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ABSTRACT

POROUS PROTEIN-DNA CO-CRYSTALS FOR NUCLEIC ACID CAPTURE, STORAGE,

AND RELEASE

Porous biomolecular crystals provide an emerging platform for nanoscale organization,
molecular capture, and controlled release, but a system that combines modularity, tunability, and
high-resolution structural precision has yet to be elucidated. Biomolecular nanoparticles made of
pure protein and pure DNA have been explored for use in biomedical, structural, and
nanotechnology applications. By combining the structural rigidity of protein crystals and the
modularity of DNA crystals, we have developed a class of biomolecular co-crystals that fills
gaps currently present in the biomolecular materials field. We are interested in how protein-DNA
co-crystals can be used as scaffolds, hosting guest molecules by soaking them in after the
protein-DNA co-crystals have formed. Unique to our platform among crystalline biomaterials
capable of spatial organization of guest molecules is the ability to diffract X-rays at a resolution
sub 3 Angstroms. This dissertation presents a comprehensive exploration of these high-resolution
protein—DNA co-crystals as programmable crystalline nanoparticles engineered for selective
nucleic acid sequestration, stabilization, and triggerable release.

We review the landscape of biomolecular crystalline nanoparticles in biomedical
applications, highlighting how their periodicity and defined pore environments enable drug
loading, biosensing, and molecular templating. To enable our protein-DNA co-crystal to persist

in the stringent environments necessary to be of service in these fields, we describe efforts to



enhance the stability of protein—-DNA co-crystals by optimizing crosslinking at DNA-DNA
junctions using both chemical crosslinkers and enzymatic ligation strategies. These approaches
significantly increase crystal robustness while preserving porosity and modular programmability.
To demonstrate the utility of having programmable DNA elements that take advantage of
scaffold protein rigidity, we next show the chemical and structural diversity of the system by
incorporating non-canonical nucleobases, alternative backbone chemistries, and engineered
secondary structures. We then leverage these design principles to show nucleic-acid capture from
the environment, storage within the crystal pores, and specific release mechanisms using
toehold-mediated strand displacement, showcasing highly specific, trigger-dependent unloading
of target cargo from protein-DNA co-crystals. For practical use of our platform in biomedical
applications, we adapt microcrystallization methods to enable scalable production and
consistency in nanoparticle batches. To exemplify quantifiable guest molecule loading within our
co-crystals, we present a novel cuvette-based uptake fluorescence assay. Finally, we outline
future directions for this work in structural, biomedical, and nanotechnology fields.

Together, this work establishes protein—-DNA co-crystals as a modular, engineerable
material system capable of selective nucleic acid capture, stable storage, and programmable
release. This opens new avenues for responsive biomaterials, biosensing, and therapeutic

delivery.
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CHAPTER 1: BIOMOLECULAR CRYSTALS AS FUNCTIONAL NANOPARTICLES
1.1 Abstract

Structural heterogeneity remains a fundamental limitation of many nanoparticle platforms
used in nanomedicine, constraining the extent to which structure-function relationships can be
rationally defined and engineered. Crystalline biomaterials offer a complementary paradigm, in
which periodic molecular organization of chemically homogenous monomers enables direct
structural determination, precise control over nanoscale architecture, and predictable functional
behavior. This chapter examines crystalline and hybrid biomolecular nanoparticles as a design
framework for precision nanomedicine, highlighting how periodicity, programmability, and
modularity can be leveraged to improve cargo stabilization, organization, and delivery. By
integrating principles from structural biology, biomolecular engineering, and computational
design, crystalline protein, DNA, and hybrid protein-DNA assemblies emerge as a versatile class
of nanomaterials that bridge atomic-level structural definition with functional adaptability.
Collectively, these systems point toward new opportunities for structure-guided nanoparticle
design and the development of therapeutic and diagnostic platforms.
1.2 Introduction

Nanomedicine is a rapidly growing field that has a central theme of the delivery of
therapeutic agents at the nanoscale (1-3). Most nanoparticle delivery systems consist of
assembled components for which size, structure and homogeneity can only be inferred indirectly,
e.g. via dynamic light scattering (DLS), zeta potential, and encapsulation efficiency assays (4,5).
While rational design and bulk characterization assays can provide some control of and
information on how these particles are assembled, crystalline biomaterials are uniquely able to be

directly observed and defined with atomistic precision at the structural level due to their



periodicity and homogeneity. This in-depth material characterization allows more control when
engineering a nanoparticle for biomedical applications, and precision in calculating payload per
particle.

Nanoparticles have distinct advantages over free biologics. Nanoparticles can confer
protection from degradation within biological solutions, tunability in biodistribution, and the
ability to overcome biological barriers for intracellular delivery (6). Nanoparticles in drug
delivery are generally sorted into three categories based upon their component building blocks,
namely organic (e.g., lipid, protein, or DNA-based materials), carbon, and inorganic (e.g. metal-
based) particles (Fig. 1.1) (4, 7).

Classification of Nanoparticles

Organic Nanoparticles Inorganic Nanoparticles Carbon-Based Nanoparticles
\
", 7
............ o
Titanium  7inc Oxide /
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Figure 1.1: Classifications of nanoparticles based on components. Organic nanoparticles are
made of biomolecules, inorganic nanoparticles are inorganic atoms covalently bound, and
carbon-based nanoparticles are purely made of carbon. From “A Comprehensive Review of
Nanoparticles: From Classification to Application and Toxicity.” Eker, F., ef al. 2024,
Molecules, 29(15), Figure 1 (https://doi.org/10.3390/molecules29153482) CC BY (7).

As the most analogous to our protein-DNA co-crystal-based platform, this review chapter

will focus on organic nanoparticles, with some mention of organic components functionalizing


https://doi.org/10.3390/molecules29153482

metal-based inorganic nanoparticles (metal organic frameworks, or MOFs) as their porous
crystalline frameworks are similar to our porous protein-DNA platform. Of the organic
nanoparticles, lipid nanoparticles (LNPs), exosomes (cell-secreted extracellular vesicles), and
related lipid-based nanocarriers are generally not amenable to direct atomistic structure
determination as intact particles by diffraction-based or EM-based methods, because they are
typically heterogeneous, dynamic, and non-periodic. Instead, these platforms more often provide
ensemble-averaged structural information or nanoscale morphological features (8). While these
nanoparticles are highly effective and are the predominately prevalent nanoparticle in biomedical
applications, their amorphous nature limits precise structural definition at the single particle
level.

In contrast, crystalline biomaterials exhibit periodicity in their structures. Crystals with
biomedical functions are found in living systems, keeping biomolecules stable inside and outside
of cells (9). Most notably, insulin forms crystalline granules stabilized by Zn+ within pancreatic
B-cells (10). These granules protect against proteolytic degradation, allowing long term storage
in cells. Similarly, eosinophils are white blood cells that store eosinophil major basic protein
(EMBP) in crystalloid assemblies within secretory granules (11). In bacterial systems, a
prominent example of in vivo crystallization is the Cry3A protein, that forms parasporal crystals
during sporulation and functions as an insecticidal agent (12). Notably, these intracellular
crystals can achieve a degree of order sufficient for structural interrogation, and Cry3A crystals
grown directly within bacterial cells have been resolved to 2.8 A using X-ray free-electron laser
methods (13). This example illustrates that biological systems can exploit crystallization not
merely for storage, but also to stabilize functional protein cargo in a densely packed and highly

protected state. A related principle is seen in viral protein. Virus capsids are highly ordered, self-



assembled protein architectures whose central biological functions are to package, protect, and
deliver nucleic acid cargo, illustrating how repetitive protein organization can stabilize fragile
payloads (14, 15). In some viral systems, this protective strategy is taken even further through
crystalline occlusion bodies, such as baculoviral polyhedra, in which polyhedrin proteins
assemble into exceptionally robust lattices that shield embedded virions in the external
environment while preserving infectivity until transmission to a new host (16, 17). Ferritin
provides a complementary example of a highly ordered proteinaceous assembly that packages
and protects a biologically important cargo, in this case iron, within a symmetric nanoscale shell
capable of regulated disassembly and reassembly (18-20). While ferritin is not a crystal in the
classical extended-lattice sense, it demonstrates that precise, repetitive supramolecular
organization can endow biomolecular assemblies with stability, encapsulation capacity, and
environmentally responsive behavior. Taken together, these natural systems underscore that
ordered biomolecular assembly can be leveraged to protect fragile cargo, preserve function, and
regulate access to encapsulated components. We now turn to how this principle of crystallinity,
and more broadly periodic nanoscale organization, has been adapted for the engineering of
organic nanomaterials.
1.3 Engineered Protein Crystal Nanoparticles

Proteins are attractive building blocks for engineered crystalline nanoparticles because they
can present chemically diverse surfaces, form specific intermolecular interfaces, and be modified
genetically or chemically to install new functions (21). In addition, many protein-based materials
can be produced using mature recombinant expression and purification workflows, which makes
them more tractable than some alternative nanomaterial classes for scale-up, purity control, and

process development, although manufacturability remains strongly protein- and platform-



dependent (22, 23). Protein-based biomaterials have therefore been widely explored for
therapeutic and diagnostic applications, and recent advances in computational and machine-
learning-guided protein design have expanded access to de novo protein nanoparticles and other

ordered protein assemblies (Fig. 1.2) (24, 25).
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Figure 1.2: Design schemes in protein-based materials. A. shows adaptation of natural
tissues/recombinant proteins for assembly in heterogenous materials such as hydrogels. B.
depicts rational design principles for engineering biomaterials while C. shows one of the
approaches to de novo protein design, gaussian noise is used to predict structures for new
materials. From “Engineering complexity into protein-based biomaterials for biomedical
applications.” Gregorio, N. E., et al. 2025, Nature Reviews Materials, 1-15. Figure 1
(https://doi.org/10.1038/s41578-025-00861-8) Reprinted with permission from Springer Nature.
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https://doi.org/10.1038/s41578-025-00861-8

The Cry3A protein provides a well-studied natural example of biological crystallinity that
has been repurposed as a delivery and immobilization scaffold (26, 27). One major
functionalization strategy is genetic fusion, in which the cargo is encoded directly in the amino
acid sequence of the crystal-forming polypeptide (27-30). Using this approach, the Chan lab has
shown that engineered Cry3A-derived crystals can deliver fused protein cargo intracellularly,
and that a positively charged Cry3A variant, Pos3A, improves cellular uptake and cytosolic
delivery in these systems. (31). Reported cargoes include proteins such as p53 and antimicrobial
peptides (AMPs), illustrating the capacity of this system to transport diverse functional
biomolecules (31, 32). In parallel, Cry3A crystals have also been adapted for post-expression

functionalization (26).
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Figure 1.3 Methods of protein crosslinking and covalent bond installation. From “Porous protein
crystals: synthesis and applications” A. A. Jones and C. D. Snow, Chem. Commun., 2024, 60,
5790 DOI: 10.1039/D4CC00183D. CC BY (39)

This underscores an advantageous ability of protein nanoparticles to be functionalized post-
expression through crosslinking or covalent bond introduction (27, 33, 35). Examples of

common post-expression crosslinking schema used for protein functionalization are split-



peptides (SpyCatcher-SpyTag systems), disulfide reduction, aldehyde mediated, and UV-
catalysis (Fig. 1.3) (35-39).

Beyond genetic fusion and covalent bond stabilized cargo loading, the Cry3A platform
exemplifies another favorable feature of protein crystals- the presence of solvent channel pores
that permit diffusion of macromolecules throughout the crystalline lattice. In AMP-delivery
studies, cargo loading was attributed, in part, to electrostatic interactions between cationic
peptide cargo and negatively charged regions within the crystal channels. Increasing the positive
charge of the solvent-exposed patch reduced peptide uptake, whereas introducing additional
negative charge enhanced loading efficiency (40). These findings underscore how the
understanding of defined crystal architectures, where regions not directly involved in subunit
assembly, such as channel walls enable rational tuning of cargo interactions while maintaining
other key materials properties. Correspondingly, Cry3A-based formulations demonstrated
peptide stabilization and delivery in both cell-based and murine models, including antimicrobial
and anticancer applications, with preclinical studies reporting minimal cytotoxicity and no
observable liver or kidney toxicity under the conditions tested (40).

Although batch-to-batch characterization of Cry3A nanoparticles is routinely performed
using ensemble measurements such as zeta potential, larger crystalline assemblies have been
directly characterized using X-ray—based structural methods (13). Structural information
obtained from these ordered crystals can be extrapolated to the nanoparticle scale, enabling
hypothesis-driven design of cargo loading strategies. The AMP-Cry3A delivery system thus
illustrates how atomic-resolution structural information can inform functional nanoparticle

engineering.



Cry3A highlights the versatility of protein-based crystalline nanoparticles but represents only
one example within a broader class of ordered protein assemblies adapted for biomedical
applications. Building on the systems from living cells described earlier, engineered protein
nanoparticles often take natural biomolecular assemblies and expand their utility. Ferritin cages,
for instance, have been extensively engineered beyond their natural formation as highly ordered
protein nanoparticles for cargo encapsulation, surface functionalization, and targeted delivery
(41, 42). While ferritin is not an extended crystal, its repetitive symmetry confers substantial
structural definition, and its assembly behavior has been characterized in solution by small angle
X-ray scattering (SAXS) (20). Similarly, engineered polyhedrin-based particles have emerged as
a distinct class of protein delivery materials (43). Derived from baculoviral polyhedrin, which
form dense protective crystalline matrices around occlusion-derived virions, these assemblies
leverage self-assembly and environmental stability for engineered cargo incorporation (44).
Collectively, these systems demonstrate that periodic or highly repetitive organization is a
powerful design principle for protein-based nanoparticles, enabling the creation of structurally
defined, stable, and functionally adaptable biomaterials.

Beyond direct engineering of naturally occurring proteins and their crystal contacts, advances
in de novo protein design now allow periodic protein assemblies to be designed computationally
(45-47). This capability is rooted in the fact that modern structure-prediction and sequence-
design algorithms, including AlphaFold, ProteinMPNN, and RFdiffusion, were trained on
experimentally solved protein structures and assemblies archived in the PDB (48-50).
Consequently, these models can replicate the structural regularities of folded proteins and
multimeric interfaces, including the same stereochemical and packing constraints that underlie

many crystallographic assemblies (47). These tools have enabled the forward design of new



protein nanomaterials whose architectures can be realized experimentally and validated
structurally (51, 52). For example, King and colleagues reported a generalizable workflow for
designing self-assembling protein nanoparticles from AlphaFold2-predicted oligomeric building
blocks, generating 60-subunit icosahedral nanoparticles whose structures were validated by
single-particle cryo-EM with atomic-level agreement to the design models (53). When one such
scaffold was converted into an influenza immunogen, it elicited potent receptor-blocking and
neutralizing antibody responses in mice, highlighting that these designed assemblies can also
serve as functional vaccine platforms. The King lab’s work demonstrates how protein structure
and sequence prediction algorithms are expanding the field of designed protein-based
nanomaterials.
1.4 DNA-based Crystalline Nanoparticles

DNA-based materials leverage the predictability of Watson—Crick base pairing to program
complex secondary and tertiary architectures with high precision. This programmability has
enabled a broad family of ordered assemblies, ranging from classical motif-based DNA crystals
such as 13-mer lattices and tensegrity triangle frameworks to larger DNA-origami lattices and
DNA-directed colloidal superlattices (Fig. 1.3) (54-57). Of these, the DNA-based crystalline
assemblies are periodic lattices with defined geometries, tunable pore dimensions, and high
structural precision (58). These properties have been leveraged to study enzyme immobilization,
molecular sieving, guest encapsulation, and ordered molecular display, collectively illustrating
DNA’s capacity to form porous crystalline scaffolds capable of organizing molecular cargo (59-

62).
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Figure 1.4: DNA nanostructure designs, ranging from 1D arrays (such as double crossover tiles),
2D arrays (such as DNA origami), nanotubes, to 3D crystals (such as tensegrity triangles). From
“Design principles for construction of DNA-based nanostructures.” Chen, C., et al, 2025,
Advanced Drug Delivery Reviews, 226, 115679 Figure 1

(https://doi.org/10.1016/j.addr.2025.115679) Reprinted with permission from Elsevier. (58)

Despite these strengths, extended DNA crystals remain far less developed for biomedical

applications than discrete DNA nanostructures such as tetrahedral DNA nanoparticles and DNA

origami-based carriers (63-65), as well as DNA-programmed nanoparticle superlattices that

impose order on colloidal substrates (66). This divergence reflects fundamental engineering

challenges associated with translating porous, lattice-based DNA materials into nanoparticle

systems. These challenges include limited mechanical rigidity of non-covalent DNA junctions,

10


https://doi.org/10.1016/j.addr.2025.115679

susceptibility to nuclease degradation, sensitivity to ionic strength and solution conditions, non-
specific protein corona accumulation, and difficulty preserving long-range crystalline order
under physiological environments (67-70). These constraints complicate the production of
monodisperse crystalline particles with defined morphology and consistent functional
performance. In addition, the cost and synthetic burden associated with production of modified
DNA strands have slowed adoption of porous DNA crystals outside of the structural biology and
nanotechnology communities (69). While recent chemical and enzymatic ligation strategies have
improved lattice robustness and expanded accessible architectures (55, 58, 68, 69), scalable
manufacturing and interdisciplinary work to demonstrate DNA crystal utility in biomedical
applications remain unaddressed challenges.

Even so, DNA crystalline systems retain distinctive advantages that justify continued
investigation. Their periodicity, porosity, and atomically defined organization enable spatial
control over guest positioning that is difficult to achieve in amorphous or dynamically assembled
nanomaterials. Recent advances in biomolecular structure prediction further expand this design
space. Notably, AlphaFold 3 enables joint modeling of complexes containing nucleic acids,
ligands, ions, and chemically modified residues, facilitating increasingly sophisticated,
structure-guided design of pure and hybrid DNA-containing biomaterials (50, 70-72). Taken
together, these advances position DNA-based crystalline systems as an underutilized class of
materials whose greatest impact may emerge through hybrid architectures that combine
crystalline order with the functional versatility of other biomolecular scaffolds.

1.5 Hybrid Crystalline Biomaterials
Hybrid materials integrate distinct classes of building blocks within a single nanoparticle

platform, enabling complementary properties to be combined. In these systems, one component
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may contribute structural order, rigidity, or environmental stability, while another provides
biocompatibility, molecular recognition, or programmable cargo interactions. By uniting these
attributes, hybrid nanoparticles can achieve functional combinations that are difficult or
impossible to realize in single-material systems (73).

One prominent class of hybrid materials that are defined by their periodicity are
biomolecule-integrated metal-organic frameworks (MOFs). MOFs are porous crystalline
materials composed of metal ions and organic ligands that connect via metal-ligand coordination
(74). In hybrid MOF nanoparticles, the crystalline order and porosity of the MOF act as a
scaffold for molecular encapsulation and organization, while incorporated biomolecules impart
biological specificity and function (75). Protein-MOF hybrids, for example, have been developed
as platforms for enzyme immobilization, catalysis, biosensing, and therapeutic delivery, where
the framework can stabilize proteins while preserving their activity (76-78). Similarly, DNA-
MOF hybrids combine the structural regularity of the framework with the programmability of
nucleic acids, enabling sequence-specific recognition, stimuli-responsive behavior, and guided
assembly (79, 80). Together, these modified MOFs illustrate how crystalline order can be paired
with biological functionality to produce structurally defined yet adaptable hybrid materials.

A second major class of hybrid nanoparticles is represented by protein-DNA assemblies. In
these systems, proteins contribute folded structural motifs, catalytic surfaces, or recognition
interfaces, while DNA provides programmability and predictable, tunable spacing (81, 82).
Depending on the design strategy, protein-DNA hybrids can form discrete nanoparticles,
extended lattices, or porous co-crystals, making them particularly attractive for molecular
capture, scaffolded assembly, and therapeutic cargo organization (82-87). Our lab has

demonstrated that hybrid protein-DNA co-crystals can be chemically ligated to overcome
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structural integrity issues in biomimetic solutions, a main barrier to date in pure DNA crystals in
biomedical applications (55, 88). Additionally, our lab has shown that protein-DNA co-crystals
are capable of site-specific small molecule accumulation (87). These examples demonstrate that
hybrid assemblies are a powerful route for merging crystallinity, programmability, and
biomolecular function within a single nanomaterial platform.

1.6 Future Directions

Precision nanomedicine continues to be a focus of drug delivery advancement, and the
structural precision imparted by periodicity is a distinct advantage of crystalline nanoparticles in
this space. De novo design of biomolecules and their assembly, as well as reliable sequence and
structure prediction expansion to more complex assemblies is giving rise to increasingly
sophisticated, predictably assembled nanomaterials with atomically defined architectures and
programmable function.

Here we expand on the functionalization of a protein-DNA co-crystal system with potential
as a hybrid nanoparticle. This system is made up of a prokaryotic transcription factor (RepE54)
bound to its cognate 19 bp iteron plus two flanking bases, for a core 21 bp sequence. This
protein-DNA complex can be expanded by adding full turns of B-form DNA (10 bp, 21 bp, etc.).
Our previous reports on protein-DNA co-crystals characterized our system, Co-Crystal 1 (CC1)
utilizing the same building blocks described in this dissertation, but with crystallization
conditions that yielded a less porous, doubled lattice referred to as interpenetrating CC1 (ipCCl)
(55, 87, 89). Our recent paper reports our discovery of crystallization conditions which yield
porous protein-DNA co-crystals (90). In this report we demonstrate intracrystalline diffusion of
guest proteins from three families, their site-specific organization, and structural observation of

these guests via XRD. Porous CC1 combines the programmability of the DNA components,
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interfacial structural rigidity of the protein components, large solvent channel pores, and high-
resolution structural characterization. These advantages position CC1 as an ideal platform for the
future of biomolecular, crystalline nanoparticles for biomedical applications.

1.7 Specific Aims

With the advent of porous CC1 and the demonstrated modularity with which its crystals can
be grown, further development of the design principles that govern this class of novel protein-
DNA co-crystals remains to be explored. This dissertation looks at expanding the utility of CC1
through design of novel co-crystal variants (Chapter II), optimization of enzymatic and chemical
ligation (Chapter III), demonstration of an intracrystalline device operation (Chapter IV), micro
batch crystallization (Chapter V), and enumeration of future directions for this project (Chapter
VI).

In Chapter II, we demonstrate the robust modularity of the CC1 platform in accommodating
perturbations to the nucleic acid components of the lattice. We show that while crystallization
conditions favoring porous CC1 formation are generally reliable, they are not infallible.
Chemical modifications of the building blocks can bias lattice assembly toward the
interpenetrating CC1 (ipCC1) habit even under these conditions. Additionally, we demonstrate
that favorable symmetry contacts within the lattice can enable the structural observation of co-
and post-crystallization guest molecules that would otherwise be too labile for detection by
XRD.

In Chapter III we show optimization of ligation yields across the DNA-DNA junctions of
CC1 via enzymatic and chemical ligation. Previous work with ipCC1 showed that chemical
ligation was sufficient to provide remarkable stability in biomimetic solvent mixtures. Here we

show that chemical ligation in porous CC1 can similarly enable crystal survival outside of
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mother liquor, with discussion of limitations in reaching the upper limits of ligation efficiency.

The solvent channel pores of CC1+10 are sufficient to allow diffusion of small ligase AmeLig.

This chapter shows how enzymatic ligation yields differ from chemical ligation, as well as how
restriction enzyme diffusion can perform controlled demolition of CC1 building blocks.

In Chapter IV we demonstrate how CC1 grown with unpaired ssDNA tails can be adapted to
capture, store, and release nucleic acids from solution with sequence specificity. Using base
complementarity, single stranded DNA and RNA are specifically accumulated in CC1 by post-
crystallization soaking. Wash steps show how these bound guest species are stabilized within the
lattice. Then, using strand displacement and toehold switches we show release of the guest
species in both single-stranded and double-stranded forms.

In Chapter V we show batch micro crystallization of CC1. Moving through crystallization
space from macro, vapor diffusion conditions to micro, under oil conditions allows for scaled up
production of crystals that can then be size selected via filtration and batch characterized.

This dissertation provides exploration of the limits of modularity that the CC1 platform can
tolerate, with a focus on modalities that enhance the potential of this platform to be adapted into
nanomedicine. We also explore site specific organization of biomolecules for structural
observation, enzymatic ligation in a novel platform, and dynamic processes within the
intracrystalline environment. The developments presented herein takes the demonstrated utility

of CC1 from structural biology into the nanotechnology and nanomedicine space.
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2.1 Introduction

Protein—DNA co-crystals represent a hybrid class of crystalline nanomaterials that
combine the programmability of nucleic acid assemblies with the chemical diversity and other
favorable properties of protein crystals !, For example, one porous protein crystal with 13
nanometer solvent channels nonetheless provides high-resolution X-ray diffraction (XRD),
adequate to see ordered water molecules and the plane of carbonyl peptide bonds (pdb 5W17) 67,
DNA-only crystals with pores large enough for intra-crystal macromolecule diffusion tend to
have resolution limits near 5 A, with higher resolution structures reported with less voluminous
pores®12, Pure-protein crystals have been used for hosting guest molecules for structural
determination, but they face difficulty in rapid adaptability for novel targets ’-!314, DNA-based
building blocks have also been assembled into two- and three-dimensional crystalline arrays
capable of positioning nanoparticles and other guest species at predefined lattice sites '>-'°. These
studies demonstrate the potential of DNA as both a structural component and a chemically
addressable scaffold. The chemical programmability of nucleic acids extends beyond canonical
Watson—Crick sequence design. Synthetic oligonucleotides can be functionalized through
nucleobase modification, alteration of the sugar—phosphate backbone, or site-specific attachment

of fluorophores, affinity tags, reactive handles, and other molecular cargos 2°-23. These chemical
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modifications have enabled DNA nanostructures to serve as programmable platforms for
biosensing, molecular imaging, targeted delivery, and the spatial organization of functional
materials 326731 Frameworks that utilize the programmability of DNA and diverse functionality
of proteins have been reported, notably as a co-crystallization host-guest system for study of
nucleic acid structures from the Georgiadis lab 3%3. We have recently reported how protein-
DNA assemblies can be crystallized into porous assemblies with modular DNA struts adjacent to
solvent channel pores 3* . This protein-DNA co-crystal platform, referred to here as Co-Crystal 1
(CC1), is composed of repeating protein-DNA building blocks that tile into a three-dimensional
crystalline lattice (space group no. 5, I121 or C121). In our recent report, we show that CC1
variants with 10 base pairs added between scaffold protein binding sites (CC1*!'%) can host DNA-
binding protein guests soaked into the lattice post-crystallization. These soaked crystals
organized proteins in defined positions, providing diffraction resolution as high as 3 A, allowing
side chain interactions of the guest protein to be modelled (pdb 9YZO) 4.

The DNA components of CC1 have programmable modularity that enables diversity in
the sequence that abuts the solvent channel pores. In CCl1, lattice formation is driven in one
direction by protein-protein interactions between monomers of transcription factor RepE54,
while DNA helices act as programmable struts that span protein nodes and expand the lattice in a
plane lateral to the protein stack. This division of structural roles allows extensive modification
of the DNA components while minimizing disruption of the lattice topology. By extending DNA
struts in integer numbers of helical turns, CC1 lattices can be transformed from dense assemblies
(CC1%%) into porous frameworks (interpenetrating CC1, CC1*1%, CC1*2!) without altering
integral protein-protein contacts (Fig. 2.1). Previous work has shown that CC1 tolerates variation

in DNA sequence, helix length, terminal phosphate positioning, and sticky-end lengths while
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maintaining crystallographic order 37, These variations, however, focused on static,
canonically paired B-form DNA and did not address the extent to that the CC1 family can
accommodate chemically modified or structurally dynamic nucleic acid features. Herein we
report the successful inclusion of multiple nucleic acid motifs into the CC1 platform, including
modifications to single nucleotides, the DNA backbone, and larger changes to the secondary
structure (Fig. 2.2). We introduce modifications spanning local base-pair imperfections, altered
backbone chemistry, RNA hybridization, pendant fluorophores, and single-stranded DNA
elements at defined positions within the DNA struts. By comparing the resulting crystal
structures and lattice arrangements, we evaluate how the location and structural magnitude of
each perturbation influence CC1 assembly, porosity, and crystallographic order. These studies
define practical design constraints for incorporating functional nucleic acid components into
protein—DNA crystalline materials and assess the potential of CC1 as a scaffold for the site-

specific organization of otherwise flexible molecular features.
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Figure 2.1: Lattice topology of porous CC1*!? and interpenetrating CC1*1? (ipCC1). Four
adjacent unit cells. The solvent channels are sufficient to allow diffusion of macromolecules up
to 5.3 nanometer diameter. B. CC1*1? parallelepiped habit in white light microscopy, scale bar is
100 pm. C. Four adjacent unit cells of ipCC1. A second copy of the target lattice (colored blue)
that forms porous CC1 is grown in the solvent channel pores (second copy of lattice in grey),
reducing porosity. D. White light microscopy of ipCC1 containing phosphorothioate
modifications, reported in this manuscript.
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Figure 2.2: Modifications described herein, shown added to symmetric and asymmetric
expansions of CCl. In dark blue, RepE54 binds a conserved 19 bp sequence, with 2 flanking
nucleotides, shown in light purple. Expansion DNA sections are shown in dark purple. We report
structures with simple DNA imperfection motifs, 2-nt bulge, deaminated nt dU, and G:G
mismatch (included in the pendant fluorescein design). Backbone modification reported are
phosphorothioate bond linkages and an RNA:DNA hybrid helix. We successfully incorporated
pendant fluorophores fluorescein and TAMRA attached via linker to dT. Secondary structure
motifs reported are ssSDNA tails, placed both centrally and at the end of DNA building blocks.

