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ABSTRACT

Programming Protein Organization into Sequence-Encoded Architectures Using DNA

Peter Henry Winegar

Proteins are the nanoscale building blocks of life. Their sophisticated but well-defined
architectures result in complex biological functions, including ones involved in metabolism,
photosynthesis, transcription, translation, and immunity. To study and improve upon the natural
functions of proteins, it is desirable to develop methodology for organizing proteins into targeted
architectures. While methods exist for controlling proteins and even small collections of proteins
into aggregate materials, it is still challenging to organize proteins reliably and quickly into
predefined architectures. This is because the chemical structures of proteins and protein—protein
interactions are highly complex. The work in this dissertation studies how complex protein—protein
interactions can be replaced with well-defined DNA-DNA interactions to program the
organization of proteins into sequence-encoded architectures, including single crystals and
oligomers. In Chapter One, current approaches to synthesize protein architectures and their
limitations are described. In Chapter Two, the impact of DNA on protein crystallization is
investigated by replacing native protein—protein interactions with DNA—-DNA interactions. In
Chapter Three, a modular DNA scaffold is designed to explore the generalizable assembly of
proteins into vast numbers of oligomers that contain exact numbers and orders of proteins. In
Chapter Four, protein block co-oligomers are synthesized to study the impact of block design on
assembly outcome. In Chapter Five, fundamental lessons learned from this work are summarized

and future research directions are discussed. Collectively, this dissertation establishes methods to
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program the organization of proteins into synthetic architectures and discusses the implications of
these architectures on protein function, enabling future development of protein-based materials

that mimic and surpass the natural functions of proteins.

Peter H. Winegar

Advisor: Chad A. Mirkin
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CHAPTER ONE

Natural and Engineered Protein Architectures.

Material in this chapter is partly based upon published work:

McMillan, J. R.; Hayes, O. G.; Winegar, P. H.; Mirkin, C. A. Protein Materials Engineering with
DNA. Acc. Chem. Res. 2019, 52, 1939-1948.

Printed with permission of co-authors and the American Chemical Society.
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1.1. Proteins Structures, Interactions, and Functions.

1.1.1. Protein Structures and Interactions in Nature.

Proteins are an important class of natural biopolymers that function as nanoscale building
blocks.! Proteins are linear and sequence-encoded polypeptides of the 20 canonical amino acids
that fold into three-dimensional structures (Figure 1.1.A).>? Interactions between the surfaces of
proteins (protein—protein interactions (PPIs)) consist of complex combinations of electrostatic
interactions, hydrophobic interactions, hydrogen bonds, and disulfide bonds (Figure 1.1.B).*
Proteins assemble via PPIs into defined architectures, including discrete (e.g., cyanobacteria
photosystem I),> one-dimensional (1D, e.g., actin and myosin filaments),® two-dimensional (2D,
e.g., bacterial S-layers),” and three-dimensional (3D, e.g., collage networks)® architectures (Figure
1.1.C and D).*"!' Many biological functions are dictated by these protein architectures, including
the conversion of light energy into chemical energy,’ the catalysis of chemical reactions,'? the
transcription and translation of genetic information,'*!# the signaling of immune responses,'” the
directing of macroscopic movement,® and the transportation of molecules across membranes. '
Therefore, it is desirable to prepare synthetic architectures of proteins to study and improve upon

the natural functions of proteins.



22

A Amino Acid Chain Folded Protein Protein Architecture

T OHH N
N T X,
H H H H ) [Sd
OJ/ o \

§A7 -
HN {«Q vel. =
HoN g)Hz gH; NG g
Ri-Val-Arg-Ser-Lys-R,
B Electrostatic Hydrophobic
Protein A Protein B Protein A—Protein B Interaction Interactions Interactions
o]
3 B S
P
& o5 + Hydrogen Disulfide
o Y < Bonds Bonds
é \ "\O’H"'O
J\ 3 ,.'\S,S\,.—
HO' ’
Cc Protein Architecture Size D Protein Architecture Shape

Discrete 1D 2D 3D

Figure 1.1. Structures of proteins and protein—protein interactions. (A) Proteins are linear chains
of amino acids that fold into defined 3D structures. Folded proteins can further assemble into defined architectures.
(B) An example protein—protein interaction (PPI) between the surfaces of the two model proteins, A and B, is depicted
(PDB code: 1YCS)."” The A-B PPI contains electrostatic interactions (red), hydrophobic interactions (blue), and
hydrogen bonds (green). Other PPIs contain disulfide bonds (dark gray). (C) Protein architectures have defined
nanoscale sizes (PDB codes: 6UHJ and 1JYX)'#1? as well as (D) discrete, 1D, 2D, or 3D shapes (PDB codes: 1YCS,
3B63, SN8P, and 619G).!7-20-2

1.1.2. Methods to Prepare Synthetic Protein Architectures and Limitations.

Proteins and PPIs are chemically complex; therefore, it is challenging to design synthetic
protein architectures. There are two main strategies that have been used to overcome this
challenge: replacing native PPIs with synthetic PPIs and covalently linking proteins.?*° Proteins
can be engineered to exhibit synthetic PPIs through the judicious design of protein amino acid

sequences and the surface chemistry of proteins. Synthetic PPIs can involve metal coordination,?”

33 protein—ligand binding,>**° electrostatic interactions,*'** supramolecular host—guest binding,*>
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38, 44-46 and hydrophobic interactions (Figure 1.2).47-*® Recent advances in the de novo design of
full proteins has enabled the design of synthetic PPIs that mimic the complexity of native PPIs.*-
58 In another approach, proteins can be covalently linked using approaches from chemistry or
molecular biology. First, bioconjugation reactions can be used to covalently link proteins to each

3960 or to covalently link proteins to chemical scaffolds (e.g., polymers).®!"®> Use of these

other
approaches have greatly expanded following the introduction of bioorthogonal “click” reactions.®®
%8 Second, multiple proteins can be fused and recombinantly expressed as a single polypeptide.®*-
I Proteins can also be fused to a subunit of a multimeric protein (e.g., streptavidin) that assembles

into supramolecular constructs’>7

or to a subunit that can selectively form covalent bonds with a
complementary group (e.g., SpyTag/SpyCatcher,’® SnoopTag/Snoopcatcher,”” SNAPtag,’
HALOtag,” or cutinase®®).””> 8% However, current methods to prepare synthetic protein
architectures often require the introduction of recognition sites directly into the protein structure
via site-directed mutagenesis and recombinant expression. Distinct protein mutants are often
required to achieve each different synthetic protein architecture. Since many proteins can be
challenging to mutate and recombinantly express (e.g., proteins with post-translational

modifications,® proteins with disulfide bonds,* toxic proteins,®” or proteins that aggregate®®), it

can be challenging to generalize these methods to many proteins.
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Figure 1.2. Methods to prepare synthetic protein architectures. (A) Metal coordination, (B) ligand
binding, and (C) host-guest binding can be used to introduce synthetic PPIs between proteins and direct protein
assembly into defined architectures. Adapted with permission from Kakkis, A. et al ref. [33]. Copyright 2020 Wiley.
Adapted from Kitagishi, H. et al ref. [40]. Copyright 2007 American Chemical Society. Adapted with permission from
Hou, C. et al ref. [46]. Copyright 2013 Wiley.

1.2. Programming Nanoscale Architectures Using DNA.

1.2.1. DNA Structures and Interactions.

Deoxyribonucleic acid (DNA) is a natural biopolymer that encodes genetic information in
sequences of nucleobases: adenine (A), thymine (T), guanine (G), and cytosine (C).*
Complementary sets of nucleobases (i.e., A and T, G and C) interact via specific hydrogen
bonding, termed Watson—Crick—Franklin base-pairing (Figure 1.3.A).%° Pairs of DNA that contain
complementary series of nucleobases hybridize and form a DNA double helix with predictable
thermodynamics, specificity, and structure.” DNA can also form stimuli-responsive interactions;
for example, C-rich DNA sequences form i-motifs at low pH??> and G-rich sequences form G-
quadruplexes in the presence of monovalent cations.”® Pioneering breakthrough discoveries in

9495 and polymerase chain reaction’® have enabled methods to prepare

solid-phase chemistry
synthetic oligonucleotides with programmable sequences and lengths. These approaches are

amenable to the synthesis of DNA strands that contain a myriad of chemical groups (e.g., dyes,
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amines, “click chemistry” groups, etc.). Together, these advances have led to the use of DNA as a

synthetic ligand to program material structure at the nanoscale.

A DNA hybridization structure B Programming nanoscale architecture using DNA
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Figure 1.3. Programming nanoscale structure with DNA hybridization. (A) Model (left) and
chemical structure (right) of the DNA double helix hybridization interaction. (B) DNA can be used to program
nanoscale architecture. i For example, inorganic nanoparticles that are densely functionalized with a shell of radially-
oriented DNA act as a programmable atom equivalent (PAE). ii PAEs with complementary sticky ends assemble into
structures analogous to atomic lattices. iii Scheme of the DNA design that is used for PAE assembly.

1.2.2. Structural DNA Nanotechnology and Crystal Engineering Using DNA.

The use of DNA as a structural building block of materials was introduced by the Seeman
Lab, who designed junctions of DNA”7® that can be combined into crystalline frameworks.”
Similarly, DNA origami is a technique that uses many short DNA strands as structural “staples”
between different sites on a long DNA template, directing its folding into arbitrary, predefined
structures.!?1%! In a separate approach, the Alivisatos and Mirkin Labs discovered that DNA
hybridization interactions between the surfaces of nanoparticles can control their assembly into
discrete and extended structures, respectively.!%?1% An explosion of work has followed these
original reports, where the programmable thermodynamics, specificities, and structures of DNA
hybridization interactions are harnessed to program the assembly of nanoscale architectures.!%41%

DNA attached to the surface of nanoparticles are radially-oriented, therefore, the cooperative DNA

interactions between two nanoparticles modified with complementary sequences are directional or
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“bond-like.”'” These DNA-modified nanoparticles, termed programmable atom equivalents
(PAEs), assemble via DNA “bonds” into structures analogous to atomic lattices that maximize the

total number of DNA interactions (Figure 1.3.B).!% 110

1.3. Protein—-DNA Materials.

1.3.1. Bioconjugation of DNA to Proteins.

A wide range of covalent bioconjugation methods have been developed to achieve the site-
specific modification of proteins with synthetic oligonucleotides.®® !'"!'2 Generally, these
covalent bioconjugation reactions require low concentrations (nM—puM), mild temperatures (4-37
°C) and aqueous buffers (near physiological pH) to maintain the proper folding of proteins.'!?
Common covalent bioconjugation reactions target reactive groups including amines (N-termini
and lysine side chains),!!'* thiols (cysteine side chains),!'> or carboxylic acids (C-termini, glutamic
acid side chains, and aspartic acid side chains).'!® Proteins, on average, contain a higher abundance
of amines and carboxylic acids as well as a lower abundance of thiols.!!” Therefore, bioconjugation
methods can be selected to roughly match the desired number of DNA modifications per protein.
The amino acid sequence of proteins can be modified using site-directed mutagenesis or genetic
code expansion to control the number or location of reactive groups to be modified with DNA.''®
Alternatively, proteins can be attached to proteins noncovalently by taking advantage of native or

introduced ligand- or DNA-binding sites on proteins.!'!!-11?

1.3.2. Materials Built from Protein-DNA Materials.
There are six key parameters of protein—-DNA building blocks: (1) the amino acid
sequences and folding structure of proteins, (2) the base sequences of DNA, (3) protein—-DNA

linkage structure, (4) DNA distribution on the protein, (5) number of DNA modifications per
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protein, and (6) the shape and symmetry of the protein (Figure 1.4). By tuning these parameters,

DNA-modified proteins have been organized via DNA-DNA interactions into a multitude of

131-153

designed one-,'*13? two-, and three-dimensional'® '>*167 protein architectures.

Protein sequence DN@ distribution

DNA sequence

B

Figure 1.4. Design parameters of protein—-DNA building blocks.Assembly architectures of proteins
depend on many parameters, including amino acid sequence of proteins, base sequence of DNA, and protein-DNA
attachment chemistry. Additional parameters include the distribution and number of DNA modifications on proteins
as well as the inherent shape and symmetry of the protein.

Current approaches to build materials from protein—DNA building blocks can be classified

)68 or surface-

as template-directed approaches (i.e., proteins are tethered to a DNA structure
directed approaches (i.e., protein and DNA both contribute to the final structure).!° In template
driven approaches, the assembly architectures of proteins depend solely upon designed DNA
interactions.!% 18170 DNA nanostructures such as tetrahedra,'*! junctions,'3>13* tiles,'*! and

Origami135—136, 154

can be functionalized with proteins. Alternatively, DNA oligomerization
methods including hybridization chain reaction (HCR) can organize protein-modified DNA

monomers into discrete and extended architectures.!?!"'?> Recent work from the Mirkin Lab and

others have designed directional DNA interactions between the surfaces of proteins, where
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directionality is imposed by the protein—-DNA attachment as well as steric and electrostatic
crowding of DNA. By modifying opposite ends of proteins with as few as two DNA strands,

19-120 and three-

proteins can be organized via surface-directed DNA interactions into one-
dimensional structures.!>” The chemical heterogeneity, shape, and symmetry of protein surfaces
enables their modification with an anisotropic distribution of DNA. These protein—-DNA building
blocks can exhibit one!*® or multiple (e.g., Janus-type)'®* 16* directional interactions to program
the complex or hierarchichal three-dimensional assembly of proteins.'*® Together, protein-DNA
conjugates are highly exciting building blocks to create designer materials that harness the
predictable interactions of DNA and the functions of proteins. However, one unmet challenge in
this field is the ability to access a wide range of different sequence-encoded architectures without

redesigning the protein, the DNA, or the protein—-DNA linkage. This challenge is fully addressed

by this dissertation.

1.4. Thesis Overview.

In this dissertation, ill-defined protein—protein interactions (PPIs) are replaced with well-
defined DNA hybridization interactions to program the assembly of proteins into sequence-
encoded single crystals and oligomers using DNA. This dissertation teaches how the amino acid
sequences of proteins, the base sequences of DNA, protein—-DNA attachment sites, and protein—
DNA linker structure of protein—DNA building blocks can regulate synthetic protein assembly
architectures. Ultimately, these lessons are applied to unmet challenges in the field of protein
assembly: designing protein packing within single crystals, organizing proteins into a wide variety
of different oligomers that contain exact numbers and orders of proteins, and controlling the

assembly morphologies of protein block co-oligomers.
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In Chapter Two (“DNA-Directed Protein Packing within Single Crystals.”), the impact of
replacing native PPIs with DNA hybridization interactions on protein crystallization is studied
(Figure 1.5). Protein crystallization is directed by placing DNA hybridization interactions between
the surfaces of proteins. The designs of DNA (i.e., length, sequence, and complementarity) and
DNA as protein—DNA linkage (i.e., site and flexibility) are systematically varied to learn how
these parameters impact crystallization. The important lesson learned is that decreasing flexibility
of the introduced linkage between proteins is key for protein—DNA building blocks to crystallize.
Together, this work is an essential step toward designing and engineering protein packing within
single crystals and could lead to future applications in protein structure determination and

functional protein crystal materials.

Green Fluorescent Protein Crystallization
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Figure 1.5. Studying the impact of DNA interactions on protein crystallization. In this work, the
impact of DNA hybridization interactions on protein crystallization is investigated. The packing of proteins within
crystals of mutant green fluorescent protein (mGFP, top) and DNA-modified mGFP (bottom) are distinctly different.

In Chapter Three (“Modular Nucleic Acid Scaffolds for Synthesizing Monodisperse and

Sequence-Encoded Antibody Oligomers.”), a modular DNA scaffold is designed that can be used
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to prepare a wide range of different monodisperse, sequence-encoded protein oligomers (Figure
1.6). Monomer building blocks are prepared by using generalizable bioconjugation to modify
proteins with one synthetic oligonucleotide. Next, DNA base-pair recognition is used to organize
monomers into oligomers with predefined numbers, stoichiometries, and oligomeric sequences of
proteins. Importantly, nearly limitless numbers of different sequence-encoded oligomers can be
synthesized without the need to redesign the proteins, the DNA scaffold, or the protein—-DNA
linkage. This synthetic advance enables subsequent studies to discover the fundamental
relationships between protein oligomer structures and properties, which have significant
implications for many fields (e.g., therapeutics, catalysis, photosynthesis, and membrane

transport).

1. Modify Proteins with One Designed DNA Strand
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Figure 1.6. A generalizable approach to prepare sequence-encoded protein oligomers. A
modular DNA scaffold is designed that can be used to organize proteins into nearly limitless numbers of different
sequence-encoded oligomers. Proteins are modified with one designed DNA strand using generalizable
bioconjugation chemistry. Next, monomers are oligomerized via DNA base-pairing into dimeric and trimeric building
blocks that can be further combined into larger sequence-encoded oligomers.
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In Chapter Four (“Protein Block Co-Oligomer Assembly Using DNA and Metal
Coordination.”), protein block co-oligomers are synthesized using controlled DNA HCR to
investigate the implications of block design on assembly morphology (Figure 1.7). A set of model
proteins are functionalized with one DNA hairpin and proteins are modified with many
coordinating ligands. This work will enable studies into how metal coordination between specific
blocks can lead to predictable assembly morphologies of proteins. We will investigate the impact
of the number of coordinating ligands per protein and the number of proteins with a block on
assembly morphology. This work will ultimately lead to methods to achieve the self-segregating

assembly of multiple proteins for uses as devices and synthetic organelles.

Protein Block Co-Oligomerization
via DNA HCR

< Coordinating
¥ Ligands

No Coordinating >
Ligands

Protein Block Co-Oligomers Assembly
via Metal Coordination

Figure 1.7. Investigating the impact block design on protein block co-oligomer assembly.
Proteins can be assembled into protein block co-oligomers using controlled DNA HCR oligomerization. We will
investigate how coordination between metal cations and proteins on specific blocks can direct the assembly of block
co-oligomers.

In Chapter Five, fundamental lessons learned from this work are summarized and future

research directions are discussed. As a whole, this dissertation establishes methods to program the
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organization of proteins into predefined and sequence-encoded single crystals and oligomers.
These protein architectures will enable the future development of protein-based materials that

mimic and surpass the natural functions of proteins.
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CHAPTER TWO

DNA-Directed Protein Packing within Single Crystals.

