figure S5. Secondary electron micrographs of all of the dried AgNC samples which were
used for the stoichiometry calculations are shown.
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SI Figure S6. (A) Plates of Lactobacilli treated with C7 or C9 AgNCs and the resulting colonies
formed. (B) Colony forming units (CFU)/mL after treatment with C7 or C9 were compared to

the control sample Significance of p<0.05 is denoted with an asterisk.



136

Excitation, nm

Excitation, nm Excitation, nm Excitation, nm Excitation. nm
)

Excitation, nm

gw
38

Excitation, nm
& W [*)) ~J
(=3 (=3 (=3 (=3
(=] (=} (=} (=}

w
(=3
S

400 600 800 1000 400 600 ~ 800 1000 400 _ 600 800 1000 400 _ 600 800 1000
Emission, nm Emission, nm Emission, nm Emission, nm

SI Figure S7. Titration of AgNCs with hydrogen peroxide. I) C7 DNA-AgNCs, IT) C9 DNA-
AgNCs, III) C11 DNA-AgNCs, IV) C13 DNA-AgNCs. Progressive addition of hydrogen
peroxide shows changes in oxidative state of DNA-AgNCs. (a-f) are different ratios of
CAgNC/CH202 = 1/0 (a), 1/1.9 (b), 1/3.8 (¢), 1/5.7 (d), 1/7.6 (e), 1/9.5 (f), 1/11.4 (g).
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SI Figure S8. Evaluation of optical properties. UV-Vis spectra of A) C7, B) C9, C) C11, D)
C13 samples immediately after purification. Emission spectra with 254 nm excitation
mimicking color observation shown in Figure 1, E) C7, F) C9, G) C11, H) C13. Excitation
spectra for 525 nm emission peak, I) C7,J) C9, K) C11, L) C13. Excitation spectra for 635 nm

emission peak, M) C7, N) C9, O) C11, P) C13.

SI Table S1. The calculated number of silver atoms from the atomic percentages obtained from
the EDS reports are shown with the average and standard error of the mean for each AgNC.

1 2 3 4 5 6 7 8 Mean SEM
c7|113 115 9.7 123 83 92 80 8.7 99 + 0.6
c9|102 79 114 74 78 76 80 7.7 85 + 05

Ci1| 114 98 140 112 136 108 118 114 | 11.7 <+ 0.5
ci3 (113 133 109 80 75 79 87 13.7] 102 <+ 0.9
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5 CHAPTER 5: CONCLUSIONS

The work presented here presents a contribution to the field of nucleic acid
nanotechnology through the propagation of knowledge, offering of ideas to contribute
versatility, and optimization of molecular function to project the value of the field. NANPs
are a worthy candidate for investment because of their impressive list of applications. Their
biocompatibility, programmability, molecular precision, and reproducibility make them a
very powerful tool for manipulating molecular systems. The list of TNAs approved by the
FDA increases as their value is realized and developed. NANPs are the next generation of
TNAs because their structure enables programmability. As a scaffold and as a functional
agent, NANPs offers precision in structure design, functionalization choice, and degree of
immune stimulation. Nucleic acid is utilized by cells as a highly dynamic material to carry
out molecular functions. Utilizing the same material for therapeutic use is an avenue towards
great potential. More versatile therapeutics are coming because the promise of improving
medicine is becoming more evident. Although the purpose of NANPs is very clinically
relevant, safety concerns regarding TNAs impedes important clinically relevant research and
approval. It is essential for the success of the field to prove functional nucleic acids perform
more good than harm. The most opportune approach to maximize the value of NANPs is
diversifying available functions and fine tuning those functions.

In the first study, a review of the field of nucleic acid nanotechnology is presented.
Current research encompasses a variety of functional nucleic acids and related
nanotechnology topics. Research ranged from mechanistic studies and fundamental science
to translational research actively implemented. Mechanosensing is described in the study of

NompC, an ion channel that helps a cell sense mechanical change. The mechanism of a
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molecular motors is discussed in relation to genome packaging. Nanopores were
demonstrated as a novel method to identify proteins in solutions relevant to clinical samples.
Computational approaches are able to achieve atomic resolution in determining catalytic and
selectivity mechanisms of enzymes. Ribosomal frameshifting is studied and discussed as a
potential target for antiviral applications include SARS-CoV-2. Computational prediction of
RNA structure is approached by processing large amounts of experimental data with a deep
learning model to improve secondary structure prediction. CryoEM was used to reveal high
resolution details to explain RNA structures that regulate viral processes. Structure
determination of RNA nanoparticles and RNA native structures was improved by combining
SAXS data with computational methods. Strand displacement in DNA/RNA hybrids were
systematically studied with experimental methods varying concentrations and mismatches.
This review reiterates the potential of functional RNA and shares ideas in the field.

The study in chapter 3 introduces a novel phenomenon of NANP assembly by
nuclease treatment. RNA/DNA hybrid duplexes were treated with substrate specific
nucleases. The selective degradation allowed self-assembly of structures from the liberated
monomers. Successful restructuring of duplexes to NANPs was confirmed by EMSA and
AFM. Composition was confirmed by a selective degradation assay. Digestion and assembly
kinetics during nuclease treatment was assessed by EMSA and quantitative image analysis.
Shelf stability of NANPs was determined by rehydration after storage. EMSA confirmed the
integrity of duplexes and showed the degradation of cubes. This also implied the improved
storage capabilities enabled by the enzyme drive assembly method. A single long hybrid
duplex structure was designed to hold RNA cube monomers with DNA holding strands. This

system was confirmed to assemble cube structures after DNase treatment. Finally immune
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recognition was assessed in HEK-Blue and HEK-Lucia cell lines after enzyme treatment. The
results confirmed the expected immune response corresponding to previous work. This
implies the ability to control the degree of immune response by nuclease. The results of this
investigation offer a controllable reassociation feature for future therapeutic platforms.

The final study introduces and characterizes a novel antibacterial structure. DNA
templates with repeating cytosine bases were used to synthesize AgNCs. Number of
cytosines were varied to determine the dependence of the AgNC properties. EEMS
confirmed expected optical properties with the literature. Cell culture experiments showed no
significant effect on cell viability in mammalian cells and significant growth inhibition in e
coli. There is potential for use as an antibiotic treatment. A novel method based on EDS was
developed to determine the stochiometric ratio between the template and AgNC size. This
information was used to determine the size of the AgNC and confirmed that our structures
were consistent with the literature. The DNA template of this assembly will be compatible
with NANP systems through a toehold interaction. The result of antibacterial properties
would make this structure a viable moiety for NANPs and other compatible systems.

This combined work here aims to diversify and improve the functional options for
nucleic acid-based therapeutics. A NANP based approach was chosen because of the
advantages these structures offer. Their ration design expands versatility and functionality
while characterization ascertains their safety and effectiveness. This trend will continue as

the field progresses toward clinical translation of individualized medicine.
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This dissertation contains previously published material. Original published articles can be
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