2.2 Results and Discussion

28



The structures presented herein demonstrate a variety of modifications of the nucleic acid

components within CC1*1°

. We begin with minimal changes to single bases or base-pairs and
then proceed to larger changes that influence helical shape and composition. Finally, we show
that CC1"1? is capable of site-specific display of nucleic acid secondary structures and detection
of guest macromolecules via changes to the electron density maps.
2.2.1 Engineered bases in the expansion
2.2.1.1 Base-level perturbation motifs

To define the sensitivity of the CC1*1? lattice to minimal deviations from canonical B-
form DNA, we introduced physiologically relevant imperfections in duplex DNA into the
solvent-accessible expansion region. Specifically, we examined incorporation of a single dT to
dU exchange, a G:G mismatched base pair, and a two-adenine bulge. Previous structures we
reported have shown that sequence changes are tolerated along the “edges” of the RepE binding
site (within four bases of the first or last base of the 21 bp binding site). In contrast, base identity
changes positioned centrally within the RepE binding site have not yet given successful crystal
growth, potentially due to abrogation of RepE binding (Table S2.17). Here we placed our test
non-canonical motifs within the expansion region of the CC1+10 DNA struts (Fig. 2.2), a
solvent-facing location that is spatially distinct from the RepE54 protein-DNA binding interface.
Deoxyuridine introduces a base identity change without altering backbone connectivity, while
G:G mismatches and small bulges locally perturb Watson-Crick hydrogen bonding and helical
geometry. These DNA damage motifs are found in physiological DNA structures and are
recognized with specificity by base excision repair machinery 344,

Deoxyuridine and related C5-modified derivatives have been accommodated within

several crystallographically characterized DNA duplexes. For example, PDB 2QEF contains 5-
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(3-aminopropyl)-2'-deoxyuridine in a B-form duplex, where the modified base remains paired
and directs its substituent into the major groove *°. G mismatches have also been characterized
crystallographically, often in directly stabilized or recognition-bound states. In a ligand-bound
DNA structure, G pairs adopted multiple conformations, including syn—syn and anti—syn
geometries, accompanied by substantial local backbone rearrangement (pdb 6J0I) 46, Protein-
bound examples show similarly perturbed conformations. MutS bends mismatch-containing
DNA by approximately 60° and stacks a conserved phenylalanine against one mismatched base
(PDB 10HS5), whereas DNA polymerase § captures a terminal G mismatch within its active site
(PDB 5J2G) 47, By comparison, our 3.25 A structure contains a G mismatch near the center of
the expansion region without direct protein or ligand stabilization or obvious lattice disruption,
demonstrating that the framework can accommodate a centrally positioned purine—purine
mismatch while preserving crystalline order. Previously reported two-nucleotide DNA bulges
have likewise been characterized primarily in contexts where the unpaired residues are stabilized
by a bound small molecule or protein. In PDB structures 2NEO, 1P96, 1R4E, and 20EY, the
bulged bases form defined pockets around wedge-shaped ligands and adopt distinct intrahelical
or extrahelical conformations 43!, The CC and CT bulges in the RNase T complexes 4KB0 and
4KBI are instead ordered through direct protein contacts, including insertion of a phenylalanine
residue into the bulged region *2. In contrast, our 4.1 A structure contains two consecutive
adenines near the center of the expansion region without direct protein or ligand contact.
Although the resolution prevents detailed assignment of the individual adenine conformations,
the bulged segment is retained within the lattice and remains exposed to the solvent-channel
pores. This structure therefore provides an example of a canonical two-base bulge

accommodated within a porous protein—DNA crystal without direct host—guest stabilization.
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Crystals of all three small change motifs were obtained using standard CC1*1°
crystallization conditions. These crystals diffracted to resolutions comparable to canonically
paired CC1719 lattices, 3.21 A for dU:dT, 3.25 A for G:G, and a lower resolution 4.1 A for bulge
crystals (Tables S2.1-3). In all cases, crystals retained the same space group and approximate
unit cell dimensions (+10%) as the parent porous CC17!9 structure, exhibited no new lattice
contacts, and displayed continuous electron density throughout the expansion region. For the
two-adenine bulge crystals the bulge was clearly visible in the electron density (Fig. S2.3). These
structures indicate that the expansion regions of the lattice can absorb local base-level
perturbations without large-scale loss of crystallographic order and without prevent crystal
growth. To assess whether these modifications introduced measurable local distortions, we
performed comparative helical parameter analysis using x3DNA. Specifically, we tabulated twist
and rise, with particular interest paid to junctions between building blocks, comparing to
averages from prior CC1*!0 structures containing fully canonical base pairing 343, All three of
the structures showed moderate overwinding at the interface between building blocks (Table
S18). Interestingly, our prior canonical CC17!? structures already had a slight overwinding of the
helical twist when compared to ideal B-form DNA; the new structures reported here increased
helical twist to a greater extent. For base pair steps excluding the junction, the average helical
twist was within one standard deviation of canonical CC1"!? structures, implying helical strain is
potentially absorbed at the DNA:DNA interfaces.

Our previous work showed the capability of CC1*!? to capture DNA-binders for
structural study. Now, with the demonstration of feasibility for deviations from A:T C:G base
pairing, this platform can likely be used for future studies of DNA repair proteins by

1+10

programming their cognate damage target into the CC expansion.
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2.2.1.2 Fluorophore tags

Since CC171° could accommodate small imperfections, we decided to determine whether
the lattice could tolerate larger modifications. In the same G:G mismatch crystal, a chemically
modified thymine displaying a fluorescein molecule via a flexible linker was included (Fig. 2.3).
A second design included a TAMRA molecule at the same position (Fig. S2.3). These
modifications have more steric bulk, are attached via flexible linker, and contain charged

moieties.

A G:G Mismatch

NONILDDOVIOVOLOLLLYVYDDDDVDLONNNNNN

Sr“\ Pendant

ﬁ:&g Fluorescein

%\]NGNNCCTGTGACAAATTGCCCTCAGNNNNN

Figure 2.3: CC17!° with fluorescein appended to each building block. A. CC17'? building block
showing symmetric expansion and nucleotide modifications G:G mismatch and pendant
fluorescein, both in the same structure. B. Internal thymidine modification showing flexible
linker and fluorescein moiety. C. White light microscopy, scale bar is 100 um. Confocal
microscopy image with 3% illumination by the 488 nanometer laser. E. Volume view of
emission in all planes of the crystal shown in C and D. Notably, the emission intensity in the
bulk of the crystal is non-uniform due to excitation extinction effects as explained in our
previous work 3. Briefly, our inverted confocal microscope excites fluors from below, and high
local fluor concentration leads to extinction as the excitation light advances through the crystal
volume. This leads to bright emission along the planes closest to the microscope slide and along
overhangs.
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TAMRA-tagged building blocks grew into a needle-like habit, a deviation from the
typical parallelepiped habit observed from porous CC1*!1°. These crystals adopted the
interpenetrating lattice (ipCC1) formation, with a second copy of the “target” porous lattice
growing in the pores (Fig. 2.1). This CC1 variant diffracted to a resolution of 4.2 A and showed
no obvious density corresponding to the flexible linker or TAMRA molecule (Table S2.4). While
we hesitate to speculate on the driving force of lattice assembly between ipCC1 and porous CCl1,
we note that the TAMRA molecule is positioned in the same region of the strut (T27) as
interfacial magnesium ions are observed in ipCCl1 structures, a phenomenon similarly noted in
the phosphorothioate modified structure described below.

CC1*10 crystals containing the fluorescein-modified thymine (T27) readily formed under
standard crystallization conditions and diffracted to resolutions comparable to unmodified porous
CC1*"10 Jattices (Table S2.2). The crystals retained the same space group and approximate unit
cell parameters as porous CC1, and no new lattice contacts were observed. Continuous electron
density was present along the DNA backbone of the expansion region, indicating that
incorporation of the pendant modification did not disrupt the helical structure. In addition to
well-defined helical DNA density, strong and localized electron density was observed adjacent to
the modified thymine, extending beyond the nucleic acid base by approximately 3 A (Fig. 2.4
A). Similarly, the Fo—Fc difference map contained a strong positive feature at this site that
extended beyond the modeled thymine base. Farther from the DNA, near the crystallographic 2-
fold axis, a large electron-density feature was present in both the 2Fo—Fc and Fo—Fc maps. We
attribute this feature to the proximity of modified thymine 27 to a symmetry mate generated by
the crystallographic symmetry operator (-x +1, y, -z +1). Previous studies have shown nt-stacked

fluorescein arrangements inferred from powder XRD studies of fluorescein co-crystals, though
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single crystal XRD of fluorescein stacks have not been reported >*-3%. To interrogate the electron
density map feature that was unique to the pendant fluorescein crystals, we proceeded to model
fluorescein interactions with independent conformational sampling and energy minimization
quantum chemical calculations in solution >->°. This conformational modeling suggested that 7—
7 interactions between fluorescein were plausible (Fig. S2.6). Modelling of the fluorescein
interacting revealed close apposition of fluorescein moieties, with a symmetry copy across the
two-fold axis, with a staggered geometry consistent with n—r interactions between the xanthene
cores (Fig. 2.4).
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Figure 2.4: Putative fluorescein stacking. A. Composite 2Fo—Fc and Fo-Fc map showing
observed density adjacent to the modified thymine, contoured at 16 and 3o, respectively. B.
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Symmetry axis (black) between two asymmetric units of CC17!9 when fluorescein is modeled

into the density shown in panel A. C. and D. Simulated annealing composite omit 2Fo-Fc map of
n-stacked fluorescein contoured at 1c.

To our knowledge, this model explains the first electron density feature that can be
ascribed to fluorescein-fluorescein aggregation and staggered n—m stacking in single crystal X-
ray crystallography. Structural fixation of small molecules in crystallo and their subsequent
structure determination without requiring de novo crystallization of the analyte is a highly

7.60-62 The fluorescein example here suggests

desirable capability in chemical structural analysis
that lattice contacts within CC17!° may provide a method to observe weak or transient
interactions that would be difficult to capture in conventional single-crystal experiments on the
small molecule alone. As with the classic crystalline sponge method of Fujita 4, observing such
structures requires adventitious interactions. This capability underlies later demonstrations of
guest molecule organization within CC17!° and hints at the possibility of scaffold-assisted
structural observation of nucleic acid—associated small molecules and interactions.

2.2.2 Backbone modification and RNA:DNA hybrid

1719 platform at the level of the nucleic

To further probe the chemical tolerance of the CC
acid backbone, we next introduced phosphorothioate (PT) linkages into the DNA expansion
region. PT modifications replace a non-bridging phosphate oxygen with sulfur, altering duplex
stability, backbone electronegativity, torsion angles, and metal coordination behavior while
preserving overall duplex architecture -, Six PT modifications were incorporated into the
expansion region, with three modified linkages on each strand. Because commercially produced

PT bonds are a racemic mixture of Rp and Sp stereoisomers, this design ensures a high

probability that Rp linkages (the configuration that stalls exonuclease action) are present along
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both strands of the duplex %, although should future work require stereopure DNA to incorporate
into crystals, these materials are becoming more accessible .

Crystals containing phosphorothioate-modified DNA formed reproducibly under standard
CC1719 crystallization conditions (Table S2.14). Successful incorporation of PT bonds opens the
door for future applications in which stabilized host crystals might resist exonuclease in vivo
thereby enabling the tuning of extended-release materials. Notably, these crystals adopted the
interpenetrating CC11° lattice (ipCC1) in space group 1222 rather than the porous 1121 lattice.
The differences in crystallization conditions leading to the two CC1 crystal packing schemes,
leading to the porous CCl lattice versus the interpenetrating CC1 lattices, was explored
extensively in our previous work 34, Typically the ipCC1 architecture was observed when
crystallization conditions contain high levels of magnesium (Mg II) 3433, Despite this change in
crystallographic topology due to PT bonds, the crystals diffracted to resolutions comparable to
previously reported ipCC1 structures 3-¢ and exhibited well-ordered DNA electron density
throughout the expansion region. Phosphorothioate bonds replace a smaller, less polarizable
oxygen with a larger, more polarizable, less negatively-charged sulfur along the DNA backbone,
that may alter electrostatic interactions within the lattice. We hypothesize that such changes to
the physical chemical character of the backbone could favor tighter packing of neighboring
building blocks, biasing assembly toward the denser ipCC1 architecture. Interestingly, the sulfur-
containing linkages are located at the same interface where we previously observed magnesium
ions to drive stabilization of the interpenetrating lattice. We therefore hypothesize that charge
dispersion by either ions or polarizable groups along the backbone may drive ipCC1 formation
over porous CC1 (Fig. S2.5). The observed shifts from porous to interpenetrating lattice suggests

that backbone chemistry can influence packing preferences during assembly of the CC1*1°
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system. The ready accessibility of the interpenetrating lattice upon modest changes to the
building blocks underscores the continuing need for robust methods to drive formation of the
preferred lattice for a given application. Future work may test alternate placements for
phosphorothioate modifications, which could restore porous CC1 formation. From a platform
perspective, the ability to incorporate phosphorothioate-modified DNA expands the chemical
design space of ipCC1 and suggests potential routes for enhancing lattice stability in nuclease-
rich environments. Tunable stability could ease adaptation of the CC1 platform to biomedically
relevant conditions.

We next examined whether the lattice could accommodate more substantial deviations
from canonical B-form DNA helix geometry. B-form DNA completes a helical turn every 10.5
bases (46, 47). Accordingly, CC1 is typically expanded in integer numbers of B-form helical
turns (CC171% CC1*?!). To push the CC1 variant frontier beyond DNA-only expansions, we
introduced an RNA:DNA hybrid helix into the expansion region of the CC1 DNA struts.
RNA:DNA hybrids tend to adopt an A-form-like geometry characterized by increased x-
displacement, increased helical diameter, and altered backbone torsion angles relative to B-form
DNA, representing a significant structural perturbation beyond isolated base modifications ¢7-7°,
We implemented RNA-DNA hybrid expansion using a three-strand design (Table S2.16) in
which the RepE binding site remained a DNA:DNA duplex, preserving native protein-DNA
recognition, while one strand was extended beyond the protein interface to form an RNA:DNA

hybrid region with 12 nucleotides of RNA (Fig. 2.5). These building blocks had a single sticky

base overhang at the edges.
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Figure 2.5: RNA:DNA hybrid crystals. CC17!° building block showing asymmetric expansion in
which the bottom strand is contiguous and hybridized to two separate top strands, DNA:DNA for
the RepE54 binding footprint and RNA:DNA facing the solvent channel pores. B) RNA:DNA
hybrid expansion composite 2Fo—Fc map contoured at 16. C) Comparison DNA:DNA
asymmetric expansion composite 2Fo—Fc map contoured at 1c.

The RNA:DNA hybrid expansion required adjustment of expansion length to compensate
for the tighter helical rise characteristic of A-form-like structures. Specifically, we attempted to
crystallize designs containing 9-13 bp of RNA:DNA hybrid expansions, with both one and two
sticky base overhangs (Table S2.17). Of these attempts, the lone design to crystallize to date was
a 12 bp hybrid expansion with a single sticky base overhang (CC1*12), an interesting result as
literature reports a range of helical pitches/base pairing numbers as complete helical turns of
RNA:DNA hybrids 7972, CC1*!2 crystals containing the RNA:DNA hybrid expansion formed
under standard crystallization conditions (Table S2.14) and diffracted to medium resolution
(~3.6 A), comparable to porous CC17'? lattices containing B-form dsDNA expansions. The
crystals retained the expected space group and unit cell parameters, and no new lattice contacts
were observed. Electron density within the expansion region clearly resolved the RNA:DNA
hybrid duplex (Fig. 2.5). The RNA expansion region adopted a conformation most consistent
with the published hybrid structure PDB 479D 73. Among five reference RNA structures
evaluated (404D, 479D, 1FIX, 9VUN, and 7BPV), 479D provided the best fit to the simulated-
annealing omit density for the strut region ¢7-73-76, The initial AlphaFold3 model was therefore

morphed toward the 479D geometry in Phenix to generate the final model of the expansion

region. Helical geometry examination with x3DNA showed tighter helical twist than a pure-
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DNA CC1*10 strut, and negative base slide and x-displacement parameters, more in line with the
479D RNA:DNA hybrid structure (Table S2.19) 3. RNA:DNA hybrids are recognized by a
distinct class of proteins involved in transcription, replication, and genome maintenance 777,
Therefore, the ability to scaffold RNA-DNA hybrid struts could be useful to capture guest
proteins from these families.

2.2.3 ssDNA tail motifs

To explore whether porous CC171? lattices could be used to host larger, more diverse
nucleic acid motifs, we introduced short sSDNA strands, henceforth referred to as DNA tails,
into both the expansion region and opposite the RepE54 binding site (Fig. 2.2). These tails are
solvent-exposed, and lack intrinsic structure in the absence of binding partners. The Mao lab and
coworkers have shown that ssDNA motifs can be utilized for dynamic processes within
tensegrity triangle crystals and provide fixation and release of co-crystallized and post-
crystallization DNA motifs 78982, Much like these pure-DNA designs, CC1 takes advantage of
the porosity of the structure to include functional elements that might otherwise disrupt crystal
packing. Of interest to structural biologists, inclusion of ssDNA accessible to the solvent channel
pores could provide binding sites for ssDNA-recognizing enzymes and thereby support their
structural observation 83785,

The first designs toward this goal included a 6 nt poly-T tail at the end of asymmetric
units (“end tailed”) and underneath the RepE54 binding site on the opposite side of the helix
from the protein-DNA interface (“centrally tailed”). Crystals formed with both designs, but
showed crystal packing that deviated from the expected CC1 contacts (Tables S2.11, S2.12).

Where the CC1 platform typically contains two protein:protein interfaces, one protein:DNA

interface, and DNA:DNA contacts, we observed preserved DNA:DNA and DNA:protein
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interfaces, but only one of the target protein:protein interfaces was retained. The other protein-
interface was replaced by a new interface between the ssDNA poly-T tail and RepE54 (Fig.
S2.1). Remarkably, despite the crystal packing topology differences for centrally and end tailed
crystals (C222; versus P4:2;2), these same interfaces were present in both crystal types (Fig.
S2.1). Retroactively, we found an explanation for the new interface in a 2023 study from
Wegrzyn et al. that showed that RepE54 binds poly-thymine ssDNA specifically and
concurrently to dSDNA during its physiological function in bacterial cells . Wegrzyn et al.
reported that RepE54 binds poly-thymine ssDNA and that this interaction can be disrupted by the
substitutions F146E and Y172E. Because the CCl1 lattice is assembled through the canonical
binding of RepE54 to its cognate double-stranded DNA recognition site, rather than through
binding to the appended ssDNA tails, we reasoned that suppressing the poly-T interaction could
reduce unintended sequestration or conformational restriction of the tails without eliminating the
protein—-DNA contacts required for crystallization. We therefore introduced the corresponding

Y 184E substitution into the CC1 RepES54 construct; the residue number differs because of the N-
terminal tags present in the CC1 protein (Fig. S2.2). However, constructs containing either
centrally positioned or terminal poly-T tails did not yield crystals with Y184E RepE54. Thus,
disruption of the reported poly-T-binding interaction was not sufficient to rescue crystallization
of these designs, suggesting that the poly-T tails themselves, or another consequence of their
incorporation, remained incompatible with productive lattice formation. Subsequent constructs
therefore used ssDNA tails with reduced thymine content, while retaining the Y 184E substitution
as a precaution against residual nonspecific ssDNA binding by RepE54. Evaluation of the

F158E/Y 184E double mutant and additional tail compositions remains an area for future work.
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Two subsequent ssDNA tail designs were attempted, each consisting of a 4-nt poly-C
extension placed centrally (across the helix from RepE54 binding) and at asymmetric unit ends.
Crystals containing either ssDNA tail geometry formed readily and diffracted with space group
and unit cell parameters consistent with canonical porous CC1*1? lattices (Tables S2.7-S2.10).
As expected, in both cases, electron density corresponding to the ssDNA tails was weak or
absent, with the first unpaired nucleotide of the end tail and first two unpaired nucleotides of the

central tail exhibiting partial density (Fig. 2.7).
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Figure 2.6: Fluorescent oligo loading in end-tailed CC1*!°. Schematics in A. and H. show an
end-tailed poly-C CC1"1? and an asymmetric CC1*!? with no tail, respectively. B. and I. show
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white light images of microcrystals of A and H, respectively. Scale bar is 100 um. Subsequent
confocal microscope images are under a 488 nm laser at 3% power in a z-plane through the
middle volume of a majority of the microcrystal field. C-F. and J-M. are time points after
addition of a short, fluorescently-tagged oligo guest (FAM-AAGGG) at 10 pM concentration. G.
and N. show the microcrystals 24 hours after the surrounding solution has been swapped for a
wash containing no oligo guest.

To assess whether disordered ssDNA tails could capture guest nucleic acids within the
CC1*1% Jattice, crystals containing end Cj tails were ligated using 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) as described in our previous work 3637, We probed
this system with an on-hand fluorescent probe, FAM-AAGGG, that contains three bases
complementary to the Cs tails. Confocal fluorescence microscopy revealed time-dependent
accumulation of fluorescence within crystals containing the ssDNA tail, whereas control CC171°
crystals lacking ssDNA tails showed weaker accumulation after 18 hours. After extended
incubation (~18 hrs), and subsequent transfer to fresh wash solution, ssDNA-containing crystals
displayed uniform fluorescence throughout the crystal volume, while control crystals
equilibrated (after ~24 hr) to the fluorescence intensity of the surrounding solution (Fig. 2.6).

Crystals subjected to guest loading were subsequently analyzed by XRD (Fig. 2.7).
Centrally placed ssDNA tails extend into the solvent channel pore with minimal surrounding
atoms from symmetry mates. After loading, no additional electron density attributable to the
guest oligonucleotide was observed, and the structure was indistinguishable from that of the
unloaded control. In contrast, guest loaded crystals containing the end ssDNA tail exhibited
strong, localized electron density adjacent to the tail region, of stark contrast to the unloaded
control. This density was related by crystallographic symmetry to an equivalent feature on a

neighboring lattice repeat. Modeling of two pendant nucleotides yielded a chemically and

sterically reasonable fit to the density, consistent with partial ordering of the tail through base
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pairing and lattice-imposed symmetry constraints. Unfortunately, proximity to the twofold axis
makes it difficult to fully build into the positive difference map features. Obvious electron
density features appeared only when a guest nucleic acid was introduced. While we could not
directly model the guest in this instance, this clear electron density changes nonetheless hints at
the future possibility of scaffold-assisted structure observation of guest molecules. We suspect
that fortuitous lattice contacts will only be sufficient to drive structure formation on rare
occasions; perhaps dual anchoring of guest nucleic acids will more often be sufficient for routine
guest observation. The scaffold ssDNA provides a programmable recognition element that
recruits a complementary guest oligonucleotide, while the crystal lattice fixes a subset of
otherwise dynamic interactions into a resolvable arrangement. Importantly, structural ordering
was observed only for one ssDNA tail geometry, indicating that successful resolution depends on
placement within the lattice and local symmetry contacts. This geometry dependence highlights
the importance of scaffold design in observing changes to the electron density map and thereby

resolving dynamic guests.
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Figure 2.7: Post crystallization loading of oligo guest and subsequent structural observation. A.
and B. show a central Cs tailed crystal in the absence of oligo guest, the first and second cytosine
in the tail could be modelled. C. and D. show a central Cy tailed crystal after soaking with 100
uM short oligo guest, two cytosines can be modelled with no additional observable density for
dsDNA from the guest binding. E. and G. show an end Cj tailed crystal in the absence of an
oligo guest, with one of the tail cytosines modelled. F. and H. show an end C4 tailed crystal after
soaking with 100 uM short oligo guest (GGGAA-FAM), with additional density visible
corresponding to the entire ssSDNA tail, with potential for modelling the dSDNA from the guest
binding and/or an interaction across symmetry mates.
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This design is reminiscent of the DNA-only crystals developed in the Mao lab that were
shown to bind environmental DNA and trigger release %, as the dangling strands invite the
possibility of the DNA device work. Importantly, DNA origami crystals and colloidal crystals
driven by DNA hybridization tend to be more suitable for small angle x-ray scattering due to
both limitations in crystal size and structural heterogeneity of the unit cells ¥’. These results show
that CC11° lattices can support post-crystallization loading, retention, and partial structural
ordering of guest nucleic acids through rational scaffold design. One route to improve these
scaffolds for guest nucleic acid capture may be to extend the length of the DNA tails beyond four
nucleotides, allowing for programming of specific capture. Structural observation via XRD
provides verification of high occupancy installation of the guest nucleic acid in the crystal pores.
This proof of principle positions our platform for downstream biomedical applications (e.g. site-
specific capture of therapeutic cargo nucleic acids) as well as nanotechnology (e.g. monitoring
programmed DNA strand pairing with XRD). This capability underscores the versatility of
CC1*1% as a modular platform for crystalline organization of functional nucleic acids.

2.3 Conclusions

Here we expand the CC1 platform beyond canonical DNA duplexes to explore tolerance
for engineered nucleic acid chemistries, altered helical geometries, and locally distorted motifs
that interface with the solvent channels. By introducing these motifs into defined regions of the
CCI1"1° DNA struts, we probe the limits of lattice robustness and reliable self-assembly under
increasing degrees of chemical and structural perturbation. In 6 out of 10 structures presented
here, the target porous protein-driven lattice was preserved despite these perturbations. In two of
the structures, modifications in the expansion region (phosphorothioate bonds and pendant

TAMRA) yielded the interpenetrating version of CC1 (Fig. 2.1 C and D). The two remaining

45



structures contained a ssDNA poly-T tail that led to crystallographic contact changes, adding a
new ssDNA:protein interface (Fig. S2.1). A recent report on the physiological functions of
RepES54 identified a propensity for binding T-rich ssDNA as part of the RepE54 function to melt
genome elements upstream of the 19 bp dsDNA binding sequence 3¢. Importantly, a single amino
acid mutation in RepE54 and a new design principle that avoids 4 or more consecutive thymine
nucleotides were able to rescue expected porous crystal packing for ssDNA designs. This study
also revealed the site-specific display of guest macromolecular features, visible in XRD electron
density maps. Beyond the guest DNA-binding proteins we have previously reported, here we
show structural observation of ssDNA elements and small molecule interactions 4. The
combination of solvent accessibility and programmable nucleic acid elements enables
organization of flexible or weakly interacting components through symmetry mate contacts
imposed by the scaffold, allowing partial observation via XRD. This work expands the library of
viable CC1 variants and lays the groundwork for future applications in scaffold-assisted structure
determination and rational crystalline material design. The ability of CC1 to incorporate
RNA:DNA hybrids highlights an important feature of the platform: tolerance to systematic
changes in helical geometry, not merely localized base-level defects. This capability extends the
functional scope of CC1 beyond pure-DNA duplexes and positions the platform as a scaffold for
studying nucleic acid architectures relevant to RNA biology.

By systematically introducing non-canonical bases, mismatches, bulges, pendant small-
molecule modifications, RNA:DNA hybrid helices, phosphorothioate backbones, and single-
stranded DNA elements into solvent-exposed regions of the CC1*!° lattice, we demonstrate that
these scaffold crystals can accommodate substantial perturbations without loss of lattice integrity

and without impeding the delicate process of self-assembly. Additionally, we demonstrate the
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capability of CC1"1° to provide visible electron density map changes that emerge when otherwise
conformationally heterogeneous elements (e.g. pendant fluorophore or pendant ssDNA) interact
with symmetry mates and/or guest molecules. In general, dynamic guest domains were not
visible if their only constraint was tethering to one site on the scaffold crystal. However, in the
presence of at least one additional interaction, density map features emerged. We therefore
hypothesize that scaffold-assisted structural observation via CC1 will benefit from multiple
rational interactions (e.g. dual anchoring). For both structures, interactions with symmetry mates
enable structural observation of dynamic motifs that would be difficult to access through direct
crystallization of the guest species alone.

Our work adds to the toolbox of programmable crystalline scaffolds, and shows that high
porosity, solvent accessibility, and atomistic structural resolution can coexist within a single
crystalline material. By expanding the chemical and structural design space of nucleic acids that
can be incorporated and structurally resolved within a porous lattice, this work lays a foundation
for future efforts in scaffold-assisted structure determination and the rational design of functional

protein—DNA crystalline materials.
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2.4 Materials and Methods
2.4.1 Protein cloning, expression, purification

Protein sequences located in Table S2.15. Cloning and expression of the protein
Replication initiator RepE54 was previously described by Komori et al. 8. Briefly, we cloned
RepE54 into pSB3 vector (Addgene plasmid #82027) with an N-terminal His-tag. The CC1
RepES54 was expressed and purified by the Histone Source at Colorado State University as
described in our previous ligation study . In short, the N-terminally hexahistagged protein from
PDB code 7RV A was overexpressed in E.coli CodonPlus RIPL competent cells (Agilent
#230280). Sonicated cell lysate was purified with Ni Excel Sepharose (Cytiva #17371202) and
HiLoad Superdex 200 PG column (Cytiva). The resulting CC1 protein was concentrated to 15
mg/mL in storage buffer (100 mM sodium citrate pH 6.2, 100 mM KCI, 10 mM MgCa2, and
10% glycerol). Aliquots were flash frozen with liquid nitrogen, and stored at -80°C. This variant
of the RepE54 protein was used for all crystal structures other than Y 184E (that used the point
mutant described immediately below).

In hopes of disrupting any favorable intermolecular contacts at the ssDNA binding cleft
identified in pdb 8AAN we added a negatively charged side chain 8. Variant RepE54 (Y 184E)
was cloned into the pETDuet plasmid (Novagen, Sigma-Aldrich # 71146-3) using Gibson
cloning (Hi-Fi assembly New England Biolabs #E2621L). The protein was overexpressed with a
T7 promoter in E. coli BL21(DE3) competent cells (New England Biolabs #C2527H). Upon
addition of 0.5 mM IPTG, the cells were incubated at 25 °C for 20 h. The cell pellets were
sonicated in lysis buffer (1X PBS, 300 mM NacCl, 25 mM imidazole, pH 7.4) and applied to
HisTrap (HisPurTM Ni-NTA resin, ThermoFisher #88222) equilibrated with HisTrap buffer (1X

PBS, 300 mM NaCl, 25 mM imidazole, pH 7.4). The protein was eluted with 100 mM imidazole

48



in HisTrap buffer. Fractions containing the desired protein were pooled and further purified at
the CSU Histone Source facility with HiLoad Superdex 200 PG column (Cytiva #28989335).
RepE54 variant (Y 184E) was concentrated to 15 mg/mL in CC1 storage buffer (100 mM sodium
citrate pH 6.2, 100 mM KCI, 10 mM MgCa2, and 10% glycerol), flash frozen in liquid nitrogen,
and stored at —80°C.
2.4.2 Duplex annealing and co-crystal complexing

Individual oligomers were synthesized and HPLC purified by Integrated DNA
Technologies. The DNA oligomer sequences used for co-crystallization are listed in Tables S2.1
and S2.4. With limited exceptions, each oligomer contained the 19-bp iteron sequence
TGTGACAAATTGCCCTCAG, but typically also contained the core 21-bp DNA block used in
PDB:1REP from Komori ef al. 3%: CCTGTGACAAATTGCCCTCAG (omitting a dangling 3* T).
In Table S16, the standard 21-bp footprint is shaded in gray, and (purposeful) deviations are
shaded in green. Flanking variable DNA sequences depended on the expansion scheme and
desired sequence. Notable modifications are marked with underlines and italics. The oligomers
were resuspended in a standardized buffer (henceforth CC1 oligo buffer: 50 mM Tris HCI, 100
mM KCIl, pH 6.7) and combined in equal molar ratio (1:1) with the complementary strand. The
strands were annealed by heating to 94 °C for 2 min and slowly cooling to room temperature
over approximately 60 minutes. The final concentration of all CC1 dsDNA blocks following
duplexing was 4 mM. The scaffold protein and DNA were mixed in a 1.2:1 ratio (440:364 uM,
55 uL total) and were incubated on ice for 30 minutes prior to crystallization via sitting drop
vapor diffusion.