Material in this chapter is partly based upon published work:

Winegar, P. H.; Hayes, O. G.; McMillan, J. R.; Focia, P. J.; Figg, C. A.; Mirkin, C. A. DNA-
Directed Protein Packing within Single Crystals. Chem 2020, 6, 1007—-1017.

Printed with permission of co-authors and Elsevier.
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2.1. Natural and Synthetic Protein Single Crystals.

In biology, periodic architectures of proteins (i.e., bacterial S-layers,’ actin and myosin,®
and tubulin'’!) can dictate important biological functions (i.e., glycan presentation,” muscle
actuation,® and cargo transport,!’! respectively). The discovery of protein structure-function
relationships requires the determination of the chemical and folding structures of proteins. Protein
single crystals are synthetic protein architectures that have positional, orientational, and
translational order; and X-ray crystallographic characterization of protein crystals can be used to
determine protein structures.!’?17® In fact, over 160,000 structures of proteins have been solved
using X-ray crystallography and deposited into the Protein Data Bank (PDB).!”” However, protein
crystallization can be challenging for many proteins, because native interactions between proteins
are complex. PPIs contain combinations of many weak noncovalent interactions (e.g., hydrogen
bonding, electrostatics, hydrophobics, and van der Waals interactions),' 8!8 therefore, researchers

interested in such structures have little control over crystallization and the type of crystals that

form. 181-182
Efforts to control protein crystallization have included modifications that affect charge,*!"
4 hydrophobicity,*”*® protein structure,*>? ligand binding,>>>® and metal binding

characteristics.’®*? These methods often require proteins to be engineered (i.e., site-directed
mutagenesis and recombinant expression) to introduce recognition sites directly into the protein
structure, potentially complicating the discovery of structure-function relationships.!83184, In
addition, different protein mutants are required for each modification to the synthetic PPI.

Therefore, it is desirable to direct protein crystallization to different structural outcome without

changes to the protein itself.
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2.2. Challenges and Opportunities for Engineering Protein Crystals Using DNA.
In 2015, we introduced the concept of DNA-modification to control protein
crystallization.!>” With isotropically and sometimes anisotropically functionalized structures,
pseudo-crystalline materials could be realized, but to date, these techniques, in our hands or others,

have not yielded structures suitable for single-crystal X-ray diffraction studies.!>’-13% 160:162 Baged

k, 103 106, 109, 119, 157138, 160 e hypothesized that modifying proteins with

upon our previous wor
single strands of DNA could be used to influence crystallization, and when combined with protein—
protein interactions, could yield new crystal forms and atomic resolution structures. Herein, we
explore this hypothesis with a model protein, mutant green fluorescent protein (mGFP). The effects
of design parameters, including DNA sequence, DNA length, protein amino acid attachment
position, and DNA base attachment position were systematically explored with respect to
consequence on protein packing in the crystals (Figure 2.1). Importantly, for many of the systems
studied, X-ray diffraction quality single crystals could be obtained. Elucidation of the resulting
structures provided insight into the design parameters that control protein packing within such
crystals. Taken together, the data demonstrate that a single DNA modification on the surface of a

protein can be used to direct protein packing within a single crystal and, as such, is an important

step forward in protein crystal engineering.
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Figure 2.1. Design and parameter scope of mGFP-DNA conjugates studied. (A) Schematic of the
DNA interaction between mGFP-DNA conjugates with dimensions for the mGFP, the DNA, and the mGFP-DNA
linkage. (B) The design parameters explored include DNA sequence, DNA length, amino acid attachment position,
and DNA base attachment position. DNA sequence was varied between self-complementary (scDNA),
complementary (cDNA), and non-complementary (ncDNA) (upper left). DNA length was varied from 6—18 bases
(upper right). DNA attachment positions were on the side (amino acid residue 148) or edge (amino acid residue 176
or 191) of the mGFP B-barrel (lower left). The sites within the DNA for attachment to the proteins were either internal
or external (lower right).
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2.2. Design and Synthesis of DNA-Modified Proteins.

2.2.1. Recombinant Expression of GFP Mutants.

To study how designed DNA interactions can influence the growth and packing in protein
single crystals, we designed mutants of GFP that could be modified with one DNA strand using
cysteine-specific bioconjugation chemistry. A single cysteine residue was positioned at a distinct
surface location on different mutants, either on the side (C148 mGFP) or the edge (C176 mGFP
or C191 mGFP) of the mGFP B-barrel (Table 2.1). Each mutant was recombinantly expressed in
E. coli and isolated using standard protein purification techniques. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and matrix-assisted laser desorption-ionization-
time-of-flight mass spectrometry (MALDI-TOF MS) were used to characterize the C148 mGFP

(Figure 2.2), C176 mGFP (Figure 6.1), and C191 mGFP (Figure 6.2).
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Figure 2.2. Characterization of C148 mGFP. (A) Schematic of C148 mGFP (green). (B) A UV-vis
absorption spectrum that is normalized to the absorbance of the mGFP chromophore at 488 nm. The spectrum also
contains a characteristic protein absorbance peak at 280 nm. (C) SDS-PAGE analysis shows C148 mGFP (lane 1)
primarily in the thiol form (~30 kDa) with a small amount in the disulfide form (~60 kDa). (D) MALDI-TOF MS
characterization shows an experimental C148 mGFP (green) mass of ~30.5 kDa.

Table 2.1. Amino acid sequences for GFP mutants.

Mutant

Amino Acid Sequence

C148 mGFP

MRGSHHHHHHGMASMTGGQQMGRDLYENLYDDDDKMV
SKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGK
LTLKFILTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQH
DFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVN
RIELKGIDFKEDGNILGHKLEYNYNCHNVYIMADKQKNGI
KVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYL
STQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

C176 mGFP

MRGSHHHHHHGMASMTGGQOQMGRDLYENLYDDDDKMV
SKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGK
LTLKFILTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQH
DFFKSAMPEGY VQERTIFFKDDGNYKTRAEVKFEGDTLVN
RIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGI
KVNFKIRHNIEDGCVQLADHYQQNTPIGDGPVLLPDNHYL
STQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

C191 mGFP

MRGSHHHHHHGMASMTGGQQMGRDLYENLYDDDDKMV
SKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGK
LTLKFILTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQH
DFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVN
RIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGI
KVNFKIRHNIEDGSVQLADHYQQNTPIGCGPVLLPDNHYL
STQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

The single surface-exposed cysteine residue on each GFP mutant is bolded and highlighted in blue.
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2.2.2. DNA Design and Modification of GFP with One DNA Strand.

Next, we investigated the effect of introducing a designed DNA interaction between
proteins on crystallization and protein packing within a single crystal. We varied design parameters
including DNA sequence, DNA length, amino acid attachment position, and DNA base attachment
position (Table 2.2). The wide range of DNA interactions that can be designed highlights the

reason to direct protein crystallization using DNA.

Table 2.2. Oligonucleotide sequence design and characterization.

Name Sequence €260 nm MW theor. MWexp.
(5" — 3 (M-lem™)P (Da)® (Da)

scDNA-1 H>N-CGCGCG 51,400 1,930.2 1,960.3

<DNA-1 H>oN-GGCCGG 55,600 2,012.4 2,002.0

H>N-CCGGCC 48,600 1,932.3 1,919.3

<DNA.2 H>N-AGAGAG 71,600 2,044.4 2,046.0

H>N-CTCTCT 45,800 1,897.3 1,898.3

ncDNA-1 HN-TTTTTT 49,200 1,942.4 1,929.9

<DNA.3 H>N-AAGGAAGGA 106,200 3,000.1 3,005.9

HN-TCCTTCCTT 69,900 2,794.9 2,797.4

DNA-4 H>N-AAGGAAGGAAGG 137,900 3,971.7 3,981.5

H>N-CCTTCCTTCCTT 91,700 3,677.5 3,677.5

<DNA-5 H>N-AGTTAGGACTTACGCTAC 176,900 5,677.8 5,684.8

H>N-GTAGCGTAAGTCCTAACT 177,100 5,677.8 5,683.3

ncDNA-2 HN-TTTTTTTTT 73,500 2,855.0 2,889.1

scDNA-2 GCGCT(NH2)AGC 80,600 2,508.8 2,510.2

2H,N- represents a 5’ amino-modifier C6 phosphoramidite and 7(NH;) represents an amino-modifier C2 dT
phosphoramidite (Scheme 6.1). PExtinction coefficients and theoretical molecular weights were calculated using the
OligoAnalyzer Tool from IDT DNA.

Site-specific mono-functionalization of mGFP with DNA was performed according to a
previously published procedure.!®® To install a single DNA strand onto mGFP, the amine on 10
equivalents (equiv.) of a DNA strand were reacted with the N-hydroxysuccinimide activated ester
(NHS) on 300-500 equiv. of succinimidyl 3-(2-pyridyldithio)propionate (SPDP, Scheme 2.1).

Excess unreacted SPDP was removed with two consecutive rounds of size-exclusion
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chromatography (SEC). Next, the surface-exposed cysteine on mGFP was functionalized with
pyridyl disulfide-modified DNA through a thiol-disulfide exchange reaction (Scheme 2.1). The
mGFP-DNA conjugates were isolated from unreacted DNA and proteins using nickel affinity

chromatography and anion exchange chromatography, respectively.

Scheme 2.1. Synthetic route to conjugate proteins to one DNA strand.

SPDP Linker (1) Amine-Modified (1) Mutant GFP GFP-DNA Conjugate
DNA B

HZN—QJ)/W equiv.
@ o 50:50 Ealll;lx PBS S Hw ’
N s’s\/\n’o‘n NZ S,S\/\n,N
o RT,1h o 1x PBS, pH 7.4
0 . .
(2) Size-Exclusion RT, 16 h

300-500 equiv.

Chromatography (2) Nickel Affinity and
(SEC) Anion Exchange
Chromatography

Following this approach, mGFP (Table 2.1) were conjugated to one copy of each designed
DNA strand (Table 2.2). The mono-functionalization of mGFP with DNA and purification of
mGFP-DNA conjugates were confirmed using UV-vis spectroscopy, SDS-PAGE, and MALDI-
TOF MS. The successful synthesis of C148 mGFP—scDNA-1 (Figure 2.3), C148 mGFP—cDNA-1
(Figure 6.3), C148 mGFP—cDNA-2 (Figure 6.4), C148 mGFP-ncDNA-1 (Figure 6.5), C148
mGFP—cDNA-3 (Figure 6.6), C148 mGFP—cDNA-4 (Figure 6.7), C148 mGFP—cDNA-5 (Figure
6.8), C148 mGFP-ncDNA-2 (Figure 6.9), C176 mGFP—scDNA-1 (Figure 6.10), C191 mGFP-
scDNA-1 (Figure 6.11), and C148 mGFP-scDNA-2 (Figure 6.12). These data conclusively
demonstrate the attachment of one DNA strand per mGFP and the isolation of pure mGFP-DNA

conjugates.
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Figure 2.3. Characterization of C148 mGFP-scDNA-1. (A) Schematics of C148 mGFP (green) and
C148 mGFP—scDNA-1 (blue). (B) UV-vis absorption spectra of C148 mGFP (green) and C148 mGFP-scDNA-1
(blue) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The increase in absorbance at 260
nm of C148 mGFP—scDNA-1 compared to C148 mGFP corresponds to 1.2 scDNA-1 per C148 mGFP. (C) SDS-
PAGE analysis of C148 mGFP (lane 1) to C148 mGFP—scDNA-1 (lane 2) show the conjugation of one scDNA-1 to
C148 mGFP. Both images are from the same gel with intermediate lanes removed for clarity. (D) MALDI-TOF MS
characterization of C148 mGFP (green) C148 mGFP—-scDNA-1 (blue) shows an experimental mass increase of 1802
Da that is consistent with the theoretical mass increase of mono-functionalization (2016 Da = 1930 Da (scDNA-1) +
86 Da (linker molecule)).

2.3. Studying the Impact of DNA on GFP Single Crystal Structure.

2.3.1. GFP and GFP-DNA Crystallization and X-ray Crystallography.

The mGFP proteins and mGFP-DNA conjugates were crystallized at a concentration of 5
mg/mL using vapor diffusion techniques and hundreds of crystallization conditions (i.e., varying
salt, precipitant, buffer, and temperature) were screened robotically in a high-throughput manner.
Sitting drops of 1 uL of sample were mixed with 1 pL of a crystallization condition and placed
next to a reservoir that contains of 70 puL of a crystallization condition. Crystallization experiments
were incubated undisturbed for 2 weeks at both 4 and 22 °C. Obtained crystals (see Table 6.1 for
complete information related to crystallization conditions) were characterized using X-ray
crystallography at Argonne National Laboratory’s Advanced Photon Source. Crystal structures
were then solved for various mGFP proteins and mGFP—-DNA conjugates (Table 2.3, see Tables

6.3—6.8 for complete information related crystallographic data and model refinement).



Table 2.3. Summary of mGFP and mGFP-DNA crystal properties.
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GFP PDB Space Cell Cell Resolution
Sample Parameters | Parameters

Mutant | Code | Group A) ©) A)
51.51, 90.00,

mGFP C148 6UHJ | P2,2,2, 62.90, 90.00, 1.50
69.40 90.00
88.93, 90.00,

mGFP C176 6UHK | 7222 91.76, 90.00, 1.90
151.71 90.00
64.87, 90.00,

mGFP—scDNA-1 C148 6UHL | Pi2,1 52.29, 94.13, 1.91
86.80 90.00
58.28, 90.00,

mGFP and cDNA-1 | C148 | 6UHM | P2;2;2, 61.76, 90.00, 2.10
135.32 90.00
64.92, 90.00,

mGFP—cDNA-1 C148 6UHN | Pl2;1 52.18, 94.24, 1.92
86.47 90.00
64.71, 90.00,

mGFP-cDNA-2 C148 6UHO | Pi2;1 52.22, 94.23, 1.95
86.44 90.00
59.05, 90.00,

mGFP-ncDNA-1 C148 6UHP | Pi2/] 51.60, 106.97, 2.90
100.41 90.00
106.63, 90.00,

mGFP-cDNA-3 C148 6UHQ | Ci2] 50.58, 110.33, 2.85
56.69 90.00
50.58, 90.00,

mGFP—scDNA-2 C148 6UHR | P2,2,2; 50.89, 90.00, 3.00
209.19 90.00

A structure of C191 mGFP is previously reported (PDB code: 4W6I).'®> C148 mGFP-cDNA-4, C148 mGFP-cDNA-
5, C148 mGFP-ncDNA-2, C176 mGFP-scDNA-1, and C191 mGFP—scDNA-1 did not crystallize.

2.3.2. Crystal Structures of GFP Mutants.

Crystal structures of C148 mGFP and C176 mGFP were determined (a structure of C191
mGFP is known, PDB code: 4W6I)'* prior to their functionalization with DNA as comparisons
to structures obtained when DNA is present. While crystal structures of native GFP are well

known, % the position of solvent-accessible cysteine residues on mGFP influences protein packing



42
through the formation of disulfide bonds.'®® The C148 mGFP was crystallized, and a 1.5 A
structure was determined in the space group P2;2;2; where C148 remains as a thiol (PDB code:
6UHJ, Figure 2.4.A). The extended packing arrangement of mGFP within 6UHJ is shown Figure
6.13. The structure is nearly identical to the majority of GFP structures in the PDB,!”” with nearly
equivalent unit cell parameters and a root-mean-square deviation (RMSD) of 0.2 A for all atoms
from a previously reported GFP structure (PDB code: 4EUL).!%¢ Crystals of C176 mGFP were
characterized where C176 form disulfide bonds (product of oxidation) as a different structure in
the space group 1222 at 1.9 A resolution (PDB code: 6UHK, Figure 2.5). The extended packing

arrangement of mGFP within 6UHK is shown Figure 6.14.

C mGFP—ncDNA
e
R 17T TTT

Figure 2.4. Single crystal structures of mGFP and mGFP-DNA. (A) A model of C148 mGFP (top).
Four asymmetric units of the C148 mGFP crystal structure (PDB code: 6UHJ, bottom), which is equivalent to
previously reported GFP crystal structures. Proteins pack densely in this structure, and C148 (highlighted in blue) is
involved in a protein—protein interaction. (B) A model of C148 mGFP—scDNA-1 (top). Two asymmetric units of
theC148 mGFP—scDNA-1 crystal structure (PDB code: 6UHL, bottom). In this structure, the DNA was not ordered
past the disulfide mGFP-DNA attachment (inset). Pairs of C148 (blue) orient toward distinct regions of solvent space
with a C148-C148 distance of 37 + 4 A that is within the theoretical distance for DNA hybridization (27-64 A). (C)
A model of the C148 mGFP-ncDNA-1 (top). Two asymmetric units from the C148 mGFP-ncDNA-1 crystal structure
(PDB code: 6UHP, bottom), where ecach C148 (orange) orients toward distinct regions of solvent space with no free
path between C148 residues that would permit DNA hybridization.
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Figure 2.5. Crystal structure of C176 mGFP. (A) Model of C176 mGFP (green). (B) A subset of the C176
mGFP crystal structure (PDB code: 6UHK) is depicted that highlights the C176—C176 disulfide bond (blue).