2.4.3 Crystallization
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Crystallization trials used CrysChem sitting-drop plates (Hampton Research HR3-159),
with 400 pL reservoir solution per well and 4 pL crystallization drops prepared by mixing 2 plL
each of the protein—-DNA complex and reservoir solution directly on the platform; drops were
mixed by gentle pipetting. Plates were sealed immediately after setup and incubated at 25 °C
under static conditions. Crystallization conditions were 10-80 mM Magnesium Acetate, 0.3-1.8
M Lithium Sulfate, and 50 mM MES pH 6.5. A detailed list of individual crystals, PDB codes,
and corresponding growth conditions are reported in Table S2.14. Crystals grew to full size in a
range of 24 hours to 30 days (most often in 1-2 days). Crystal images were taken with a Moticam
X5 Plus camera attached to a Motic SMZ-168 stereozoom microscope.

2.4.4 Crosslinking

Co-crystals were washed in conditions similar to their growth conditions (0.3-0 M
Lithium sulfate, 20-50 mM Magnesium acetate, and 50 mM MES, pH 6.5). The co-crystals were
washed in 200 pL on 9-well glass plates (Hampton) to remove additional protein and DNA
monomers. Note: For EDC ligation it is important to avoid buffers with 1°/2° amines or
carboxylic acids. 1-Ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC) (Advanced Chemtech
CAS#:25952-53-8) was resuspended in the crosslinking solution (1.0 M Lithium sulfate, 50 mM
Magnesium acetate, and 50 mM MES, pH 6.0) to final concentration values of 30-60 mg/mL and
used immediately. The co-crystals were crosslinked in a 200 uL. EDC solution volume overnight
(16-24 hrs). The crosslinking reaction was ended by looping the co-crystals back into the wash
solution.

2.4.5 Confocal Microscopy
Crystals loaded with fluorescently labeled oligos were imaged using a Nikon Eclipse Ti

Yokagawa CSU-X1 spinning-disk confocal microscope equipped with an AndoriXon Ultra 879U
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EMCCD camera. Fluorescein signal was collected using 488 nm laser excitation and a 515 nm
emission filter. TAMRA signal was collected using 561 nm laser and a 575 nm emission filter.
Image acquisition and processing were performed using Nikon NIS-Elements software.
2.4.6 X-ray Diffraction collection and refinement

Crystals were flash frozen in liquid nitrogen after briefly transferring the crystal to a
cryo-protectant solution (a 1:1 mixture of the reservoir solution and 50% glycerol stock (1:1
100% glycerol and diH20) for a final concentration of 25% glycerol). Single crystal X-Ray
diffraction data was collected at either ALS beamline 4.2 (CMOS detector), ALS beamline 8.2
(Pilatus3 detector), ALS beamline 8.1 (Dectris EIGER2 detector), or APS beamline 24-IDE
(Dectris EIGER2 detector) from 0 to 180° with an omega delta of 0.2° and an exposure of 0.5 s
or 0.25 s. Data was processed with XDS %% and refined using PHENIX and COOT °*°!, The first
porous CC1+10 dataset (PDB 9Z08) was refined using newly generated RFree flags 4. All
subsequent isomorphous structures were refined using the same RFree flags to preserve a fixed
cross-validation benchmark across datasets. Decisions about truncating the structure factor data
were made on a case-by-case basis, jointly considering the following thresholds CC1/2 > 0.3,
mean (I/o(I)) > 1.0, and completeness > 85% as target guidelines for the highest-resolution shell.
Most datasets satisfy all three thresholds in the highest-resolution shell. TLS restraints were
autogenerated in Phenix and included in REMARK comments in pdb entries. RNA:DNA hybrid
structure was morphed towards 479D reference structure using phenix.morph and end C4 loaded
with fluorescent guest structure was modelled computationally in house python scripts.
2.4.7 Quantum Chemistry and Posing Comparison

Conformational sampling for the di-anionic form of the fluorescein dimer was done using

the global optimizer algorithm (GOAT) within ORCA version 6.0.0 using xTB version 6.7.0 at
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the GFN2-xTB semi-empirical level of theory with implicit solvation in water using the
analytical linearized Poisson-Boltzmann (ALPB) solvation model *>-192, This initial conformer
search gave an ensemble of 49 conformers. The conformational ensemble output from the GOAT
calculation was then filtered for duplicate structures using the CREGEN module of CREST
version 3.0 1937105 Filtering was done with an energy window of 25 kcal/mol, an RMSD
threshold of 0.8 A, an energy threshold between conformer pairs of 0.8 kcal/mol, and a lower
bound for the rotational constant of 0.08 (8%). After filtering, the conformational ensemble for
the di-anion fluorescein dimer was reduced to 46 conformers. Starting with this filtered
conformational ensemble, AIMNET2 was used through Auto3D version 3.1 to perform a single
point energy calculation for each conformer to get an updated energy for each conformer and re-
order the ensemble accordingly >7-8, Using the AIMNET2 predicted single point energies, the 10
lowest energy conformers were selected for optimization with density functional theory (DFT).
DFT optimizations for these structures were done at the M06-2X(D3)/6-31+G(d) level of theory
with implicit solvation in water using the SMD solvation model '%-!16, Next, Goodvibes
software version 3.0.1 was used to find the thermochemical free energies for each conformer and
provide relative energies of the conformational ensemble *°.

To assess whether the relative orientation of the two fluorophores in the crystal structure
is consistent with the DFT-optimized conformational ensemble, the crystallographic dimer was
compared against each of the 10 lowest-energy conformers following DFT optimization at the
M06-2X(D3)/6-31+G(d) level of theory with implicit solvation (SMD, water). RMSD
calculations were restricted to the 50 heavy atoms shared between both fluorescein cores of the
crystal and computed structures, excluding the crystallographic amine-linker atoms absent from

the computational model. For each DFT-optimized structure, atom correspondence to the crystal
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structure was established by molecular graph matching, accounting for all symmetry-equivalent
mappings arising from the pseudo-C2 symmetry of the xanthene ring system, and RMSD was
computed using a single rigid-body superposition (Kabsch algorithm) applied to both

fluorophores simultaneously.
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CHAPTER 3: ENZYMATIC AND CHEMICAL LIGATION FOR STABILIZATION OF THE
CCI1 PLATFORM
3.1 Introduction

3.1.1 Motivation for post-assembly ligation in protein—-DNA co-crystals

Crystals composed of protein and DNA are versatile biomaterials that enable precise
molecular ordering through programmed self-assembly and tunable growth properties. In CC1,
protein—DNA self-assembly produces porous crystalline lattices with solvent-accessible DNA
components, making these materials attractive scaffolds for host-guest structural biology and,
more broadly, for biomolecular capture, storage, and remodeling (1-3). However, the same
noncovalent interactions that enable ordered self-assembly also impose a central limitation, as-
grown biomolecular crystals are often fragile outside of their native crystallization conditions, or
mother liquor (4, 5). This limitation is especially pronounced for DNA-containing crystals,
where lattice stability depends strongly on ionic strength, divalent cation concentration, and the
electrostatic environment surrounding the nucleic acid scaffold (6). Consequently, DNA-based
crystals often cannot tolerate the solution exchanges required for downstream applications,
including guest soaking, enzymatic treatment, or biologically relevant buffer challenges (7).

Our previous work established that CC1+10 crystals can function as scaffolds for
structure determination of DNA-binding guest molecules (3). A key enabling feature of that
work was the ability to transfer crystals from mother liquor into alternative buffer conditions that
both promoted guest binding after soaking in guest solution and preserved lattice order for high-
resolution XRD. This stability was achieved through post-crystallization treatment with EDC, 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (Fig. 3.1 A). EDC can promote two chemically
distinct forms of covalent stabilization 1. Phosphate-hydroxyl coupling across DNA nicks and 2.

Carboxyl-amine crosslinking between nearby protein functional groups (8-11). Together, these
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reactions provide a route to reinforce the lattice after crystal growth. In prior CC1+10 guest-
soaking experiments, EDC ligation provided stability sufficient to identify buffer conditions
compatible with the binding of multiple classes of DNA-binding proteins while retaining
diffraction-quality order (3). However, extending CC1 to a broader library of guest proteins via
different binding solutions will require crystals that tolerate a wider range of solution conditions.
Improving post-assembly ligation is therefore a critical step toward expanding CC1 as a robust

scaffold for structural biology and biomolecular materials applications.
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Figure 3.1: Ligation Chemistries. A. EDC ligation across a terminal hydroxyl and terminal
phosphate. This results in a new phosphodiester bond between nucleotides and an isourea by-
product. B. AmeLig ligation using ATP, forming an enzyme-AMP intermediate, resulting in a

new phosphodiester bond between nucleotides.

To date, our most well-characterized stabilization strategy has been post-assembly
ligation across DNA-DNA junctions within the crystal lattice. Covalent linkage at these
junctions effectively “weaves” adjacent DNA building blocks together, converting a lattice held

primarily by reversible interactions into one reinforced by covalent bonds. Chemical ligation
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with EDC is particularly useful because it can stabilize crystals through both intended DNA-
DNA junction ligation and additional protein crosslinking. In previous studies of EDC-treated
interpenetrating CC1 (where a second copy of the lattice grows in the solvent channel pores, or
ipCC1), optimized conditions produced DNA-DNA ligation in 58% of building blocks (12).
Importantly, EDC ligation requires a terminal phosphate (13). However, ipCC1 variants lacking
terminal phosphates were still stabilized by EDC, relative to untreated controls, suggesting that
EDC contributes additional stabilization beyond the designed DNA-DNA junctions. Although
structural evidence of discrete protein-protein crosslinks was not resolved crystallographically,
the stabilization of phosphate-deficient crystals indicates that carboxyl-amine crosslinking likely
contributes to the mechanical reinforcement of the lattice (12).

In pursuit of precise DNA-DNA ligation, and to potentially increase ligation yields, here
we investigate the use of a ligase enzyme. Enzymatic ligation offers a complementary strategy
because DNA ligases selectively form phosphodiester bonds at defined 5'-phosphate/3’-hydroxyl
nicks (Fig. 3.1 B) (14, 15). However, enzymatic ligation inside CC1 requires that the ligase
diffuse through the solvent channels, bind the DNA nick, and complete catalysis; each of these
steps can be stymied by steric hinderance of the surrounding lattice. These constraints are
strongly dependent on the lattice architecture. CC1+10 contains solvent channels predicted to
accommodate a biomolecule with a maximum diameter of ~5.3 nm, as calculated by
MAP_ CHANNELS, that likely excludes or sterically restricts larger ligases such as T4 DNA
ligase, that is known to contact an 18-nucleotide footprint (3, 16, 17). Although T4 ligase has
been used previously to ligate DNA-only tensegrity triangle crystals, its size and binding
geometry are poorly matched to the narrower pores of CC1+10 (Fig S3.1) (18). For this reason,

we investigated AmeLig, a smaller DNA ligase from Alteromonas mediterranea, as a candidate
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enzyme for in-crystal ligation (19). Structural modeling suggested that AmeLig could access
multiple nick sites in CC1+10 and over more, would be readily accommodated in the larger-pore
CC1+21 architecture (Fig S3.1).

Finally, we extend the concept of enzyme accessibility beyond ligation by demonstrating
restriction enzyme activity in CC1+21 crystals using endonuclease Hhal (20). This experiment
addresses a long-standing goal of dynamic lattice remodeling, in which DNA building blocks
could be selectively cleaved and then removed/replaced through mass-action exchange. In this
context, ligating the crystal and then enzymatically cutting the DNA scaffold represents a form
of programmed “controlled demolition.” Hhal treatment of AmeLig-ligated CC1+21 crystals
provides evidence that enzyme-mediated dissolution is possible. By contrast, EDC-ligated
crystals remain macroscopically intact after Hhal treatment, likely because nonspecific protein
crosslinks preserve the crystal structure even if DNA cleavage occurs. Together, these results
show that chemical and enzymatic ligation serve distinct but complementary roles. EDC
provides robust stabilization of CC1+10 for solution exchange and diffraction, whereas CC1+21
is capable of undergoing more precise enzymatic ligation and cleavage.

3.1.2 Chapter objectives

This chapter evaluates chemical and enzymatic ligation strategies in CC1+10 and
CC1+21 to improve covalent stabilization of the lattice. In CC1+10, we screen EDC ligation
yields across junction architectures - varying sticky base overhang length and terminal phosphate
position - then testing whether removing magnesium from the crosslink buffer affects yield.
Free-solution splint ligation controls directly compare EDC and AmeLig, revealing that AmeLig
is far more efficient, establishing that EDC's in-crystal yields are bolstered by the ligation being

templated by the crystal lattice. Despite this advantage, AmeLig fails to ligate CC1+10 building
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blocks in crystallo, implicating steric exclusion from junction sites within the pores. This
motivates moving to CC1+21, where expanded pores permit AmeLig to diffuse more freely. We
demonstrate successful enzymatic ligation in CC1+21 and use the restriction enzyme Hhal to
then selectively reverse that ligation. AmeLig-ligated crystals dissolve upon Hhal treatment,
establishing a proof of concept for controlled crystal disassembly.

3.2 Ligation in CC1+10 Expanded Crystals

3.2.1 Experimental Design for EDC Ligation Assays
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Figure 3.2: Constructs of CC1 with varied junction architecture. A. Building blocks with 0, 1,
and 2 sticky base overhangs and indications of the 5* and 3’ ends of the DNA where a phosphate
can be added. B. CC1 lattice showing one of the protein-protein interfaces and the DNA:DNA
junctions.

Crystals were assembled from a CC1+10 building block in which RepE54 binds a two-

turn DNA recognition sequence that is extended by 10 bp to generate solvent channel pores,

resulting in linear DNA stacks aligned end-to-end across crystal contacts. Junctions were

66



engineered with defined structural features, including phosphates on either the 5’ or 3" termini
and 0-, 1-, or 2-base single-stranded overhangs, yielding predictable ligation products upon
successful ligation (e.g., dimers, trimers, and higher-order multimers) (Fig. 3.2). Intact crystals
were soaked in solutions containing EDC. Importantly, here we balance high concentrations and
multiple doses of EDC with conditions that are less harsh on crystals. Multiple doses of EDC
requires changing solution multiple times, that may result in higher ligation yields, but may
lower XRD resolution through crystal cracking or building block diffusion out of the crystal.
Following EDC incubation, crystals were dissolved and reaction products were resolved by gel
electrophoresis. Ligation yields were quantified by gel densitometry, measuring the molar
fractions of 1-mer, 2-mer, 3-mer, and higher-order species. Unligated 1-mer building blocks
were used as internal controls to distinguish true ligation, while DNA gel ladders enabled
accurate sizing and quantification of higher-order ligation products, allowing direct comparison
of chemical ligation outcomes across junction architectures. Band intensities were quantified by
densitometry after local background subtraction. Product yields were calculated as the integrated
intensity of ligated products divided by the total lane intensity.

For accuracy of reporting, we refer to these ligation calculations as relative ligation
yields. Gel densitometry is a semi-quantitative estimate of DNA ligation yield rather than an
absolute measurement of product concentration. Ligation efficiency was estimated from the
fraction of total lane intensity assigned to ligated product, with substrate and relevant
intermediate bands included in the same lane. This within-lane normalization is useful for
comparing reaction conditions because it reduces the effect of modest loading differences and

directly reports the relative conversion of starting material into higher-molecular-weight product.
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External DNA standards can improve absolute quantification, especially for confirming
that band intensities fall within the linear detection range of the staining and imaging system.
However, standards are not always necessary when the goal is relative comparison among
ligation conditions, because substrate, product, and intermediate species are measured within the
same lane. In this context, a standard can help validate detection range but does not necessarily
improve the internal comparison between bands in a given reaction.

A key limitation is that DNA band intensity reflects both DNA amount and fragment
length, since longer DNA species contain more nucleotides and can bind more fluorescent dye
per molecule. Therefore, raw band intensity does not directly correspond to molar yield when
ligation generates products of different lengths, and gel-based quantification is most reliable
when standards are similar in size to the sample DNA. For this reason, our densitometric ligation
yield is interpreted as an apparent or relative yield.

In the present analysis, the goal was to compare ligation outcomes across reaction
conditions rather than determine absolute product concentration. We therefore used internal lane
normalization and, where appropriate, length-weighted intensity calculations to estimate the
relative fraction of DNA converted into ligated product. This approach supports comparison
between conditions while avoiding overinterpretation of gel densitometry as a fully quantitative
measurement.

3.2.2 Effect of Junction Architecture on EDC Ligation Yield

Our laboratory has previously demonstrated that DNA ligation efficiency is strongly
influenced by phosphate placement (3’ versus 5'), sticky base length (0, 1, or 2 bases), as well as
EDC concentration and dosing frequency (9, 12, 13). However, these studies were conducted

using the ipCCl1 platform. In this chapter, we evaluate how porous CC1 junction changes alter
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ligation yield using the most effective EDC dosing strategy identified for ipCC1, two doses of 30
mg/mL EDC. Interestingly, ligated porous CCl1 crystals exhibit reduced macrostructural stability
in deionized water as compared to ligated ipCC1, suggesting that lattice topology differences
alter the stabilizing effects of chemical crosslinking. One possible contributor to this behavior is
off-target carboxyl-amine crosslinking by EDC, that may provide additional mechanical
reinforcement in ipCC1 but is less effective in the porous lattice, perhaps due to less protein-

protein contacts per unit cell.

300-nt
200
150 4mer
100 3mer
75

50 2mer

35
25
10

Tmer 31-nt

Figure 3.3: TBE-Urea denaturing gel electrophoresis of chemically ligated CC1+10. Lane 1
shows DNA ladder some bands identified by length in nucleotides. Lane 3 shows a dissolved
CC1+10 that was not subjected to EDC treatment. Lanes 4-7 show CC1+10 bp grown with
different junction architectures (0, 1, 2 sb and 3’ or 5° phosphate) that have been treated with 2
doses of 30 mg/mL EDC then dissolved via proteinase and 3.5 M Urea in 1X TBE. 1-mer
building blocks are 31 nt, 2-mer is 62 nt, etc. Sequences provided in Table S3.1.
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Informed by the trends established in the ipCC1 system, we initially anticipated that
junctions containing a 3'-phosphate with a 2-base sticky overhang would exhibit the highest
relative ligation yield (11, 12). Instead, gel-based analysis reveals that 2-base sticky junctions 3’
phosphate (2 sb 3’p) and 0 sb 5’p junctions display comparable levels of apparent ligation. 0 sb
5’p crystals exhibited 27% of building blocks as 2-mer or higher species and 2 sb 3’p crystals
showed 29% of building blocks as 2-mer or higher species. The most efficiently ligated crystal
type was the 1 sb 3’p, producing the greatest abundance of higher-order ligation products at 37%
(Table 3.1). In contrast, 1 sb 5’p junctions exhibited the lowest relative ligation yield, with only
15% 2-mer species and no discernable signal for higher-order products.

Table 3.1: Distribution of DNA block sizes as a function of DNA-DNA junction architecture.
The data shown correspond with the gel lanes in Fig. 3.3. The crosslinking protocols were 2
doses of 30 mg/mL EDC for 12 h each, as compared to dissolved crystals that were not subjected

to EDC doses. The values in this table are weighted so that the final value was a molar fraction.
Densitometry fits are in Fig. S3.2-S3.5.

CC1+10 Junction Comparison

No Crosslink 0SB 5'P 1SB 5P 1SB 3P 2SB 3P
DNA Block Size [%] [%] [%] [%] [%]
1 100 73 85 64 71
2 0 24 15 28 23
3 0 3 0 8 6

Relevant to our goals of high throughput CC1 crystal growth for use as a broadly
applicable scaffold for structure determination, crystals containing 5’ P tend to form crystals
quickly. To increase ligation, and potentially lattice stability, future work may focus on
optimization of more rapid growth of 3’ P CC1 crystals. Although higher EDC concentrations or
additional dosing rounds might further increase apparent DNA-DNA junction ligation efficiency,
we have avoided this strategy. The goal of ligation is to enable crystal survival in varied solution

conditions and high-resolution XRD data collection. More than one EDC treatment risks
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potential loss of building blocks from solution changes and building block equilibration, which
would reduce diffraction resolution. The two doses of 30 mg/mL shows how “optimal” ligation
conditions from the ipCCl1 studies translates to porous CC1, but for practical ligation prior to
guest soaking and XRD we hope to use a single dose of 45 mg/mL EDC. Doses higher than 45
mg/mL caused visible degradation of the crystal, while lower single doses did not impart

sufficient crystal structural stability in downstream guest soaking.

3.2.3 Effect of Magnesium on EDC Ligation in CC1+10

Initial investigation of EDC ligation in CC1+0 (the original structure pdb code 7RVA)
found that MgClz reduced ligation yields (12). An exact mechanism of Mg(Il) interference in the
reaction was not determined, but it was hypothesized that perhaps high magnesium
concentrations might reduce the availability of nucleophilic phosphate groups during the
reaction. As discussed above, EDC reacts with carboxylate groups. These two concepts make the
Mg(OAc)2 present in the porous CC1 growth buffer doubly problematic. To assess whether we
could improve relative ligation yields with removal of Mg(OAc),, two replacement counterions
were tested: sodium chloride (motivated by previous studies in ipCC1) and manganese chloride
(motivated by previous studies of EDC DNA ligation in solution) (9, 12, 13). To adapt solution-
optimized EDC ligation conditions to the CC1+10 lattice, we introduced 100 mM MES pH 6.0, a
buffer condition previously reported for efficient EDC DNA ligation in solution, while retaining
Li2SO4 and Mg(OAc): (9). All buffers contained 1 M Li>SOs, as crystals dissolved rapidly in
lower solutions, and higher salt concentrations may interfere in the reaction. Crystals containing
5’ P and 0 sticky base overhangs were subjected to one dose of 45 mg/mL EDC in the different

buffers, then dissolved and analyzed using denaturing gel electrophoresis (Fig. 3.4).
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400 1. 1 M Li,SO,4, 50 mM NaCl, 50 mM MES pH 6.0
300 2. 1 M Li,SO,4, 50 mM MnCl,, 50 mM MES pH 6.0
200 3. 1 M Li,SO,, 50 mM Mg(OAc),, 100 mM MES pH 6.0
150 4. 1M Li,SO,4 50 mM Mg(OAc),, 50 mM MES pH 6.0
100
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Figure 3.4: Buffer condition comparison. Buffer 1 substitutes NaCl for Mg(OAc).. Buffer 2
substitutes MnCl, for Mg(OAc).. Buffer 3 substitutes 100 mM MES pH 6.0 for 50 mM MES pH
6.0. Buffer 4 is the crosslink buffer used in our previous structural observation paper (3).

Changing the salt or divalent counterion composition did not produce an apparent
improvement in EDC-mediated ligation efficiency in CC1+10 crystals (Table S3.2). In the NaCl
substitution buffer, ligation yield was reduced relative to the standard porous CC1 crosslinking
buffer, as indicated by a higher fraction of monomeric DNA building block remaining after
treatment: 88% monomer in NaCl compared with 80% monomer in the standard Mg(OAc)»
condition. A more pronounced reduction in ligation was observed when the original Li,SO4 and
Mg(OAc),, salt identities were retained but the MES concentration was increased to 100 mM,
with 94% of DNA remaining as monomer and only 6% detected as dimer. This result suggests
that simply adopting the higher MES concentration used in prior solution-based EDC ligation
conditions does not improve ligation in the CC1+10 crystal environment. Instead, increasing
buffer concentration may reduce ligation efficiency, potentially by altering the local protonation

environment, ionic activity, or EDC lifetime within the crystal-containing solution.
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Table 3.2: Distribution of DNA block sizes in differing buffer conditions. Crystals were treated
with 45 mg/mL EDC dissolved in the buffer then dissolved and analyzed via denaturing gel
electrophoresis. Buffer 1 is 1 M Li2SO4, 50 mM NaCl, 50 mM MES pH 6.0. Buffer 2 is 1 M
Li2SO4, 50 mM MnCl,, 50 mM MES pH 6.0. Buffer 3 is 1 M Li2SO4, 50 mM Mg(OAc), 100
mM MES pH 6.0. Buffer 4 is 1 M Li2SO4, 50 mM Mg(OAc)2, 50 mM MES pH 6.0.
Densitometry fits can be found in Fig. S3.6-S3.9

CC1+10 EDC Buffer Comparison

Buffer 1 Buffer 2 Buffer 3 Buffer 4
(NacCl) (MnCl2) (100 mM MES) (Mg(OAc)2
DNA Block Size [%] [%] [%] [%]
1 88 80 94 80
2 11 18 6 19
3 1 2 0 1

Interestingly, substitution with MnCl, produced a ligation profile nearly identical to that
of the standard Mg(OAc)> condition. The MnCl> and Mg(OAc). buffers yielded identical
monomer fractions, 80% in both cases, and similar levels of dimer and trimer formation. This
indicates that replacing Mg(OAc). with MnCl. did not measurably enhance EDC-mediated
DNA-DNA coupling under these conditions. Because acetate is a carboxylate-containing
counterion and could, in principle, compete with phosphate activation by EDC, we initially
expected that removing acetate might improve ligation. However, the similarity between the
MnCl; and Mg(OAc) conditions suggests that acetate is not a dominant inhibitor in the current
CC1+10 crosslinking buffer, likely because the Mg(OAc), concentration is relatively low
compared with DNA tile crystallization systems that use hundreds of millimolar Mg(OAc)s.
Together, these buffer comparisons indicate that the standard porous CC1 crosslinking buffer
does not contain an obvious, easily substitutable component that strongly limits DNA-DNA

ligation yield. This further motivates exploring enzymatic ligation to increase ligation yields.

3.2.4 Splint Ligation Controls: AmeLig vs EDC Yields
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We expressed the small ligase AmeLig using the plasmid from Williamson ef al., 2018
(Fig. S3.10) (19). To assess the feasibility for using AmeLig in the same crosslinking buffer in
which we do EDC crosslinking, we used a splint ligation assay made of three oligos (Fig. 3.5).
The oligos have differing lengths (A is 26-nt, B is 20-nt, C is 24-nt), and when complexed a 5’ P
on oligo B is adjacent to the 3’ hydroxyl of A, held together by C as a splint. If ligation is
successful, the resulting species is A+B at 46-nt, leaving C at 24-nt. Separate oligo and all
combinations of oligos are shown via denaturing gel electrophoresis (Fig. S3.11). As seen in Fig.
3.5, the original 3 strand stock has contaminating bands at approximately the double length of
the A, B, and C oligos, a common impurity in solid-phase phosphoramidite DNA synthesis (20).
This may contribute to the extra higher molecular weight bands present in subsequent reaction
lanes. As such, ligation efficiency can be assessed by the presence or absence of separate A and

B oligos, that become the higher weight 46-nt species when ligated.

Figure 3.5: Splint ligation assay. Each reaction had 20 uM of the splint ligation duplex. EDC
ligations had 45 mg/mL EDC dissolved in the crosslinking buffer. Enzymatic ligation reactions
had 7.6 uM AmeLig and 1 mM ATP added to the crosslinking buffer. A. Splint ligation oligos
and schematic. B. Denaturing gel electrophoresis shows the 3 strand stock with A, B, and C
marked. Next is the three strand stock in the crosslinking buffer (1 M Li2SO4, 50 mM Mg(OAc)a,
50 mM MES pH 6.0). The next three lanes are three separate EDC ligation reactions stopped at
three time points: 1 hour, 6 hours, and 20 hours. The next three lanes are three separate AmeLig
+ ATP ligation reactions stopped at three time points: 1 hour, 6 hours, and 20 hours. The final
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two lanes (6 hours and 20 hours elapsed in the AmeLig reaction) show complete depletion of the
A and B species.

This splint ligation led to two essential conclusions. Firstly, AmeLig showed substantive
activity in the CCI crosslinking buffer. Secondly, AmeLig is far more efficient at ligating DNA
free in solution than EDC. After 20 hours, the EDC reaction shows strong band intensity
corresponding to the separate A and B oligos. In contrast, the AmeLig reaction shows no visible
bands corresponding to the separate A and B oligos after just 6 hours. This effective ligation
using AmeLig in the CC1 crosslinking buffer facilitates the transition from free solution splint

ligation to testing in crystallo ligation.
3.2.5 Attempted Enzymatic Ligation in CC1+10

As mentioned above, steric calculations using our computational tool GuestScan model
builder using a crystal structure of AmeLig bound to dsDNA (pdb code 6GDR) predicted that
AmeLig would have sufficient room to bind within the CC1+10 lattice (Fig. S3.12) (3, 19).
Crystals with a CG rich 10 base pair expansion and a 1 sticky base overhang were grown to
potentially serve a dual purpose as restriction enzyme Hhal substrates (Hhal recognizes and
cleaves GCG/C) (Table S3.1) (20). The structure of these crystals was determined via XRD at a
resolution of 3.3 A (Table S3.2). We tested AmeLig’s ability to ligate dSDNA building blocks
free in solution and observed remarkable ligation (Fig. 3.6 A). Thus, to assess in crystallo
ligation we implemented stringent wash steps to differentiate ligation products that were free in
solution from crystal templated ligation. After crystals were looped into the crosslinking buffer
supplemented with 7.6 uM AmeLig and 1 mM ATP and left to react overnight they were looped
into a wash solution (with the same salts and buffers as the crosslinking solution). After allowing

the crystals to equilibrate for 10 minutes they were looped into a second wash solution and
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allowed to equilibrate again. After the double wash, crystals were dissolved and analyzed via

denaturing gel electrophoresis (Fig 3.6 B).

4mer (124 nt)
3mer (93 nt)

2mer (62 nt)
35

25
10

1mer (31 nt)

1mer (31 nt)

Figure 3.6: Enzymatic ligation on CC1+10 duplexes in free solution and in crystallo. A. Free
solution CC1+10 building blocks with 1 sticky base overhang were reacted overnight with
AmeLig. B. CC1+10 crystals of the same building blocks from solution described in A. were

reacted overnight with AmeLig, washed twice, then dissolved.