2.3.3. Crystal Structures of DNA-Modified GFP.

As a proof-of-concept that DNA interactions can modify the growth and packing of protein
single crystals, we first studied the crystallization of mGFP modified with a 6-base self-
complementary DNA strand (scDNA-1, Table 2.2) at the C148 position (nGFP—-scDNA-1, Figure
2.3). DNA conjugation did not inhibit the protein’s ability to crystallize, as the mGFP—scDNA-1
conjugate crystallized into thin plates (~100x200x10 pm). Significantly, a 1.9 A resolution crystal
structure was determined in the space group P/2;/ (PDB code: 6UHL, Figure 2.4.B). The
extended packing arrangement of mGFP within 6UHL is shown Figure 6.15. Furthermore, the
structure has different unit cell parameters and protein packing with respect to the C148 mGFP
crystal structure, indicating that the DNA modification plays a role in how the proteins are
organized. In fact, the unit cell parameters and protein packing in the mGFP—scDNA-1 crystal are
different relative to all previously reported GFP crystal structures. The crystal structure shows
electron density for mGFP and the disulfide mGFP—scDNA-1 attachment, but not DNA. The
flexibility of the linker used for protein conjugation (see Scheme 6.2.A for the chemical structures

of the mGFP-DNA linkage) likely prevents DNA from ordering in the crystal. However, the
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mGFP-scDNA-1 protein packing is consistent with the presence of hybridized DNA. Pairs of
C148 residues orient towards distinct regions of solvent space and are separated by 37 + 4 A, a
distance that corresponds well with the length of the duplexed DNA within the protein single
crystals (theoretical distance for 6 bp duplex DNA is 27-64 A, either in contracted/extended form
with respect to the two alkyl linker molecules).!®” As an additional control experiment to confirm
that covalent attachment of scDNA-1 to mGFP directs the mGFP—scDNA-1 crystal structure, a
mixture of C148 mGFP and scDNA-1 was subjected to identical crystallization conditions as the
conjugate. The crystals resulting from the mixture show a structure with a disulfide bond between
surface-exposed cysteines (PDB code: 6UHM, Figure 2.6), where mGFP packing is exclusively
directed by inter-protein interactions. The extended packing arrangement of mGFP within 6UHM
is shown Figure 6.16. Taken together, these results show that the covalent attachment of a 6-base
self-complementary DNA strand to mGFP leads to a change in protein—protein contacts during

crystallization and, ultimately, different protein packing.

A B

Unconjugated mixture of
C148 mGFP and scDNA-1

%SH + H,NeCGCGCG

Figure 2.6. Crystal structure of unconjugated mixture of C148 mGFP and scDNA-1. (A) Model
of the unconjugated mixture of C148 mGFP and scDNA-1 (blue). (B) A subset of the crystal structure of the
unconjugated mixture of C148 mGFP and scDNA-1 (PDB code: 6UHM) is depicted that highlights the C148—C148
disulfide bond (blue).
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2.4. DNA Hybridization Can Direct mGFP Packing in Single Crystals.

2.4.1. Effect of DNA Sequence on Crystal Structure.

To explore whether DNA-directed protein packing using complementary strands is
independent of specific sequence, two sets of 6-base complementary DNA were designed (cDNA-
1 and cDNA-2, Table 2.2). The C148 mGFP was functionalized with the complementary DNA
sequences separately, then corresponding mGFP-DNA conjugates (i.e., mGFP—-cDNA-1 and
mGFP-cDNA-2, Figures 6.3 and 6.4, respectively) were mixed immediately prior to subjecting
the mixture to crystallization experiments. Both mGFP—cDNA-1 and mGFP—cDNA-2 crystallized
into thin plates, showing the same crystal morphology as mGFP—scDNA-1 crystals. Furthermore,
1.9 A crystal structures for mnGFP—cDNA-1 and mGFP—cDNA-2 have the same space group P12,/
and nearly equivalent unit cell parameters as the mGFP—scDNA-1 structure (PDB code: 6UHN
and 6UHO, Figure 2.7). The extended packing arrangements of mGFP within 6UHN and 6UHO
are shown Figures 6.17 and 6.18, respectively. The RMSD between mGFP—scDNA-1, mGFP—
cDNA-1, and mGFP—cDNA-2 structures are less than 0.2 A for all atoms, confirming that the
protein packing of these structures is essentially equivalent. Therefore, (self-)complementary
mGFP-DNA conjugates with a DNA length of 6-bases crystallize into practically identical single

crystal forms, regardless of DNA sequence.
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Figure 2.7. Comparison of crystal structures of with different complementary sequences. The
asymmetric unit of the C148 mGFP-scDNA-1 (blue, PDB code: 6UHL), C148 mGFP—-cDNA-1 (red, PDB code:
6UHN), and C148 mGFP—cDNA-2 (green, PDB code: 6UHO) crystal structures are overlaid. Root-mean-square
deviations (RMSDs) of 0.2 A are calculated between pairs of these structures when comparing location of all atoms,
indicating that the structures are nearly equivalent.

2.4.2. Effect of DNA Complementarity on Crystal Structure.

Next, we wanted to confirm the importance of DNA complementarity on the resulting
crystal structure. A T6 non-complementary DNA strand (ncDNA-1, Table 2.2) was functionalized
to C148 mGFP (mGFP-ncDNA-1, Figure 6.5) and crystallized. The mGFP-ncDNA-1 conjugates
formed needle-like crystals, a distinct crystal morphology from mGFP and the three 6-base (self-)
complementary mGFP-DNA conjugates. Moreover, a 2.9 A resolution crystal structure was
determined in the space group P/2;1 for mGFP-ncDNA-1 with unit cell parameters and protein
packing that are different from both those of mGFP and (self-)complementary mGFP-DNA
conjugates (PDB code: 6UHP, Figure 2.4.C). The extended packing arrangement of mGFP within
6UHP is shown Figure 6.19. Clearly, the presence of non-complementary single stranded DNA
still influences packing outcomes of mGFP, likely by filling space and altering the crystal contacts
that may form between mGFP. However, the protein packing in the mGFP-ncDNA-1 structure is
not consistent with DNA duplexing, as each C148 residue orients towards a different region of

solvent space with no free path in solvent space between C148 residues that would permit DNA
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hybridization (Figure 2.8). This result indicates the importance of DNA complementarity on
protein packing outcomes in protein—-DNA crystals and illustrates that protein packing within
single crystals can be directed using programmable DNA interactions (i.e., mGFP—scDNA-1,

mGFP—cDNA-1, and mGFP—cDNA-2).

Figure 2.8. Crystal structure of C148 mGFP-ncDNA-1. Two asymmetric units from the C148 mGFP—
ncDNA-1 crystal structure (PDB code: 6UHP) with mGFP proteins depicted in a space-filling manner (green). Each
C148 (orange) orients towards distinct regions of solvent space with no free path in solvent space between C148
residues that would permit DNA hybridization. Protein—protein interactions (i and ii) block the path between C148
residues.

2.4.3. Confocal Microscopy to Characterize DNA within Single Crystals.

Since no direct evidence of electron density for DNA was observed in the electron density
maps for the mGFP-DNA crystals structures, to confirm the presence of the DNA, crystals were
incubated with the DNA-intercalating dye thiazole red homodimer (TOTO-3) and imaged using
confocal microscopy. TOTO-3 is a cationic, DNA duplex-sensitive dye that shows a several
thousand-fold increase in fluorescence upon DNA intercalation due to decreased rotational
freedom, which enforces a planar conformation.!3¥!1%° Before dye addition, crystals of C148
mGFP, C148 mGFP-ncDNA-1, and C148 mGFP-cDNA-1 show mGFP fluorescence (485 nm

excitation and 500-550 nm emission filter), but no TOTO-3 fluorescence (640 nm excitation and
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663—738 nm emission filter). When TOTO-3 was added to crystals of C148 mGFP, as expected,
no TOTO-3 fluorescence was observed because the mGFP crystals do not contain DNA (Figure
2.9.A). In contrast, a strong TOTO-3 fluorescence was observed for mGFP-ncDNA-1 (Figure
2.9.B) and mGFP—cDNA-1 crystals (Figure 2.9.C), providing evidence for the presence of DNA
within the crystals of mGFP-ncDNA-1 and mGFP—cDNA-1. Surprisingly, no significant
difference in the ratio of mGFP to TOTO-3 fluorescence was observed between mGFP-ncDNA-
1 and mGFP—cDNA-1 crystals (Figure 2.9.D). While TOTO-3 is duplex-sensitive in solution, the
behavior of TOTO-3 in the protein crystals is less understood. In our case, it is possible that TOTO-
3 dye could interact with confined single stranded DNA in the protein crystals in a way that
enforces planarity and induces fluorescence. Overall, this confocal microscopy experiment
provides evidence for the presence of DNA in mGFP-ncDNA and mGFP—(s)cDNA crystals.
Combining observations that (1) DNA is present in these crystals and (2) DNA complementarity
determines crystallization outcomes leads to the conclusion that protein packing in single crystals

can be modulated by DNA hybridization interactions.

Sample Green:Far Red Signal Ratio
C148 mGFP 10.3+£4.7
C148 mGFP—ncDNA-1 1.8+0.7
C148 mGFP-cDNA-1 1.4+04

Figure 2.9. Confocal microscopy evidence for DNA in mGFP-DNA crystals. (A-C) Confocal
microscopy images of (A) C148 mGFP, (B) C148 mGFP-ncDNA-1, and (C) C148 mGFP—-cDNA-1 crystals after
soaking the crystals for 30 min in the intercalating dye, TOTO-3. The crystals are imaged in a bright field (left), a
green channel (middle, 485 nm excitation and 500-550 nm emission filter), and a far-red channel (right, 640 nm
excitation and 663—738 nm emission filter). All scale bars are 50 um. (D) The ratio of green:far-red fluorescence
signals are compared across multiple crystals.
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2.5. Studying the Effect of DNA Length on GFP Crystallization.

Since complementary DNA interactions can direct protein crystallization, we sought to
determine if DNA length provides another parameter for affecting crystal packing arrangements.
To investigate the effect of DNA interaction length on crystallization outcome, DNA interactions
at various lengths (i.e., 6, 9, 12, and 18 base pairs (bps)) were designed, and mGFP-DNA
conjugates incorporating these interactions were synthesized. While a single crystal form of C148
mGFP was observed for three DNA duplexes of 6 base pairs (bp), an increase in DNA duplex
length to 9 bp (mGFP—cDNA-3, Figure 6.6) led to a 2.9 A structure in the space group C121 (PDB
code: 6UHQ, Figure 2.10.A). The extended packing arrangement of mGFP within 6UHQ is shown
Figure 6.20. The protein packing within this structure is distinct from other mGFP—DNA structures
and, importantly, pairs of C148 residues again orient towards distinct regions of solvent space,
separated by 41 + 6 A, a distance that agrees with the length of the duplex DNA (theoretical
distance for 9 bp duplex is 37-75 A, either in the contracted/extended form with respect to the two
alkyl linker molecules). However, when longer DNA ligands (12 bp: mGFP—cDNA-4 and 18 bp:
mGFP—cDNA-5, Figures 6.7 and 6.8, respectively) were investigated, no crystallization was
observed. This suggests that above an upper threshold for DNA duplex length, DNA prevents the
formation of mGFP single crystals. Similarly, increasing the length of non-complementary DNA
from 6 to 9 bases (NMGFP-ncDNA-2, Figure 6.9) precluded crystallization. Taken together, mGFP—

DNA crystallization and structural outcomes depend strongly on the length of designed DNA.
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A mGFP—cDNA-3 B mGFP-scDNA-3
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Figure 2.10. Crystal structures of C148 mGFP—cDNA-3 and mGFP-scDNA-3. A) A model of
C148 mGFP—cDNA-3 (top). Four asymmetric units of the C148 mGFP—cDNA-3 crystal structure (PDB code: 6UHQ,
bottom). Pairs of C148 (red and purple) orient toward distinct regions of solvent space with a C148—C148 distance of
41 + 6 A that is within the theoretical distance for DNA hybridization (37-75 A). (B) A model of C148 mGFP—
scDNA-2 (top). Two asymmetric units of the C148 mGFP-scDNA-2 crystal structure (PDB code: 6UHR, bottom).
Pairs of C148 (blue) orient toward distinct regions of solvent space with a C148—C148 distance of 30 = 6 A that is
within the theoretical distance for DNA hybridization (845 A).

2.6. Investigating the Importance of GFP-DNA Linkage Chemistry.

2.6.1. Effect of Protein Attachment Site on Crystallization.

In addition to exploring how DNA design can influence crystal structures, protein—-DNA
attachment position represents another powerful design parameter, where changing attachment
location can guide protein—protein interactions and therefore protein packing. The amino acid
attachment position was varied by changing the location of the cysteine greater than 15 A from the
middle of the side of the mGFP B-barrel (C148 mGFP) to the edge of the mGFP B-barrel (C176
mGFP and C191 mGFP). The C176 mGFP and C191 mGFP were functionalized with scDNA-1
(C176 mGFP-scDNA-1 and C191 mGFP-scDNA-1, Figures 6.10 and 6.11, respectively), the

same DNA which directed the crystallization and structure of C148 mGFP—scDNA-1. In contrast,
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C176 mGFP—scDNA-1 and C191 mGFP—scDNA-1 conjugates did not crystallize, perhaps due to
the high flexibility of loops at the edge of the mGFP B-barrel. Moreover, residues at position 176
and 191 are located at interfaces between GFP in other obtained crystal structures, potentially
indicating their involvement in crystal packing contacts. These results exhibit the importance of

amino acid attachment position on crystallization outcomes.

2.6.2. Effect of DNA Attachment Site on Crystallization.

Next, DNA base attachment position was changed from an external to an internal DNA
base, which allows shorter inter-protein distances. Additionally, DNA strands with an internal base
attachment position may be designed with short sticky end overhangs, which can lead to DNA
ordering in single crystals.'”> ' The C148 mGFP was functionalized with a 6 bp self-
complementary DNA strand with a 2 base sticky end (C148 mGFP—scDNA-2, Figure 6.12). See
Scheme 6.2.B for the linkage structure for this conjugate. The C148 mGFP—scDNA-2 conjugate
was crystallized into a crystal form in the space group P2;2;2; (PDB code: 6UHR, Figure 2.10.B).
The extended packing arrangement of mGFP within 6UHR is shown Figure 6.21. Similar to other
mGFP-DNA crystal structures, DNA does not order, obscuring the effect of the sticky ends on
crystal formation. That said, pairs of cysteines orient towards distinct regions of solvent space at a
distance (30 + 6 A) that agrees with the length of the duplex DNA (theoretical distance for 8 bp
duplex with internal attachment position is 845 A), further confirming that DNA interactions can
be extensively designed to influence the crystallization and packing of proteins. This structure
suggests an additional layer of control provided by the DNA ligand and will be the subject of future

investigations involving linker flexibility and sticky end design.
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2.7. Analysis of Protein—Protein Interfaces in Crystal Structures.
Since different crystal structures were observed depending on the presence and design of
DNA, we sought to understand the discrete changes in protein—protein interactions across observed
single crystals. Towards this end, interfaces between mGFP in all obtained crystal structures were
analyzed using PDBePISA ™! to study the effect of introduced DNA on protein packing. While
some new interfaces arose, crystals of C148 mGFP-DNA show a protein—protein interface with
82—100 % amino acid residue similarity to the interface with the largest area observed in C148
mGFP. Importantly, this shows that despite dramatic changes in the overall protein packing, the
largest protein—protein interface is conserved across all C148 mGFP and C148 mGFP-DNA

crystals (Figure 2.11).

A €148 mGFP B C148 mGFP-scDNA-1 (o3 C148 mGFP-cDNA-1

x-1/2,-y-1/2,-z x,y-1/2,-z

-x,y-1/2,-z Chain B
o

S < - S
Chain A Chain A Chain B Chain A -x-1,y-1/2,-z-1

D C148 mGFP-cDNA-2 E C148 mGFP-ncDNA-1 F C148 mGFP-cDNA-3

Chain A -x,y-1/2,-z -X,y-1/2,-z+1 Chain B x+1/2,y-1/2,-z+1

-X,y-1/2,-z

G C148 mGFP-scDNA-2

x-1/2,-y+1/2,-z x+1,y-1/2,-z+1/2

Figure 2.11. An interface that is conserved across all mGFP and mGFP-DNA crystals. A
conserved interface (blue) between a protein in the asymmetric unit and a symmetry mate for (A) C148 mGFP, (B)
C148 mGFP-scDNA-1, (C) C148 mGFP-cDNA-1, (D) C148 mGFP-cDNA-2, (E) mGFP-ncDNA-1, (F) C148
mGFP-cDNA-3, and (G) C148 mGFP—scDNA-2.
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The second largest interface in crystals of C148 mGFP is also conserved for crystals of

C148 mGFP-scDNA-1, C148 mGFP-cDNA-1, and C148 mGFP—cDNA-2 (89, 100, and 73 %
similar, respectively) and partially conserved for crystals of C148 mGFP-ncDNA-1 (50 % similar,
Figures 2.12). Interestingly, this interface is not observed with increases in DNA length or changes
in DNA base attachment position, indicating that the nature of protein packing is dictated by an
interplay between protein—protein and DNA hybridization interactions. This suggests we could use
existing protein crystal structures to inform the placement of DNA ligands to engineer protein

packing within single crystals.

A C148 mGFP B €148 mGFP-scDNA-1 C €148 mGFP-cDNA-1

x-1/2,-y+1/2,-z

-x+1,y-1/2,-z -X,y-1/2,-z-1

D €148 mGFP-cDNA-2 E €148 mGFP-ncDNA-1

Chain A -x+1,y-1/2,-z+1

-X,y-1/2,-z-1 Chain A

Figure 2.12. An interface that is conserved across some mGFP and mGFP-DNA crystals. A
conserved interface (magenta) between a protein in the asymmetric unit and a symmetry mate for (A) C148 mGFP,
(B) C148 mGFP-scDNA-1, (C) C148 mGFP—cDNA-1, (D) C148 mGFP-cDNA-2, and (E) C148 mGFP-ncDNA-1.

2.8. Conclusion.
Growth of protein single crystals involves complex protein—protein interactions which are

challenging to design and predict. This work demonstrates how replacing such interactions with
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highly programmable DNA interactions could enable structural control over protein packing
within single crystals. We report the first protein single crystal structure where DNA hybridization
interactions between the surfaces of proteins direct the packing of proteins within the crystal. An
analysis of protein—protein interfaces within mGFP and mGFP-DNA crystals reveals that
interfaces may be conserved or disrupted, regardless of overall crystal structure.

Furthermore, we demonstrate that DNA complementarity, DNA length, and protein—-DNA
attachment position all influence crystallization and protein packing structural outcomes. Although
the resulting crystal structure is shown to be independent of DNA sequence (while maintaining
complementarity), crystallization only occurred for mGFP-DNA conjugates when DNA duplexes
were less than or equal to 9 bp. Interestingly, changing the DNA length or the attachment of DNA
to the protein through an internal base modification afforded more crystal structures that further
demonstrate the versatility of this approach and the large design space to be explored. Importantly,
minimizing the flexibility of the DNA linkage between protein surfaces (i.e., decreasing DNA
length, attaching DNA to a B-strand instead of a loop, or decreasing length of the protein—DNA
linker) is important to obtain crystals suitable for X-ray crystallographic structure determination.