From this comparison we can see that AmeLig works on the crystal building block

substrate in solution but not in the crystal. Despite the predictive modelling showing several

possible binding sites for AmeLig, this lack of in crystallo ligation yield is likely due to steric

occlusion within the lattice. The 5.3 nm diameter pore size is an average/estimate based on

MAP_ CHANNELS calculations and local geometry at junctions may be more constrained (16).

To determine if the pore size contributes to the lack of ligation within the crystal structure, we



next investigated enzymatic ligation with CC1+21. CC1+21 contains 21 basepairs of expansion

DNA, resulting in ~8.5 nm diameter solvent channel pores (pdb 9YZK) (Fig. S3.1).

3.3 Ligation in CC1+21 Crystals

3.3.1 Design and Growth of CC1+21 Crystals

To design CC1+21 for enzymatic ligation and potential Hhal cleavage, we built upon the
successful CC1+21 sequence from pdb 9YZK. Oligos had 2 sticky base overhangs, 5’ P, and CG
content at the edges of the symmetric expansion (Table S3.1). Symmetrically expanded CC1
building blocks distribute the expansion basepairs on either side of the centrally positioned
RepE54 bindings site. In comparison, asymmetrically expanded CC1 building blocks have all the
expansion content on one side of the RepE54 binding site, positioning the nick closely to the

RepES54 binding site on the adjacent asymmetric unit.

Repeating successful growth conditions for 9YZK with the exact sequence from 9YZK
yielded crystals with a typical parallelepiped habit, typically diagnostic of porous CC1 (Fig.
S3.20). When the newly designed oligos containing the Hhal binding sites were used in the same
crystallization screen, we observed triangular crystals, an unexpected crystal habit (Fig. 3.7). We

have not yet validated the structure of the triangular crystals via XRD.

: \ l\\\'

m : "
1&.‘\{ R 3&%‘1
Figure 3.7: CC1+21 with 2 sticky base overhangs and high GC content at the junctions. Crystals
formed a triangular habit.

3.3.2 EDC Chemical Ligation in CC1+21
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Previous work in our lab has found that EDC does not ligate crystal building blocks (that
have short sticky base overhangs) free in solution, and the splint ligation results presented here
supports the need for crystal templating for in crystallo EDC ligation. To assess whether DNA-
DNA junctions in the triangular CC1+21 were positioned close enough for ligation we treated
crystals with one dose of 45 mg/mL EDC, washed, then dissolved crystals for analysis on
denaturing gel electrophoresis. Despite the crystal habit deviating from the typical porous CCl1,
EDC was able to produce higher order ligation species, suggesting that the crystal packing
contains DNA-DNA junctions (Fig. 3.8, densitometry fit in Fig. S3.16). Though 92% of building
blocks remained monomers, we do observe 2-mer and 3-mer species (8% and 1%, respectively)
(Table 3.3). We repeated this process with 9YZK crystals, that are confirmed to form the porous
CC1+21, and observed similar ligation yields (Fig. S3.20-23). This suggests that despite the

differing crystal habit, the triangular CC1+21 may be forming the target porous lattice.

78



700
400
300 6mer (252 nt)
5mer (210 nt)
200
4mer (168 nt)
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Figure 3.8: CC1+21 ligation and cleavage. Denaturing gel electrophoresis of triangular 21 bp
expanded CC1. The first experimental lane contains dissolved crystals that weren’t crosslinked.
The next lane is EDC ligated dissolved crystals, followed by AmeLig ligated crystals that were
washed twice before being dissolved. The last lane contains crystals that were ligated with
AmelLig and then treated with Hhal endonuclease. Densitometry fits can be found in Fig. S3.16
and S3.17.
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Table 3.3: Distribution of DNA block sizes in CC1+21 crystals as grown, after EDC ligation,
after AmeLig ligation, and after AmeLig ligation followed by Hhal digestion.

CC1+21 Ligation and Cleavage

No Crosslink EDC Amelig Hhal

DNA Block Size [%] [%] [%] [%]

1 100 92 42 100
2 0 8 22 0
3 0 1 14 0
4 0 0 8 0
5 0 0 5 0
6 0 0 3 0
7 0 0 2 0
8 0 0 2 0
9 0 0 1 0
10 0 0 1 0
>10 0 0 2 0

3.3.3 Enzymatic Ligation

As seen in Fig. 3.8 and Table 3.3, AmeLig can ligate within the CC1+21 crystal. After
treatment with 7.6 um AmeLig and 1 mM ATP in the crosslinking buffer the crystals were
double washed before being dissolved. Denaturing gel electrophoresis shows that only 42% of
building blocks remain monomers, while there are observable bands up to 10-mers and larger
(densitometry fit in Fig. S3.17). This drastic difference from the attempts to ligate within
CC1+10 indicates that indeed the smaller pore size seems to be a limiting factor for AmeLig to
function correctly. Interestingly, when we trace labelled AmeLig with NHS fluorescein and
added it to solution with CC1+10 and CC1+21 we observed fluorescence accumulate within both
crystals (Fig. S3.18). This is in accordance with predictive modelling using in house tool
GuestScan that showed AmeLig could diffuse through the solvent channel pores of CC1+10
based on size alone, and points to a steric issue in the CC1+10 design. Perhaps shifting the nick

site of the CC1+10 design could rescue AmeLig function in the smaller pore size.
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CC1+21 building blocks are 42 bp long, with a 21 bp RepE binding site positioned
between flanking 10 and 11 bp expansion regions. To test whether this larger building block, that
presumably would tumble slower when free solution, would still be readily ligated we added 7.6
uM AmeLig and 1 mM ATP to solution with duplexed CC1+21 building blocks. As described
above, these oligos have 2 sticky base overhangs, 5’ terminal phosphates, and high CG content at
the junctions. After observing substantial ligation over night at room temperature, we then
repeated the experiment at 40 °C (Fig. S3.19). Despite the building blocks having only 2-nt
overhangs to bind each other, at 40 °C we still observed extensive ligation, with almost all the 1-
mer building blocks depleted. At 53 °C we observed almost no ligation, with a weak band at the
2-mer location. When CC1+21 crystals were incubated with AmeLig and ATP at 53 °C, the

crystals dissolved and significant protein precipitation was observed.

3.3.4 Restriction Enzyme Digestion

Predictive modelling using GuestScan and a crystal structure of Hhal bound to dsDNA
(pdb code 6UKF) did not return any registers within the CC1+10 system, and several in CC1+21
(Fig. S3.14 and S3.15) (21). Of note, GuestScan is built to assess the steric fit for scaffold
assisted structural determination, meaning it considers steric clashes between symmetry mates of
the guest protein. This means successful binding registers would sterically allow the guest to
bind with 100% occupancy. For enzymatic function, 100% concurrent occupancy is not required.
Thus, GuestScan can be useful to find binding registers for functional enzymes but may not
provide a binary yes/no on steric fit when the assay for this fit is a measure of enzymatic

function.
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Hhal is a commercially available Type II endonuclease that is known to bind and cleave
the sequence 5 GCG/C 3’ on both strands, creating a double stranded break with two sticky base
overhangs (21). Type II endonucleases use a divalent metal counterion as a cofactor, typically
Mg(II) (22). We tested the function of Hhal on ligated crystal building blocks free in solution.
These building blocks were designed with the Hhal binding sequence at the nick site, so that
when ligated by AmeLig and then cleaved by Hhal we obtain back a 1-mer building block. Due
to the proprietary nature of the optimization the commercially obtained Hhal has undergone, we
included the suggested 1X NEBuffer in the mother liquor solution. When we added ligated
building blocks (crystal monomers with dsDNA alone, no RepE54) and Hhal to this mother
liquor with cutting buffer solution, we did not observe a change in building block distribution
after it was left to react overnight, indicating it was not actively cleaving building blocks. In
contrast, when Hhal and ligated building blocks were added to deionized water supplemented
with 1X NEBuffer, all higher order species were cleaved and a prominent band at Othe 1-mer

height was observed.
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A EDC in buffer alone C AmelLig in buffer alone

t|me 0 48 hours tlme 0 48 hours
EDC + Hhal Amelig + Hhal
t|me 0 48 hours tlme 0 48 hours

Figure 3.9: Crystal stability in water based cutting buffer. Scale bar is 100 um. Crystal stability
in water based cutting buffer. A. CC1+21ligated with EDC in the absence of Hhal before and
after 48 hours in solution. B. CC1+21 ligated with EDC in the presence of Hhal before and after
48 hours in solution. C. CC1+21 ligated with AmeLig in the absence of Hhal before and after 48
hours in solution. D. CC1+21 ligated with AmeLig in the presence of Hhal before and after 48
hours in solution.

As mentioned previously, crosslinked crystals stability outside of mother liquor
conditions must be considered when moving crystals to different solutions. Fortunately, once
CC1+21 crystals had been ligated (either by EDC or by AmeLig) they did not dissolve in the
deionized water based cutting buffer (Fig 3.9). In comparison, when sister crystals (from the
same batch) were added to the cutting buffer with Hhal and allowed to incubate for 48 hours, the
AmelLig ligated-Hhal digested crystals dissolved (Fig. 3.9). The EDC ligated-Hhal digested
crystals did not dissolve. The lack of dissolution after EDC ligation bolsters the idea that EDC is
providing reinforcement beyond the DNA-DNA junction ligation. Fig 3.7 shows that once
AmeLig ligated crystals were incubated with Hhal, no higher order species remain. It is
important to note, all the crystals in these digestion trials were washed thoroughly after
undergoing ligation before being added to the digestion reaction - this ensures that any ligation

products that were free in solution were not still present when crystals were digested. Since these
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crystals did not dissolve in the water-based cutting buffer in the absence of Hhal, it can be
deduced that Hhal is acting directly on crystal building blocks within the crystal, not simply on
building blocks free in solution from dissolved crystals. Additionally, we confirmed that Hhal
was cleaving GCG/C specifically. 9YZK crystals, that do not contain GCG/C in the expansion
sequence, were grown and ligated with AmeLig. After incubation with Hhal in the water-based

cutting no cleavage of higher order species was observed (Fig. S3.20).

3.4 Discussion and Conclusions

3.4.1 Chemical Ligation in CC1+10

In accordance with previous studies from our lab, we see that junction architecture has
great effect on relative EDC ligation yields. While we saw in the ipCC1 system 2 sticky base
overhangs with a 3’ terminal phosphate yielding the highest percentage of ligated building
blocks, in porous CC1 we saw 1 sticky base with a 3’ terminal phosphate with the highest
percentage of ligation. The increased apparent ligation yields when the phosphate is located on
the 3’ termini is a previously known phenomenon in EDC DNA ligation (9, 12, 13). The change
from 2 sticky base to 1 sticky base showing the highest yield in our porous system is likely due
to local phosphate position differences between ipCC1 and porous CC1. While the 1 sticky base
3°P variant showed the greatest yield of ligation, there is a tradeoff. 5’P variants of CC1+10 have
been observed to grow more rapidly than 3’P variants. When considering the CC1 platform for
scalability as a high throughput crystallization scaffold, ease of crystal growth becomes a
significant consideration. Another consideration for employing EDC ligation in crystal
stabilization is balancing the concentration of EDC doses with the resulting quality of the crystal
structure. Too much EDC results in visible cracking of the crystal, while ligation yields may be

higher. Therefore, downstream optimization should be focused on screens for expediting 3P
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variant growth, as well as buffer conditions that improve ligation chemistry without being overly

harsh on the crystal.

3.4.2 Enzymatic Ligation in CC1+10 and CC1+21

This chapter demonstrates the first successful enzymatic ligation in the CC1 system. We
also see here that pore size estimates and predictive modelling can be suggestive of steric fit
within the crystal pores, but that functionality of enzymes may require more space. Despite
modelling that shows AmeLig has ample space within CC1+10 - particularly when considering
that one enzyme may function on many building blocks (and does not need to occupy all
building blocks simultaneously) - we saw failure of the enzyme. When all other variables are
held constant (buffer components, enzyme concentration, crystal growth conditions) but the pore
size is increased, we see rescue of AmeLig function. This strongly implies that steric fit at the
DNA nick site was the hindering factor in CC1+10. We have seen that varying sticky base
overhangs and nick site location is quite feasible in the CC1+10 system. Future designs that
move the nick site within the expansion region may allow AmeLig to function properly within
the smaller pore size CC1. If we consider CC1 from a nanotechnology perspective, where
enzymes could be installed for downstream functions such as biosensing, a deeper understanding

of the steric constraints in crystal pores allows more precise crystal engineering.

3.4.3 Restriction Enzyme Digestion of CC1+21

We sought to demonstrate that two enzymes can function within CC1+21, a ligase to
fortify the crystal structure and an endonuclease to reverse that fortification in a controlled
manner. This cleavage that is specific to the DNA components of CC1 has already given rise to

an important result: when crystals are ligated via DNA-DNA junctions alone, once digested by

85



Hhal they are vulnerable to dissolution. Yet when crystals are ligated via EDC, they are not
similarly vulnerable after Hhal digestion. This evidences the hypothesis that EDC may be acting
on the protein:protein interfaces of CC1, despite a lack of structural observation of any specific
crosslink in crystallographic models. Though this off-target crosslinking may be non-specific, its
function to rigidify the CCI lattice may be integral to retaining high resolution XRD data as we

further develop the scaffold assisted structural determination capabilities of the platform.
3.4.4 Future Directions

There are two branches of CC1 applications that clearly benefit from the work presented
in this chapter: 1. Scaffolded structural biology and 2. Protein-DNA nanotechnology. Firstly, in
the structural biology field, if further development of CC1 is to enable further innovations by
allowing determination/observation of guest proteins without the need to directly crystallize that
guest, we must fortify the scaffold/parent lattice. Our previous manuscript in this area makes use
of a buffer that contains KCI, CaCl,, glycerol, and Tris HCI in a narrow range of concentrations.
This buffer allowed EDC ligated CC1 crystals to retain high resolution XRD data (~ 3 A), while
facilitating guest protein binding at high enough occupancy to observe their structures in the
resulting electron density maps. To apply scaffold crystallography to proteins who function in
disparate solution conditions, the structure of CC1 needs reinforcement. Here we see how gains
in DNA-DNA ligation can be achieved through variance in the sticky base overhangs and
phosphate location, but future work to optimize EDC ligation chemistry across the
protein:protein interfaces may have a more substantial effect on crystal stability and survival in

varied guest-loading solutions.

Secondly, the verification of ligase and nuclease activity within CC1 points toward a

broader opportunity to engineer dynamic crystalline biomaterials. Future work could explore
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whether ligation and restriction digestion can be coupled within pre-formed co-crystals to enable
selective removal and replacement of DNA building blocks. In this model, nuclease cleavage
would generate noncovalently retained or partially-detached lattice components, while ligase
activity would stabilize newly incorporated DNA segments. Establishing this type of enzyme-
mediated exchange would demonstrate that CC1 is not merely a static crystalline scaffold, but a
dynamic biomaterial capable of framework renewal, repair, or functional remodeling after

crystallization.
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3.5 Materials and Methods

3.5.1 Protein cloning, expression, purification

Cloning and expression of the protein Replication initiator RepE54 was previously described by
Komori et al. (23). Cloning and expression of the protein AmeLig was previously described by
Williamson et al. (19). The protein was overexpressed with a T7 promoter in E. coli BL21(DE3)
competent cells (New England Biolabs #C2527H). Upon addition of 0.5 mM IPTG, the cells
were incubated at 25 °C for 20 h. The cell pellets were sonicated in lysis buffer (1X PBS, 300
mM NacCl, 25 mM imidazole, pH 7.4) and applied to HisTrap (HisPurTM Ni-NTA resin,
ThermoFisher #88222) equilibrated with HisTrap buffer (1X PBS, 300 mM NaCl, 25 mM
imidazole, pH 7.4). The protein was eluted with 100 mM imidazole in HisTrap buffer. Fractions
containing the desired protein were pooled and further purified at the CSU Histone Source
facility with HiLoad Superdex 200 PG column (Cytiva #28989335). RepE54 was concentrated to
12 mg/mL in CCI1 storage buffer (100 mM sodium citrate pH 6.2, 100 mM KCl, 10 mM MgCaz2,
and 10% glycerol), flash frozen in liquid nitrogen, and stored at —80°C. AmeLig was
concentrated to 10 mg/mL in CC1 storage buffer (100 mM sodium citrate pH 6.2, 100 mM KCl,

10 mM MgCa2, and 10% glycerol), flash frozen in liquid nitrogen, and stored at —80°C.

3.5.2 Duplex annealing and co-crystal complexing

Individual oligomers were synthesized and HPLC purified by Integrated DNA Technologies.
The DNA oligomer sequences used for co-crystallization are listed in Tables S3.1. Each
oligomer contained the 19-bp iteron sequence TGTGACAAATTGCCCTCAG, but typically also
contained the core 21-bp DNA block used in PDB:1REP from Komori ef al. (23):

CCTGTGACAAATTGCCCTCAG (omitting a dangling 3’ T). In Table S3.1, the standard 21-bp
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footprint is shaded in gray, and (purposeful) deviations are shaded in cyan. Flanking variable
DNA sequences depended on the expansion scheme and desired sequence. The oligomers were
resuspended in a standardized buffer (henceforth CC1 oligo buffer: 50 mM Tris HCI, 100 mM
KCI, pH 6.7) and combined in equal molar ratio (1:1) with the complementary strand. The
strands were annealed by heating to 94 °C for 2 min and slowly cooling to room temperature
over approximately 60 minutes. The final concentration of all CC1 dsDNA blocks following
duplexing was 4 mM. The scaffold protein and DNA were mixed in a 1.2:1 ratio (440:364 uM,
40 pL total) and were incubated on ice for 30 minutes prior to crystallization via sitting drop

vapor diffusion.

3.5.3 Crystallization

Crystallization trials used CrysChem sitting-drop plates (Hampton Research HR3-159), with 400
uL reservoir solution per well and 4 pL crystallization drops prepared by mixing 2 pL each of
the protein—-DNA complex and reservoir solution directly on the platform; drops were mixed by
gentle pipetting. Plates were sealed immediately after setup and incubated at 25 °C under static
conditions. Crystallization conditions for the porous lattices were 10-80 mM Magnesium
Acetate, 1-1.8 M Lithium Sulfate, and 50 mM MES pH 6.5 (or occasionally 50 mM sodium
cacodylate pH 6.5). A detailed list of individual crystals, PDB codes, and corresponding growth
conditions are reported in Table S3.3. Crystals grew to full size in a range of 24 hours to 30 days
(most often in 1-2 days). Crystal images were taken with a Moticam X5 Plus camera attached to

a Motic SMZ-168 stereozoom microscope.

3.5.4 EDC Crosslinking
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Co-crystals were washed in conditions like their growth conditions (1-2.0 M Lithium sulfate, 20-
50 mM Magnesium acetate, and 50 mM MES, pH 6.5). The co-crystals were washed in 200 pL.
on 9-well glass plates (Hampton) to remove additional protein and DNA monomers. Note: For
EDC ligation it is important to avoid buffers with 1°/2° amines or carboxylic acids. 1-Ethyl-3(3-
dimethylaminopropyl)carbodiimide (EDC) (Advanced Chemtech CAS#:25952-53-8) was
resuspended in the crosslinking solution (1.0 M Lithium sulfate, 50 mM Magnesium acetate, and
50 mM MES, pH 6.0 unless otherwise noted) to final concentration values of 30-60 mg/mL and
used immediately. The co-crystals were crosslinked in a 200 uL. EDC solution volume overnight
(16-24 hrs). If two doses of EDC were used, the first solution was pipetted off and replaced with
a freshly prepared EDC solution. The crosslinking reaction was ended by looping the co-crystals
back into the wash solution. If crystals were dissolved for gel electrophoresis then they were
looped into 40 pL dissolution buffer, 3.5 M Urea in 1X TBE supplemented with 20 ug of

proteinase K.

3.5.5 AmeLig Crosslinking

Co-crystals were looped into a 40 puL drop of crosslinking solution (1.0 M Lithium sulfate, 50
mM Magnesium acetate, and 50 mM MES, pH 6.0 unless otherwise noted) supplemented with
AmeLig at a final concentration of 0.25 mg/mL and ATP at a final concentration of 1 mM on 9-
well glass plates (Hampton). Crystals were left to ligate overnight. The reaction was stopped by
washing crystals. Washing consisted of looping into a fresh 40 pL of crosslinking buffer (with no
ligase or ATP), allowing crystals to equilibrate for 1 hour. Crystals were then looped into a

second 40 pL of fresh crosslinking buffer.

3.5.6 Hhal Digestion
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Ligated co-crystals (either via EDC or AmeLig) were looped into 40 pL drop of cutting buffer
(1X NEBuffer in DI water) supplemented with 1 uL. Hhal (NEB R0139S) at concentration
20,000 units/mL on 9-well glass plates (Hampton). If crystals were not dissolved after digestion
the reaction was stopped by looping into 40 puL dissolution buffer, 3.5 M Urea in 1X TBE
supplemented with 20 ug of proteinase K. Crystals already dissolved after Hhal digestion had 5X
DNA binding buffer (Zymo D4029) added to solution in preparation for oligo cleaning before

gel electrophoresis.

3.5.7 DNA Gel Electrophoresis and Densitometry

Cross-linked co-crystals were dissolved in 1x TBE supplemented with 3.5 M urea and 20 pg of
proteinase K. Dissolved oligos were cleaned using Zymo DNA Clean and Concentrate (Zymo
D4029). Prior to loading oligos were normalized to each other using Nanodrop One DNA
concentration readings. The crystals were analyzed with denaturing gels (6% Novex TBE-Urea
Polyacrylamide Gel Electrophoresis) formulated with 7 M urea and run with 1x TBE running
buffer. Splint ligation oligos were analyzed with 10% Novex TBE-Urea Polyacrylamide Gel
Electrophoresis. The co-crystal DNA ladder was the TriDye Ultra Low Range DNA Ladder
(NEB). Gels were incubated with 1x SYBR Gold Nucleic Acid Gel Stain and imaged with a
FluorChem E System by ProteinSimple on the ethidium bromide setting. For gel densitometry,
we used the technique established in our previous ligation study (Python scripts for fitting

densitometry peaks with Gaussians) (7, 8).

3.5.8 NHS-fluorescein Conjugation

AmeLig or Hhal was dialyzed into labeling buffer (50 mM Na2POa., 300 mM NacCl, pH 8.1)

using Slide-A-Lyzer™ dialysis pucks (1 kDa MWCO; ThermoFisher) to remove free amines and
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equilibrate the sample for N-hydroxysuccinimide (NHS) conjugation. The protein concentration
was 114 uM (AmeLig) and 180 uM (Hhal) prior to labeling. NHS-fluorescein (Thermo
Scientific; 5 mg/mL, ~10 mM) was added at a 1:5 dye:protein molar ratio, and the reaction was
incubated overnight at 4 °C with gentle agitation. To minimize photobleaching, dye-handling
steps were performed in opaque 1.5 mL microcentrifuge tubes and under low-light conditions.
Unreacted dye was removed by dialysis against fresh labeling buffer (50 mM Na:POa, 300 mM
NaCl, pH 8.1, 1 kDa MWCO) with multiple buffer exchanges until no residual dye was visible in
the dialysate. The labeled protein was concentrated to the working concentration using a 3 kDa
MWCO Amicon centrifugal filter unit (Millipore) and stored on ice for immediate use, or

aliquoted and flash-frozen for long-term storage at —80 °C.

3.5.9 Confocal Microscopy

Crystals loaded with NHS trace labelled AmeLig or Hhal were imaged using a Nikon Eclipse Ti
Yokagawa CSU-X1 spinning-disk confocal microscope equipped with an AndoriXon Ultra 879U
EMCCD camera. Fluorescein signal was collected using 488 nm laser excitation and a 515 nm
emission filter. Image acquisition and processing were performed using Nikon NIS-Elements

software.

3.5.10 Guest Loading

Crosslinked co-crystals were washed at room temperature to remove components that could
interfere with protein binding and to equilibrate the crystals to the guest loading soak solution
(1.2 M Li2SO4, 50 mM Mg(OAc)2, 50 mM MES pH 7.1). Equilibrated crystals were moved to 9
pL fresh buffer solution in a micro-Insert 4 Well in p-Dish (Ibidi Cat.No:80406). Proteins (either

AmelLig or Hhal, combined 20:1 unlabeled to trace labeled) of 20 uM were added on top of the
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well. The co-crystals sitting in guest loading solutions were sealed for 24-72 hours to allow guest

species to diffuse and reach binding equilibrium within the crystal lattice.

3.5.11 X-ray Diffraction collection and refinement

Crystals were flash frozen in liquid nitrogen after briefly transferring the crystal to a cryo-
protectant solution (a 1:1 mixture of the reservoir solution and 50% glycerol stock for a final
concentration of 25% glycerol). Single crystal X-Ray diffraction data was collected at APS
beamline 24-IDE (Dectris EIGER2 detector) from 0 to 180° with an omega delta of 0.2° and an
exposure of 0.5 s or 0.25 s. Data was processed with XDS (24) and refined using PHENIX and
COOT (25, 26). The first porous CC1+10 dataset (PDB 9Z08) was refined using newly
generated RFree flags. All subsequent isomorphous structures were refined using the same RFree
flags to preserve a fixed cross-validation benchmark across datasets. Decisions about truncating
the structure factor data were made on a case-by-case basis, jointly considering the following
thresholds CC1/2 > 0.3, mean (I/c(I)) > 1.0, and completeness > 85% as target guidelines for the

highest-resolution shell. Most datasets satisfy all three thresholds in the highest-resolution shell.
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CHAPTER 4: PROGRAMMABLE CAPTURE AND TOEHOLD MEDIATED RELEASE OF

NUCLEIC ACID CARGO IN POROUS PROTEIN-DNA CO-CRYSTALS

4.1 Introduction

4.1.1 Porous protein-DNA co-crystals as programmable host materials

CCl1 possesses large, continuous solvent channels that permit the diffusion of
macromolecular species throughout the crystal lattice, making it a promising platform for
crystalline storage of nucleic acid cargo. As discussed in previous chapters, CC1 can be made
rigid and robust to the surrounding solution via chemical crosslinking and enzymatic ligation
(1,2). Because the DNA binding sites are periodically repeated within the rigid protein-DNA
scaffold, guest binding can occur without degrading the resultant lattice homogeneity (3,4). We
have previously utilized diffusion through the lattice pores to introduce DNA-binding proteins as
guest molecules for structural studies, where their high, lattice-wide occupancy generated
sufficient signal for structural resolution. This behavior indicates that biomolecules with a
defined installation site can be spatially organized with precision inside CCl1. In this chapter, we
extend this concept to nucleic acid sequestration by leveraging the sequence programmability of
the DNA components of the protein-DNA building block. Specifically, we engineer solvent-
exposed ssDNA tails that project into the crystal channels and function as modular capture
elements for complementary ssDNA or RNA guests. Hybridization to these anchors affixes the
cargo to the lattice, while the porous solvent channel architecture allows both loading and
removal to occur by diffusion. Using this framework, we first demonstrate a reversible DNA
capture-release cycle inspired by prior crystalline DNA devices, and then show controlled

capture, storage, and toehold-mediated release of a biologically relevant dsSRNA species,
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miR-34a. Together, these results establish CC1 as a porous, sequence-modular crystalline
reservoir capable of nucleic acid capture, storage, and controlled release, with clear relevance to

therapeutic delivery applications.

4.1.2 From DNA crystal devices to functional guest handling in protein-DNA co-crystals

Prior work from the Mao and Seeman laboratories established that nucleic-acid-mediated
state changes can be programmed to occur within a three-dimensional crystal lattice. In their
2017 paper, “A device that operates within a self-assembled 3D DNA crystal,” the authors
showed that ssDNA tails designed to extend into solvent channels enable strand-displacement—
based switching through the diffusion of guest DNA molecules (5). In this system, the kinetics of
state change are dominated by diffusion through the crystal rather than by strand length, and
XRD combined with kinetic modeling of macrolevel color change were used to monitor these
transitions. However, these pioneering devices were built from pure-DNA tensegrity triangles
and operated exclusively in their mother liquor, rendering them vulnerable to dissolution outside
of growth conditions (6,7). The absence of wash steps to remove free building blocks
necessitated large excesses of guest strands, and sequence specificity of release was not

explicitly tested using scrambled controls.

In this chapter, we adapt this crystalline DNA cycling concept to porous protein—-DNA
co-crystals (Fig. 4.1). We build on the DNA device in two important aspects: 1. Chemical
ligation converts the co-crystal from a dynamic assembly held together by non-covalent
interactions into a biomaterial able to be moved between varied conditions, including wash
solutions and guest loading soaks. 2. By studying scrambled versions of release strands, we

demonstrate that cargo displacement and release are sequence specific (Fig. 4.3).
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Figure 4.1: DNA device cycle in protein-DNA co-crystals. A. An unpaired 15-nt tail is
incorporated under the RepE54 binding footprint. Strand 1 with a CyS5 fluor binds to the unpaired
tail, leaving a 4-nt tail unpaired and coloring the crystal blue to the eye as seen in B. When
Strand 2 with a Cy3 fluor is added it hybridizes with the full 15-nt tail and extending a 4-nt
unpaired segment past the tail. This displaces Strand 1 and turns the crystal pink as seen in C.
Strand 3 hybridizes with left over Strand 1, sequestering it. Strand 4 hybridizes with the unpaired
4-nt tail of Strand 2 and peels it off the 15-nt tail, cycling the crystal pack to optically clear as
seen in A.

We demonstrate two types of nucleic acid release using toehold mediated strand
displacement (TMSD) (Fig. 4.2). The three oligos participating in TMSD are the incumbent, that
is part of the original duplex, the substrate strand that is also part of the original duplex, but
contains an unpaired toehold region, and the invading strand that binds the substrate strand in the
toehold region, promoting branch migration and subsequent dissociation of the incumbent strand
(8, 9). In the DNA capture device, we demonstrate release of both ssDNA and dsDNA from the
crystal by alternating the identity of the substrate strand (anchor strand vs guest strand). After

establishing that CC1 is amenable to functioning as a device for capture, storage, and triggered
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release of DNA species we look to installing and delivering a dSRNA functional nucleic acid

guest, the broadly anti-oncogenic mir34a (Fig. SF 4.X) (10).