Furthermore, we have recently reported that DNA can eliminate, augment, and replace
native protein interfaces in single crystals of concanavalin A (ConA).!®! In ConA-DNA crystals,
crystallographic analysis led to structure determination of proteins, DNA, and the protein—-DNA
linker. This unambiguously indicates that DNA hybridization can control the packing of ConA
into single crystals. In addition, fine changes to the DNA design (i.e., 0 bases to 4 bases to 6 bases)
lead to predictable expansion of the crystal unit cell along one crystallographic axis. Together,

these works are essential steps toward designing and engineering protein packing within single
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crystals and could lead to future applications in protein structure determination and functional

protein crystal materials.

2.9. Materials and Methods.

See Appendix A (Section 6.1).
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CHAPTER THREE

Modular Nucleic Acid Scaffolds for Synthesizing Monodisperse and Sequence-Encoded Antibody
Oligomers.

Material in this chapter is partly based upon published work:

Winegar, P. H.*; Figg, C. A.*; Teplensky, M. H.; Ramani, N.; Mirkin, C. A. Modular Nucleic
Acid Scaffolds for Synthesizing Sequence-Encoded Antibody Oligomers. Chem 2022,
https://doi.org/10.1016/j.chempr.2022.07.003.

*Equal author contribution

Printed with permission of co-authors and Elsevier.
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3.1. Natural Oligomers of Proteins with Encoded Sequences.

In biology, many proteins assemble into defined oligomeric architectures that contain exact
numbers and oligomeric sequences of multiple different proteins.”!! Herein, oligomeric sequence
of proteins and oligomeric protein sequence are defined as the order of proteins within an
oligomeric architecture. The oligomeric architectures of proteins can dictate the biological (e.g.,
human IgM antibodies contain five protein subunits),'® catalytic (e.g., eukaryotic ribonucleic acid
(RNA) polymerase II contains twelve protein subunits),!* photophysical (e.g., cyanobacteria
photosystem I contains twelve protein subunits),” and membrane transport (e.g., Streptomyces

lividans potassium channel contains four protein subunits)!'*? properties of proteins.

3.2. Opportunities and Challenges in Synthetic Protein Oligomers

To mimic and potentially surpass the natural properties of protein oligomers, the modular
synthesis of different oligomers is needed. A versatile synthetic protein oligomerization method
would: (1) provide access to a large number of proteins per oligomer, (2) provide access to any
oligomeric sequence of the same or different proteins, (3) be generalizable with regard to proteins,
and (4) not require mutations of the amino acid sequence of proteins and recombinant protein
expression. A method that meets all four criteria would enable the study of how the identity,
number, stoichiometry, oligomeric sequence, and architecture of proteins affects the emergent
properties of oligomers. While strategies have been developed to prepare synthetic protein

2326 and study how oligomerization affects protein properties,'*>1° there is no current

oligomers
method that meets all four listed criteria. In this work, we explored the design and synthesis of a

single modular nucleic acid scaffold that can be used to organize proteins into a near limitless array

of monodisperse and sequence-encoded protein oligomers (Figure 3.1).
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Rationale behind this work: a single set of designed DNA strands can be used as a modular DNA
scaffold to organize proteins into an expansive array of monodisperse, sequence-encoded oligomers

. . . Trimer protein—DNA
Bioconjugation building blocks
site can be

N

located anywhere O O O —~—
on DNA —_—

: Specific

Proteins

—- Proteins template

— D, strands *

— - 00 added
3 Designed S
DNA strands o~

Monomer protein—DNA — Dimer protein—DNA
building blocks building blocks
Any combination of protein—DNA
building blocks can be mixed
All criteria are successfully met to form larger oligomers
v Large number of proteins per oligomer Pentamer protein—DNA building blocks

v Any possible oligomeric protein sequence
v' Generalizable with regard to proteins
v Does not require protein mutations

Living chain ends can always
add more building blocks

7

Figure 3.1. Modular DNA scaffold to prepare sequence-encoded oligomers. In this work, we
design a set of six DNA strands that can be used as a modular DNA scaffold to organize proteins into an expansive
array of monodisperse and sequence-encoded oligomers. This generalizable method will enable the synthesis of
different oligomeric sequences of proteins.

3.2.1. Molecular Biology Approaches to Oligomerize Proteins.

Protein oligomers are frequently prepared using techniques from molecular biology,
including genetic engineering and recombinant expression of mutated proteins (Figure 3.2).
Generally, fusion proteins are designed via genetic engineering and recombinantly expressed to
achieve the desired oligomerization structure. Three common methods for oligomerization using
fusion proteins include: direct expression of protein oligomers as a single polypeptide®-’!; fusion
of proteins to a subunit of a multimeric protein (e.g., streptavidin) that assembles into

72-75.

supramolecular constructs (Figure 3.2.A ; or fusion of proteins to a subunit that can selectively

form covalent bonds with a complementary group (e.g., SpyTag/SpyCatcher,’®
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SnoopTag/Snoopcatcher,” SNAPtag,’® HALOtag,” or cutinase,®® Figure 3.2.B).”7 818
Furthermore, recent advances in the design of protein—protein interfaces enable sophisticated
control over synthetic protein architectures (Figure 3.2.C).>"® Each of these methods requires
mutations of the amino acid sequence of proteins and recombinant protein expression. However,
many proteins are challenging to prepare via recombinant expression (e.g., proteins with post-
translational modifications,® proteins with disulfide bonds,*® toxic proteins,®” or proteins that

aggregate®®), potentially limiting the scope of proteins that can be oligomerized through these

methods.
A Protein fusion to assembling units B Protein fusion to conjugation units C Designed protein—protein interfaces
(e.g., streptavidin) (e.g., SNAPtag, HALOtag)
-2 S e — Al & — QY
& @ : :

Protein A A\ 7/ Protein A Protein A

v’ Large number of proteins per oligomer v’ Large number of proteins per oligomer v’ Large number of proteins per oligomer

% Any possible oligomeric protein sequence v Any possible oligomeric protein sequence % Any possible oligomeric protein sequence
v Generalizable with regard to proteins v’ Generalizable with regard to proteins v Generalizable with regard to proteins

% Does not require protein mutations x Does not require protein mutations % Does not require protein mutations

Figure 3.2. Molecular biology approaches to oligomerize proteins. Protein oligomers can be
synthesized using techniques from molecular biology, including (A) protein fusion to assembling units, (B) protein
fusion to conjugation units, and (C) design of protein-protein interfaces.

3.2.2. Chemical Approaches to Oligomerize Proteins.
Chemical approaches to assemble proteins are another powerful method to control
oligomerization (Figure 3.3). The amino acid sequence of proteins can be mutated to incorporate

(un)natural amino acids at defined positions for interactions such as electrostatic,*? supramolecular

35, 38, 44-45 27-29

host—guest binding, metal coordination,?’?° or covalent linking.*-*° However, without
extensive chemical design, modification of protein amino acid sequences and/or recombinant
protein expression, it is challenging to access monodisperse and sequence-encoded oligomers that

are larger than dimers or trimers. Chemical approaches to directly oligomerize proteins post-
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expression without modifying the amino acid sequence of proteins or using an assembly template
(vide infra) were expanded with the introduction of bioorthogonal “click” reactions (Figure
3.3.A).%68 While these reactions have been used to oligomerize therapeutically relevant proteins

(e.g., antibodies), it is challenging to achieve oligomers larger than dimers or trimers.'"’

A Bioconjugation chemistry B Oligomerization using chemical scaffolds
(e.g., “click” chemistry) (e.g., ligand-mediated oligomerization) (e g., DNA programmed assembly
& 2
- &® = Q~ - X
5 &
Proteins A, B Protein A Protelns A B, C D u
% Large number of proteins per oligomer % Large number of proteins per oligomer % Large number of proteins per oligomer
x Any possible oligomeric protein sequence v" Any possible oligomeric protein sequence % Any possible oligomeric protein sequence
v’ Generalizable with regard to proteins % Generalizable with regard to proteins v Generalizable with regard to proteins
v Does not require protein mutations v Does not require protein mutations v Does not require protein mutations

Figure 3.3. Chemistry approaches to oligomerize proteins. Protein oligomers can be synthesized using
techniques from chemistry, such as (A) bioconjugation chemistry and (B) scaffold-directed oligomerization of
proteins.

Proteins can be oligomerized using attachment to chemical scaffolds (e.g., polymers®!-® or

DNA105-106. 168-170 "Ejoyre 3.3.B). Templated assembly of proteins using DNA is one of the most
promising and versatile approaches to organize proteins into oligomers larger than dimers or

trimers. The utility of this approach is a result of the programmability of nucleic acids where

specific, defined assemblies can be accessed solely based on DNA sequence design,!03-106. 168-170

111, 113, 198

For example, proteins have been covalently or noncovalently!!!"!'2 modified with

oligonucleotides and the resulting constructs have been organized via DNA—DNA interactions into

131-153 118, 154-167

a multitude of protein oligomers with one-,'""!3 two-, and three-dimensiona
architectures. However, in each of these systems, DNA design must be changed to synthesize

defined protein oligomers that contain different numbers or oligomeric sequences of proteins. For

example, a protein tetramer can be readily synthesized using a DNA tetrahedron scaffold'*! or a
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four-arm Holliday DNA junction scaffold.'**"!3* However, to synthesize a protein pentamer, every
DNA sequence must be re-designed to account for the one additional protein. Modular multi-
protein constructs can be realized on large DNA origami structures,'*>!3% 154 but most of the
composition (e.g., >80%) of these constructs is DNA instead of protein. Molecular constructs that
minimize the required amount of DNA such that most of the chemical properties are dictated by
the identity and organization of proteins are inaccessible using these techniques.'® Together, these
limitations significantly hamper any studies where access to libraries of different protein oligomers
with discrete stoichiometries and oligomeric sequences of proteins could provide insight into how
protein—protein interactions and cooperativity can be exploited for enhanced properties of

oligomers.

3.3. Designing a Modular DNA Scaffold to Organize Proteins into Predefined Sequences.
We hypothesized that a single set of designed DNA strands could be used as a modular
scaffold to organize proteins into oligomers with exact stoichiometries and oligomeric sequences
(Figure 3.1). This novel DNA design would enable different proteins to be precisely organized
into an expansive array of monodisperse, sequence-encoded oligomers. Herein, we tested our
hypothesis by designing a modular six-strand DNA scaffold (Table 3.1) and using it to oligomerize
commercially available and therapeutically relevant proteins (i.e., antibodies). The designed DNA
scaffold consists of three distinct DNA strands that can be conjugated to proteins and three distinct
DNA strands that template the assembly of DNA-modified proteins into oligomers via DNA-DNA
interactions (Scheme 3.1). Importantly, each of the six DNA strands contains two distinct binding
domains and the sites for attachment to proteins can be located anywhere on the DNA strands.

Using the designed DNA scaffold, monodisperse, sequence-encoded monomer, dimer, and trimer
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building blocks are synthesized. Next, these building blocks are used to access a larger oligomer
(i.e., pentamer) that contains a defined number and oligomeric sequence of proteins.

Scheme 3.1. Design of the modular DNA scaffold.

A DNA strands for protein conjugation: two 20-base nucleic acid sequences (i.e., S2 and S3, S4 and S5, and S6
and S1) joined by a phosphoramidite containing dibenzocyclooctyne (DBCO) and a dye (i.e., Cy3, Cy5, and FITC)

Strand name: S2-DBCO-Cy3-S3 S4-DBCO-Cy5-S5 S6-DBCO-FITC-S1
DBCO+.~Cy3 DBCO~.~Cy5 DBCO~.~FITC
Representation: \Jﬁ&/y' \.):&/y- ~ Y~

§2 S3 S4 S5 S6  S1

B Template DNA strands: two 20-base nucleic acid sequences (i.e., S1'and S2', S3' and S4', and S5' and S6') com-
plementary to different strands used for protein conjugation

Strand name: S$1'-82' S3'-S4' S5'-S6'
- e T N _~———
Representation: st s2 S3' S4' S5 S6'
Cc Pairs of complementary
sequences

DBCO, + (DBCO 53 sS4 DBCO,/53) (s4) (DBCO
53 54 S

Labels represent distinct sequences within DNA strands, where prime symbols indicate sequence complementarity
(e.g., S3 is a complementary sequence to S3' and S4 is a complementary sequence to S4')
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Table 3.1. DNA Sequences and Characterization.

DNA Sequence €260 nm MWtheor. MWexp.

Strand Name?
(5' — 3P M'em M) | (Da)¢ (Da)

AACATCTTGTGCTCAATATC-
S2-DBCO-Cy3-S3 T(DBCO)-Cy3— 406,100 13,485 13,479
TAGTCGTCTACGTAACAGTC

TTAGGCTGGATCTCGCGTTC—-
S4-DBCO-Cy5-S5 T(DBCO)-Cy5— 394,400 13,545 13,563
TGCACAGACCCATGTACTCG

TAACTCGTGAACGTATGCTC-
S6-DBCO-FITC-S1 T(DBCO)-FITC- 407,900 13,571 13,545
AATCATCAGTACTCACCTAG

GTAACGAT-
S1'-S2' GATATTGAGCACAAGATGTT- | 488,000 14,925 14,900
CTAGGTGAGTACTGATGATT

CATTCAGAY-
S3'-S4' GAACGCGAGATCCAGCCTAA- | 479,800 14,779 14,764
GACTGTTACGTAGACGACTA

GTCATGTT-
S5'-S6' GAGCATACGTTCACGAGTTA- | 469,700 14,854 14,832
CGAGTACATGGGTCTGTGCA

2The names of DNA strands for protein conjugation are listed in the 5’ to 3’ direction, while the names of template
DNA strands are listed in the 3’ to 5’ direction. PDBCO-dT-CE, cyanine 3, cyanine 5, and fluoresceine
phosphoramidites are represented by T(DBCO), Cy3, Cy5, and FITC, respectively (see Scheme 6.3). “Extinction
coefficients and theoretical molecular weights were calculated using the OligoAnalyzer Tool from IDT DNA. These
DNA sequences are toeholds that were included in synthesized template strands but were not utilized in this work.

Importantly, the foundational examples shown herein are a fraction of the possible
oligomeric sequences that are accessible using the modular six-strand DNA scaffold (Table 3.2,
Figure 3.4). For example, if five different proteins are used, there are, in principle, 3,125 different
accessible pentameric sequences. Overall, this generalizable synthetic route will enable future
investigations into how the identity, stoichiometry, oligomeric sequence, and architecture of

proteins in oligomers affect the properties of these constructs.



Example: 27 trimer sequences of 3 different proteins

3 different proteins
6 sequences

2 different proteins
18 sequences

1 protein

3 sequences

ABC CA B C
A C B A C B
A B B A B B
A C C A CGC
B A A B A A
B C C B ccC
cCBB BCB BBC
CAA ACA AAC
AAA BBB CCC

Figure 3.4. Accessible oligomeric trimer sequences of three proteins.

Table 3.2. Number of accessible oligomeric protein sequences.

Number of different oligomeric
proteins sequences

Upto2 Upto3 Upto4 Upto5
different | different | different | different
proteins | proteins proteins proteins

@ Dimers 4 9 16 25

£ | Trimers 8 27 64 125

£

S | Tetramers 16 81 256 625

© | Pentamers 32 243 1024 3125

3.4. Synthesis of Oligomeric Protein—DNA Building Blocks.

3.4.1. Generalizable Approach to Modify Proteins with One DNA Strand.

64

Three commercially available IgG antibodies commonly used as checkpoint inhibitors (i.e.,

anti-mouse-PD-1 (A), anti-mouse-TIGIT (B), and anti-mouse-CTLA-4 (C)) were chosen for
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the sequence-encoded oligomerization of proteins using a modular DNA scaffold. To install a
single DNA strand onto either A, B, or C, each antibody was reacted with 2 equiv. of an
oligo(ethylene glycol) molecule containing an N-hydroxysuccinimide activated ester and an azide
(NHS—-PEG1,—N3) for 45 min (Figure 3.5.A, left). This chemistry targets the primary amines (e.g.,
g-amines on lysines and a-amines on N-termini)'®® on both the Fc and Fab regions of the antibody
and was chosen because it is generalizable with regard to proteins. Although the exact location of
conjugation cannot be controlled, we expected that the number of azide modifications per antibody
would be controlled by low numbers of equivalents of NHS—PEG>—N3 added. We hypothesized
that the low number of primary amines modified would not inhibit the target binding
characteristics of antibodies. After purification by SEC, the azide on the surface of each antibody
underwent a strain-promoted azide-alkyne cycloaddition reaction with 5 equiv. of DNA strands
containing dibenzocyclooctyne (DBCO) and a fluorophore (i.e., Cyanine 3 (Cy3), Cyanine 5
(Cy5), or fluorescein (FITC)) and two distinct 20 base nucleic acid sequences (Table 3.1, Scheme
3.1.A, ie., S2-DBCO-Cy3-S3, S4-DBCO-Cy5-S5, or S6-DBCO-FITC-S1). After 16 h,
roughly 25-30% of antibodies were modified with one DNA strand (Figure 3.6). Next, unreacted
DNA was removed from the reaction mixture using SEC. Anion exchange chromatography was
used to isolate antibodies that were functionalized with a single DNA strand from unreacted
antibodies and antibodies that were functionalized with multiple DNA strands (Figure 3.2.A,
right). Three different protein—DNA conjugates (i.e., S2-A—Cy3-S3, S4-B—Cy5-S5, and S6—C-
FITC-S1) were prepared and confirmed to contain a single DNA functionalization via SDS-PAGE

(Figure 3.5.B) and SEC (Figure 3.5.C).
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A Antibody NHS-PEG, ,-azide Antibody-azide DBCO-DNA Antibody—DNA conjugate
&Cﬁ\”’”m >

%ﬁﬁ LE™ %mﬁ sequv’y %ﬁf
2 equiv. 16 h, RT, 1x PBS
NH; ) ; \rr(’\/°~)/\N3 T oEMNaC \[ré\/°~)/\~ N,

45 min, RT, 1x PBS 0.5 M NaCl 7!
1 equiv. 0.5 M NaCl 10 v/iv% glycerol
10 viv% glycerol (2) SECand O O
anion exchange
purification \jﬁs/
B Sample 1 ©
KDa § Sample 1 A g 550/568 nm
© Sample 2 3 | sample 2 ex/em
150 5 3
5 ~ o
123
17050 2 E | Sample 3 A u_g_ Samplo 4 650/666 nm
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%8 S Sample 6 A g Sample 6 ex/em
SimplyBlue SafeStain Cy3 Cy5 FITC 0 5 10 15 20 0 5 10 1520
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Sample 1: anti-mouse-PD-1 (A) Sample 3: anti-mouse-TIGIT (B)

Sample 2: S2—A-Cy3—S3 s O Sample 4: S4—B—Cy5—S5 wurrrsssursssssns ¢ Sample 6: S6—C—FITC—=S1 wwuerrsserssee @
L L L

Figure 3.5. Conjugating antibodies to one DNA strand. (A) Primary amines on the surface of antibodies
were functionalized with azides using an NHS-PEG/,—Nj3 linker. Next, dibenzocyclooctyne (DBCO)-modified DNA
was conjugated to azide-modified antibodies via a strain-promoted azide-alkyne cycloaddition (SPAAC). (B) Mouse
antibodies (i.e., sample 1: anti-mouse-PD-1 (A), sample 3: anti-mouse-TIGIT (B), and lane 5: anti-mouse-CTLA-
4 (C)) and antibody—DNA conjugates (i.e., lane 2: S2-A—Cy3-S3, sample 4: S4-B—Cy5-S5, and sample 6: S6-C—
FITC-S1) were characterized using SDS-PAGE. A single gel was imaged for SimplyBlue SafeStain, Cy3, Cy5, and
FITC fluorescence. The same samples were characterized using analytical SEC, where the elution times of samples
were tracked using the absorbance at 280 nm (left) and fluorescence of DNA-conjugated fluorophores (right). In both
graphs, the elution times from 12.25-13.50 min are highlighted in blue (shaded area) and the elution times from 13.50—
14.30 min are highlighted in red (shaded area with diagonal lines).

3.5. Synthesis and Characterization of Sequence-Encoded Protein Oligomers.

3.5.1. Monodisperse and Sequence-Encoded Protein Dimers.

Protein oligomers were synthesized by mixing the purified protein—DNA conjugates
(Figure 3.6.A and E: lanes 1-3) with template DNA strands (Table 3.1, Scheme 3.1.B, i.e., S1'-
S2', S3'-S4', or S5'-S6'). The template strands were designed as complements to two 20 base
nucleic acid sequences on different antibody—DNA conjugates (Table 3.3, Scheme 3.1.C). For
example, the S5' DNA sequence on the template strand S5'-S6' is complementary to the S5 DNA

sequence on S4-B—Cy5-S5 and the S6' DNA sequence is complementary to the S6 DNA sequence
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on S6—C-FITC-S1. Equal amounts of the B-DNA conjugate, C—-DNA conjugate, S5'-S6'
template strand, and S1'-S2' template strand were mixed to synthesize a protein dimer with the
oligomeric sequence S4-B—C—-S2' (Figure 3.6.B, Scheme 3.2.A) at an assembly yield of 68%
(Figure 6.24.A and D). Oligomers that contain greater than two antibodies were not observed in
the assembly mixture because there are no DNA sequences that are complementary to either the
S4 or S2' DNA sequences. Protein dimers were isolated from unreacted monomers and template
strands in the assembly mixture using SEC purification and characterized with agarose gel
electrophoresis (Figure 3.6.E: lane 4). Importantly, the agarose gel showed a single band for dimers
with only the expected Cy5 and FITC fluorescence and lower electrophoretic mobility than either
antibody—DNA conjugate alone. Therefore, monodisperse and sequence-encoded protein dimers

with the oligomeric sequence S4-B—C—S2' were successfully synthesized.

Table 3.3. Calculated melting temperatures of designed DNA-DNA Interactions.

DNA-DNA Interaction Tm (°C)?
S1and ST 60
S2 and S2' 60
S3 and S3' 62
S4 and S4' 68
S5 and S5' 68
S6 and S6' 64

*Melting temperatures were calculated using the OligoAnalyzer Tool from IDT DNA with DNA concentrations of 5
UM and salt concentrations from 1x PBS.
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A S2-anti-mouse-PD-1 (A)-Cy3-S3 S4-anti-mouse-TIGIT (B)-Cy5-S5 S6-anti-mouse-CTLA-4 (C)-FITC-S1
%ﬁf %ﬁf %ﬁf
Lane 1 Lane 2 Lane 3
B 1) —— Protein dimer B-C
S5'-S6'
%ﬁf ) %ﬁf S5 xﬁf %ﬁf
1h, RT, 1x PBS
S4 S5 S6 S1 Co
10 viv% glycerol Lane 4

(2) SEC purification

@) Protein trimer A-B-C
S3'-S4'

Y L= XYY

S2 S3 S4 S5 S6 S1

10 viv% glycerol Lane 5
(2) SEC purification

Protein pentamer B-C-A-B-C

D
YY. ¥YY et o YYYYY
52 52 (2) SEC purification

Lane 6

E Lane 1 2 3 4 5 6

Cy3 fluorescence Cy5 fluorescence FITC fluorescence

Figure 3.6. Sequence-encoded antibody oligomerization using DNA-DNA interactions. (A)
Antibody—DNA conjugates and template DNA strands were assembled using DNA-DNA interactions into sequence-
encoded protein (B) dimers and (C) trimers. Dimers and trimers were subsequently assembled using DNA-DNA
interactions into sequence-encoded protein (D) pentamers. (E) Agarose gel characterization of antibody—DNA
conjugates (i.e., lane 1: S2—anti-mouse-PD-1 (A)-Cy3-S3, lane 2: S4—anti-mouse-TIGIT (B)-Cy5-S5, and lane 3:
S6—anti-mouse-CTLA-4 (C)-FITC-S1) along with sequence-encoded antibody dimers (i.e., lane 4: S4-B—C-S2"),
trimers (i.e., lane 5: S2-A-B—C—S1), and pentamers (i.e., lane 6: S4-B—C—-A—B—-C—-S1). A single gel was imaged for
Cy3, CyS5, and FITC fluorescence and these images are merged into one composite image in Figure 6.28.
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Scheme 3.2. Model structures of antibody oligomers.

A Antibody dimer model B Antibody trimer model

Drawn to scale Drawn to scale

C Antibody pentamer model

Drawn to scale

Model structures were created in PyMol of the antibody (A) dimers, (B) trimers, and (C) pentamers. An IgG antibody
structure (PDB code: 1IGT)**° was used to model anti-mouse-PD-1 (light red), anti-mouse-TIGIT (light blue), and
anti-mouse-CTLA-4 (light green). The ideal B-form DNA structure was used for the DNA scaffold. Nicks in the
DNA scaffold are potential sites of DNA bending and are marked on the models with gray arrows. The model
structures are drawn to scale.
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3.5.2. Monodisperse and Sequence-Encoded Protein Trimers.

Next, the synthesis of a sequence-encoded protein trimer was targeted. Equal amounts of
the A-DNA conjugate, B-DNA conjugate, C—-DNA conjugate, S3'-S4' template strand, and S5'-
S6' template strand were mixed to synthesize a protein trimer with the oligomeric sequence S2—
A-B—C-S1 (Figure 3.6.C, Scheme 3.2.B) at an assembly yield of 27% (Figure 6.24.B and D).
Oligomers that contain greater than three antibodies or trimers containing alternative oligomeric
antibody sequences were not observed in the assembly mixture because there are no DNA
sequences that are complementary to either the S2 or S1 DNA sequences. Protein trimers were
isolated from the assembly mixture using SEC purification and characterized with agarose gel
electrophoresis (Figure 3.6.E: lane 5). The agarose gel showed a single band for the trimers with
the expected Cy3, CyS5, and FITC dye fluorescence as well as lower electrophoretic mobility on
an agarose gel than the dimers. Therefore, these results indicate that monodisperse and sequence-
encoded protein trimers with the oligomeric sequence S2-A-B-C-S1 were successfully
synthesized. Importantly, no disassembly of S4-B—C-S2' or S2-A-B—C-S1 oligomers were

observed over 10 days of storage at 4 °C.

3.6. Studying Antibody Properties After Oligomerization.

To ensure that this synthetic technique is generalizable, different protein oligomers were
synthesized, including a protein dimer with the oligomeric sequence A—B (Figure 3.10) and a
protein trimer with the oligomeric sequence, A-B—B (Figure 6.25). Furthermore, another antibody,
anti-human-PD-1 (D), was functionalized with a single DNA strand of S2-DBCO-Cy3-S3, S4—
DBCO-Cy5-S5, or S6-DBCO-FITC-S1 (Figure 6.23), and the resulting constructs were

organized into protein dimers with the oligomeric sequence D-D (Figures 6.26) and trimers with



71
the oligomeric sequence D-D-D (Figure 6.27). Analytical SEC analysis of antibody—DNA
conjugates, dimers, and trimers show a single peak for each sample with decreases in retention

time as degree of oligomerization increases (Figures 6.25.C and 6.26.C).

The target binding characteristics of human antibodies after functionalization with DNA
and oligomerization with the modular DNA scaffold were investigated using antigen binding and
checkpoint inhibitor activity cellular assays. We studied D, D-DNA conjugates, D-D dimers, and
D-D-D trimers using these assays and confirmed that checkpoint inhibitor activity and antigen
binding were retained in each sample (Figures 3.7 and 3.8). Importantly, an antibody dimer, A-B,

exhibited minimal degradation in the cellular media used in these experiments (Figure 6.30).
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S e D-DNA conjugate

5 31

c i A D-Ddimer

Qo i

S 24 6 i * D-D-D trimer
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log ([antibody] (mg/mL))
Sample EC,, (ng/mL) 95% Confidence Interval for EC, (ug/mL)
anti-human-PD-1 (D) 1.04 0.866-1.21

D-DNA conjugate 0.868 0.761-0.991

D-D dimer 0.683 0.591-0.789

D-D-D trimer 1.04 0.868-1.24

Figure 3.7. Cellular assay to characterize checkpoint inhibitor activity. The PD-1 blockade
bioassay was run with treatments of anti-human-PD-1 (D) (black square), D-DNA conjugate (blue circle), D-D
dimer (red triangle), and D—D—D trimer (green star). EC50 values and 95% confidence intervals for EC50 values were
calculated for each treatment (see table) and are represented on the plot with colored, dashed lines (lines for D-DNA
conjugates and D-D-D trimers are overlaid).
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Figure 3.8. Confocal microscopy characterization of antibody binding. Representative confocal
microscopy images of untreated human peripheral blood mononuclear cells (hPMBCs) with upregulated PD-1 and the
same hPMBCs treated with anti-human-PD-1 (D) (modified with ~2.6 AF546 dye modifications per antibody), D—
DNA conjugate, D-D dimer, and D-D-D trimer. Cells were imaged for Cy3, Cy5, FITC, and CD8. The Cy3, Cy5,
FITC, and CDS stain images were also merged into one composite image. Images for each sample were taken using
the same laser settings and were processed identically. All scale bars are 50 pm.

Treated with
D-D-D trimer
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3.7. Combining Protein Oligomer Building Blocks into Larger Oligomers.

Finally, a protein dimer and trimer were used as building blocks to synthesize a
monodisperse and sequence-encoded protein pentamer where three different antibodies are
organized into a precise oligomeric sequence. The S4-B—C-S2' protein dimer and S2—A-B—C-S1
protein trimer were mixed together at a 1:1 ratio and the specific binding between the S2' DNA
sequence on the dimer and the S2 DNA sequence on the trimer leads to the synthesis of a sequence-
encoded protein pentamer with the oligomeric sequence S4-B-C—-A-B—-C-S1 (Figure 3.6.D,
Scheme 3.2.C) at an assembly yield of 58% (Figure 6.24.C and D). Oligomers that contain greater
than five antibodies were not observed in the assembly mixture. Protein pentamers were isolated
from other unreacted dimers, trimers, and template strands in the assembly mixture using SEC
purification and characterized with agarose gel electrophoresis (Figure 3.6.E: lane 6). The
pentamers showed a single band with the expected Cy3, Cy5, and FITC dye fluorescence as well
as lower electrophoretic mobility on an agarose gel than the trimers. Therefore, monodisperse and
sequence-encoded protein pentamers with the oligomeric sequence S4-B-C—-A-B-C-S1 were
successfully synthesized. This is the first reported monodisperse antibody pentamer that contains

different antibodies in a predefined oligomeric sequence.

3.8. Discussion.

The designed set of six DNA strands was used as a modular scaffold to organize proteins
into oligomers with programmed identity, stoichiometry, and oligomeric sequence. This scaffold
provided access to monomer, dimer, and trimer building blocks that could be modularly combined
independent from the identity of proteins. Therefore, all of the criteria for a versatile synthetic

protein oligomerization method were met: (1) providing access to a large number of proteins per
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oligomer, (2) providing access to any oligomeric sequence of the same or different proteins, (3)
being generalizable with regard to proteins, and (4) not requiring mutations of the amino acid

sequence of proteins and recombinant protein expression.

Established chemistry was used to functionalize a primary amine (e.g., e-amine on a lysine
or a-amine on a N-terminus) on proteins with a single DNA strand.'*® Nearly all proteins contain
primary amines, so this approach is generalizable with regard to proteins, including proteins that
are commercially available, isolated from natural sources, or recombinantly expressed. Many other

t!! 113 and noncovalent'!!"!!? bioconjugation methods could also be used to modify

covalen
proteins with one of the DNA strands reported here. By taking advantage of these approaches,

nearly any protein can be modified with a single DNA strand and organized into monodisperse,

sequence-encoded oligomers using the designed DNA scaffold.

While modular multi-protein constructs can be prepared using large DNA origami
scaffolds, proteins comprise less than 20% of the mass of these constructs.!*313% 134 This large
amount of DNA compared to protein means that most of the solution properties and interactions
of these constructs are dictated by the DNA scaffold instead of by the proteins. In cases where
protein binding interactions are integral to function (e.g., antibody—antigen binding), this large
amount of DNA may affect target recognition and accessibility. In contrast, using the modular
DNA scaffold reported in this work, proteins make up most of the mass of oligomeric constructs.
For example, proteins comprise 84%, 86%, and 85% of the mass of the sequence-encoded B—C
dimer, A—-B—C trimer, and B-C—A-B—C pentamer, respectively. While other protein assembly

techniques using nucleic acids also provide access to oligomers mostly comprised of proteins (e.g.,
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oligomerization using a DNA tetrahedron scaffold’®! or a four-arm Holliday DNA junction

scaffold!¥-136- 15%) "they lack modularity to access different numbers of proteins per construct.

In principle, the modular DNA scaffold described herein provides access to vast numbers
of different oligomeric sequences and sizes. For example, 3 different proteins could be
oligomerized into trimeric constructs with 27 different oligomeric sequences, including homo-
oligomers of one protein, and hetero-oligomers of 2 or 3 proteins (Figure 3.1.C, ii).
Oligonucleotides in the DNA scaffold interact through Watson—Crick—Franklin base pairing to
form a right-handed double helix. Therefore, two oligomers with reversed oligomeric sequences
of proteins (e.g., A—A—B and B-A—A) form different structures and are considered as different
sequences. Likewise, 2 different proteins could be oligomerized into dimeric constructs with 4
different oligomeric sequences, 4 different proteins could be oligomerized into tetrameric
constructs with 256 different oligomeric sequences, and 5 different proteins could be oligomerized
into pentameric constructs with 3,125 different oligomeric sequences (Table 3.2). Furthermore,
each oligomer building block synthesized using this method inherently contains living chain ends
where more units could be added to access larger oligomers (e.g., hexamers, heptamers, and
octamers, Scheme 3.3). Considering the growing number of discovered proteins, the foundational
oligomers synthesized in this work illustrate the unlimited number of protein oligomers that could

be accessed via a single modular DNA scaffold.
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Scheme 3.3. Proposed routes to access various sequence-encoded oligomers.
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(A) Tetramer, (B) hexamer, (C) heptamer, and (D) octamer can potentially be accessed by combining dimer and trimer
building blocks.

3.9. Conclusion.

In conclusion, this work shows how monodisperse, sequence-encoded protein oligomers
can be synthesized using generalizable bioconjugation chemistry with a judiciously designed DNA
scaffold. This versatile protein oligomerization approach is powerful and useful because oligomers
with different stoichiometries and oligomeric sequences can be synthesized without the need to
redesign the proteins or the DNA scaffold. Importantly, this synthetic advance will enable
subsequent studies to understand the fundamental relationships between protein oligomer
structures and properties, which have significant implications for many fields (e.g., therapeutics,

catalysis, photosynthesis, and membrane transport).

3.10. Materials and Methods.

See Appendix B (Section 6.2).
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CHAPTER FOUR

Protein Block Co-Oligomer Assembly Using DNA and Metal Coordination.

Material in this chapter is partly based upon published work:

Figg, C. A.; Winegar, P. H.; Hayes, O. G.; Mirkin, C. A. Controlling the DNA Hybridization Chain
Reaction. J. Am. Chem. Soc. 2020, 142, 8596-8601.

Material in this chapter is partly based upon ongoing work:

Winegar, P. H.; Figg, C. A.; Ma, Y.; Han, Z.; Chan, R. R.; Landy, K. M.; Mirkin, C. A. Protein
Block Co-Polymer Assembly Using DNA and Metal Coordination. Manuscript in Preparation.

Printed with permission of co-authors and the American Chemical Society.
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4.1. Assembly of Block Co-Polymers.

Block co-polymers are molecules that contain multiple polymeric sections with different
constituent monomers. The size and chemical composition of blocks within the polymers regulate
their assembly into defined morphologies, including micelles, worms, branched worms, and
vesicles.?’!2% These assembly structures have widespread applications in lithography, photonics
and controlled drug delivery.?** Recent investigations into sequence-encoded DNA block co-
oligomers have discovered that assembly morphology depends on the sequence of DNA .2%5-206 The
modification of block co-polymers assembly structures with proteins would imbue these materials

with the functions of proteins.