Anchor
Strand 1 Strand 2 Strand 3 Strand 4
Strand
GTCTATGCTTACTCT, CAGATACGAAT ATCGCAGATACGAATGAGA GTCTATGCTTA TAGCGTCTATGCTTACTCT,
anchor strand
attached to crystal
\/ building block D F
GTCTATGCTTACTCT, toe"h()lddzzon’\l GTCTATGCTTACTCT, SICTATGCTTACTCT,
stran ATCGCAGATACGAATGAGA
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ATCGCAGATACGAATGAGA
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CTATGCTTACTCT
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Figure 4.2: Strand displacement mechanisms in the DNA capture device. Arrows indicate 5’ to
3’ direction. A. The ssDNA 15-nt anchor strand extending from the DNA component of a CC1
crystal. B. Strand 1 (containing a Cy5 fluor) hybridizes with the anchor strand, leaving 4-nt of
the anchor unbound. C. Strand 2 (containing a Cy3 fluor) invades and displaces Strand 1 using
the 4-nt toehold, releasing ssDNA Strand 1 into solution. D. Strand 2 extends 4-nt beyond the
anchor strand, leaving a second toehold. Strand 3 (ssDNA complement to Strand 1) is added to
hybridize to and sequester any lingering Strand 1 within the crystal, resulting in the dsDNA in G.
E. Strand 4 invades and binds the unpaired 4-nt on Strand 2, releasing dsDNA into solution,
resulting in F. ssDNA anchor strand, G. Hybridized Strand 1 and Strand 3, and H. Hybridized
Strand 2 and Strand 4.

4.1.3 Motivation for therapeutic RNA capture and release

miR-34a was selected as a benchmark RNA cargo for evaluating programmed capture
and release in CC1 because it is both biologically well characterized and therapeutically relevant.
miR-34a is a tumor-suppressive microRNA that was identified as a direct pS3-responsive
miRNA and has been implicated in p53-associated programs including cell-cycle arrest,
apoptosis, senescence, and suppression of tumor-promoting pathways across multiple cancer
contexts (10-18). Its translational relevance is underscored by MRX34, a liposomal miR-34a

mimic that became the first miRNA mimic evaluated in human clinical trials, although that trial
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was ultimately terminated early because of serious immune-mediated adverse events (19-21).
These clinical results highlight both the promise of miRNA replacement therapy and the
persistent delivery challenges associated with RNA therapeutics, including nuclease
susceptibility, immune activation, off-target effects, and the need for carriers that preserve RNA
integrity while enabling controlled release (22-26). Both relevant to therapeutic efforts, miRNA
replacement and miRNA inhibition use different molecular formats. Synthetic miRNA mimics
are typically double-stranded RNAs designed to resemble endogenous post-Dicer duplex
intermediates, whereas anti-miR therapeutics are generally single-stranded antisense
oligonucleotides that bind mature miRNAs and block their activity (27-32). Endogenous
miRNAs are generated from hairpin precursors that are exported from the nucleus, processed by
Dicer into duplex intermediates, and loaded into Argonaute-containing RISC, where one strand
is retained as the guide strand and the passenger strand is discarded or degraded (33). Therefore,
in this chapter, miR-34a is used to test whether the co-crystal platform can capture, retain, and

release a fragile RNA cargo in a duplex-forming format relevant to miRNA mimic delivery.

4.2 Design of nucleic acid capture devices in porous protein-DNA co-crystals

4.2.1 Architecture of the capture-enabled co-crystal

The kinetics of TMSD have been extensively characterized (8, 9, 34-42). In pure-DNA
reactions (where incumbent, substrate, and invading strands are all ssDNA oligos) and hybrid
reactions (where one or more of the incumbent, substrate, and invading strands are ssSRNA
oligos) it’s been reported that 5° toeholds (where the substrate contains a toehold at the 5° of the
oligo) are faster than 3’ toeholds when sequences are identical, but that changes in sequence

identity drive speed of reaction more than location of toehold (34-37). The DNA capture device
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presented here utilizes both 5’ and 3° TMSD. The RNA capture device utilizes a 5’ toehold
where the substrate is RNA, the invading strand is RNA, and the incumbent is DNA (Fig. S4.1).
Of interest, hybrid reaction rates are highly dependent on which strand contains RNA, as
RNA:DNA and RNA:RNA complexes have differing free energy of hybridization (36, 43). The
RNA device presented here has incumbent:substrate binding between RNA:DNA species, with
an invading RNA strand. RNA:RNA complexes are more stable than RNA:DNA, meaning as
branch migration occurs there is a downhill free energy landscape, increasing the rate of reaction
(40). In contrast, branch migration in a pure-DNA TMSD is a 1:1 change in base pairing energy
as branch migration proceeds. A commonality between pure-DNA and hybrid TMSD is the
increase in rate of reaction as toehold length increases from 1 to 6-nt, with a plateau in rate
change after 6-nt (36, 41). The DNA device presented here utilizes 4-nt toeholds as a proof-of-
concept recapitulation of the 2017 Mao DNA device, while the RNA device utilizes a 7-nt
toehold (5). This 7-nt toehold design builds on the successfully crystallized anchor length of the

DNA device (15-nt) to bind 22-nt ssRNA miR34.

The successful growth of CC1 variants bearing 4-nt ssDNA tails is described in Chapter 2 of
this thesis, where we demonstrated that short single-stranded extensions can be incorporated
modularly without disrupting the expected crystal packing arrangement. A critical prerequisite
for this compatibility was the Y184E mutation in RepE54, that abrogates its propensity to bind
ssDNA concurrently with dsDNA and thereby prevents unintended protein-tail interactions (44).
Building on these results, we sought to extend the length of the ssDNA tails incorporated into
CC1 to increase the sequence complexity and specificity available for nucleic acid capture. In
designing this capture element, careful consideration was given to the placement of the ssDNA

sequence within the DNA building block. Based on the structures determined of previously
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characterized 4-nt tail variants, we selected a register located in the middle of the 31 bp building
block, directly beneath the RepE54 binding footprint. This placement is predicted to position the
ssDNA tail along the crystallographic solvent channel axis rather than toward lattice contacts,
minimizing steric interference with symmetry-related neighbors while maximizing solvent
accessibility, thusly maximizing accessibility for hybridization with incoming nucleic acid guests
(Fig 4.3). By situating the capture handle within the solvent channel while preserving the native
packing interactions of the lattice, this design was anticipated to remain compatible with robust
crystal growth and diffraction, while enabling the installation of modular,

sequence-programmable tails within the porous scaffold.

Figure 4.3: Hypothetical model of centrally placed 15-nt tail. A. Alphafold3 prediction of
RepE54 and the three strands of DNA composing the RNA capture device. B. Actual
experimentally determined unit cell dimensions of RNA capture crystal with the Alphafold3
model superimposed, showing how the 15-nt tail extends into the solvent channel pore when
placed underneath the binding footprint of RepE54. Crystal models of tailed crystals did not have
sufficient electron density signal to model the full 15-nt tail, indicating that the tail is labile in the
solvent channel pore (Fig. S4.8)

4.2.2 DNA capture construct
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As an initial test of functional equivalence between pure-DNA tensegrity triangles and the
CCI1 platform, we designed a CC1 variant incorporating the anchor sequence reported in the
2017 Seeman and Mao study (5). Robust crystal growth was achieved, and X-ray diffraction
confirmed that the crystals adopted the expected packing arrangement, space group number 5
(Table S4.1). As shown in Fig. 4.1, crystals grown with the anchor strand unpaired are optically
clear. Because the guest strands bind at lattice-wide, regularly spaced positions, fluorophore
exchange on the anchor strands produces an optical color change visible to the eye. Upon
addition of a Cy5-tagged complementary strand that leaves four nucleotides of the anchor
unpaired, the guest strand hybridizes within the crystal lattice, imbuing a visible blue color in the

crystal (Fig. 4.1, B), consistent with other direct visualizations of this dye in microscopy (45).

Confocal microscopy, performed using a 640 nm excitation laser and detecting in the 660 nm
emission spectra, shows accumulation of the Strand 1 oligo after 18 hours of incubation in a 100
um bath of Strand 1 (Fig. 4.2). After transfer to a wash buffer (1.2 M Li2SO4, 50 mM Mg(OAc)z,
50 mM MES pH 6.5) and equilibration for 18 hours, the fluorescent signal remains localized
within the crystal pores, indicating stable retention of the bound guest strand. Introduction of a
Cy3-tagged perfect complement to the 15-nt anchor strand, extending four nucleotides beyond
the anchor for a total length of 19-nt, results in displacement of the Cy5-labeled guest (Fig. 4.2)

and a corresponding shift in crystal color from blue to pink (Fig. 4.1, C) (45).
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18 hours 18 hours in _ 5min 1 hour 24 hours
incubation wash incubation incubation incubation
with strand 1 solution with strand 2 with strand 2 with strand 2

Figure 4.4: TMSD from Strand 1 to Strand 2. A crystal is incubated with 100 pM Strand 1 and
after 18 hours shows accumulation. The loaded crystal is transferred to a new drop and left to
equilibrate for 18 hours. When 100 uM Strand 2 is added to solution, Strand 1 is displaced and
diffuses out of the crystal, equilibrating with the surrounding solution. Strand 2 is now bound
within the crystal, showing emission when excited with a 561 nm wavelength laser.

640 nm!| 640 nm|

To assess the sequence specificity of this displacement, a control experiment was performed
in which a scrambled version of the Cy3-tagged strand was added to a crystal preloaded with
strand 1. Under these conditions, no change in fluorescence or macro-scale crystal color was
observed (Fig. S4.2). The lack of fluorescence change observed under scrambled-strand
conditions provides evidence against nonspecific strand exchange or concentration-driven
competitive displacement and indicates that guest release is mediated by sequence-specific

hybridization.

To complete a full capture—release cycle, a perfect complement to strand 1 was first added to
sequester any residual guest strand 1 within the pores. Subsequent addition of the full 19-nt
perfect complement to strand 2 displaced the Cy3-tagged species from the anchor strand (Fig.
4.3). Once released, the guest strands diffuse out of the solvent channels and equilibrate with the

surrounding solution, restoring the crystal to its optically clear state (Fig. 4.1, A).
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Figure 4.5: TMSD to complete cycle. After Strand 2 is loaded the crystal is moved to a new
wash buffer and allowed to equilibrate for 18 hours. Strand 3 (perfect complement to Strand 1) is
added at 100 pM and after 5 hours all residual Strand 1 is cleared from the crystal, while the
fluorescent signal from Strand 2 is unaffected. Strand 4 (perfect complement to Strand 2) peels
off Strand 2, that then diffuses out of the crystal and dissipates the fluorescent signal. After 24
hours the fluorescence emission after excitation with the 561 nm laser is nearly at background
levels. We present multiple cycles with the same crystal in Fig. S4.3.

4.2.3 RNA/miR-34a capture construct

After establishing programmable strand displacement, toehold switching, and
environmental capture and release of DNA cargo, we next sought to adapt CC1 into a reservoir
for a functional RNA species. As discussed above, miR-34a is a well-characterized microRNA
that functions as a tumor suppressor by regulating gene expression associated with cell-cycle
control and apoptosis and is frequently downregulated across multiple cancer cell lines (10-15).

To enable sequence-specific RNA capture, we designed a CC1 variant bearing a 15-nt ssDNA
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tail complementary to one strand of miR-34a, with the goal of using toehold mediated release of

double stranded RNA (Fig. 4.4).
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Figure 4.6: Loading and triggered release of dSRNA miR-34a. A. CCl1 is grown with an
unpaired 15-nt tail that has sequence compatibility with strand 1 of mir-34a. Strand 1 diffuses
through the crystal and binds as shown in B. Strand 1 is 22-nt, leaving 7-nt of ssRNA. Strand 2
of mir-34a is added to solution, and as it diffuses through the crystal it binds to Strand 1. Strand
2 is a perfect complement to Strand 1, peeling it from the crystal anchor strand and releasing
dsRNA into solution as shown in C.

To distinguish anchor-mediated binding from nonspecific accumulation within the
solvent channels, we compared a miR-34a capture—enabled CC1 to a non-tailed CC1 in the
presence of FAM-labeled single-stranded miR-34a (Fig. S4.4). Both crystal types initially
exhibited strong fluorescence, indicating that free solution ssRNA readily diffuses into and
accumulates within the porous lattice. However, upon transfer to a wash solution and
equilibration with the surrounding buffer, only the tailed CC1 crystals retained fluorescence. In
contrast, fluorescence associated with the non-tailed crystals decayed to background levels.
These observations indicate that while electrostatic interactions can accumulate ssSRNA within

the crystal pores, stable retention of miR-34a requires sequence-specific hybridization to the

anchor tail.

Having established specific capture of the first strand of miR-34a, we next sought to
demonstrate triggered release of double-stranded miR-34a from the crystalline scaffold. Because

seven nucleotides of the bound ssSRNA extend beyond the anchor sequence, this design presents
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an accessible toehold for TMSD release. A crystal was loaded with fluorescently labeled strand 1
of miR-34a by soaking in a 100 uM bath (Fig. 4.5). Extended time points show an edge loading
effect, indicating specific binding as the ssSRNA species diffuses through the crystal pores (Fig.

S4.5).

18 hours 18 hours 10 mins 180 mins
loading wash release release

' O

Figure 4.7: Capture and release of mir-34a. Scale bar is 100 pm. A. CC1+10 containing a 15-nt
mir-34a capture tail under differential interference contrast imaging. B. Incubation with 100 pM
strand 1 of mir-34a tagged with a fluorescein molecule. Imaging excitation with a 488 nm laser
and emission with a 515 nm filter. After 18 hours the crystal appears saturated with the guest
ssSRNA. C. The crystal was looped into a fresh wash solution and left to equilibrate for 18 hours.
D. Then the crystal was looped into a 100 uM bath of strand 2 mir-34a. This is a ssSRNA that is a
perfect complement to strand 1 bound within the crystal. As strand 2 hybridizes with strand 1,
strand 1 is peeled off the anchor strand of the crystal. The fluorescently tagged strand 1-strand 2
duplex then diffuses out of the crystal as it equilibrates with the surrounding solution as seen in
E.

The crystal was then transferred to wash buffer and allowed to equilibrate for 18 hours.
Upon addition of the perfectly complementary strand 2 of miR-34a to the surrounding solution,
fluorescence progressively cleared from the crystal, with near-complete loss of signal observed
after approximately two hours (Fig. 4.5 E). More time points showing the gradual release are
presented in Fig. S4.6. In contrast, addition of a scrambled version of strand 2 to similarly loaded
and equilibrated crystals produced no detectable change in fluorescence intensity up to 72 hours

after the scramble strand was introduced (Fig. S4.7). This sequence dependent response
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demonstrates that the release of double stranded mir-34a is triggerable and controllable, a very

desirable aspect for a nanoscale device.

4.3 Structural analysis of capture-enabled co-crystals by X-ray diffraction

4.3.1 Benefits of XRD studies

The periodicity of CCl is a defining feature that distinguishes it from other nucleic acid
capture systems and enables high-precision structural characterization by X-ray diffraction.
Because the 15-nt tails are incorporated uniformly throughout the lattice, this structural feature is
repeated with crystallographic regularity. As a result, XRD provides a powerful means of
assessing how crystals are assembling as we incorporate new, complex modalities such as the
capture tails. Described here are XRD data of the DNA and RNA capture crystals with 15-nt
unpaired ssDNA tails. The data presented here confirms the space group of both DNA and RNA
capture device crystals to be the expected space group 5 (C 121/1 121). We report empty
structures with no guest oligos loaded, as well as a DNA capture crystal loaded with Strand 1 and

an RNA capture crystal loaded with strand 1 mir34a.

4.3.2 Tailed crystals without nucleic acid guests

Achieving the expected crystal packing with long ssDNA tails was a significant
development of the CC1 platform. As discussed in Chapter 2, one copy of RepE54 can bind
ssDNA while it is bound to cognate dsDNA, as part of its biological transcription factor function.
Poly-T content in ssDNA was shown to be preferentially bound by wild type RepE by Wegrzyn,
et al, 2023. (44). By mutating an aromatic surface-accessible amino acid (tyrosine 184) to a

negatively charged amino acid (glutamic acid) we have previously shown that we can prevent
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ssDNA binding with short, all cytosine tails and form CC1 crystals in space group 5.
Importantly, poly-T tails using wild type RepE54 gave new, unexpected packing arrangements of
CC1 building blocks (though still crystalline assemblies), and Y 184E mutant poly-T crystals did
not grow. The DNA capture device anchor strand has 7 thymine out of 15 nucleotides. Despite
this high thymine content, we achieved the correct crystal packing at a resolution of 3.81 A,
demonstrating that the Y 184E mutation is successful at deterring aberrant packing driven by
thymine-content in the anchor strand. The RNA capture device has a lower thymine content, only
one nucleotide, and diffracted to a similar resolution (3.88 A). In both crystal structures, only the
beginnings of the anchor strand were able to be modelled, with two ssDNA nucleotides apparent
in the DNA device and three nucleotides in the RNA device. This is an expected result, as the
ssDNA tail likely has a heterogenous population of poses, as it is loose in the solvent channel
pores. Refinements of structures was done using Phenix, with final structural stats in Table S4.1

and S4.2 (46).

4.3.3 Tailed crystals with nucleic guests

Crystals of each capture modality were soaked with their nucleic acid guest at a
concentration of 100 uM (for the DNA device this was strand 1 and for the RNA device this was
miR-34a, as seen in Fig. 4.1B). XRD on these loaded crystals confirmed the expected space
group, number 5 (I 121/C 121). The loaded DNA device crystal data sets were not suitable for
refinement beyond confirming the expected crystal packing, due to poor resolution (> 6 A). The
guest loaded RNA capture crystal diffracted to a resolution of 4.5 A, suitable to compare how
well resolved the 15-nt tail was, both without and with the nucleic acid guest. The first four

nucleotides of ssDNA (and no bases of the complementary guest strand) were able to be
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modelled when the crystal was soaked with guest ssSRNA (Fig. S4.8). This is in line with the
XRD results of the Seeman and Mao original DNA device paper (5). This indicates that the
anchor tails, both with and without guests loaded, are quite labile in the lattice. Future studies
optimizing the loading conditions of guest strands and improving the resolution could observe

more density corresponding to duplex features with higher occupancy of guest elements.

4.4 Discussion and Conclusions

4.4.1 Porous co-crystals as programmable nucleic acid reservoirs

The results presented in this chapter establish CC1 as a programmable nucleic acid
reservoir crystalline material. The combination of sequence-encoded capture, environmental
stability, and triggerable release enables controlled handling of nucleic acid cargo within a rigid,
porous crystalline framework. Because capture elements are organized throughout the lattice,
CC1 supports high-density, spatially uniform loading post-crystallization. The crystallographic
order and predictable packing arrangement of CC1+10 extends to these tailed variants and is an

example of the level of organization that crystalline materials provide.

A key feature of this system is its modularity. The DNA component of the building block
provides a straightforward route to sequence-programmable installation of capture handles
without altering the underlying lattice architecture. This design principle permits tuning of cargo
identity and release mechanism. As demonstrated here for both DNA and RNA guests, nucleic
acid cargo can be captured from solution, retained under wash conditions, and selectively
released via sequence-specific strand displacement, establishing CC1 as a reusable and

reconfigurable storage platform.
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4.4.2 miR-34a capture and release as a step toward functional cargo

The crosslinking that enables CC1+10 to retain its structure and organization outside of
its growth conditions innovates on the operation of nucleic acid-based devices previously
demonstrated in porous DNA-based crystals (5). We have previously demonstrated that ligation
of the CCl1 platform is tunable, a desirable trait for a drug delivery vehicle (1, 2). Here we have
shown how the stabile lattice of CC1 is able to bind ssSRNA from solution, protect it through
wash steps, and then release dsSRNA on a trigger. This behavior is conceptually related to other
solid or particulate nucleic acid reservoirs, including lipid nanoparticles, polymeric
nanoparticles, hydrogels, and inorganic nanocarriers, that can encapsulate or complex nucleic
acids to improve stability, retention, and triggered or sustained release (47-50). However, CC1
differs from many of these platforms by combining nucleic acid storage with an ordered,
sequence-programmable crystalline lattice that can be adapted through the encoded capture
strand. These properties position protein—-DNA co-crystals as a promising class of crystalline

biomaterials for future nucleic-acid-handling and delivery applications.

4.4.5 Limits and unresolved questions

Structural studies and confocal microscopy can suggest that guest molecules are loading
into CC1 with high occupancy, but to directly quantify the loading and release efficiency more
kinetic studies are required. We are developing a custom cuvette that sequesters a crystal from
the light path of a fluorescence reader, while keeping the crystal in solution contact (Fig. S4.9).
This allows us to take time course measurements of the change in fluorescence of a solution

containing a crystal. Finding the equilibrium concentrations at different starting concentrations
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and how quickly these equilibria are reached will allow us to quantify CC1’s capacity for loading

and release for fluorescently tagged guest molecules.

In this work we show that ligation affords the ability to move crystals from their growth
solutions, that contain building blocks at an equilibrium that sustains the crystal’s formation, and
move them through loading and wash solutions. Further experimentation in varied solutions will

be necessary to realize function for this platform in diverse applications.

4.6 Future directions

The ability to use porous co-crystals as nucleic acid reservoirs has implications in
nanotechnology where the precise spatial arrangement and sequence specificity are desirable for
nanometer scale installation of guest molecules (51-53). As demonstrated in our previous report,
scaffold assisted structural determination is possible using the CC1+10 platform, and observing
the structure of RNA molecules held steady by anchor strands in CC1 would be of interest to
structural biologists (4). Expanding the library of solutions where nucleic acid guests can load,
be protected, and released will increase the likelihood that this technology can be adapted to

biomedical applications, as well as cytocompatibility studies of CC1 in nanoparticle size.
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4.7 Materials and Methods

4.7.1 Protein cloning, expression, purification

Cloning and expression of the protein Replication initiator RepE54 was previously described by
Komori et al. (54). In hopes of disrupting any favorable intermolecular contacts at the ssDNA
binding cleft identified in pdb 8AAN we added a negatively charged side chain. Variant RepE54
(Y184E) was cloned into the pETDuet plasmid (Novagen, Sigma-Aldrich # 71146-3) using
Gibson cloning (Hi-Fi assembly New England Biolabs #E2621L). The protein was
overexpressed with a T7 promoter in E. coli BL21(DE3) competent cells (New England Biolabs
#C2527H). Upon addition of 0.5 mM IPTG, the cells were incubated at 25 °C for 20 h. The cell
pellets were sonicated in lysis buffer (1X PBS, 300 mM NaCl, 25 mM imidazole, pH 7.4) and
applied to HisTrap (HisPurTM Ni-NTA resin, ThermoFisher #88222) equilibrated with HisTrap
buffer (1X PBS, 300 mM NacCl, 25 mM imidazole, pH 7.4). The protein was eluted with 100
mM imidazole in HisTrap buffer. Fractions containing the desired protein were pooled and
further purified at the CSU Histone Source facility with HiLoad Superdex 200 PG column
(Cytiva #28989335). RepE54 variant (Y 184E) was concentrated to 15 mg/mL in CC1 storage
buffer (100 mM sodium citrate pH 6.2, 100 mM KCI, 10 mM MgCa2, and 10% glycerol), flash

frozen in liquid nitrogen, and stored at —80°C.

4.7.2 Duplex annealing and co-crystal complexing

Individual oligomers were synthesized and HPLC purified by Integrated DNA Technologies.
The DNA oligomer sequences used for co-crystallization are listed in Tables S3. Each oligomer
contained the 19-bp iteron sequence TGTGACAAATTGCCCTCAG, but typically also

contained the core 21-bp DNA block used in PDB:1REP from Komori ef al. (54):
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CCTGTGACAAATTGCCCTCAG (omitting a dangling 3’ T). In Table S3, the standard 21-bp
footprint is shaded in gray, and (purposeful) deviations are shaded in cyan. Flanking variable
DNA sequences depended on the expansion scheme and desired sequence. The oligomers were
resuspended in a standardized buffer (henceforth CC1 oligo buffer: 50 mM Tris HCI, 100 mM
KCI, pH 6.7) and combined in equal molar ratio (1:1) with the complementary strand. The
strands were annealed by heating to 94 °C for 2 min and slowly cooling to room temperature
over approximately 60 minutes. The final concentration of all CC1 dsDNA blocks following
duplexing was 4 mM. The scaffold protein and DNA were mixed in a 1.2:1 ratio (440:364 uM,
55 uL total) and were incubated on ice for 30 minutes prior to crystallization via sitting drop

vapor diffusion.

4.7.3 Crystallization

Crystallization trials used CrysChem sitting-drop plates (Hampton Research HR3-159), with 400
uL reservoir solution per well and 4 pL crystallization drops prepared by mixing 2 pL each of
the protein—-DNA complex and reservoir solution directly on the platform; drops were mixed by
gentle pipetting. Plates were sealed immediately after setup and incubated at 25 °C under static
conditions. Crystallization conditions for the porous lattices were 10-80 mM Magnesium
Acetate, 0.3-1.8 M Lithium Sulfate, and 50 mM MES pH 6.5 (or occasionally 50 mM sodium
cacodylate pH 6.5). A detailed list of individual crystals, PDB codes, and corresponding growth
conditions are reported in Table S2. Crystals grew to full size in a range of 24 hours to 30 days
(most often in 1-2 days). Crystal images were taken with a Moticam X5 Plus camera attached to

a Motic SMZ-168 stereozoom microscope.

4.7.4 Crosslinking
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Co-crystals were washed in conditions similar to their growth conditions (0.3-2.0 M Lithium
sulfate, 20-50 mM Magnesium acetate, and 50 mM MES, pH 6.5). The co-crystals were washed
in 200 pL on 9-well glass plates (Hampton) to remove additional protein and DNA monomers.
Note: For EDC ligation it is important to avoid buffers with 1°/2° amines or carboxylic acids. 1-
Ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC) (Advanced Chemtech CAS#:25952-53-8)
was resuspended in the crosslinking solution (1.0 M Lithium sulfate, 50 mM Magnesium acetate,
and 50 mM MES, pH 6.0) to final concentration values of 30-60 mg/mL and used immediately.
The co-crystals were crosslinked in a 200 pL. EDC solution volume overnight (16-24 hrs). The

crosslinking reaction was ended by looping the co-crystals back into the wash solution.

4.7.5 Confocal Microscopy

Crystals loaded with fluorescently labeled nucleic acids were imaged using a Nikon Eclipse Ti
Yokagawa CSU-X1 spinning-disk confocal microscope equipped with an AndoriXon Ultra 879U
EMCCD camera. Fluorescein signal was collected using 488 nm laser excitation and a 515 nm
emission filter. Cy5 signal was collected using 640 nm laser excitation and a 660 nm emission
filter. Cy3 signal was collected using 561 nm laser excitation and 570 nm emission filter. Image

acquisition and processing were performed using Nikon NIS-Elements software.

4.7.6 Guest Loading

Crosslinked co-crystals containing DNA sequences for guest nucleic acid capture were washed at
room temperature to remove components that could interfere with guest nucleic acid binding and
to equilibrate the crystals to the guest loading soak solution (1.2 M Li2SO4, 50 mM Mg(OAc)z,
50 mM MES pH 7.1). Equilibrated crystals were moved to 9 uL fresh buffer solution in a micro-

Insert 4 Well in p-Dish (Ibidi Cat.No:80406). 1 uL of 1 mM guest nucleic acid was added on top
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of the well, for a final guest concentration of 100 uM. The co-crystals sitting in guest loading
solutions were sealed for 24-72 hours to allow guest species to diffuse and reach binding

equilibrium within the crystal lattice.

4.7.7 X-ray Diffraction collection and refinement

Crystals were flash frozen in liquid nitrogen after briefly transferring the crystal to a cryo-
protectant solution (a 1:1 mixture of the reservoir solution and 50% glycerol stock for a final
concentration of 25% glycerol). Single crystal X-Ray diffraction data was collected at APS
beamline 24-IDE (Dectris EIGER2 detector) from 0 to 180° with an omega delta of 0.2° and an
exposure of 0.5 s or 0.25 s. Data was processed with XDS (55) and refined using PHENIX and
COQT (46, 56). The first porous CC1+10 dataset (PDB 9Z08) was refined using newly
generated RFree flags. All subsequent isomorphous structures were refined using the same RFree
flags to preserve a fixed cross-validation benchmark across datasets. Decisions about truncating
the structure factor data were made on a case-by-case basis, jointly considering the following
thresholds CC1/2 > 0.3, mean (I/c(I)) > 1.0, and completeness > 85% as target guidelines for the

highest-resolution shell. Most datasets satisfy all three thresholds in the highest-resolution shell.
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CHAPTER 5: BATCH MICROCRYSTALLIZATION
5.1 Introduction
5.1.1 Motivation for switching to microcrystallization

Vapor-diffusion crystallization exploits differences in precipitant concentration between
the crystallization drop and the reservoir, creating salt and osmotic gradients that gradually
dehydrate the drop and drive nucleation (1, 2). In this format, the timing and extent of nucleation
are governed by the rate at which these gradients develop, as well as by the identities and

concentrations of precipitants and building blocks, in our case, protein-DNA complexes.

(Precipitation)

(Nucleation)

Protein concentration

_ (Metastability)
(Undersaturation)

Precipitant concentration
Figure 5.1: Phase diagram. The trajectory, over time, of protein and precipitant concentration for
vapour diffusion (blue arrow) and batch crystallization (red arrow). From “Porous protein
crystals: synthesis and applications” A. A. Jones and C. D. Snow, Chem. Commun., 2024, 60,
5790 DOI: 10.1039/D4CC00183D. CC BY (1)

As a result, nucleation is typically delayed until suitable supersaturation conditions are
reached, after which a limited number of nuclei form and grow over time. When well optimized,
vapor diffusion sitting drop experiments can yield large, well-ordered crystals that are ideally

suited for X-ray diffraction. For the CC1 platform in particular, crystal growth by vapor diffusion
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can be comparatively rapid, with crystals often appearing within days rather than weeks. As
crystal growth proceeds in this format, however, the number of discrete crystals per well
generally decreases as growth becomes increasingly focused on a small number of dominant
nuclei (1-4).

In contrast, microcrystallization seeks to initiate nucleation immediately by combining
protein, nucleic acid, and precipitant at concentrations designed to place the system directly
within the nucleation zone of the phase diagram (Fig. 5.1) (2). Rather than relying on
time-dependent dehydration to reach supersaturation, batch microcrystallization begins with
conditions that favor rapid and simultaneous nucleation. This shift results in the formation of
many crystals per well, that are significantly smaller than those produced by vapor diffusion. By
minimizing time for growth, reducing crystal size, and increasing the numbers of crystals
formed, microcrystallization provides an ideal method for batch style crystal growth (5, 6).