4.2. Block Co-Oligomerization of Proteins.

Proteins are exciting monomers for block co-oligomers because they contain exact ratios
of different functional groups (i.e., amines, carboxylic acids, thiols) and defined functions (e.g.,
catalysis). Proteins have been covalently linked to polymers and in these structures, the polymer
directs the assembly morphology of proteins.®2°7-21® However, the assembly of protein block co-
oligomers where the number and identities of proteins dictate assembly morphology is less well
understood. It remains challenging to prepare protein block co-oligomers (current methods to

synthesize protein oligomers are discussed in Chapter Three).

DNA hybridization chain reaction (HCR) has been used to oligomerize DNA-modified
proteins, where living chain ends on the DNA HCR scaffold enable the chain extension of

oligomers (Figure 4.1.A).!%!

Recently, we reported that the introduction of a base-pair mismatch
in the duplex of HCR hairpins can be used to differentiate the rates of initiation and propagation

in DNA HCR oligomerization (Figure 4.1.B).!? This advance enabled the controlled
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oligomerization of DNA-modified GFP and the synthesis of GFP block co-oligomers (GFP»-b-

GFP,, Figure 4.1.C).'??

Expgcled
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Hairpins Initiating Rate = Propagating Rate Block 1 + Block 1
Initiating Uncontrolled Oligomerization 3 Block 2 7
Strand
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Figure 4.1. Protein block co-oligomer characterization. (A) In conventional hybridization chain
reaction (HCR), the rates of initiation and propagation are similar, leading to uncontrolled oligomerization. (B) When
DNA hairpins are modified with a mismatch, the rate of initiation is increased and the rate of propagation is decreased,
resulting in controlled oligomerization. (C) Size-exclusion chromatogram of monomers (GFP-DNA, light green),
oligomers (GFP,, green), and block co-oligomers (GFP,—b—GFP», dark green).

We hypothesize that the assembly morphology of protein block co-oligomers depends on
the number and identity of proteins per block. A wide range of protein block co-oligomers and
their assembly properties will be studied to test this hypothesis. First, model proteins GFP, MBP,
and BSA will be prepared that contain one surface-exposed thiol and varying numbers of surface-
exposed amines. Each protein will be modified with one DNA HCR hairpin strand at the thiol and
varying numbers of pyridine coordinating ligands at the amines. Next, proteins will be assembled
using DNA HCR into a diverse set of different block co-oligomers with varying numbers and
identities of proteins (Scheme 4.1.A). After adding metal cations to the block co-oligomers, the

impact of block design on resulting assembly morphologies will be studied (Scheme 4.1.B).



80

Scheme 4.1. Protein block co-oligomer synthesis.
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(A) Monomers for Block 1 are protein—-H14 and protein—H24. When the initiator strand is added to this mixture, these
proteins assemble via controlled HCR oligomerization. The overhanging sticky end acts as an initiator for the HCR
oligomerization after a second set of monomers, protein(py)-H14 and protein(py)—H24, are added. (B) The assembly
morphologies of block co-oligomers upon the addition of metal cations will be studied. The impact of the number of
proteins and protein identity in each block on assembly morphology will be investigated.

4.2.1. Preparation of Proteins with Different Ratios of Reactive Groups.

Model monomeric proteins were selected that contain one surface-exposed thiol and
varying numbers of surface-exposed amines (Tables 4.1 and 4.2): mutant GFP (1 thiol and 19
amines), mutant maltose-binding protein (MBP, 1 thiol and 36 amines), and native bovine serum
albumin (BSA, 1 thiol and 59 amines). While BSA contains 35 cysteine residues, 34 form 17
disulfide bonds, so only one cysteine is surface-exposed. Mutant GFP and mutant MBP were
recombinantly expressed in E. coli and isolated using standard protein purification techniques.
Proteins were characterized using SDS-PAGE and MALDI-TOF MS (Figure 4.2.B, lanes 1, 3, and

5; Figure 4.3).



Table 4.1. DNA Sequences and Characterization.

Number of Number of
Protein Model Structure Surface-Exposed Surface-Exposed
Thiols Amines
1 19
Mutant GFP (1 surface-exposed (1 N-termini and
cysteine) 18 lysines)
1 36
Mutant MBP (1 surface-exposed (1 N-termini and
cysteine) 35 lysines)
amine 1
(1 surface-exposed 59
Native BSA cysteine not (1 N-termini and
involved in 58 lysines)
’ disulfide bonds)
thiol 7

81

The surface-exposed cysteine on the model of BSA is behind the front face of the protein. and is highlighted with an
arrow. The relative sizes of the model structures are drawn to scale.
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Table 4.2. Amino acid sequences of mutant GFP, mutant MBP, and native BSA.

Protein Amino Acid Sequence

MHHHHHHGGGGENLYFQSGGGGMVSKGEELFTGVVPILVELDGDV
NGHKFSVSGEGEGDATYGKLTLKFILTTGKLPVPWPTLVTTLTYGV
Mutant GFP QCFSRYPDHMKQHDFFKSAMPEGY VQERTIFFKDDGNYKTRAEVK
(thiol on C191) | FEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKN
GIKVNFKIRHNIEDGSVQLADHY QQNTPIGCGPVLLPDNHYLSTQSA
LSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

MHHHHHHGGGGENLYFQSGGGGKIEEGKLVIWINGDKGYNGLAEV
GKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGG
YAQCGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLI
YNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIA
. ADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNA
(thiol on C75) | HTPYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKG
QPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPL
GAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRT
AVINAASGRQTVDEALKDAQT

DTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPFDEHVKLVNELT
EFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCE
KQEPERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADEKKFWGKYL
YEIARRHPYFYAPELLYYANKYNGVFQECCQAEDKGACLLPKIETM
REKVLTSSARQRLRCASIQKFGERALKAWSVARLSQKFPKAEFVEV
Native BsA | TKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKE

. CCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAK
(thiolon C34) | K AF] GSFLYEYSRRHPEYAVSVLLRLAKEYEATLEECCAKDDPHAC
YSTVEDKLKHLVDEPQNLIKQNCDQFEKLGEYGFQNALIVRYTRKV
PQVSTPTLVEVSRSLGKVGTRCCTKPESERMPCTEDYLSLILNRLCVL
HEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKLFTFH
ADICTLPDTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVD

KCCAADDKEACFAVEGPKLVVSTQTALA

Surface-exposed thiols from cysteines are highlighted (bolded and underlined) in black and surface-exposed amines
from lysines and N-termini are highlighted (bolded) in blue.

Mutant MBP

4.2.2. Modification of Proteins with One DNA Strand for Oligomerization.

To organize proteins into linear block co-oligomers using DNA HCR, proteins must be
modified with one copy of a hairpin DNA (Table 4.3, i.e., H14—NH2 or H2:—NH>). The single
surface-exposed thiol on each protein was functionalized with one amine-modified DNA strand

(Figure 4.2.A). To achieve this, DNA was first snap-cooled in 1x PBS by heating to 95 °C for 4
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min, cooled to 4 °C over 1 minute, held at 4 °C for 4 min, then brought to room temperature. Next,
1 equiv. of DNA was reacted with 50 equiv. of succinimidyl 4-(N-maleimidomethyl)cyclohexane-
I-carboxylate (SMCC) in 50:50 DMF:1x PBS, pH 7.4 for 1 h at RT. DNA was purified from
excess SMCC with SEC. Finally, 3—5 equiv. of purified DNA was then reacted with 1 equiv. of
GFP, MBP, or BSA overnight at RT. Anion exchange chromatography was used to isolate proteins
that were functionalized with a single DNA strand from unreacted proteins and DNA. Six different
protein—DNA conjugates (i.e., GFP-H14, GFP-H24, MBP-H14 MBP-H24, BSA-H14, and BSA—
H24) were prepared and confirmed to contain a single DNA functionalization via SDS-PAGE

(Figure 4.2.B).

Table 4.3. DNA Sequences and Characterization.

DNA Sequence €260 nm MWtheor. | MWexp.
Strand Name = _)q3 - (M-lem™)P (Da)® (Da)p
CAA AGT GTA GGA TTC
124 GOC GTG 242200 | 7,473 7,468
TTA ACC CAC GCC GAA TCC
H14-NH, TAG ACT CAA AGT CTA 471200 | 14,786 | 14,706
GGA T(NH2)TC GGG GTG
AGT CTA GGA TT(NHz)C GGC
H2,~NH, GTG GGT TAA CACGCC GAA | 457800 | 14,759 | 14,945
TCC TAC ACT TTG

?X (bolded and underlined base) denotes the position of mismatch in DNA sequences. T(NHz) denotes the thymine
base that is modified with a primary amine from the phosphoramidite amino-modifier C6 dT (see Scheme 6.4). ?
Extinction coefficients and theoretical molecular weights were calculated using the OligoAnalyzer Tool from IDT
DNA.
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Figure 4.2. Protein—-DNA building block synthesis. (A) Reaction scheme of protein functionalization
with DNA. (B) SDS-PAGE characterization of proteins (i.e., lane 1: GFP, lane 3: MBP, lane 5: BSA) and protein—
DNA conjugates (i.e., lane 2: GFP-DNA, lane 4: MBP-DNA, lane 6: BSA—-DNA). The blue circles highlight bands
identified as protein monomers, the red squares highlight bands identified as protein disulfide-mediated dimers, and
the purple star highlight bands identified as proteins modified with one DNA strand.

4.3. Protein Modification with Coordinating Ligands.

4.3.1. Modification of Proteins with Coordinating Ligands.

Amines on GFP, MBP, and BSA were modified with pyridine groups via a reductive
amination reaction to prepare GFP(py), MBP(py), and BSA(py). Each protein was reacted with
20,000 equiv. 4-pyridine carboxaldehyde in the presence of sodium cyanoborohydride at 4 ° C in
1x PBS (Figure 4.3.A). The number of pyridine modifications per protein was determined using
MALDI-TOF MS to be 16 per GFP(py), 35 per MBP(py), and 56 per BSA(py), translating to
yields of 84%, 97%, and 95%, respectively. Differences in yields between proteins could result
from differences in surface accessibility or local chemical environment of specific amines on each

protein.
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Figure 4.3. Modification of proteins with coordinating pyridine ligands. (A) Scheme of the
reductive amination reaction used to modify amines on proteins with pyridine groups. MALDI-TOF MS was used to
characterize the number of pyridine modification modifications on (A) GFP, (B) MBP, and (C) BSA. To calculate the
number of pyridine modifications, the observed mass-to-charge ratios proteins (top) and pyridine-modified proteins
(bottom) were compared.

4.3.2. Protein Assembly Via Metal Coordination.

Next, the assembly of GFP(py) and BSA(py) via metal coordination was studied. GFP,
GFP(py), BSA, and BSA(py) were added to 125 equiv. of nickel (II) chloride and aggregation was
observed for GFP(py) and BSA(py), but not GFP and BSA (Figure 4.4.A and D, i and ii). Next,
the addition of 500 equiv. of ethylenediaminetetraacetic acid (EDTA) led to the disappearance of
the aggregates. Dynamic light scattering was used to characterize the sizes of protein assemblies.
The sizes of GFP and BSA show little change upon addition of nickel cations and EDTA (Figure
4.4.B and E). In contrast, GFP(py) and BSA(py) show dramatic increases in size when nickel

cations are added and complete reversal to their original size upon addition of EDTA (Figure 4.4.C
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and F). Together, these results indicate that proteins that are modified with pyridine ligands can be

reversibly assembled into aggregate structures via metal coordination with nickel cations.
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Figure 4.4. Characterization of protein assembly via metal coordination. (A) Optical images of i
GFP (left) and GFP(py) (right) and the same proteins added to ii nickel (II) cations and, subsequently, iii EDTA.
Characterization of (B) GFP and (C) GFP(py) assembly state via dynamic light scattering (DLS). (D) Optical images
of i BSA (left) and BSA(py) (right) and the same proteins added to i7 nickel (II) cations and, subsequently, iii EDTA.
Characterization of (E) BSA and (F) BSA(py) assembly state via DLS.
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4.4. Conclusion.

In this work, we synthesized and purified a wide variety of protein—DNA monomers for
controlled DNA HCR oligomerization, including GFP-H14, GFP-H24, MBP-H14, MBP-H24,
BSA-H14, and BSA-H24. The surface-exposed amines on each of these proteins were modified
with pyridine ligands and coordination between metal cations and these coordinating ligands was
found to direct the assembly of proteins. In ongoing experiments, these protein—DNA and
protein(py)-DNA (e.g., GFP(py)-H14, GFP(py)-H24, MBP(py)-H14, MBP(py)-H24, BSA(py)—
H14, and BSA(py)-H24) building blocks will be oligomerized using controlled HCR into a wide
number of different oligomers, including GFP>-b—-GFP(py)2, GFP>—b—GFP(py)s, GFP>—b—
GFP(py)s, GFP—-b—GFP(py)s, GFP>-6—-MBP(py)., GFP>-b-BSA(py), MBP.-b—GFP(py).,
MBP,-b6-MBP(py)., MBP>-b6-BSA(py)2, BSA>—-b—GFP(py)2, BSA,—b—-MBP(py)2, and BSA>—b—
BSA(py)2. Next, these block co-oligomers will be assembled using metal coordination and study
under electron microscopy (EM) to learn how the design of blocks (i.e., block size or protein
identity) affect assembly morphology. Ultimately, this work will enable the generalizable self-

segregating assembly of multiple proteins for applications as devices.

4.5. Materials and Methods.

See Appendix C (Section 6.3).
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5.1. Conclusion.

This dissertation establishes generalizable approaches to program the organization of
proteins into sequence-encoded architectures using judiciously designed DNA. Importantly, vast
numbers of different protein architectures can be accessed by tuning four parameters of protein—
DNA building blocks: (1) the amino acid sequences of proteins, (2) the base sequences of DNA,
(3) protein—DNA attachment sites, and (4) protein—-DNA linker structure. We have discovered
design principles that enable the preparation of synthetic protein single crystals and sequence-

encoded oligomers.

In Chapter One (“Natural and Engineered Protein Architectures.”), the importance of
proteins and protein architectures in biology is described. Next, existing approaches to prepare
synthetic protein architectures are described along with corresponding limitations. Finally, we
motivate the use of designed DNA interactions to program protein assembly into synthetic

architectures.

In Chapter Two (“DNA-Directed Protein Packing within Single Crystals.”), the impact of
replacing native PPIs with DNA hybridization interactions on protein crystallization is studied.
The first single crystal structures are reported where DNA hybridization interactions between the
surfaces of proteins direct the packing of proteins. We analyzed how these structures change
according to the design of DNA length, sequence, and complementarity as well as protein-DNA
attachment sites and linker structure. One lesson learned is that crystallization is observed when
the flexibility of the introduced DNA linkage between proteins is minimized. This is achieved by
decreasing DNA length, attaching DNA to a defined secondary structure instead of a loop, and

decreasing length of the protein—DNA linker. Together, this work is an essential step toward
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designing and engineering protein packing within single crystals and could lead to future

applications in protein structure determination and functional protein crystal materials.

In Chapter Three (“Modular Nucleic Acid Scaffolds for Synthesizing Monodisperse and
Sequence-Encoded Antibody Oligomers.”), a modular DNA scaffold is designed that can be used
to prepare monodisperse, sequence-encoded protein oligomers in a generalizable manner. This
versatile protein oligomerization approach is powerful and useful because oligomers that contain
different numbers, stoichiometries, and oligomeric sequences of proteins can be synthesized
without the need to redesign the proteins, DNA, or the protein-DNA linkage. Importantly, this
synthetic advance will enable subsequent studies to discover the fundamental relationships
between protein oligomer structures and properties, which have significant implications for many

fields (e.g., therapeutics, catalysis, photosynthesis, and membrane transport).

In Chapter Four (“Protein Block Co-Oligomer Assembly Using DNA and Metal
Coordination.”), protein block co-oligomers are synthesized to investigate the implications of
block design on assembly morphology. DNA HCR is used to organize DNA-modified proteins
into sequence-encoded block co-oligomers. Next, metal coordination between proteins that are
modified with coordinating ligands and metal cations lead to the assembly of proteins. This work
enables future investigations into how the design of protein block co-oligomers (i.e., block size,
protein identity) impact the assembly morphology of protein block co-oligomers. This work will
ultimately enable the generalizable self-segregating assembly of multiple proteins for applications

as devices.

This dissertation establishes method to program the organization of proteins into sequence-

encoded protein single crystals and oligomers. These methods are generalizable to any protein of
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interest and accessible to any chemist. Furthermore, nearly limitless different structures can be
prepared without any redesign of proteins, DNA, or the protein—DNA linkage. Overall, this work
will enable future development of designer protein-based materials that mimic and even surpass

the natural functions of proteins.

5.2. Outlook.

Life depends upon the dynamic regulation of complex structures of proteins. Protein
conformation and, therefore, protein function is controlled by environmental cues. However, it
remains challenging to engineer proteins to reversibly switch between different structural states in
response to stimuli. In contrast, DNA hybridization interactions can be readily designed to change
structure in response to a wide range of stimuli, including pH, light, and complementary DNA
strands. The lessons learned in this thesis will be harnessed to design synthetic protein—DNA

architectures (e.g., oligomers and hydrogels) that exhibit programmed and dynamic functions.

5.2.1. Dynamic Protein Oligomers to Regulate Protein Functions.

Proteins are poised to revolutionize chemical synthesis and materials science through the
discovery, design, and synthesis of functional protein-based materials that display complex yet
well-coordinated collective behavior. However, it remains synthetically challenging to reliably
disrupt and override PPIs and protein functions. We hypothesize that DNA interactions can
reversibly regulate PPIs and protein functions (Scheme 5.1). This hypothesis will be tested by
judiciously designing DNA to regulate the PPIs and functions of split fluorescent proteins (FPs)

and a multisubunit enzyme as model systems.
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Scheme 5.1. Controlling the interactions between proteins using DNA.

—— Targeted Intramolecular Interactions

“Off” State “On” State

— Competing Intermolecular “On” Interactions —

A split protein is a protein that has been split into two separate polypeptide chains. For
example, the GFP B-barrel contains 11 B-strands (denoted hereafter as GFPi.11) that can be split
into two sections (i.e., GFPi.7 and GFPs.11; GFPi9 and GFPio-11; GFPi.io and GFPiy).
Corresponding pairs of split GFP are nonfunctional when separate and assemble reversibly with
distinct binding thermodynamics to exhibit fluorescence.?!! Therefore, split GFP is an ideal model
system because its protein—protein interactions result in a simple in situ fluorescence readout. Here,
we will recombinantly express GFP1.7, GFPg.11, GFP1.9, GFP1¢.11, GFP1.10, and GFP1; that contain
a C-terminal reactive amino acid (i.e., cysteine or an unnatural amino acid that contains an azide).
If it is challenging to express a particular split GFP, we can express fusions between the split GFP
and a highly soluble protein, MBP joined by a protease cleave site (e.g., MBP—tobacco etch virus
(TEV) protease site—GFP1).2!2213 Next, we will functionalize the reactive C-terminal amino acid
on each split GFP with a single DNA strand. We will use DNA-DNA interactions and DNA
ligation to prepare molecular dimers that contain one copy of each split GFP fragment (Figure
5.1.A, i.e., GFP1.7—GFPg.11, GFP1.o—-GFP1¢.11, GFP1.10-GFP11). We hypothesize that the addition

of a complementary template DNA strand to the split GFP oligomer will lead to a rigid DNA
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duplex that spatially isolates each split GFP fragment. This spatial separation will prevent
fluorescence (the “off” state) because the thermodynamic gain of DNA—DNA interactions is larger
than the thermodynamic gain of protein—protein interactions (AGpna > AGppi, Figure 5.1.B). By
removing the complementary template DNA strand using a strand displacement reaction, the split
protein fragments will be separated by a flexible, single-stranded DNA region, leading to protein
assembly and fluorescence turn-on (the “on” state, AGpna < AGppi, Figure 5.1.C). The proportion
of split GFP oligomers in “on” and “off” states will be quantified using bulk fluorescence
measurements on a plate reader. Together, this work will result in the ability to use designed DNA—

DNA interactions to modulate the interactions and fluorescence of split GFP fragments.
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Figure 5.1. Regulating protein fluorescence using DNA. (A) Split GFP oligomers will be
prepared using DNA. DNA-DNA interactions will compete with the protein—protein interaction
in split GFP oligomers. (B) If the free energy of the DNA interaction is greater than the free energy
of the protein—protein interaction, then the equilibrium will be biased towards the “off” state. (C)
If the free energy of the DNA interaction is less than the free energy of the protein—protein
interaction, then the equilibrium will be biased towards the “on” state. (D) The number of base
pairs between protein fragments will be varied to study how the local concentration of split GFP
fragments affects inter- and intramolecular protein—protein interactions.

Understanding intramolecular protein—protein interactions is important because this will
allow us to develop explicit correlations between protein function (i.e., split GFP fluorescence)
and DNA design. Due to the propensity of split GFP to reassemble, we expect that there will be
competing metastable inter- and intramolecular interactions (Scheme 5.1). To learn how to favor

intramolecular interactions over intermolecular interactions, we will study how global and local
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concentrations of split GFP fragments affects assembly outcomes. We will vary global split protein
concentration by changing oligomer concentrations in solution. In addition, we will vary local split
protein concentration by changing the number of bases between the two fragments to place split
protein fragments at different positions along the DNA strands (Figure 5.1.D). Subsequently, using
gel electrophoresis and SEC, we can determine conditions where intramolecular interactions
dominate over intermolecular interactions. If achieving exclusively intramolecular interactions
using the described methods proves challenging, we can alternatively vary binding strength of the
template DNA strand to the split GFP dimer (e.g., increase G-C content, introduce locked nucleic
acids), the rigidity of DNA design (e.g., parallel duplexes, six-helix duplexes), or the stoichiometry
of split GFP fragments in the protein oligomer. By designing split protein oligomers that
exclusively exhibit intramolecular protein—protein interactions, we can investigate how DNA—
DNA interaction thermodynamics can be programmed to override the protein—protein interaction

thermodynamics.

To quantify the thermodynamics of protein—protein interactions between split GFP
fragments on oligomers, we will measure the decrease in bulk fluorescence intensity that is caused
by DNA-DNA interactions with known thermodynamics. We will specifically design template
DNA strands with binding energies that are predefined by DNA sequence design. The measured
protein—protein interaction thermodynamics will then be compared to that of unmodified split GFP
fragments as characterized by traditional techniques (i.e., isothermal or differential scanning
calorimetry, analytical ultracentrifugation, surface plasmon resonance)*'* to understand how the
incorporation of split GFP fragments into DNA-based materials affects protein—protein

interactions. The robustness of this method will be determined by studying the thermodynamics
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of GFP1.7—GFPg.11, GFP1.9—GFP1¢.11, and GFP1.10-GFP11 dimers. While the DNA conjugation sites
on these pairs of split GFP are located on the same end of the GFP B-barrel, DNA conjugation sites
may be located on opposite sides for other pairs of proteins. Therefore, we will express mutants of
split GFP proteins with reactive handles for DNA functionalization at different locations (i.e., N-
terminus) and explore how the relative location of DNA functionalization affects protein—protein
interaction thermodynamics within the dimers. Learning how different oligonucleotide designs
affect the assembly thermodynamics of protein—-DNA oligomers using a system with a simple
fluorescent readout will lay the foundation for understanding how protein functions can be
controlled using DNA-DNA interactions to disrupt and override protein—protein interactions.
Overall, the lessons learned from this work will enable the design and synthesis of functional

protein-based materials where protein functions are reversibly regulated using DNA.

Studying how to modulate the properties of fluorescent proteins is an important first step
in understanding how to use DNA-DNA interactions to control protein function. However,
controlling enzymatic reactions presents a significant and necessary challenge to address.
Specifically, affecting enzymes through the introduction of reversible DNA—DNA interactions
will allow us to regulate the chemical transformations of nearly any enzyme-based chemical
syntheses (e.g., cascade reactions). Additionally, spatially organizing enzymes within a DNA
scaffold could lead to new reaction pathways where a variety of stimuli (e.g., light, chemical) can
be used to modulate complex syntheses. The model enzyme, split Renilla luciferase (RL), is an
ideal candidate to begin studying how we can regulate enzyme functions using DNA because the
split RL enzyme catalyzes the oxidation of coelenterazine to an excited state oxyluciferin product

that then emits a photon, providing a simple in situ chemiluminescence readout. While separate
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split RLs are nonfunctional, split RL fragments interact reversibly to restore chemiluminescence
because enzymatic catalysis is restored.?!” First, we will express split RL fragments with a surface
reactive amino acid (i.e., cysteine or an unnatural amino acid that contains an azide) on either the
solvent-exposed C- or N-terminus. Subsequently, we will functionalize the reactive amino acid on
each split RL fragment with a single DNA strand and prepare dimers that contain one copy of each
fragment. We hypothesize that the addition of a complementary template DNA strand to the split
RL oligomer will lead to a rigid DNA duplex that spatially isolates each split RL fragment and
prevents enzymatic catalysis (the “off” state). In contrast, after removal of the complementary
template DNA strand using a strand displacement reaction, the split protein fragments will be
separated by a flexible, single-stranded DNA region, leading to protein assembly and catalysis
turn-on (the “on” state). The “on” and “off” states of enzymatic catalysis will be measured by bulk
chemiluminescence on a plate reader. Gel electrophoresis and SEC will be used to determine
conditions that favor intramolecular interactions over intermolecular interactions. While the
distance-dependencies of split RL enzymatic catalysis®!® and other split enzymes are not well-
understood,?!” such insight could be important for analytical techniques (e.g., in vitro protein—
protein interaction characterization) that rely on protein fragment-assisted complementation.?!® By
controlling the length of the rigid, duplexed region between split RL fragments or varying the
distance that spilt RL fragments are placed from each other along an oligonucleotide sequence, we
can control the distance between these fragments. This will allow us to study the dependence of
enzymatic activity on distance. By learning the thermodynamics of how DNA design affects
protein—protein interactions, we can design systems to switch between protein “on” and “off”

states, creating pathways to control new biomaterials. Overall, these fundamental concepts will be
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important as we transition from studying model enzymes with defined and understood split protein

designs to enzymes whose properties are less understood.

While the model systems of fluorescent proteins and RL enzymes have split protein
analogs, the design of new split protein analogs of enzymes is nontrivial. Conversely, the majority
of proteins assemble into oligomeric complexes where protein assembly dictates function.?!’
Therefore, modulating the assembly of nonfunctional protein subunits assembly into functional
protein oligomeric complexes is a more broadly applicable approach to control protein function.
Using the tetrameric enzyme catalase, we will investigate how the function of a multimeric protein
can be reversibly switched between “on” and “off” states. Catalase is a tetrameric protein with
prosthetic heme groups that catalyze the degradation of hydrogen peroxide into water and
oxygen.??-221 While tetrameric catalase exhibits turnover rates that are orders of magnitude higher
than the prosthetic group alone, single heme-containing catalase subunits show no turnover.???
Therefore, we hypothesize that DNA—DNA interactions can be used to override catalase subunit
interactions, dictating the assembly and disassembly of subunits and leading to controlled “on”

and “off” states (Figure 5.2).
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Figure 5.2. Regulating enzyme function using DNA. Oligomers containing four catalase
subunits will be prepared. (A) When template DNA strands duplex with the oligomer, the catalase
subunits will be spatially separated, resulting in a catalytic “off” state. (B) When the template DNA
strands are removed via a toehold-mediated strand displacement reaction, the catalase subunits
will assemble into tetrameric catalase, resulting in a catalytic “on” state.

To synthesize catalase oligomers, we will initially target the C-termini on tetrameric
catalase for functionalization with DNA because the N-terminal region of catalase is involved in
protein—protein interactions during the assembly of catalase subunits into tetramers. First, we will
express catalase with a C-terminal cysteine residue. Next, we will disassemble the tetramer into
single catalase subunits in basic buffers (pH > 10) and functionalize the C-terminal cysteine of the
subunits with a single DNA strand. Alternatively, we could functionalize the C-terminal cysteines
of tetrameric catalase with DNA strands and then disassemble the catalase into its subunits. Next,
standard protein purification techniques (i.e., SEC, anion exchange chromatography) will be used
to isolate the single catalase subunits that are conjugated to DNA. After functionalizing the catalase
termini with DNA, we will prepare molecular oligomers that contain four catalase subunits. DNA—
DNA interactions will then be used to direct the assembly of catalase subunits into either an
assembled tetrameric “on” state or a disassembled monomeric “off” state. Catalase assembly and
its resulting restoration of enzymatic function will be characterized using commercially available

colorimetric activity assays. In addition, we will use DNA-DNA interactions to sequentially
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assemble catalase subunits into dimers, trimers, and/or tetramers to understand how oligomeric
state affects catalytic activity and determine whether the assembly pathway affects function.
Overall, by using catalase as a model system, we will discover how to override protein subunit

assembly to control the functions of multimeric protein complexes using DNA.

Protein—protein interactions are complex and difficult to control, and therefore the design
of materials that leverage the inherent functions of proteins remains challenging. Objective 1 will
address this challenge by developing a general platform to understand and exploit protein—protein
interactions and protein functions to realize reversible activity according to DNA inputs.
Additionally, Objective 1 will overcome challenges in translating protein functions into materials
by developing a method to oligomerize proteins with predefined sequence and architecture.
Together, the proposed studies center on learning how to leverage DNA-DNA binding
thermodynamics to override protein—protein interactions and protein assembly, leading to protein
function that can be controlled between “on” and “off” states. Looking forward, this platform will
enable independent DNA-mediated control over multiple steps in catalytic pathways to enable
clean energy by mimicking and surpassing the efficiency of solar energy conversion into chemical

fuel by photosystem proteins or nitrogen reduction to ammonia by nitrogenase proteins.

5.2.2. Protein—DNA Hydrogels that Exhibit Dissipative Assembly.

Hydrogels are a class of materials consisting of 3D crosslinked networks.??* Traditionally,
hydrogels rely on polymeric scaffolds (e.g., polyethylene glycol, polyacrylamide) to form
extended networks. However, the capabilities of synthetic polymers are limited relative to
biological materials. In contrast, hydrogels contain protein—protein and protein—ligand interactions

can exhibit dynamic and responsive properties, such as light and enzyme responsive hydrogel
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network structure.??* These novel biomaterials have proven to be transformative in fields such as
sensing, therapeutics, and catalysis.?*>>3® Conversely, DNA hydrogels are promising materials
because their properties (e.g., softness, pore size, stimuli-responsiveness) are highly
programmable and dynamic.?*! Through DNA design, hydrogels can be synthesized with
molecularly-defined network structures®*? that exhibit tunable and stimuli-responsive properties

(e.g., oligonucleotides, pH, and light- and temperature-triggered chemical changes).?332%

Efforts to combine the benefits of protein and DNA hydrogels have led to the preparation
of dynamic peptide— and protein-DNA hydrogels; however, the peptide or protein is typically
conjugated to a pre-existing DNA network and, resultantly, DNA predominantly defines hydrogel
properties.'®-237-23 We hypothesize that hydrogels with judiciously designed DNA backbones and
protein—ligand/enzyme—substrate crosslinks will enable independent and reversible control over
backbone rigidity and crosslink density (Figure 5.3), a feat that is difficult, if not impossible to
obtain using any other synthetic method. We will also investigate how these materials can be
designed to exhibit dissipative material properties (Figure 5.4, e.g., modulus, toughness, elasticity,

shear-thinning).
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Figure 5.3. Synthesis of a dynamic protein—DNA hydrogel. Hydrogels will form by mixing
proteins and ligand—DNA oligomers. (A) The backbone rigidity in these hydrogels can be
reversibly modulated between stiff and flexible states via DNA toehold-mediated strand
displacement reactions. These reactions will switch DNA between rigid double-stranded states and
flexible single-stranded states. (B) The crosslink density in these hydrogels can be reversibly
modulated by introducing and removing excess protein ligand.

The hypothesis will be tested with responsive protein—-DNA hydrogels that comprised of
DNA backbones and protein—ligand/enzyme—inhibitor crosslinking points. Hydrogels will be
synthesized by mixing ligand/inhibitor—DNA oligomers with corresponding multivalent proteins.
Specifically, we will study a strong protein—ligand interaction pair (streptavidin (SA) and biotin,
where K, = 2.5 x 1013 M™1),240 a weak protein—ligand interaction pair (concanavalin A (ConA) and
mannose, where K, = 3.0 x 10* M"),%#! and an enzyme—inhibitor ligand pair (L-amino acid oxidase

(AAQO) and m-chlorobenzoate (Bz), where the inhibitor ligand can be displaced by substrate (i.e.,



103
an L-amino acid)) will be investigated as potential crosslinking points. DNA hairpin strands will
be prepared using solid-phase DNA synthesis techniques and ligand/inhibitor modifications will
be incorporated at specific locations in the oligonucleotide sequence. The ligand- and inhibitor
ligand-containing DNA strands will be analyzed via MALDI-TOF MS to confirm the number of
ligands per monomer. These ligand/inhibitor hairpins will be assembled into oligomers using DNA
HCR, which will provide control over the number of ligand molecules per oligomer.'?
Subsequently, the ligand/inhibitor—DNA oligomers will be ligated with T4 DNA ligase, yielding
oligomers where ligand molecules are conjugated to a single DNA strand. Overall, this
oligomerization approach will allow us to modulate the stoichiometry of ligand and the relative
number of different ligands (e.g., the ratio of strong-binding biotin to weak-binding mannose) per
DNA scaffold to determine how protein—ligand crosslink design affects the hydrogel rheological

characteristics.

The dynamic characteristics of the hydrogels will be studied in response to different
chemical stimuli that affect the DNA—DNA interactions, protein—ligand interactions, or both. First,
we hypothesize that modulating the duplexing state of the DNA scaffolds will lead to changes in
hydrogel backbone rigidity and macroscopic stiffness changes without affecting the crosslink
density of the material. This property is difficult to achieve with traditional hydrogels (Figure
5.3.A). The stiffness of the hydrogel will be modified by performing toehold-mediated strand
displacement reactions. During this transition, we expect that the hydrogel network will remain
intact, but the stiffness (i.e., magnitude of the storage modulus) will decrease because the rigidity
and mobility of the DNA scaffold is changing. Furthermore, we will investigate the reversibility

of this DNA-mediated transformation. In hydrogels with identical DNA designs, properties are
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expected to be defined by the protein—ligand interaction affinity. Next, the hydrogels will be
subjected to different chemical stimuli to induce structural transformations. For example, high
concentrations of ligand (1-10 mM) should lead to a transition in the hydrogel from a stiff state to
a degraded hydrogel state (Figure 5.3.B, i.e., gel to sol transition), which can be quantitatively
determined using rheological characterization and monitoring the tan(d), the ratio between G"" and
G'. We will study the impact of protein equilibrium states by varying the free ligand concentration
(e.g., 0.1 uM — 10 mM). We expect that hydrogels in equilibrium with increasing amounts of free
ligand will have decreased crosslinking, which can be detected by monitoring gel stiffness. These
experiments will allow us to understand how protein—ligand binding equilibrium impacts hydrogel
properties. We will investigate the reversibility of this hydrogel transformation by characterizing
hydrogel properties as we cycle between the addition and removal of chemical stimuli. Overall,
through this research, we will establish synthetic routes to achieve protein—-DNA hydrogels with

designed and adaptable properties.