These differences in growth behavior make microcrystallization particularly attractive for
applications that require bulk production of crystalline biomaterial rather than isolated,
diffraction-quality crystals. Accordingly, transitioning from vapor-diffusion crystal growth to
batch microcrystallization represents a necessary step in adapting protein-DNA co-crystals to
downstream applications. However, producing small crystals alone is not sufficient for materials-
oriented applications. The width of the particle size distribution is also a critical design
parameter because broad or poorly controlled distributions can lead to inconsistent handling,
filtration, sedimentation, diffusion, dosing, and stability outcomes. Therefore, an important goal
of batch microcrystallization is not only to reduce the average crystal size, but also to narrow the

distribution around an application-relevant target size range. In this work, batch uniformity is
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evaluated primarily by microscopy and DLS, with future optimization aimed at reducing
polydispersity through improved control of nucleation, growth time, washing, and filtration.
5.1.2 Role of chemical crosslinking in microcrystal stabilization

As established in earlier chapters, CC1 crystals as grown are vulnerable to dissolution or
structural degradation when removed from their mother liquor. This intrinsic fragility poses a
significant limitation for any application that requires crystal handling, buffer exchange, or
exposure to environments that differ from the original crystallization conditions. Chemical
crosslinking provides a practical strategy for reinforcing the crystal lattice and preserving crystal
integrity under such challenges.

As shown in chapter 3, Carbodiimide-mediated crosslinking using EDC is particularly
well suited for CC1 crystals, as the reaction can be carried out in solutions that closely mimic the
original mother liquor, including comparably high lithium sulfate and magnesium acetate
concentrations and similar pH conditions. Previous work from our laboratory demonstrated that
EDC-crosslinked ipCCl1 crystals grown by vapor diffusion, typically large crystals on the order
of ~100 um in length, survive exposure to biomimetic environments such as lysosomal mimic
solutions, stomach acid mimic, and bovine blood serum (7). In those studies, crosslinking
reactions were performed in optimized buffer systems tailored to the ipCCl1 crystallization
conditions and yielded high ligation efficiencies (8). In Chapter 3 of this work, we examined
how moving from ipCC1 crosslinking protocols to CC1 crosslinking effects ligation yields.

In the present work, this crosslinking strategy is extended to batches of CC1
microcrystals produced by microbatch under-oil crystallization. Compared to larger
vapor-diffusion crystals, microcrystals present additional stabilization challenges due to their

higher surface-area-to-volume ratios and increased susceptibility to dissolution during handling
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and solvent exchange. Applying EDC crosslinking using the established CC1 protocols enables
covalent reinforcement of these microcrystals without requiring extensive modification of the
growth or treatment conditions. Here we show that EDC-crosslinked CC1 microcrystals retain
their structural integrity when transferred into deionized water, bovine blood serum, and low-pH
environments that rapidly destabilize uncrosslinked controls. As such, crosslinking represents a
critical enabling step in adapting CC1 microcrystals for downstream stability testing and
materials-oriented applications (9).

5.2 Development of crystal growth and crosslinking conditions

5.2.1 Batch microcrystallization conditions

Initial crystallization of CC1 was established using sitting-drop vapor diffusion, with
pedestal drops composed of a 1:1 mixture of protein-DNA complex and reservoir solution. The
reservoir condition typically consisted of 1-1.8 M Li>SOs, 20-50 mM magnesium acetate, and
50 mM MES at pH 6.5. Under these conditions, crystal growth was driven by gradual
equilibration of the drop against the reservoir, yielding large, well-formed co-crystals suitable for
structural characterization.

To generate smaller crystals in a reproducible batch format, this condition was
subsequently utilized for microbatch crystallization under oil. In contrast to vapor diffusion,
microbatch crystallization establishes the final crystallization environment immediately within
the drop, allowing more direct control over the concentrations experienced during nucleation and
early growth. Following standard approaches for converting vapor-diffusion conditions to batch
crystallization, the salt concentration was screened beginning at reduced strength relative to the
original reservoir while preserving the same overall chemical components. Protein-DNA

complex concentration was also varied to modulate nucleation density. Under-oil microbatch
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drops reproducibly yielded dense populations of micron-scale co-crystals, with substantially

higher particle numbers per drop than observed in vapor-diffusion experiments (Fig. 5.2).

Figure 5.2: A field of CC1 microcrystals genrted by microbatch under oil crystallization. The
scale bar is 100 um. The sample contains a dense population of optically clear, faceted particles
with sharp edges and uniform crystalline morphology, consistent with microcrystals rather than
amorphous protein precipitate. No diffuse, granular, or cloud-like material characteristic of
nonspecific precipitation is apparent in the surrounding drop.

The under-oil microbatch format provided several practical advantages for this system.
Because drops are under oil and therefore cannot evaporate at an appreciable rate, final
concentrations are highly reproducible, and batch-to-batch variability is reduced. The format also
facilitates the generation of bulk quantities of microcrystalline material within a single plate,
maximizing building blocks to usable crystal yields. Importantly, the resulting microcrystals
retained the characteristic morphology observed for CC1 crystals grown by vapor diffusion,
suggesting that the crystal identity was preserved despite the change in growth format.

Based on these observations, a set of working microbatch conditions was selected that

consistently produced high densities of microcrystals with minimal amorphous precipitation. At
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this stage, condition selection was based primarily on visual assessment of crystal density,
morphology, and gross size heterogeneity. However, for future biomaterials applications, the
target is not simply high microcrystal yield, but a narrow and reproducible particle size
distribution. Future optimization should therefore quantify distribution width directly, for
example by reporting DLS polydispersity index, coefficient of variation, or distribution span
across independently prepared batches.

Starting with a protein-DNA complex at 9.4 mg/mL after complexing RepE54 and DNA
variant at a 1:1.2 molar ratio we screened final drop concentrations from 3.5-5.5 mg/mL, with
microcrystals observed at all these concentrations and no obvious trend in size/quality dependent
on ending complex concentration. A salt stock was made for screening precipitant concentrations
while maintaining conditions comparable to vapor diffusion. 100% salt stock consisted of 1.3 M
Li2S04, 65 mM MgAc, and 50 mM MES pH 6.5, and final drop salt concentrations were
screened from 20-45%, with water used to dilute. Similarly to the complex concentration
gradient, all the salt percentages screened were fruitful and no obvious correlation was observed
between size/quality and final salt concentration. Final well volumes ranged from 2-4 pL, with
smaller drop sizes nucleating more quickly. All drops were covered with 14 pL of heavy oil, and
microcrystals were observed on the order of hours to days.

5.2.2 Chemical crosslinking of batch-produced microcrystals

As established in our previous report, chemical crosslinking with EDC is sufficient to
allow CCl to persist in solutions outside of mother liquor (7-9). In this work we have shown that
EDC ligation yields are tunable dependent on the number of sticky base overhangs and
phosphate location (3’ vs 5°). This control over dissolution timing is a desirable characteristic for

a biomaterial. Here we report a protocol for crosslinking microbatches of CC1 with EDC.
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EDC crosslinking buffer consisted of 1 M Li2SO4, 50 mM Mg(OAc),, and 50 mM MES
pH 6.0. This buffer is comparable to mother liquor growth conditions, with a lower pH to assist
in the reactivity of the phosphate group. The buffer was supplemented with EDC dissolved to a
final concentration of 30 mg/mL, and 200 pL of this was added to a well on a separate glass
plate. Crystals were pipetted out of the well (slowly - to prevent mechanical damage to the
microcrystals), avoiding the oil drop, and transferred to the crosslinking bath. The microbatch
was left in the crosslinking bath for 12 hours. After 12 hours, some protein precipitation was
observed above the settled microcrystal batch, but the opaque cloud remained visually
distinguishable from the crystals. The microcrystals settled to the bottom of the well, while the
precipitation floated above. The crosslinking bath was pipetted off, removing the precipitated
protein but leaving the microcrystals in a minimal amount of remaining buffer. A new solution of
30 mg/mL EDC crosslinking bath was added on top and left for 12 hours. After two doses of
EDC, crystals were ready for stability testing and batch characterization.

5.3. Batch characterization and stability testing
5.3.1 Batch characterization

Dynamic light scattering (DLS) measures temporal fluctuations in scattered light from
Brownian motion to estimate a hydrodynamic particle diameter. The most common model
utilized in DLS data analysis assumes that the sample consists of a distribution of spheres and
reports this distribution accordingly. For non-spherical particles such as our microcrystals, this
value represents an average rather than a true physical dimension and is biased toward larger or
more slowly diffusing species. Consequently, DLS measurements of microcrystals are

interpreted with this in mind when assessing batch size distributions and consistency (10-12).

129



To prepare microcrystals for DLS we took a crosslinked batch and washed the crystals to
remove any free building blocks, protein precipitant, and other debris that could skew size
distribution measurements. Microcrystals were pipetted out of the crosslinking bath into a
microcentrifuge tube with deionized water, then pelleted at 2000 x g for 10 minutes. This allows
the crystals to pellet, with any protein precipitant remaining in the supernatant above the crystal
pellet. The deionized water was gently pipetted off the crystals, then replaced with fresh water to
resuspend the crystals. This process was repeated five times to ensure all non-crystalline material
was removed.

We used filtration to selectively size the particles. Because DLS is strongly biased toward
larger particles, even minor populations of oversized crystals or aggregates can dominate the
scattering signal, making prefiltration useful before measurement. In practice, filter selection
must also account for non-ideal membrane retention behavior and clogging, since pore-size
ratings do not act as perfectly sharp size cutoffs. Accordingly, a pore size (1.5 um) somewhat
larger than the target particle population (sub-micron) was chosen to reduce loss of borderline

particles while still excluding larger contaminants.
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Figure 5.3 Batch characterization using dynamic light scattering. Three separate measurements
are displayed in three different colors (red, blue, green). All three measurements show a peak
below 1 nm (smaller than a single crystal building block) and a peak at an average diameter of
310 nm + 40 nm.

Size selection reduces the influence of rare large particles or aggregates on DLS
measurements while also demonstrating that microcrystal batches can be enriched for defined
size ranges by selective filtration. DLS analysis of the filtered batch showed a primary crystal-
associated population centered at 310 nm with an apparent standard deviation of = 40 nm.
However, the instrument-reported polydispersity index (PDI) was 0.411, indicating that the
overall sample remained polydisperse despite filtration. This elevated PDI is likely influenced by
the secondary peak below 1 nm, that is smaller than an intact CC1 crystal building block and is
therefore more consistent with soluble species, small contaminants, or scattering artifacts than
with microcrystals. Thus, the + 40 nm value describes the apparent width of the primary size

population, whereas the PDI reflects the broader heterogeneity of the full measured sample.

Future optimization should aim to reduce both the width of the crystal-associated population and
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the contribution of secondary peaks, with a near-term target of PDI < 0.2 and a more stringent
long-term target approaching PDI < 0.1 for highly uniform formulations. (13-15).

An aliquot of crystals from this batch were saved and imaged using scanning electron
microscopy (SEM). SEM allows us to visualize crystals too small to be resolved via light
microscopy, and confirms that crosslinked, washed, and filtered crystals maintained their
structural integrity throughout sample prep (16). The aliquot was pipetted onto an aluminum
stub, allowed to dehydrate, then coated with gold prior to SEM imaging. Coinciding with the
DLS results, SEM imaging revealed that there was remaining salt in the washed microcrystal
batches that obscured protein-DNA microcrystals from imaging due to salt crystal formation
during dehydration prior to SEM imaging. Diluting the sample 1:100 with deionized water
reduced the salt crystal population but made the protein-DNA microcrystal population sparse in
the image field. A protein-DNA crystal of dimensions 0.86 pm x 1.6 um was observed to be well
formed and structurally sound, with facet morphology analogous to large, vapor-diffusion grown
CCI1 crystals (Fig. 5.4). As wash protocols for CC1 microcrystals develop, DLS and SEM
become even more viable methods for characterizing batches and ensuring wash and filtration

are not mechanically disrupting the crystal structure.
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Figure 5.4 SEM image of a protein-DNA microcrystal after crosslinking, washing, filtration, and
dilution in deionized water. The dimensions of the crystal are listed, with the facets of the crystal
visible and analogous to large protein-DNA co-crystals.

5.3.2 Stability of microcrystals under biomimetic challenge conditions

For microcrystalline biomaterials to be viable beyond crystallization itself, it is necessary
to evaluate whether these particles can persist outside of their native crystallization buffer. The
previous section demonstrates the stability of CC1 microcrystals after crosslinking in deionized
water, a solution that would typically dissolve noncovalently link microcrystals. Environments
relevant to translational and materials-oriented applications such as acidic conditions and blood
serum present chemical and biological challenges (17, 18). Accordingly, microcrystal stability
under such conditions represents a key metric for assessing the suitability of our microcrystalline
system for storage, handling, and delivery-oriented applications. To observe crystal persistence
in these solutions we used a combination of white light and fluorescence microscopy. For blood
serum tests, microcrystals from the same batch as the DLS and SEM characterization above were
used. For pH trials microcrystals with a fluorescein appended to each building block were used,

allowing us to track persistence using fluorescence microscopy. Fig. 5.5 shows white light
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microscopy imaging of these fluorescein-tagged crystals, with a variety of crystal size

distributions across the plate.

Figure 5.5: Fluorescein-tagged microcrystals grown via microbatch under oil. No clear trend
was observed in the differences between salt and protein-DNA complex concentrations leading
to the size differences between A, B, and C wells, similar to what was observed with non-tagged
microcrystals. A. Crystals are well resolved via white light microscopy with dimensions greater
than 100 um. B. Crystals are smaller, but still resolvable with dimensions ~50 um across. C.
Crystals are too small to be measured accurately, with a granular appearance indicative of
microcrystals and distinct from protein precipitation.

When considering what biomimetic solutions would be relevant for drug delivery
microcrystal, low pH environments are highly relevant. Fasted gastric mimics (a solution
mimicking stomach acid in the absence of food) are typically ~1.6 pH HCI, with slightly higher
pH (up to 1.9) simulating the gastric chamber after eating (18, 19). Here we show the difference
in survival time of microcrystal CC1 tagged with fluorescein in pH 2 HCI. Crystals were
crosslinked and washed using the protocol described above, and crystals not subjected to
crosslinking were treated as a negative control. Initial images were taken with excitation at 488
nm and detection at 515 nm in deionized water for crosslinked crystals, and dilute mother liquor
for non crosslinked (Figure 5.6 A and C), showing the field of microcrystals distinctly. A

solution of pH 2 HCI was pipetted on top of crystals (5:1 acid:wash) and survival of the crystals

was recorded via video. After 30 seconds the uncrosslinked crystals were mostly dissolved, as
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apparent by the disappearance of the fluorescent signal as the crystal building blocks come apart
and diffuse away (Fig. 5.6 C). In comparison, after 5 minutes crosslinked crystals were still

apparent with a strong fluorescent signal persisting (Fig.5.6 D).

not crosslinked

crosslinked

Figure 5.6 Crosslinked vs non crosslinked crystals in pH 2 HCI solution. A. Crystals at time 0 in
0.9 M Li2SO4, 15 mM Mg(OAc)2, and 15 mM MES pH 6.0 were imaged using a 488 nm
excitation and 515 nm emission filter. B. After addition (5:1 acid:wash volume) of pH 2 HCI
crystals rapidly dissolved, with fluorescent building blocks diffusing away and becoming
indistinguishable from background fluorescence. C. Crosslinked crystals at time 0 in deionized
water. D. After addition (5:1 acid:wash volume) of pH 2 HCI, crystals remained intact with a
strong fluorescent signal.
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Blood serum presents a particularly relevant challenge for microcrystals, as the
circulatory system is a common route for the delivery and transport of therapeutic materials (19).
While serum is not a complete mimic of whole blood because it lacks blood cells and clotting
factors, it provides a protein-rich, physiologically relevant medium containing soluble proteins,
salts, and biomolecular components that can adsorb to particle surfaces, alter colloidal behavior,
and promote destabilization or aggregation. (17, 18, 20). Proteases, binding proteins, and ionic
fluctuations within serum can promote crystal dissolution, especially for particles stabilized
primarily by noncovalent interactions (21, 22). As such, evaluating microcrystal stability both
crosslinked and non-crosslinked in serum provides an important assessment of whether these
materials can withstand physiologically relevant conditions encountered during potential
delivery or circulation.

We utilized microcrystals lacking a fluorescent tag from the same batch used for DLS
characterization to evaluate serum stability by white-light microscopy. Non-crosslinked crystals
were first transferred into a mother liquor mimic and imaged prior to serum exposure. Upon
addition of bovine blood serum, these crystals dissolved within minutes, indicating rapid
destabilization in a complex biological environment. In contrast, crosslinked microcrystals in
deionized water prior to serum exposure remained intact after the addition of bovine blood
serum, with no observable dissolution over two weeks (Fig. 5.7). This side-by-side comparison
highlights the critical role of chemical crosslinking in preserving microcrystal integrity under

serum challenge conditions.
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not crosslinked
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Figure 5.7: Crosslinked vs non crosslinked crystals in bovine blood serum. A. Crystals at time 0
in 0.9 M Li2SO4, 15 mM Mg(OAc)2, and 15 mM MES pH 6.0 B. After addition of bovine blood
serum crystals rapidly dissolved. C. Crosslinked crystals at time 0 in deionized water. D. After
addition of bovine blood serum, crystals remained intact up to two weeks.
5.4 Discussion and conclusion
5.4.1 Translating co-crystals to materials with biomedical potential

Here we demonstrate that CC1 protein—~DNA co-crystals can be reproducibly transitioned
from a vapor-diffusion crystallization format to a batch microcrystalline material while retaining
crystal identity and structural integrity. By adapting established crystallization conditions to an
under-oil microbatch format, dense populations of micron-scale crystals were generated in a
reproducible and scalable manner. These results establish a practical framework for producing
CCl1 in quantities and sizes that are compatible with materials-oriented characterization and
downstream testing.

Chemical crosslinking is an essential enabling step for stabilizing CC1 microcrystals

outside of their growth solution. EDC crosslinking preserved microcrystal integrity under a range
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of destabilizing conditions, including exposure to deionized water, acidic environments, and
bovine blood serum. In contrast, non-crosslinked microcrystals rapidly dissolved under identical
challenges. This underscores the central role of covalent lattice reinforcement in converting
protein-DNA co-crystals from biomolecular assemblies into mechanically robust
microcrystalline materials.
5.4.2 Barriers remaining to wide adoption of co-crystals

Despite the advances demonstrated in this chapter, several challenges remain between the
growth of stabilized CC1 microcrystals and their practical adaptation for use in biomedical
applications. A major remaining target is improved control over distribution width. The filtered
batch characterized here had an instrument-reported DLS PDI of 0.411, indicating that the full
sample remained polydisperse even though a primary crystal-associated population was enriched
near 310 nm. Future process development should aim to reduce the PDI toward < 0.2 as an initial
formulation target and ultimately toward < 0.1 for applications requiring highly uniform particle
behavior. While batch microcrystallization and chemical crosslinking enable the production of
robust microcrystalline material, control over particle size distributions and physical
heterogeneity remains limited, that may complicate reproducibility and application-specific
optimization. In addition, although crosslinking confers substantial resistance to dilution, pH
extremes, and serum exposure, the breadth of crosslinking tunability and cytocompatibility have
yet to be fully explored (23). Scalability of handling and processing strategies, including
washing, filtration, and storage protocols that preserve crystal integrity while minimizing loss or
aggregation will need to be addressed. Considering these challenges will be essential for

transitioning protein-DNA microcrystals to translational applications.
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CHAPTER 6: SUMMARY OF FINDINGS AND FUTURE DIRECTIONS FOR PROTEIN-
DNA CO-CRYSTALS AS FUNCTIONAL NANOPARTICLES

The work presented in this dissertation characterizes a biomaterial that combines the
atomic precision of protein crystallography with the modular programmability of DNA
nanotechnology. Across the preceding chapters, we show optimization of the protein-DNA co-
crystal CC1 platform through probing the limits of modularity, exploring chemical and
enzymatic ligation, and adapting CC1 for nucleic acid capture and release. This work
collectively advances knowledge of the viability of CC1 in downstream applications. The result
is a platform that is not only structurally well-defined but also capable of selective nucleic-acid
capture, stabilization, and programmable release. These capabilities position CC1 as a versatile
foundation for future work in structural biology, biosensing, and therapeutic delivery.

The first major contribution in Chapter 2 of this dissertation was the demonstration that
the DNA component of the co-crystal lattice can be extensively modified without disrupting
crystallinity. By incorporating non-canonical nucleobases, alternative backbone chemistries, and
engineered secondary structures, I showed that the lattice tolerates a plethora of chemical and
structural diversity. This finding is significant because it establishes CC1 as a programmable
scaffold in which DNA motifs of interest for different fields can be installed with spatial
precision. We show that fluorescent tags for real time crystal observation via fluorescence
microscopy are well-tolerated. We show, using the CC1 system, DNA-binding proteins bound to
common DNA imperfections (base mismatch, bulge, deamination) and a DNA:RNA helix, that
will be of particular interest to structural biologists who are looking to observe these motifs. The
modularity with which we incorporated ssDNA tails suggests that the platform can be adapted to

host a wide range of functional DNA elements, aptamers, catalytic motifs, sensors, and more,
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opening the door to applications that require sequence-specific recognition or molecular sensing.
The ability to engineer DNA within a rigid protein framework also provides a unique opportunity
to explore how DNA structure behaves under crystallographic constraints, potentially revealing
new principles of nucleic-acid organization.

Chapter 3 demonstrates further optimization of stabilization strategies to help overcome
one of the central limitations of DNA-containing crystalline materials: their fragility in varied
environments. One of the breakthrough applications of CCl1 is in scaffold-assisted structural
biology, where the protein-DNA lattice serves as a template for organizing DNA-binding
proteins for structural observation. The innovation that has underpinned CC1’s ability to function
as this scaffold is the chemical ligation step - that fortifies CC1 outside of mother liquor and
within solution conditions that allow guest protein binding. To expand the library of solutions in
which CC1 can maintain structural integrity sufficient to allow high resolution X-ray diffraction
data we have explored upping the yields of ligation. These studies show intracrystalline
enzymatic ligation and then enzymatic, selective degradation of the lattice. A future co-crystal
that is covalently reinforced at all three interfaces, protein—protein, protein—-DNA, and DNA—
DNA, would serve as a tunable, fully covalent, porous co-crystal with exceptional environmental
resilience. The implications extend beyond structural support for scaffolded structural biology.
By showing dynamic processes carried out by enzymes within the crystal, we advance the
nanotechnology branch of CC1’s applications. If the ligase and endonuclease activity
demonstrated here are balanced so that building blocks of the crystal could be selectively
replaced, we could imagine CCl1 as a living biomaterial that could be reconstructed at will.

The contribution of Chapter 4 of this dissertation was the demonstration that porous

protein-DNA co-crystals can selectively capture nucleic acids from solution, store them within
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the lattice, and release them in response to specific molecular triggers. Using toehold-mediated
strand displacement, I showed that guest nucleic acids can be loaded into the pores and
subsequently released with high specificity. This establishes the co-crystal as a responsive
biomaterial capable of dynamic cargo exchange. The ability to load and unload nucleic acids in a
controlled manner is a desirable trait in crystalline materials and suggests several future
applications. In biosensing, the co-crystal could act as a molecular sieve that captures target
sequences from complex environments and releases them only upon detection of a specific
trigger. In therapeutic delivery, the lattice could protect fragile nucleic acids from degradation
and release them in response to intracellular cues. In fundamental biophysics, the system
provides a controlled environment for studying nucleic-acid interactions under confinement. For
nanotechnology, the precise display of sequence specific anchors allows for anchoring of DNA
nanotech, small molecules, and enzymes. This manuscript discusses how RepE54 has been
shown to bind poly-T ssDNA simultaneous to its cognate dSDNA, as discussed in Wegryzn, et
al., 2023. In pursuit of nucleic acid capture, we explored whether this binding cleft could capture
ssDNA once the target porous CC1 lattice was formed (Fig. 6.1). While the poly-T ssDNA
appeared to bind specifically, we didn’t achieve high enough occupancy to observe this binding
via XRD. Still, combining this binding modality with the tailed crystals, one could dual anchor a
nucleic acid guest. These could potentially be an RNA molecule whose secondary structure was
of interest for scaffold assisted structural biology, or an aptamer that spans across the solvent
channel pore. Future work exploring multi-anchor installations could make use of the work

presented here.
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Figure 6.1: Poly-T tails specifically bind RepE54. Crystal structure from pdb 8 AAN shown in
D. All oligos were added a final concentration of 10 mM in 1.2 M Li,SO4, 50 mM Mg(OAc),, 50
mM MES pH 7.1. Sister crystals with no pendant tail, A-C., were soaked with various ssDNA
with fluorophores (E-G). ssDNA with no thymine content shows no binding by RepE54
(H,LL,M). Poly-T ssDNA tagged with Cy5 binds over 90 min (J, N). Edge-in loading shown
with contrast adjusting (K,O).

Chapter 5 contributes to the development of a batch microcrystallization protocol and
characterization of the stability of these batches post-chemical ligation. This report addresses
practical challenges that limit the use of crystalline biomaterials outside of structural biology. By
enabling reproducible production of co-crystals at scale and providing a straightforward method
for characterizing these batches, these advances make the platform more accessible for

translational research. As the field moves toward adaptation of CC1 for nanotech, scalable and

reproducible manufacturing will be essential.
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Looking forward, several promising research directions emerge from this work. One of
the most compelling is the use of protein—-DNA co-crystals as scaffolds for structural biology.
Because the lattice diffracts to 3 A resolution and contains programmable DNA binding sites, it
offers a unique opportunity to organize nucleic-acid-binding proteins, RNAs, or small molecules
within a pre-formed crystalline framework. This approach enables structural studies of molecules
that are difficult to crystallize independently, such as transient complexes, and regulatory RNAs.
Even more exciting is the possibility to observe subtle changes in the interaction between
proteins and the CC1 scaffold in a bevy of different solution conditions, something impossible to
do with traditional crystallography. The modularity of the DNA component means that binding
sites can be installed with precision, allowing the scaffold to be adapted to a wide range of
targets. As I move into postdoctoral work, I am particularly excited about the possibility of using
this platform to capture RNA molecules for structural study, a particular sect of crystallography
that has been desperate for innovation. The ability to position these structures within a rigid,
high-resolution scaffold could reveal structural features that are otherwise inaccessible.

Another promising direction lies in biosensing and molecular sieving. The porous
architecture of the co-crystal, combined with its programmable DNA elements, makes it an
attractive candidate for sequence-specific capture of environmental nucleic acids, metabolites, or
small molecules. The lattice could be engineered to respond to specific molecular cues, enabling
controlled release or signal amplification. If a small molecule is installed on the DNA struts of
CCl1, we can bind aptamers within the large solvent channel pores. As demonstrated in Chapter
2, modified nucleotides containing bulky additions are well tolerated. Because the co-crystal is
structurally well-defined, it also provides a unique environment for studying how molecules

diffuse, bind, and react within confined spaces. These properties could be leveraged for
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environmental monitoring, diagnostic assays, or catalytic applications.

A third direction involves therapeutic delivery. The enhanced stability achieved through
ligation strategies suggests that protein-DNA co-crystals may eventually be suitable for in vivo
use. Their ability to protect nucleic acids from degradation, combined with programmable
release mechanisms, makes them attractive candidates for delivering therapeutic
oligonucleotides, gene-editing components, or RNA-based drugs such as mir-34a. Before such
applications can be realized, it will be essential to evaluate cytotoxicity, biodistribution, immune
interactions, and clearance pathways. Surface modifications may be needed to improve
biocompatibility or target specific tissues, of which the protein aspects of the co-crystal would be
a good starting point. Nonetheless, the structural precision of the co-crystal offers a level of
control that is difficult to achieve with amorphous nanoparticles.

Finally, advances in computational design, particularly tools capable of modeling
protein—DNA interfaces and chemically modified nucleic acid, will accelerate the development
of next-generation co-crystals. As structure prediction algorithms continue to improve, it will
become possible to design new protein scaffolds with tailored pore geometries, engineer
multi-component lattices with hierarchical organization, and incorporate synthetic nucleic acids
with expanded chemical functionality. These tools will broaden the design space and enable
increasingly sophisticated architectures with precisely engineered pore environments,
guest-binding sites, and responsive behaviors. Additionally, with the advent of scaffold-assisted
structural biology using the CC1 platform, generation of XRD structural information will
become higher throughput. As the training set of determined structures grows, so too does the
accuracy of prediction models.

In summary, this dissertation establishes protein-DNA co-crystals as a versatile and
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engineerable biomaterial platform with broad potential impact. By demonstrating modular DNA
engineering, lattice stabilization, programmable nucleic-acid capture and release, and scalable
production, I have laid the groundwork for a new class of crystalline nanoparticles that combine
structural precision with functional adaptability. The future of this platform is rich with
possibility, and the work presented here represents only the beginning of what protein—-DNA

co-crystals may ultimately achieve.
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Space Group: P 41212

Supplementary Figure 2.1: Alternative crystal packing with short poly-T ssDNA tail. A. When a six nt
poly-T tail is added to the end of an asymmetrically expanded building block, crystal packing shifts to
allow poly-T:RepE54 binding (B, shown in magenta) while maintaining DNA:DNA stacking and one of
the protein:protein contacts observed in CC1. C. When a six nt poly-T tail is added directly under
RepES54’s binding sequence, crystal packing shifts to allow poly-T:RepE54 binding (D, shown in
magenta) while maintaining DNA:DNA stacking and one of the protein:protein contacts observed in CCI1.
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Supplementary Figure 2.2: Purification of Y 184E mutant of RepE54. SDS-PAGE of RepE54 mutant

Y 184 heparin column purification. RepE54 WT in lane 1. Flowthrough of heparin column in lane Lane 7
is the elution fraction showing strong oligomerization of Y184E despite the denaturing conditions of the
SDS-PAGE, a phenomenon common when expressing WT RepE54 (18).
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Supplementary Figure 2.3: 2-adenine bulge CC1*'°, A. Schematic of DNA design, with the bulge placed
within the asymmetric expansion region. B. and C. Composite 2Fo—Fc maps contoured at 16 and Fo—Fc
maps contoured at 3c. B. Shows refinement with canonical asymmetric CC1*'°, with unmodelled density
positioned at the bulge inclusion. C. Refinement with 2-adenine bulge modelled in, fitting the density
map more accurately than B. D. White light microscopy of 2-adenine bulge crystal. Scale bar is 100 um.
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Supplemental Figure 2.4: CC1"'"° with TAMRA appended to each building block. A) CC1"'* building
block showing symmetric expansion and and pendant TAMRA B) Internal thymidine modification
showing flexible linker and TAMRA moiety. C) White light microscopy, scale bar is 100 pum. B. 561 nm
laser at 3% showing uniform fluorescence in one plane. D) Volume view of emission in all planes of the
crystal shown in D. This phenomena of emission only in the lower planes is explored extensively in our
previous work (18). Briefly, our confocal microscope excites fluors from the microscope slide up through
the z-plane, and the high local concentration of fluors leads to extinction as the excitation plane advances
through the crystal volume. This leads to bright emission along the planes closest to the microscope slide
and along overhangs which have minimal extinction.
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PT CC1+10

Supplementary Figure 2.5: Comparison of ipCCl1 interfacial magnesium placement and
phosphorothioate modifications. A. In dark grey are (pdb 7U6K) and symmetry mate, in green are
magnesium ions. B. In white are PT modified CC1°'° and symmetry mate, shown in sticks and colored by
element are the phosphorothioate modifications.
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Supplementary Figure 2.6. Overlay of the crystallographic fluorescein dimer (gray) with the lowest-
RMSD conformer from the AIMNET2-ranked conformational ensemble (teal; RMSD = 1.89 A over the
50 shared heavy atoms of the two fluorescein cores), supporting the conformational plausibility of the X-

ray-derived dimer pose.
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Table S2.1. X-ray diffraction statistics for CC1*'* with dU:dT bond

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

36WP

Synchrotron

1

46.8 -3.35(3.44 -3.35)

1121

73.79 127.95 136.57
90.00 91.10 90.00
19669 (4007)
3.4(3.5)
99.2 (98.5)
3.5(0.4)
121.85
0.136 (1.942)
0.200 (610)
0.107 (1.375)
0.999 (0.591)

18338 (1311)
1831 (128)
0.2672 (0.4531)
0.2808 (0.4993)
3094
3093
1
0
221
0.008
0.93
97.21
33
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Ramachandran outliers (%) 0.47

Rotamer outliers (%) 1.03
Clashscore 7.36
Average B-factor 141.07
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Table S2.2 X-ray diffraction statistics for CC1*!° with a pendant fluorescein and G:G mismatch

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

36NQ

Synchrotron

1

39.8 -3.25(3.34 -3.25)

1121

74301 125.041 133.964
90 90.05 90
54514 (522)

3.4(3.6)
96.94 (94.82)

4.6 (0.5)

133.88
0.085 (071)
0.130 (998)
0.070 (1.570)
0.996 (0.524)

18782 (1410)
1876 (128)
0.2471 (0.4150)
0.2928 (0.4439)
2993
2954
39
0
223
0.017
1.42
98.62
0.92
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Ramachandran outliers (%) 0.46

Rotamer outliers (%) 0.63
Clashscore 8.15
Average B-factor 238.28
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Table S2.3. X-ray diffraction statistics for CC1*!* with 2-adenine bulge

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

Synchrotron
1
70.55-4.1(4.32 -4.1)
C121

156.852 121.785 75.238
90 115.9 90
12415 (1733)

7.0 (7.1)
96.09 (83.52)
4.32(0.14)
266.27
0.1714 (1.249)
0.1856 (1.339)
0.07016 (0.4816)
0.997 (0.0876)

9686 (1191)
985 (119)
0.2987 (0.6292)
0.3092 (0.6669)
2930
2929
1
0
220
0.025
0.97
97.66
1.87
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Ramachandran outliers (%) 0.47

Rotamer outliers (%) 0
Clashscore 14.32
Average B-factor 365.8
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Table S2.4. X-ray diffraction statistics for CC1*!* with a pendant TAMRA

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

Synchrotron

1

06.98 -4.118 (4.53 -4.12)

1222

73.636 127.97 133.965

90 90 90
5126 (1239)
3.6 (3.8)
99.48 (99.36)
3.97 (1.25)
126.56
0.8992 (1.072)
0.9367 (1.116)
0.2588 (0.3057)
0.8 (0.258)

5125 (1239)
515 (123)
0.2779 (0.3680)
0.2913 (0.3746)
3112
3111
1
0
221
0.004
0.70
97.62
38
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Ramachandran outliers (%) 0

Rotamer outliers (%) 0
Clashscore 9.45
Average B-factor 141.74
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Table S2.5. X-ray diffraction statistics for CC1+12 with 12 bases of RNA:DNA hybrid

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

Synchrotron
1

47.77 -3.66 (3.79 -3.66)

1121

73.9 13915 130.771
90 95.36 90
13688 (3270)

3.5(3.5)
98.3 (98.9)

9.2(1.0)

176.41
0.050 (1.460)
0.078 (1.888)
0.041 (0.995)
0.994 (0.378)

13635 (1372)
1358 (140)
0.2786 (0.4195)
0.2867 (0.4228)
2824
2822
2
0
208
0.006
0.84
96.46
3.03
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Ramachandran outliers (%) 0.51

Rotamer outliers (%) 1.68
Clashscore 7.38
Average B-factor 247.63
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Table S2.6. X-ray diffraction statistics for CC1*'? with phosphorothioate backbone modifications

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

360W

Synchrotron
1

46.02 -3.14 (3.28 -3.14)

1222

73.215 128.63 131.758
90 90 90
11160 (1370)
6.7(7.1)
99.47 (99.93)
3.8(1.6)
67.73
0.328 (1.082)
0.384 (1.260)
0.148 (0.469)
0.960 (0.672)

11160 (1370)
1116 (142)
0.2770 (0.3693)
0.3136 (0.4155)
2908
2781
127
0
209
0.003
0.74
96.52
3.48
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Ramachandran outliers (%) 0

Rotamer outliers (%) 0
Clashscore 4.36
Average B-factor 87.70
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Table S2.7. X-ray diffraction statistics for CC1*'? with central C4 tail

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

Synchrotron
1
65.75 -3.9(4.08 -3.9)
1121

74.681 130.518 131.499
90 90.45 90
11549 (1691)

1.0 (1.0)
96.87 (85.17)
32 (0.99)
157.94
0.282 (2080)
0.309 (18.211)
0.089 (4.872)
0.988 (0.517)

11217 (1218)
1122 (134)
0.2521 (0.5832)
0.2991 (0.5778)
3081
3079
2
0
226
0.005
0.81
96.85
70
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Ramachandran outliers (%) 0.45

Rotamer outliers (%) 0
Clashscore 13.71
Average B-factor 280.40
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Table S2.8. X-ray diffraction statistics for CC1*!? with central C4 tail and FAM-AAGGG guest

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

Synchrotron

1

67.69 -4.15(4.37 -4.15)

C121

154.097 126.7 73.816
90 118.54 90
9409 (2665)

6.8 (6.9)
98.53 (99.26)
10 (0)
235.04
0.087 (1.016)
0.104 (1.201)
0.041 (0.453)
0.972 (0.814)

9365 (1346)
958 (130)
0.2432 (0.3986)
0.2512 (0.4635)
3081
3079
2
0
226
0.005
0.78
97.30
70
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Ramachandran outliers (%) 0

Rotamer outliers (%) 0
Clashscore 7.32
Average B-factor 284.52
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Table S2.9. X-ray diffraction statistics for CC1*'* with end C4 tail

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

360T

Synchrotron
1
45.7 -3.4(3.5 -3.4)
1121

73.24 117.288 144.284
90 93.89 90
16527 (1413)
3.5(3.6)
98.1 (98.88)
55(0.7)
1351
0.080 (1.639)
0.124 (198)
0.067 (1.149)
0.994 (0.267)

16527 (1413)
1666 (146)
0.2535 (0.4205)
0.2874 (0.4546)
2919
2917
2
0
221
0.004
0.70
95.81
4.19
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Ramachandran outliers (%) 0

Rotamer outliers (%) 0
Clashscore 9.57
Average B-factor 191.13
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Table S2.10. X-ray diffraction statistics for CC1*'* with end C4 tail and FAM-AAGGG guest

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a, b, c(A)

a, B,y (°)

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

Synchrotron
1
71.4 -4.6 (4.98 -4.6)
C121

154.762 123.085 73.496
90 112.72 90
13020 (2573)

7.0 (6.9)
98.96 (97.37)
4.28 (0.30)
243.42
0.3149 (3.589)
0.343 (3.877)
0.1335 (1.453)
0.875 (0.19)

6979 (1369)
702 (135)
0.2129 (0.2930)
0.2512 (0.3501)
3011
3010
1
0
217
0.004
0.66
98.10
1.90
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Ramachandran outliers (%) 0

Rotamer outliers (%) 0.59
Clashscore 7.35
Average B-factor 262.79
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Table S2.11. X-ray diffraction statistics for CC1*!* with end 6-nt poly-T tail

PDB code
Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)

Synchrotron

1

49.1 -4.0 (4.21 -4.0)

C2221

12572 15712 128.219

90 90 90
21142 (3767)
13.6 (14.4)
99.8 (99.4)
7.9 (0.8)
193.09
0.168 (3.619)
0.181 (3.878)
0.049 (1.015)
0.998 (0.694)

10477 (1473)
997 (141)
0.2696 (0.3430)
0.3127 (0.4468)
2950
2949
1
0
216
0.005
0.78
95.71
333
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Ramachandran outliers (%) 0.95

Rotamer outliers (%) 0
Clashscore 147
Average B-factor 259.68
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Table S2.12 X-ray diffraction statistics for CC1!? with central 6-nt poly-T tail
PDB code

Data collection
Light source Synchrotron
Wavelength (A) 1
Resolution Range (A) 49.24 -4.5(4.85 -4.5)
Space group P41212

Unit cell dimensions

a,b,c(A) 98.476 98.476 233.019
a, B,y (®) 909090
Unique reflections 12560 (3472)
Multiplicity 18 (13.0)
Completeness (%) 99.8 (99.4)
Mean I/sigma(I) 6.3 (1.1)
Wilson B-factor 2224
R-merge 0.221 (397)
R-meas 0.239 (556)
R-pim 0.068 (0.702)
CC1/2 0.999 (0.309)
Refinement
Reflections used in refinement 7299 (1401)
Reflections used for Rfree 731 (140)
R-work 0.2530 (0.2742)
R-free 0.3102 (0.3632)
Number of non-hydrogen atoms 3158
Macromolecules 3157
Ligands 1
Solvent 0
Protein residues 221
RMS (bonds) (A) 0.011
RMS (angles) (°) 1.43
Ramachandran favored (%) 95.35
Ramachandran allowed (%) 3.72
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Ramachandran outliers (%) 0.93

Rotamer outliers (%) 0.53
Clashscore 25.25
Average B-factor 328.53
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Table S2.13. X-ray diffraction statistics for CC1*1° Y184E

PDB code
Data collection

Light source

Wavelength (A)

Resolution Range (A)

Space group

Unit cell dimensions

a,b,c(A)

a, B,y (%)
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CCl12

Refinement

Reflections used in refinement

Reflections used for Rfree

R-work
R-free

Number of non-hydrogen atoms

Macromolecules
Ligands
Solvent

Protein residues

RMS (bonds) (A)

RMS (angles) (°)

Ramachandran favored (%)

Ramachandran allowed (%)

Synchrotron

1

46.01 -3.56 (3.69 -3.56)

1121

73329 129.131 131.221
90 91.83 90
14077 (3418)

3.6 (3.6)
95.8 (97.9)
45(0.7)
150.31
0.097 (1.552)
0.136 (048)
0.072 (1.065)
0.997 (0.290)

14036 (1409)
1383 (140)
0.2491 (0.3998)
0.2868 (0.4563)
2783
2782
1
0
217
0.005
0.80
98.58
1.42
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Ramachandran outliers (%) 0

Rotamer outliers (%) 0
Clashscore 7.12
Average B-factor 219.50
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Table S2.14. Crystallization conditions of ccytiotri2)

PDB Code:

Abbreviations: (pdb code pending

release)

dU.dT
TAMRA
PT
End poly-C
End poly-C with guest
Central poly-T
Y 184E no tail
FAM and mismatch
Central poly-C with guest

End poly-T
Central poly-C
2 adenine bulge

RNA:DNA hybrid

Crystallization Condition:

MgAc2 = magnesium acetate, Mg(CH3COO)2; Li2SO4 = lithium
sulfate; MES = 2-(N-morpholino)ethanesulfonic acid.

10 mM MgAc2, 1.6 M Li2SO4, 50 mM MES pH 6.5
20 mM MgAc2, 1.4 M Li2S04, 50 mM MES pH 6.5
20 mM MgAc2, 1.8 M Li2SO4, 50 mM MES pH 6.5
30 mM MgAc2, 1.2 M Li2SO4, 50 mM MES pH 6.5
30 mM MgAc2, 1.2 M Li2SO4, 50 mM MES pH 6.5
30 mM MgAc2, 1.3 M Li2SO4, 50 mM MES pH 6.5
30 mM MgAc2, 1.6 M Li2SO4, 50 mM MES pH 6.5
30 mM MgAc2, 1.6 M Li2SO4, 50 mM MES pH 6.5
40 mM MgAc2, 1.2 M Li2SO4, 50 mM MES pH 6.5
40 mM MgAc2, 1.2 M Li2SO4, 50 mM MES pH 6.5
40 mM MgAc2, 1.2 M Li2SO4, 50 mM MES pH 6.5
40 mM MgAc2, 1.5 M Li2SO4, 50 mM MES pH 6.5

40 mM MgAc2, 1.8 M Li2SO4, 50 mM MES pH 6.5
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Table S2.15. Protein sequences

Protein Name

RepES54 Transcription
Factor

RepES54 variant (Y 184E)

Mutation underlined

Amino Acid Sequence

MRGSHHHHHHGSMAETAVINHKKRKNSPRIVQSNDLTEAAYSLSR
DQKRMLYLFVDQIRKSDGTLQEHDGICEIHVAKYAEIFGLTSAEAS

KDIRQALKSFAGKEVVFYRPEEDAGDEKGYESFPWFIKPAHSPSRG
LYSVHINPYLIPFFIGLOQNRFTQFRLSETKEITNPYAMRLYESLCQYR
KPDGSGIVSLKIDWIIERYQLPQSYQRMPDFRRRFLQVCVNEINSRT
PMRLSYIEKKKGRQTTHIVFSFRDITSMTTG

MRGSHHHHHHGSMAETAVINHKKRKNSPRIVQSNDLTEAAYSLSR
DQKRMLYLFVDQIRKSDGTLQEHDGICEIHVAKYAEIFGLTSAEAS

KDIRQALKSFAGKEVVFYRPEEDAGDEKGYESFPWFIKPAHSPSRG
LYSVHINPYLIPFFIGLONRFTQFRLSETKEITNPYAMRLYESLCQER
KPDGSGIVSLKIDWIIERYQLPQSYQRMPDFRRRFLQVCVNEINSRT
PMRLSYIEKKKGRQTTHIVFSFRDITSMTTG

Hexahistag in blue, mutation underlined.

182



Table S2.16. CC1710 (01 12) oligonucleotide sequences

PDB Code / Purpose ccpt10(r12) pya Sequences
dU:dT 5' - pPGCCCGGTGGACCTGTGACAAATTGCCCTCAG - 3’
Uracil underlined 3’ - GGGCCUCCTGGACACTGTTTAACGGGAGTCCp — 5’7
2-adenine bulge 5’ - PTCCGGGAACCGTCTTGAGGGCAATTTGTCACAG — 3’
Bulge underlined 3" - GCCC GGCAGAACTCCCGTTAAACAGTGTICAG -
5 14
PT 5’ - pGATAACCTGTGACAAATTGCCCTCAGCGCGG - 3
Phosporothioate underlined 3" - CCTATTGGACACTGTTTAACGGGAGTCGCGCp - 57
End poly-C 5’ - pGACTGTGACAAATTGCCCTCAAGACGGCCCG - 3
ssDNA tail underlined 3" - GACACTGTTTAACGGGAGTICTGCCGGGCCEC4E -
5 14
Central poly-T 5' - pGCCGGACCTGTGACAAATTGCCCTCAGCCCG - 3!
ssDNA tail underlined. third strand 3' - GCCTGGACACTGTTTAACGGGAGTCGGGCCGp -
italicized !
TTTTTT
Y184E no tail 5’ - pGACTGTGACAAATTGCCCTCAAGACGGCCCG - 3’

3’ - GACACTGTTTAACGGGAGTTICTGCCGGGCCT - 57

FAM and mismatch 5' - pPGCCGGACCTGTGACAAATTGCCCTCAGCCCG - 3!
G:G mismatch underlined, 3" - GGGCTIGGACACTGTTTAACGGGAGTCGGGCCp - 57

Tuorescein modification underlined
and italicized

TAMRA tagged 5' - pGCCGGACCTGTGACAAATTGCCCTCAGCCCG - 3!
TAMRA modification underlined 3’ - GGCCTGGACACTGTTTAACGGGAGTCGGGCCp - 5
and italicized
Endpoly-T 5’ - pGACTGTGACAAATTGCCCTCAAGACGGCCCG - 37
ssDNA tail underlined 37 -
GACACTGTTTAACGGGAGTHCTGCCGGGCCETTTTTT - 57
Centralpoly-C 5’ - pGCCGGACCTGTGACAAATTGCCCTCAGCCCG - 37
ssDNA tail underlined, third strand 3" - GCCTGGACACTGTTTAACGGGAGTCGGGCCGp - 5'
italicized c4
RNA:DNA hybrid 57 - PGAAGAGAAGCACCCTGTGACAAATTGCCCTCAG 3’
RNA underlined, third strand 3’7 - TTCTCTTCGTGGGACACTGTTTAACGGGAGTCC 57
italicized

183



Table S2.17. Sequences that did not crystallize

Crystal type cc1™0r 1) pNA Sequences
9 nt 1 sb RNA:DNA hybrid 5'" - pGCCGGCGGACCTGTGACAAATTGCCCTCAG — 37
RNA underlined. third strand 3’ - GGCCGCCTGGACACTGTTTAACGGGAGTCCp — 57
italicized

10 nt 1 sb RNA:DNA hybrid 5’ PGAAGAGAAGCCCTGTGACAAATTGCCCTCAG - 37
RNA underlined. third strand 37 - TTCTCTTCGGGACACTGTTTAACGGGAGTCCp - 57

italicized

11 nt 1 sb RNA:DNA hybrid 5’ - pGAAGAGAAGCACCTGTGACAAATTGCCCTCAG - 3’

RNA underlined, third strand 37 - TTCTCTTCGTGGACACTGTTTAACGGGAGTCCp - 57
italicized

12 nt 2 sb RNA:DNA hybrid 5'" - pGAAGAGAAGCACCCTGTGACAAATTGCCCTCAG - 3!

RNA underlined. third strand 3'" - TCTCTTCGTGGGACACTGTTTAACGGGAGTCCT p -
italicized 5!

13 nt 1 sb RNA:DNA hybrid 5" - pGAAGAGAAGCAGGCCTGTGACAAATTGCCCTCAG - 3’

RNA underlined, third strand 3" — TTCTCTTCGTCCGGACACTGTTTAACGGGAGTCCp -
italicized 57

Altered RepE binding sequence 5’ - pGCCGGACCTGTGACTAATAGCCCTCAGCCCG - 37
Sequence change underlined 37 - GGCCTGGACACTGATTATCGGGAGTCGGGCCp - 57
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Table S2.18. x3DNA analysis against average CC1""°

We used the program x3DNA to extract DNA geometry parameters including rise and twist. For our four
new cases here, all had 1-sticky base overhangs, and thus there are two base-pair steps that are interfacial.
For reference, see A. below for parameters (e.g. rise in magenta, and twist in blue) obtained from 8

CC1""° models (PDB 9YZA, 9NCR, 9NBO, 9YZC, 9YZD, 9YZE, 9YZF, and 9YZG) that consist entirely
of canonical base-pairs. twist and rise parameters. We had noted a tendency to slightly overwind DNA at
the interface since the twist exceeds the average value for baseline B-DNA (SF 19).

Crystal Resolution|Average | Rise sticky | Rise sticky |Average Twist sticky | Twist

type (A) rise, non- | interface 1 | interface 2 |[twist non- | interface 1 | sticky
interface | (A) (A) interface (©) interface 2
(A) ) )

dU.dT 3.21 33+£0.1 |33 33 34.6+42 | 379 44.5

G:G 3.25 33+£04 |3.32 3.1 353+6.5 |39.51 33.7

Bulge 4.4 32+03 |39 3.5 342+45 |29 43.9

PT 3.14 33+£02 |33 3.8 3465 49 40.6
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Table S2. 19: x3DNA analysis of CC1"'? against pure DNA CC1"'? strut and RNA:DNA hybrid 479D.
The 11 base pairs (A.) in the non-junction region of the RNA:DNA helix (B.) were analyzed by x3DNA
and compared with B-form CC1 strut and RNA:DNA hybrid 479D values™". The sticky base on the
RNA strand and the preceding RNA:DNA step showed substantial disorder and were excluded from the
calculations. Because this structure was solved at 3.66 A resolution, only robust x3DNA parameters,
including rise, twist, slide, and x-displacement, were used for comparison to avoid overinterpretation of
the model. The CC1"'? strut showed mixed characteristics between the two reference structures: the
average rise was more consistent with CC1"'° geometry, whereas the twist, x-displacment and slide were
more consistent with 479D geometry.

Rise (A) | Helical Twist (°) | Slide (A) X-displacement (A)
479D 3.34+0.17 3241 +£5.57 | —-1.43+£0.27 —3.80+£0.73
9755 3.28+0.14 35.34+5.32 0.48 +1.00 0.31 +1.88
11 bp 3.25+0.17 31.05+4.56 | —-1.36+0.53 —-2.96 £ 1.36
RNA:DNA
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Table S2.20. The five lowest-RMSD conformers from the 46-member AIMNET2-ranked ensemble
relative to the crystallographic fluorescein dimer. Top conformer 44 overlay is shown in SF5.

‘Rank"ConformerHAIMNETZ Energy (Ha)HRMSD (A)‘

1 44 -139.28009 [1.89 |
2 |34 -139.28171 1.94 |
3 J4s -139.27968 12.19 |
4 |16 -139.28469 12.29 |
5 |39 |-139.28145 12.38 |
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APPENDIX II. Supplemental Information for Chapter 3: Enzymatic and Chemical Ligation of

the CC1 Platform

Supplementary Figure 3.1: Enzyme size comparison to CC1+10 and CC1+21 pores
Supplementary Figure 3.2: Densitometry fit for 0 SB 5°P in 2 doses 30 mg/mL EDC
Supplementary Figure 3.3: Densitometry fit for 1 SB 5°P in 2 doses 30 mg/mL EDC
Supplementary Figure 3.4: Densitometry fit for 1 SB 3°P in 2 doses 30 mg/mL EDC
Supplementary Figure 3.5: Densitometry fit for 2 SB 3°P in 2 doses 30 mg/mL EDC
Supplementary Figure 3.6: Densitometry fit for EDC Buffer 1

Supplementary Figure 3.7: Densitometry fit for EDC Buffer 2

Supplementary Figure 3.8: Densitometry fit for EDC Buffer 3

Supplementary Figure 3.9: Densitometry fit for EDC Buffer 4

Supplementary Figure 3.10:
Supplementary Figure 3.11:
Supplementary Figure 3.12:
Supplementary Figure 3.13:
Supplementary Figure 3.14:
Supplementary Figure 3.15:
Supplementary Figure 3.16:
Supplementary Figure 3.17:
Supplementary Figure 3.18:
Supplementary Figure 3.19:
blocks

Supplementary Figure 3.20:

AmeLig expression SDS-PAGE

Splint ligation oligos

GuestScan registers for AmeLig in CC1+10

GuestScan registers for AmeLig in CC1+21

GuestScan registers for Hhal in CC1+10

GuestScan registers for Hhal in CC1+21

Densitometry fit for CC1+21 with EDC

Densitometry fit for CC1+21 with AmeLig

Trace labelled guest soaking with AmeLig and Hhal
AmeLig ligation and Hhal digestion of free solution building

9YZK ligation

Supplementary Table 3.1: Sequences of crystals used in ligation studies
Supplementary Table 3.2: XRD statistics of CC1+10 with Hhal binding site
Supplementary Table 3.3: Crystallization conditions

Supplementary Table 3.4: Protein sequences
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CC1+21

Supplementary Figure 3.1: Enzyme size comparison to CC1+10 and CC1+21 pores. The solvent-
accessible channel in CC1+10 and CC1+21 were estimated MAP_CHANNELS, giving an apparent
diameter of ~5.3 nm and ~8.5 nm (15). Reference circles representing T4 DNA ligase, Hhal, and AmeLig
are shown with approximate diameters of 7, 6, and 6 nm, respectively. Although these diameters are
larger than the CC1+10 pore circle, these values likely overestimate the steric barrier to diffusion because
the enzymes are not rigid spheres. In solution, enzymes can sample flexible conformations and, when not
bound to DNA, may present as smaller, increasing the likelihood that they can diffuse through the
CC1+10 solvent channels. All three enzymes fit well within the CC1+21 estimated pore size.
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CC1+10 0 sb 5' P 2 doses 30mg/mL EDC Lane 4
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Supplementary Figure 3.2: Densitometry results and annotation for CC1+10 with 0 SB and 5°P. For
each lane, we conducted a multi-step densitometry analysis. All graph scale bars are pixel location from
left to right along A (x-axis) and relative intensity (y-axis). A. The lane was manually excised from the
gel using ImagelJ software. B. The final fit (orange line) closely follows the raw intensity data (blue dots)
that is the average intensity value across the lane (perpendicular left to right direction). The quality of the
fit is also evident in the small residuals (above). C. The component gaussian functions inside the fit are
shown with different colors. D. If we subtract the diffuse background (orange) from the full fit the
adjusted curve is shown in black.
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CC1+10 1 sb 5' P 2 doses 30mg/mL EDC Lane 5
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Supplementary Figure 3.3: Densitometry results and annotation for CC1+10 with 1 SB and 5°P. For
each lane, we conducted a multi-step densitometry analysis. All graph scale bars are pixel location from
left to right along A (x-axis) and relative intensity (y-axis). A. The lane was manually excised from the
gel using Image] software. B. The final fit (orange line) closely follows the raw intensity data (blue dots)
that is the average intensity value across the lane (perpendicular left to right direction). The quality of the
fit is also evident in the small residuals (above). C. The component gaussian functions inside the fit are
shown with different colors. D. If we subtract the diffuse background (orange) from the full fit the

adjusted curve is shown in black.
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CC1+10 1 sb 3' P 2 doses 30mg/mL EDC Lane 6
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Supplementary Figure 3.4: Densitometry results and annotation for CC1+10 with 1 SB and 3’P. For
each lane, we conducted a multi-step densitometry analysis. All graph scale bars are pixel location from
left to right along A (x-axis) and relative intensity (y-axis). A. The lane was manually excised from the
gel using ImagelJ software. B. The final fit (orange line) closely follows the raw intensity data (blue dots)
that is the average intensity value across the lane (perpendicular left to right direction). The quality of the
fit is also evident in the small residuals (above). C. The component gaussian functions inside the fit are
shown with different colors. D. If we subtract the diffuse background (orange) from the full fit the
adjusted curve is shown in black.
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CC1+10 2 sb 3' P 2 doses 30mg/mL EDC Lane 7
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Supplementary Figure 3.5: Densitometry results and annotation for CC1+10 with 2 SB and 3’P. For
each lane, we conducted a multi-step densitometry analysis. All graph scale bars are pixel location from
left to right along A (x-axis) and relative intensity (y-axis). A. The lane was manually excised from the
gel using ImagelJ software. B. The final fit (orange line) closely follows the raw intensity data (blue dots)
that is the average intensity value across the lane (perpendicular left to right direction). The quality of the
fit is also evident in the small residuals (above). C. The component gaussian functions inside the fit are
shown with different colors. D. If we subtract the diffuse background (orange) from the full fit the
adjusted curve is shown in black.
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Supplementary Figure 3.6: Densitometry results and annotation for CC1+10 in crosslinking buffer 1 (1
M Li;SOs4, 50 mM NaCl, 50 mM MES pH 6.0). For each lane, we conducted a multi-step densitometry
analysis. All graph scale bars are pixel location from left to right along A (x-axis) and relative intensity
(y-axis). A. The lane was manually excised from the gel using ImagelJ software. B. The final fit (orange
line) closely follows the raw intensity data (blue dots) that is the average intensity value across the lane
(perpendicular left to right direction). The quality of the fit is also evident in the small residuals (above).
C. The component gaussian functions inside the fit are shown with different colors. D. If we subtract the
diffuse background (orange) from the full fit the adjusted curve is shown in black.
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Supplementary Figure 3.7: Densitometry results and annotation for CC1+10 in crosslinking buffer 2 (1
M Li;SO4, 50 mM MnCl,, 50 mM MES pH 6.0). For each lane, we conducted a multi-step densitometry
analysis. All graph scale bars are pixel location from left to right along A (x-axis) and relative intensity
(y-axis). A. The lane was manually excised from the gel using ImagelJ software. B. The final fit (orange
line) closely follows the raw intensity data (blue dots) that is the average intensity value across the lane
(perpendicular left to right direction). The quality of the fit is also evident in the small residuals (above).
C. The component gaussian functions inside the fit are shown with different colors. D. If we subtract the
diffuse background (orange) from the full fit the adjusted curve is shown in black.
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CC1+10 Buffer 3 (100 mM MES pH 6.0)
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Supplementary Figure 3.8: Densitometry results and annotation for CC1+10 in crosslinking buffer 3 (1
M Li:S0s4, 50 mM Mg(OAc),, 100 mM MES pH 6.0). For each lane, we conducted a multi-step
densitometry analysis. All graph scale bars are pixel location from left to right along A (x-axis) and
relative intensity (y-axis). A. The lane was manually excised from the gel using ImageJ software. B. The
final fit (orange line) closely follows the raw intensity data (blue dots) that is the average intensity value
across the lane (perpendicular left to right direction). The quality of the fit is also evident in the small
residuals (above). C. The component gaussian functions inside the fit are shown with different colors. D.
If we subtract the diffuse background (orange) from the full fit the adjusted curve is shown in black.
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CC1+10 Buffer 4 (typical crosslink buffer)
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Supplementary Figure 3.9: Densitometry results and annotation for CC1+10 in crosslinking buffer 4 (1
M Li:S0Os4, 50 mM Mg(OAc),, 50 mM MES pH 6.0). For each lane, we conducted a multi-step
densitometry analysis. All graph scale bars are pixel location from left to right along A (x-axis) and
relative intensity (y-axis). A. The lane was manually excised from the gel using ImagelJ software. B. The
final fit (orange line) closely follows the raw intensity data (blue dots) that is the average intensity value
across the lane (perpendicular left to right direction). The quality of the fit is also evident in the small
residuals (above). C. The component gaussian functions inside the fit are shown with different colors. D.
If we subtract the diffuse background (orange) from the full fit the adjusted curve is shown in black.
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Supplementary Figure S3.10: SDS-PAGE Heparin column purification of AmeLig expression. Lane 1
contains the protein molecular weight ladder, with marker sizes shown on the reference ladder at left. The
remaining lanes show sequential heparin column elution fractions. A prominent band corresponding to the
expected molecular weight of Amel.ig, approximately 33 kDa, is observed in elution fractions 7-10,
indicating enrichment of the target protein in these fractions.
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Supplementary Figure 3.11: Splint ligation oligos. First lane is a molecular weight ladder with values
shown in nucleotides. The first three lanes are single oligos, A, B, C. The remaining lanes are
combinations of oligos as noted above the lane.
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Register: 3-21 Register: 3-21

’ Scaffold Protein ‘ Scaffold Protein

1 6 " 16 21 26 31 1 6 " 16 21 26 31
CCTGTGACAAATTGCCCTCAGCGTAATTAGG CCTGTGACAAATTGCCCTCAGCGTAATTAGG
GGACACTGTTTAACGGGAGTCGCATTAATCC GGACACTGTTTAACGGGAGTCGCATTAATCC

Forward alignment

Supplementary Figure 3.12: GuestScan pipeline results of AmeLig (pdb 6GDR) in the CC1+10 lattice.
GuestScan is an open-source Python code to identify and classify candidate installation sites for DNA-
binding domains (DBD) within the CC1+10 and CC1+21 scaffold crystals
(https://github.com/cdsnow/DBDscan). A web interface is also available
(https://www.engr.colostate.edu/~cdasnow/guestscan.html).

A. Scaffold protein RepE54 (light blue), Target guest site (magenta), Closest guest symmetry mate (pink).
B. This diagram shows possible binding registers that might be sterically feasible, colored by how close
they get to other biomolecules within the lattice (excluding their dsSDNA stack). The register with the
green boundary is the currently selected model. The candidate registers with magenta boundaries overlap
with the scaffold protein (RepE54) binding window that will presumably prevent freely changing the
sequence in pursuit of guest installation.
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AGTATCTTCCCACCTGTGACAAAT TCAGACCTCATCC AGTATCTTCCCACCTGTGACAAATTGCCCTCAGACCTCATCC
TCATAGAAGGGTGGACACTGTTTA. SGGAGTCTGGAGTAGG TCATAGAAGGGTGGACACTGTTTAACGGGAGTCTGGAGTAGG

34-37

Supplementary Figure 3.13: GuestScan pipeline results of AmeLig (pdb 6GDR) in the CC1+21 lattice.
GuestScan is an open-source Python code to identify and classify candidate installation sites for DNA-
binding domains (DBD) within the CC1+10 and CC1+21 scaffold crystals
(https://github.com/cdsnow/DBDscan). A web interface is also available
(https://www.engr.colostate.edu/~cdasnow/guestscan.html).

A. Scaffold protein RepE54 (light blue), Target guest site (magenta), Closest guest symmetry mate (pink).
B. This diagram shows possible binding registers that might be sterically feasible, colored by how close
they get to other biomolecules within the lattice (excluding their dsSDNA stack). The register with the
green boundary is the currently selected model. The candidate registers with magenta boundaries overlap
with the scaffold protein (RepE54) binding window that will presumably prevent freely changing the
sequence in pursuit of guest installation.
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Supplementary Figure 3.14: GuestScan pipeline results of Hhal (pdb 6GDR) in the CC1+10 lattice.
GuestScan is an open-source Python code to identify and classify candidate installation sites for DNA-
binding domains (DBD) within the CC1+10 and CC1+21 scaffold crystals
(https://github.com/cdsnow/DBDscan). A web interface is also available
(https://www.engr.colostate.edu/~cdasnow/guestscan.html).

A. Scaffold protein RepE54 (light blue), Target guest site (magenta), Closest guest symmetry mate (pink).
B. GuestScan returned no non-clashing registers. This diagram shows possible binding registers that
might be sterically feasible, colored by how close they get to other biomolecules within the lattice
(excluding their dsDNA stack). The register with the green boundary is the currently selected model. The
candidate registers with magenta boundaries overlap with the scaffold protein (RepE54) binding window
that will presumably prevent freely changing the sequence in pursuit of guest installation.

202


https://www.engr.colostate.edu/~cdasnow/guestscan.html
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Register: 15-33 Register: 15-33

1 6 1 16 21 26 31 36 4 6 1 16 21 26 31 36

AGTATCTTCCCACCTGTGACAAATTGCCCTCAGACCTCATCC AGTATCTTCCCACCTGTGACAAATTGCCCTCAGACCTCATCC
TCATAGAAGGGTGGACACTGTTTAACGGGAGTCTGGAGTAGG TCATAGAAGGGTGGACACTGTTTAACGGGAGTCTGGAGTAGG

Supplementary Figure 3.15: GuestScan pipeline results of Hhal (pdb 6GDR) in the CC1+21 lattice.
GuestScan is an open-source Python code to identify and classify candidate installation sites for DNA-
binding domains (DBD) within the CC1+10 and CC1+21 scaffold crystals
(https://github.com/cdsnow/DBDscan). A web interface is also available
(https://www.engr.colostate.edu/~cdasnow/guestscan.html).

A. Scaffold protein RepE54 (light blue), Target guest site (magenta), Closest guest symmetry mate (pink).
B. This diagram shows possible binding registers that might be sterically feasible, colored by how close
they get to other biomolecules within the lattice (excluding their dsDNA stack). The register with the
green boundary is the currently selected model. The candidate registers with magenta boundaries overlap
with the scaffold protein (RepE54) binding window that will presumably prevent freely changing the
sequence in pursuit of guest installation.
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Supplementary Figure 3.16: Densitometry results and annotation for CC1+21 with 2 SB and 5°P after
EDC ligation. For each lane, we conducted a multi-step densitometry analysis. All graph scale bars are
pixel location from left to right along A (x-axis) and relative intensity (y-axis). A. The lane was manually
excised from the gel using ImagelJ software. B. The final fit (orange line) closely follows the raw intensity
data (blue dots) that is the average intensity value across the lane (perpendicular left to right direction).
The quality of the fit is also evident in the small residuals (above). C. The component gaussian functions
inside the fit are shown with different colors. D. If we subtract the diffuse background (orange) from the
full fit the adjusted curve is shown in black.
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Supplementary Figure 3.17: Densitometry results and annotation for CC1+21 with 2 SB and 5°P after
AmelL.ig ligation. For each lane, we conducted a multi-step densitometry analysis. All graph scale bars are
pixel location from left to right along A (x-axis) and relative intensity (y-axis). A. The lane was manually
excised from the gel using ImagelJ software. B. The final fit (orange line) closely follows the raw intensity
data (blue dots) that is the average intensity value across the lane (perpendicular left to right direction).
The quality of the fit is also evident in the small residuals (above). C. The component gaussian functions
inside the fit are shown with different colors. D. If we subtract the diffuse background (orange) from the
full fit the adjusted curve is shown in black.
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NHS-fluorescein Hhal B NHS-fluorescein AmeLig

CC1+21

NHS-fluorescein Hhal m NHS-fluorescein AmelLig

CC1+10

Supplementary Figure 3.18: Confocal loading of enzymes trace-labeled with NHS-fluorescein. Scale
bar is 100 um. Crystals were imaged with differential interference contrast (left panels) and with 488nm
excitation laser and 515 nm emission filter after 48 hours of soaking with trace labelled enzymes at
concentration 20 uM (with that consisting of 1:20 labelled:unlabelled ratio). A. CC14+21 in solution with
Hhal. B. CC1+21 in solution with AmeLig. C. CC1+10 in solution with Hhal. D. CC1+10 in solution
with AmeLig.
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4. oligos + Amelig 40°C
5. oligos + Amelig 53C

Supplementary Figure 3.19: Free solution building block reactions. DNA-only crystal building blocks
(dsDNA without RepE54) were added to solution at a final concentration of 12.5 uM. Lane 1 has oligos
with no crosslinking in mother liquor. Lane 2 has DNA-only building blocks ligated by AmeLig that had
been incubated with Hhal in mother liquor. Lanes 3-4 are AmeLig reactions on free solution building
blocks at increasing temperatures in mother liquor. Temperatures are room temperature, 40 °C, 53 °C,
from 3-5.
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5" -pAGTATCTTCCCACCTGTGACAAATTGCCCTCAGACCTCATCC-3’
3’ -ATAGAAGGGTGGACACTGTTTAACGGGAGTCTGGAGTAGGTCp-5"

5mer (210 nt)

4mer (168 nt)
3mer (126 nt)

2mer (84 nt)

1. no crosslink crystals

2. EDC ligated 9YZK

3. Amelig ligated 9YZK

4. unwashed AmelLig ligated 9YZK + Hhal

1mer (42 nt)

Supplementary Figure 3.20: 9YZK crystal growth and ligation. A. 9YZK crystals in white light
microscopy showing typical CC1+21 parallelepiped growth habit. B. Crystal DNA oligo sequence,
RepE54 binding site is bolded. This sequence lacks the GCG/C cut site recognized by Hhal. C.
Denaturing PAGE showing dissolved crystals with no crosslink, crystals ligated by EDC, crystals ligated
by AmeLig, and unwashed AmeLig-ligated crystals incubated with Hhal, from 1-4. Lane 4 shows higher
order species than Lane 3 due to lack of washing of free solution ligation products prior to incubation
with Hhal.
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Supplementary Table S3.1: CC1+10 and CC1+21 oligonucleotide sequences
DNA sequences used for crystallization. Oligo orientation is noted with either 5° or 3°. RepE54 binding
site highlighted in grey.

PDB Code /
Purpose
1SB 5P
INCR, Used in
EDC trials
0SB 5’P
9YZJ
Used in EDC
trials
1 SB3’P
Used in EDC
trials
2 SB 3’P
Used in EDC
trials
1SB 5P
Hhal cut sites

2SB5°P
Hhal cut sites

2SB5’P
9YZK

DNA Sequences

5" - pGCCGGACCTGTGACAAATTGCCCTCAGCCCG - 3f
3" - GGCCTGGACACTGTTTAACGGGAGTCGGGCCp - 57

57 PCCTGTGACAAATTGCCCTCATAATTAGGCCG — 3’
3" - GGACACTGTTTAACGGGAGTATTAATCCGGCp - 57

5" — CCCGGACCTGTGACAAATTGCCCTCAGACGGp - 3'
3" - pGGCCTGGACACTGTTTAACGGGAGTCTGCCG — 57
5" — CCCGGACCTGTGACAAATTGCCCTCAGACGGp - 3'

3" - pGCCTGGACACTGTTTAACGGGAGTCTGCCGG — 57

5" - pGCGCGACCTGTGACAAATTGCCCTCAGGCGC - 3f
3" - GCGCTGGACACTGTTTAACGGGAGTCCGCGCp - 57

5’ -pCGCGCCTTCCCACCTGTGACAAATTGCCCTCAGACCTCATCG-3"
3’ -GCGGAAGGGTGGACACTGTTTAACGGGAGTCTGGAGTAGCGCp-5"

5’ -pAGTATCTTCCCACCTGTGACAAATTGCCCTCAGACCTCATCC-3"
3’ -ATAGAAGGGTGGACACTGTTTAACGGGAGTCTGGAGTAGGTCp-5"
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Supplementary Table S3.2: X-ray diffraction statistics for CC1+10 with Hhal cut sites

Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a, b, c(A)

a, B,y (%)

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore

Average B-factor

Synchrotron
0.979
32.95 -3.38(3.48 -3.38)
C121

156.404 122.607 74.623
90 117.97 90
26058 (2111)

7.0 (6.8)
97.42 (94.36)
6.51 (0.18)
137.52
0.1221 (4.791)
0.1324 (5.184)
0.05072 (1.963)
0.994 (0.131)

17025 (1355)
1710 (140)
0.2091 (0.4003)
0.2379 (0.4277)
2900
2899
1
0
221
0.004
0.75
97.21
2.79
0.0

8.39
236.21
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Supplementary Table S3.3: Crystallization conditions of CC1+10 and CC1+21
Sitting drop vapor diffusion conditions for crystallization.

PDB Code: Crystallization Condition:

MgAc, = magnesium acetate, Mg(CH;COO),; Li,SO, = lithium sulfate;

Abbreviations: (pending release) MES = 2-(N-morpholino)ethanesulfonic acid.

ONCR 30 mM MgAc,, 1 M Li,SO,, 50 mM MES pH 6.5
9YZ7) 30 mM MgAc,, 1.7 M Li,SO,, 50 mM MES pH 6.5
1 SB3°P 40 mM MgAc,, 1.6 M Li.SO,, 50 mM MES pH 6.5
2SB3°P 40 mM MgAc,, 1.6 M Li.SO,, 50 mM MES pH 6.5
CC1+10 Hhal cut sites 30 mM MgAc,, 1.5 M Li,SO,, 50 mM MES pH 6.5
CC1+21 Hhal cut sites 30 mM MgAc,, 1.6 M Li,SO,, 50 mM MES pH 6.5
9YZK 60 mM MgAc,, 1.6 M Li,SO,, 50 mM MES pH 6.5
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Supplementary Table S3.4: Protein sequences

RepE54
Transcription
Factor

AmeLig

Hhal (pdb 6UKF
not expressed in
house)

Hexahistag in blue

MRGSHHHHHHGSMAETAVINHKKRKNSPRIVQSNDLTEAAYSLSRDQKRM
LYLFVDQIRKSDGTLQEHDGICEIHVAKYAEIFGLTSAEASKDIRQALKSFAG
KEVVFYRPEEDAGDEKGYESFPWFIKPAHSPSRGLYSVHINPYLIPFFIGLQN
RFTQFRLSETKEITNPYAMRLYESLCQYRKPDGSGIVSLKIDWIIERYQLPQS
YQRMPDFRRRFLQVCVNEINSRTPMRLSYIEKKKGRQTTHIVFSFRDITSMT
TG

MRGSHHHHHHGSGEDKHDIVDGLQLAKQYGHSRQDINIAEYWVSEKLDGI
RARWDGTELRTRNNNKIDAPAWFTANWPKATIDGELWIARGQFERTASIVL
SKLTSVAPQSVAGSLPRTESTVDAMTATHSLPSKRWAKVRFMAFDMPVAG
QSFDSRLNMLNNLKEATPNPTFAVVSQFTLSSVNALEEKLEQVTLSGGEGL
MLHHKKAFYHSGRSDKLIKVKQFEDAEAKVLAHFAGKGKFKGMMGSLLV
ETPAGVQFKLGTGFSEKERRAPPAVGSWVTFKFYGVTKNGKPRFASFLRVR
PPSDLPK

MNWKEFEVFCVTYLNKTYGNKFAKKGESDSTTSDILFTGNNPFYIEAKMPH
SQCGQFVLIPNRAEYKFDYSPKNKSEINPYTQKIMQFMSENFSEYANLSTKG
KIIPLPESVFVNWIKEY YKSKSVKFFITSNGDFIIFPIEHFEHYFNVSCTYRIKK
SGSRHLNSKSLPDFKQALDKKGISYTMRGLELHSDENIHDKRISGDDKDFLI
KENNGAYHVKILSNTFNANVIFSISLKNNISLFILNEDRKAFEAAISL
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APPENDIX III. Supplemental Information for Chapter 4: Programmable Capture and Toe-hold

Mediated Release of Nucleic Acid Cargo in Porous Protein-DNA Co-Crystals

Supplementary Figure 4.1: Strand displacement mechanism in the RNA capture device
Supplementary Figure 4.2: DNA device scramble control confocal microscopy

Supplementary Figure 4.3: Multiple DNA capture cycles

Supplementary Figure 4.4: RNA capture in tailed and no-tail crystals confocal microscopy
Supplementary Figure 4.5: RNA capture scramble control confocal microscopy

Supplementary Figure 4.6: Time lapse loading of miR-34a strand 1

Supplementary Figure 4.7: Time lapse unloading of dsSRNA miR-34a

Supplementary Figure 4.8: XRD electron density map comparison between mir-34a capture crystals
with and without guest strand 1

Supplementary Figure 4.9: Custom plate reader adaptor schematics.

Supplementary Table 4.1:
Supplementary Table 4.2:
Supplementary Table 4.3:
Supplementary Table 4.4:
Supplementary Table 4.5:
Supplementary Table 4.6:

XRD statistics for CC1+10 with 15-nt tail for mir-34a capture

XRD statistics for CC1+10 with 15-nt tail for mir-34a capture and guest
XRD statistics for CC1+10 with 15-nt tail for DNA capture

Protein sequences

CC1+10 oligonucleotide sequences

Crystallization conditions of CC1+10
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Anchor
Strand Strand 1 Strand 2

ACAACCAGCTAAGAC, UGUUGGUCGAUUCUGUGACGGU ACAACCAGCUAAGACACUGCCA

A ACAACCAGCTAAGAC, D ACAACCAGCTAAGAC,_
= toe-hold on =

Strand 1
B f
ACARCCARGCTARGAC, E  ACAACCAGCUAAGACACUGCCA
<UGUUGGUCGAUUCUGUGACGGU _UGUUGGUCGAUUCUGUGACGGU

(&
ACAACCAGCTAAGP:%;ACUGCCA

:UGUUGGUCGAUUCUGUGACGGJ
Supplementary Figure 4.1: Strand displacement mechanism in the RNA capture device. A. The ssDNA
15-nt anchor strand extending from the DNA component of a CC1 crystal. B. Strand 1 ssRNA (containing
a fluorescein fluor) hybridizes with the anchor strand, leaving 7-nt of Strand 1 unbound. C. Strand 2
ssRNA invades and displaces the anchor strand using the 7-nt toehold, releasing dsRNA into solution,
resulting in D. ssDNA anchor strand and E. Hybridized Strand 1 and Strand 2.
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Supplementary Figure 4.2: DNA device scramble control confocal microscopy. A broken crystal with
15-nt anchor strand for capture of ssSDNA species is shown in differential interference contrast. The
crystal halves were soaked with Cy5-tagged Strand 1 of the DNA device cycle for 18 hours, then moved
to a wash buffer for 18 hours and imaged with 640 nm laser excitation, detecting with a 660 nm emission
filter. A scrambled version of Cy3-tagged Strand 2 is added to solution at 100 pM. For subsequent time
points (5 minutes, 1 hour, and 24 hours) crystal halves were imaged with 640 nm laser excitation,
detecting with a 660 nm emission filter as well as imaged with 561 nm laser excitation and 570 nm
emission filter. As opposed to when Strand 2 (unscrambled) is added to solution, the crystal halves
maintain their Cy5-Strand 1 emission profile and show Cy3-Strand 2 emission is equivalent to

background levels.
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A B C

Cycle 1

Cycle 2

Cycle 3

Supplementary Figure 4.3: Multiple DNA capture cycles. Scale bar is 100 um. One DNA capture
crystal is cycled three times through A. unbound, empty anchor strand. B. CyS5 Strand 1 addition. C. Cy3
Strand 2 addition then Strand 3 and Strand 4 addition to cycle back to A. Crystal was looped into loading
solution, the image was captured using white light microscopy, then looped into a wash solution before
the next step of the cycle. After 16 solution changes the crystal broke on the loop before the final loading
of Strand 2 shown in Cycle 3 C.
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tailed crystal incubation
with Strand 1 18 hours in wash solution
mir-34a

F_@ g ™ 488%

no tail crystal

m_»l’y

no tail crystal

tailed crystal

Supplementary Figure 4.4: RNA capture in tailed and no-tail crystals confocal microscopy. Roughly
equivalently sized crystals, one with a mir-34a 15-nt capture tail and one without, were imaged in a wash
solution using differential interference contrast. 100 uM of FAM-tagged Strand 1 mir-34a is added to
solution and crystals soaked for 18 hours. Crystals were imaged using 488 nm excitation and 515 nm
emission filter. Both crystals were moved to a fresh wash solution and imaged using 488 nm excitation
and 515 nm emission filter, as well as differential interference contrast. Only the tailed crystal maintained
the fluorescent signal, indicating that base complementarity is necessary for co-crystals to stabilize
ssRNA cargo through wash steps.
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Incubation with scramble strand 2 of mir-34a

5 mins 30 mins 16 hours 72 hours

Supplementary Figure 4.5: RNA capture scramble control confocal microscopy. A crystal a second
crystal grown off the side, with 15-nt anchor strand for capture of mir-34a is shown in differential
interference contrast. The crystals were soaked with FAM-tagged Strand 1 of mir-34a for 18 hours then
imaged using 488 nm excitation and 515 nm emission filter. The crystals were then moved to a wash
buffer for 18 hours and imaged using 488 nm excitation and 515 nm emission filter. A scrambled version
of mir-34a Strand 2 is added to solution at 100 uM. For subsequent time points (5 minutes, 30 minutes, 16
hours, and 72 hours) crystals were imaged using 488 nm excitation and 515 nm emission filter. As
opposed to when Strand 2 (unscrambled) is added to solution, the crystals maintain their FAM-Strand 1
emission profile, indicating that sequence specific triggers are needed to release the dSRNA mir-34a.
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Supplementary Figure 4.6: Time lapse loading of miR-34a strand 1. A crystal with 15-nt tail for mir-
34a capture is imaged using differential interference contrast. 100 uM of Strand 1 mir-34a is then added
to solution and the crystal is imaged using 488 nm excitation and 515 nm emission filter over the next 45
minutes, then at 18 hours and 36 hours. Time point one (0 min) shows no background fluorescence prior
to Strand 1 being added to solution. Time point two (5 min) shows an increase in background
fluorescence, as well as the beginnings of fluorescence increase at the crystal edges. The subsequent time
points (10 min, 15 min, 30 min, and 45 min) show an increase in fluorescence at the crystal edges, with
the fluorescence edge proceeding further into the crystal interior. This edge loading indicates specific
binding within the crystal, as opposed to nonspecific binding that would likely appear as increase
fluorescence evenly throughout the crystal interior. After 18 hours the crystal appears saturated, with little
change in fluorescence after 36 hours.
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Supplementary Figure 4.7: Time lapse release of dSRNA miR-34a strand 1+strand 2. The same crystal
from Fig. S4.6 is imaged after 18 hours in a wash solution post-loading. 100 uM of Strand 2 mir-34a is
then added to solution and the crystal is imaged using 488 nm excitation and 515 nm emission filter over
the next 2 hours, then at 36 hours. After 2 hours the fluorescence has almost completely dissipated,
implying that strand 2 has displaced strand 1 from the crystal anchor, hybridizing into dsSRNA. Once
unbound from the crystal the fluorescently tagged strand 1 diffuses out of the crystal and fluorescent
signal decays to background levels. After 18 hours the crystal appears completely indistinguishable from
the background fluorescence.
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Supplementary Figure 4.8: XRD electron density map comparison between mir-34a capture crystals
with and without guest strand 1. Maps are composite 2Fo—Fc map contoured at 16. The maps center
on the anchor strand tails, showing the agreement between the electron density map and
modelled in nucleotides of the anchor strands. In the absence of guest, 3 nucleotides of the 15
nucleotide tail can be reliably modelled. After addition of 100 uM Strand 1 of mir-34a an
additional nucleotide for a total of 4 out 15 of the tail can be modelled. No bases from the duplex
between anchor and Strand 1 ssRNA could be modelled.
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Supplementary Figure 4.9: Custom plate reader adaptor schematics. A. Plate reader 3D printed
prototype. In light blue the main outer frame, in orange the adaptor and in red the cuvette. B. The
yellow prototype shows the final cuvette design with the side pocket well for the crystals. This
3D printed chassis maps on to a well in a standard fluorescence plate reader, allowing the crystal
to remain in solution contact without falling into the light path.
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Supplementary Table S4.1: X-ray diffraction statistics for CC1+10 with 15-nt tail for miR-34a capture

PDB code
Data collection
Light source Synchrotron
Wavelength (A) 1
Resolution Range (A) 65.61 -3.88(4.06 -3.88)
Space group C121
Unit cell dimensions
a, b, c(A) 143.004 131.214 72.473
a, B,y (®) 90 118.6 90
Unique reflections 19830 (2355)
Multiplicity 6.9 (6.6)
Completeness (%) 97.72 (92.83)
Mean I/sigma(I) 1.83 (0.27)
Wilson B-factor 109.14
R-merge 0.8562 (6.304)
R-meas 0.9272 (6.837)
R-pim 0.3518 (2.61)
CCl1/2 0.971 (0.139)
Refinement
Reflections used in refinement 10689 (1255)
Reflections used for Rfree 1066 (122)
R-work 0.2807 (0.5069)
R-free 0.3086 (0.4891)
Number of non-hydrogen atoms 2927
Macromolecules 2924
Ligands 3
Solvent 0
Protein residues 225
RMS (bonds) (A) 0.005
RMS (angles) (°) 0.89
Ramachandran favored (%) 95.02
Ramachandran allowed (%) 3.62
Ramachandran outliers (%) 1.36
Rotamer outliers (%) 0
Clashscore 9.83
Average B-factor 181.52
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Supplementary Table S4.2: X-ray diffraction statistics for CC1+10 with 15-nt tail for miR-34a capture

and guest ssSRNA strand 1
Data collection

Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a, b, c(A)
a, B,y (%)
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore

Average B-factor

Synchrotron
1

67.74 - 4.5 (4.85 - 4.5)

Cl121

153.054 128.268 72.787

90 117.73 90
37691 (5125)
6.5 (4.9)
99.18 (99.66)
1.03 (0.27)
50.30
1.938 (1.522)
2.104 (1.673)
0.8084 (0.6783)
0.313 (0.120)

7401 (1472)
745 (140)
0.2922 (0.2542)
0.3149 (0.3118)
3114
3112
2
0
226
0.014
1.76
95.05
4.05
0.90

6.01
161.33
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Supplementary Table S4.3: X-ray diffraction statistics for CC1+10 with 15-nt tail for DNA capture

Data collection
Light source
Wavelength (A)
Resolution Range (A)
Space group
Unit cell dimensions
a,b,c(A)

a, B,y (%)
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Refinement
Reflections used in refinement
Reflections used for Rfree
R-work
R-free

Number of non-hydrogen atoms

Macromolecules
Ligands
Solvent
Protein residues
RMS (bonds) (A)
RMS (angles) (°)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore

Average B-factor

Synchrotron
1

6491 -3.81(3.96 -3.81)

1121

74.097 126.617 133.879
90 90.16 90
23686 (2645)
12.1(7.3)
99.01 (97.25)
9.1(0.5)
232.24
0.188 (2.928)
0.208 (3.147)
0.062 (1.292)
0.993 (0.419)

12040 (1308)
1201 (136)
0.2741 (0.4109)
0.3082 (0.4860)
3112
3111
1
0
221
0.005
0.77
94.88
5.12

9.63
264.6
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Supplementary Table 4.4: Protein sequences

Hexahistag in blue, mutation underlined.

Protein Name

RepE54
Transcription
Factor

RepES54 variant
(Y184E)

Mutation
underlined

Amino Acid Sequence

MRGSHHHHHHGSMAETAVINHKKRKNSPRIVQSNDLTEAAYSLSRDQKRM
LYLFVDQIRKSDGTLQEHDGICEIHVAKYAEIFGLTSAEASKDIRQALKSFAG
KEVVFYRPEEDAGDEKGYESFPWFIKPAHSPSRGLYSVHINPYLIPFFIGLQN
RFTQFRLSETKEITNPYAMRLYESLCQYRKPDGSGIVSLKIDWIIERYQLPQS
YQRMPDFRRRFLQVCVNEINSRTPMRLSYIEKKKGRQTTHIVFSFRDITSMT
TG

MRGSHHHHHHGSMAETAVINHKKRKNSPRIVQSNDLTEAAYSLSRDQKRM
LYLFVDQIRKSDGTLQEHDGICEIHVAKYAEIFGLTSAEASKDIRQALKSFAG
KEVVFYRPEEDAGDEKGYESFPWFIKPAHSPSRGLYSVHINPYLIPFFIGLQN
RFTQFRLSETKEITNPY AMRLYESLCQERKPDGSGIVSLKIDWIIERYQLPQS
YQRMPDFRRRFLQVCVNEINSRTPMRLSYIEKKKGRQTTHIVFSFRDITSMT
TG
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Supplementary Table 4.5: Oligonucleotide sequences
CC1+ver1y DNA Sequences

PDB Code / Purpose

RNA capture crystal

ssDNA tail underlined, third strand
italicized

DNA capture crystal
ssDNA tail underlined, third strand
italicized

INCR (1 SB 5°P control crystal from
Fig. S4.X)

Strand 1 miR-34a
ssRNA

Strand 2 miR-34a
ssSRNA

Scramble Strand 2 mir-34a
ssRNA

Strand 1 DNA device
ssDNA

Strand 2 DNA device
ssDNA

Scramble Strand 2 DNA device
ssDNA

Strand 3 DNA device
ssDNA

Strand 4 DNA device
ssDNA

5’

5’

5/

5/

5’

5’

5’

5’

5’

5’

5’

- PGCCGGACCTGTGACAAATTGCCCTCAGCCCG - 3

3!

- PCCCGGACCTGTGACAAATTGCCCTCAGCCCG - 3

3!

3/

- GCCTGGACACTGTTTAACGGGAGTCGGGCCGp — 5

CAGAATCGACCAACA

— GCCTGGACACTGTTTAACGGGAGTCGGGCGGp — 5’

TCTCATTCGTATCTG

PGCCGGACCTGTGACAAATTGCCCTCAGCCCG -

3/

- GGCCTGGACACTGTTTAACGGGAGTCGGGCCp -

UGGCAGUGUCUUAGCUGGUUGU -

ACAACCAGCUAAGACACUGCCA - 3f

CCAGCAGACCACAUAAAGCUCA - 37

TAAGCATAGAC - 3’

AGAGTAAGCATAGACGCTA - 3'

ACAATAGAAGGCTGCTGAA - 3

GTCTATGCTTA - 3’

TAGCGTCTATGCTTACTCT - 3’
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Supplementary Table 4.6: Crystallization conditions of CC1+10, sitting drop vapor diffusion conditions
for crystallization.

PDB Code: Crystallization Condition:

MgAc, = magnesium acetate, Mg(CH;COO),; Li,SO, = lithium sulfate;

Abbreviations: (pending release) MES = 2-(N-morpholino)ethanesulfonic acid.

9NCR 30 mM MgAc,, 1 M Li.,SO,, 50 mM MES pH 6.5
DNA capture crystal 30 mM MgAc,, 1.7 M Li,SO,, 50 mM MES pH 6.5
RNA capture crystal 40 mM MgAc,, 1.6 M Li,SO,, 50 mM MES pH 6.5
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