Studying the hydrogels containing SA—biotin and ConA—mannose crosslinks will provide
the fundamental understanding necessary to pursue more complex, dissipative systems where
enzymatic activity modulates hydrogel properties. Inhibitor—-DNA oligomers will be synthesized
with designs similar to those described above. Hydrogels formed by mixing multivalent enzymes
with inhibitor—-DNA oligomers through this approach are expected to be reconfigurable materials
that can respond, transform, and adapt to chemical potentials. Specifically, the goal of this work
will be to design hydrogels that display dissipative, self-regulating properties upon the introduction
of specific chemical reagents and then, through the catalytic consumption of that reagent, restore

the hydrogel to its initial state (Figure 5.4).
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Figure 5.4. Dissipative assembly properties of protein—-DNA hydrogels. (A) Hydrogels formed
by supramolecular crosslinks of L-amino acid oxidase (AAQ) and an inhibitor ligand (i) can be
transiently reconfigured by introducing excess AAO substrate, which will degrade the network by
saturating the active site of AAO (ii). As the substrate is consumed, the hydrogel network will
reform (iii). (B) AAO catalyzes the oxidation of L-amino acids. (C) Benzoates will be conjugated
to DNA to act as competitive inhibitors for AAO. (D) As substrate concentration is increased in
the fully formed network (7), the storage modulus of the material will decrease upon network
degradation (i7) forming a liquid. As the substrate is consumed and its concentration decreases, the
storage modulus will increase as the hydrogel network reforms (iii).

To design dissipative networks, we will employ the dimeric L-amino acid oxidase (AAO)
as a model enzyme. This enzyme catalyzes the reaction of L-amino acids (e.g., leucine) into
oxidized a-keto acids and hydrogen peroxide (Figure 5.4.B).2*> However, the enzyme can be
competitively inhibited using benzoates (Figure 5.4.C, Bz), which block the active site through a
combination of hydrophobic and electrostatic interactions.?** Hydrogels will be synthesized by
mixing the AAO with the Bz—DNA oligomers developed in Objective 2.2 and characterized using

rheological techniques to establish hydrogel properties in the absence of AAO substrates. Next,
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amino acid substrates will be introduced to the system and the catalytic activity of AAO will be
monitored by measuring the concentration of hydrogen peroxide generated using fluorescein
bis(benzyl boronic ester) (FBBBE), a dye that becomes fluorescent upon reaction with hydrogen
peroxide. We expect that the substrate, in large excess, will displace Bz, resulting in the
degradation of AAO-Bz crosslinks, which will cause a gel-sol transition (Figure 5.4.D, ii). As the
amino acid is consumed and the concentration of the substrate decreases, AAO—Bz crosslinks will
reform. Re-establishment of these crosslinks will reform the hydrogel (Figure 5.4.D, iii) into a
material with the same properties as the original network (Figure 5.4.D, i). We will analyze the
viscoelastic property changes of the hydrogel during enzymatic reactions using time sweep
rheological characterization to quantitatively determine how the hydrogels change with substrate
conversion. If measuring gel properties upon the introduction of a chemical stimulus proves to be
too challenging on an oscillatory rheometer, we plan to utilize in situ techniques such as particle
tracking microrheology which tracks the Brownian motion of beads through complex, viscoelastic
materials.?**?%° In microrheology, tracking algorithms are used to trace the motion of particles and
mathematical relationships are used to extract values such as viscosity, storage modulus and loss
modulus. By measuring the storage modulus over time and across cycles, we can correlate changes
in hydrogel properties to enzyme turnover rates obtained in solution using the FBBBE assay. By
tuning when and how substrate is added to the hydrogel, we can develop quantitative relationships
between the amount of substrate added and the rate at which hydrogel properties change and
recover. Furthermore, we will add substrate to specific regions of a hydrogel to obtain materials
with a spatial gradient of dynamic properties. Overall, we will learn how enzymatic reactivity can

be exploited to synthesize hydrogels that display dissipative and self-regulating properties



107
according to chemical stimuli. This insight can potentially be translated and applied to many of
the known enzyme—substrate pairs with known competitive-binding inhibitors. Realizing transient
hydrogel property transformations will be a significant step towards synthesizing materials that

exhibit dissipative material properties.

This proposed research will generate a modular approach to synthesize protein-DNA
hydrogels where every aspect of the material plays an integral and reversible role in defining
material properties. By leveraging the programmability of DNA and the wide range of protein—
ligand binding affinities, these materials will enable the independent study of how DNA
hybridization interactions in the hydrogel backbone and protein—ligand interactions in crosslinks
affect hydrogel materials properties. These hydrogels will be able to undergo transient and
reversible changes between many states (i.e., stiff hydrogels to flexible hydrogels to degraded
hydrogels) according to stimuli inputs or local chemical fluxes. Such materials could have

important applications in sensing, therapeutics, and catalysis.
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APPENDICES

6.1. Appendix A: Materials and Methods for Chapter Two.

6.1.1. Protein Mutation, Recombinant Expression, and Purification.

A gene for C148 mGFP (Table 2.1) was cloned and transformed into One Shot®
BL21(DE3) Chemically Competent E. coli (Thermo Fisher) in previous work.'®® Genes for C176
mGFP and C191 mGFP (Table 2.1, Integrated DNA Technologies) were cloned into the pET28
vector backbone using Gibson Assembly.?*® The assembled plasmids for C176 mGFP and C191
mGFP were transformed into BL21(DE3) electrically competent cells (ThermoFisher) with
electroporation. After recovery in S.O.C. Medium (ThermoFisher) for 1 hour at 37 °C with 300
rpm shaking, cells were grown overnight on LB Agar plates with antibiotic (50 pg/mL kanamycin).
Single colonies were selected and cultured in 8 mL of LB broth with antibiotic (50 pg/mL
kanamycin) overnight at 37 °C with 200 rpm shaking. After cell growth, glycerol stocks of the
cells were prepared and stored at -80 °C. Plasmids were extracted from cells using the QIAprep
Spin Miniprep Kit (Qiagen) and the correct plasmid sequences were confirmed using Sanger

Sequencing (ACGT).2%

Cultures in 8 mL of LB broth with antibiotic (100 pg/mL ampicillin for C148 mGFP and
50 pug/mL kanamycin for C176 mGFP, and C191 mGFP) were inoculated using glycerol stocks
and grown overnight at 37 °C with 200 rpm shaking. Next, these cultures were added to 1 L of 2x
YTP broth with antibiotic (100 pg/mL ampicillin for C148 mGFP and 50 pg/mL kanamycin for
C176 mGFP, and C191 mGFP) and grown at 37 °C with 200 rpm shaking until a cell OD at 600

nm of 0.6 (~4 h). Cultures were induced (0.2 % [w/w] L-arabinose for C148 mGFP and 1 mM
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isopropyl B-D-1-thiogalactopyranoside (IPTG) for C176 mGFP, and C191 mGFP) and grown
overnight at 17°C with 200 rpm shaking. Cells were pelleted (6000 g, 20 min, 4 °C), resuspended
in 1x PBS, and lysed with a high-pressure homogenizer. The insoluble fraction was removed with

centrifugation (15000 g, 20 min, 4 °C).

The mGFP mutants contain a poly-histidine tag, which was used to isolate the mutants
from cell lysate using nickel affinity chromatography. Proteins were loaded onto a column packed
with Profinity™ IMAC Resin (Bio-Rad). The column was washed with 100 mL of 1x PBS with
12.5 mM imidazole and proteins were eluted with 15 mL of 1x PBS with 250 mM imidazole. The
mGFP mutants were separated from the imidazole using anion exchange chromatography. The
proteins were then loaded onto a column packed with Macro-Prep® DEAE resin (Bio-Rad). The
column was washed with 40 mL of 1x PBS and proteins were eluted with 15 mL of 1x PBS with
an additional 250 mM NaCl. Protein purity was confirmed with SDS-PAGE, showing mGFP
primarily as monomers with small impurities of dimers that are formed from the oxidation of
cysteine to form a disulfide bond. The concentrations of mGFP were identified using UV-VIS

absorption spectroscopy using an established extinction coefficients (eGrp, 488 nm = 55,000 M'em”

1).248

6.1.2. Oligonucleotide Design, Synthesis, and Purification.

Nine DNA sequences or pairs of complementary DNA sequences were designed to study
how DNA interactions can influence protein crystallization and packing into single crystals (Table
2.2). DNA designs varied between self-complementary (scDNA), complementary (cDNA), and
non-complementary (ncDNA). DNA length varied between 6 and 18 bases. The sites with the

DNA for attachment to mGFP was either at an internal or external position on the DNA strand.
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Oligonucleotides utilized herein were synthesized on solid supports using reagents
obtained from Glen Research and standard protocols. Products were cleaved from the solid support
using 15% (w/v) ammonium hydroxide (aq) and 20% (w/v) methyl amine for 20 min at 55 °C and
purified using reverse-phase high-pressure liquid chromatography (HPLC) with a gradient of 0 to
75 percent acetonitrile in triethylammonium acetate buffer over 45 min. Dimethoxytrityl or
monomethoxytrityl groups were cleaved with 20% (v/v) acetic acid for 2 h and extracted with
ethyl acetate. The masses of the oligonucleotides were MALDI-TOF MS using 3-hydroxypicolinic
acid, 2',5 -dihydroxyacetophenone, or 2,4 ,6 -trihydroxyacetophenone monohydrate as a matrix.

All observed masses of synthesized DNA were within 30 Da of the expected mass.
Scheme 6.1. Structures of amino-modifier phosphoramidites.
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These phosphoramidites contain 4,4'-dimethoxytrityl (DMT), N,N-diisopropyl (N(iPr);), B-cyanoethyl, and
trifluoroacetyl, and monomethoxytrityl (MMT) protecting groups that are removed during DNA workup and
purification.

6.1.3. Synthesis, Purification, and Characterization of mGFP-DNA Conjugates.

Conjugation of mGFP and DNA was performed according to a previously published
procedure.'® Linkage structures for mGFP-DNA are depicted in Scheme 6.2. Amine-modified
DNA (3,000 nmol) was reacted with 30-50 equiv. of succinimidyl 3-(2-pyridyldithio)propionate

(SPDP, ThermoFisher) in 50:50 DMF:1x PBS, pH 7.4 for 1 h at RT. DNA was purified from
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excess SPDP with two consecutive illustra NAP Columns (GE Healthcare Life Sciences). The
purified DNA was reacted with mGFP (300 nmol) overnight at RT with 300 rpm shaking. The
reaction mixture was loaded onto a column packed with Profinity™ IMAC Resin (Bio-Rad). To
remove unreacted DNA, the column was washed with 40 mL of 1x PBS. Protein and protein—
DNA conjugates were eluted with 15 mL of 1x PBS with 250 mM imidazole. The eluent was then
loaded onto a column packed with Macro-Prep® DEAE resin (Bio-Rad). The column was washed
with 40 mL of 1x PBS and 30 mL of 1x PBS with an additional 200 mM NaCl to remove thiol
and disulfide forms of mGFP. Conjugates of mGFP-DNA were eluted with 15 mL of 1x PBS with

an additional 500 mM NacCl.

Synthesis and purity of mGFP-DNA conjugates were confirmed with UV-vis absorption
spectroscopy, SDS-PAGE, and MALDI-TOF MS. The C148 mGFP, C176 mGFP, and C191
mGFP mutants show absorption maxima at 488 nm (€48 nm = 55,000 M'em™) due to the mGFP

8 and at 280 nm due to aromatic amino acid side chains.”?*® DNA shows an

chromophore?*
absorption maxima around 260 nm and extinction coefficients at 260 nm were calculated with the
IDT OligoAnalyzer Tool (Integrated DNA Technologies). After purification of mGFP-DNA
conjugates, the number of DNA per mGFP in solution was quantified by comparing the relative
absorption at 488 nm and 260 nm for mGFP and mGFP-DNA. The increase in mass of mGFP—
DNA conjugates after DNA functionalization and sample purity was confirmed with SDS-PAGE
using 4-15% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad) and a Precision Plus
Protein™ All Blue Prestained Protein Standard (Bio-Rad). The increase in mass of mGFP-DNA

conjugates after DNA conjugation and sample purity was also confirmed with MALDI-TOF MS.

Before MALDI-TOF MS, conjugates of mGFP-DNA were transferred to water six times using 30
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kDa cutoff Amicon® Ultra-0.5 mL Centrifugal Filters (Millepore Sigma) and mixed with MALDI

matrix 2,5 -dihydroxyacetophenone, 2,4 ,6 -trihydroxyacetophenone monohydrate, or sinapinic

acid.
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Figure 6.1. Characterization of C176 mGFP. (A) Schematic of C176 mGFP (green). (B) A UV-vis
absorption spectrum that is normalized to the absorbance of the mGFP chromophore at 488 nm. The spectrum also
contains a characteristic protein absorbance peak at 280 nm. (C) SDS-PAGE analysis shows C176 mGFP (lane 1)
primarily in the thiol form (~30 kDa) with a small amount in the disulfide form (~60 kDa). (D) MALDI-TOF MS
characterization shows an experimental C176 mGFP (green) mass of ~29.0 and 30.5 kDa.

A B o mGFP c 1 D mGFP
g - 2 | N
g 2 s
C191 mGFP S (kDa) g o3
o 2 =
, < 75 2 J
[0} N <
g | 37 £
9 ; : . 25 2
200 400 600 800 = 20 40 60 80
Wavelength (nm) - m/z (kDa)

Figure 6.2. Characterization of C191 mGFP. (A) Schematic of C191 mGFP (green). (B) A UV-vis
absorption spectrum that is normalized to the absorbance of the mGFP chromophore at 488 nm. The spectrum also
contains a characteristic protein absorbance peak at 280 nm. (C) SDS-PAGE analysis shows C191 mGFP (lane 1)
primarily in the thiol form (~30 kDa) with a small amount in the disulfide form (~60 kDa). (D) MALDI-TOF MS
characterization shows an experimental C191 mGFP (green) mass of ~30.5 kDa.
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Scheme 6.2. Linkage chemical structures in mGFP-DNA conjugates.

Linkage chemical structures in mGFP-DNA conjugates with (A) external and (B) internal DNA attachment positions.
Atoms from mGFP and DNA are colored in blue and atoms from SPDP are colored in black.
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Figure 6.3. Characterization of C148 mGFP—cDNA-1 conjugates. (A) Schematics of C148 mGFP
(green) and C148 mGFP-cDNA-1 (red and purple). (B) UV-vis absorption spectra of C148 mGFP (green) and C148
mGFP-scDNA-1 (red and purple) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The
increase in absorbance at 260 nm of C148 mGFP—cDNA-1 compared to C148 mGFP corresponds to 1.0 and 1.1
cDNA-1 per C148 mGFP. (C) SDS-PAGE analysis of C148 mGFP (lane 1) to C148 mGFP—cDNA-1 (lanes 2 and 3)
show the conjugation of one cDNA-1 to C148 mGFP. (D) MALDI-TOF MS characterization of C148 mGFP (green)
C148 mGFP—cDNA-1 (red and purple) shows an experimental mass increases of 2002 and 1942 Da that are consistent
with the theoretical mass increase of mono-functionalization (2098 Da=2012 Da (cDNA-1) + 86 Da (linker molecule)
and 2018 Da = 1932 Da (cDNA-1) + 86 Da (linker molecule), respectively).
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Figure 6.4. Characterization of C148 mGFP—-cDNA-2 conjugates. (A) Schematics of C148 mGFP
(green) and C148 mGFP—cDNA-2 (red and purple). (B) UV-vis absorption spectra of C148 mGFP (green) and C148
mGFP-scDNA-2 (red and purple) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The
increase in absorbance at 260 nm of C148 mGFP—cDNA-2 compared to C148 mGFP corresponds to 0.9 and 1.3
cDNA-2 per C148 mGFP. (C) SDS-PAGE analysis of C148 mGFP (lane 1) to C148 mGFP—cDNA-2 (lanes 2 and 3)
show the conjugation of one cDNA-1 to C148 mGFP. (D) MALDI-TOF MS characterization of C148 mGFP (green)
C148 mGFP—cDNA-2 (red and purple) shows an experimental mass increases of 2002 and 1942 Da that are consistent
with the theoretical mass increase of mono-functionalization (2130 Da =2044 Da (cDNA-2) + 86 Da (linker molecule)
and 1983 Da = 1897 Da (cDNA-2) + 86 Da (linker molecule), respectively).
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Figure 6.5. Characterization of C148 mGFP-ncDNA-1 conjugates. (A) Schematics of C148 mGFP
(green) and C148 mGFP-ncDNA-1 (orange). (B) UV-vis absorption spectra of C148 mGFP (green) and C148 mGFP—
ncDNA-1 (orange) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The increase in
absorbance at 260 nm of C148 mGFP-ncDNA-1 compared to C148 mGFP corresponds to 1.1 ncDNA-1 per C148
mGFP. (C) SDS-PAGE analysis of C148 mGFP (lane 1) to C148 mGFP-ncDNA-1 (lane 2) show the conjugation of
one ncDNA-1 to C148 mGFP. (D) MALDI-TOF MS characterization of C148 mGFP (green) C148 mGFP-ncDNA-
1 (orange) shows an experimental mass increase of 1967 Da that is consistent with the theoretical mass increase of
mono-functionalization (2028 Da = 1942 Da (ncDNA-1) + 86 Da (linker molecule)).
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Figure 6.6. Characterization of C148 mGFP—cDNA-3 conjugates. (A) Schematics of C148 mGFP
(green) and C148 mGFP—cDNA-3 (red and purple). (B) UV-vis absorption spectra of C148 mGFP (green) and C148
mGFP—scDNA-3 (red and purple) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The
increase in absorbance at 260 nm of C148 mGFP-cDNA-3 compared to C148 mGFP corresponds to 1.0 and 1.1
cDNA-3 per C148 mGFP. (C) SDS-PAGE analysis of C148 mGFP (lane 1) to C148 mGFP—cDNA-3 (lanes 2 and 3)
show the conjugation of one cDNA-3 to C148 mGFP. (D) MALDI-TOF MS characterization of C148 mGFP (green)
C148 mGFP-cDNA-3 (red and purple) shows an experimental mass increases of 3141 and 2789 Da that are consistent
with the theoretical mass increase of mono-functionalization (3086 Da = 3000 Da (cDNA-3) + 86 Da (linker molecule)
and 2881 Da = 2795 Da (cDNA-3) + 86 Da (linker molecule), respectively).
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Figure 6.7. Characterization of C148 mGFP-cDNA-4 conjugates. (A) Schematics of C148 mGFP
(green) and C148 mGFP—cDNA-4 (red and purple). (B) UV-vis absorption spectra of C148 mGFP (green) and C148
mGFP—-scDNA-4 (red and purple) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The
increase in absorbance at 260 nm of C148 mGFP—cDNA-4 compared to C148 mGFP corresponds to 1.0 and 1.1
cDNA-4 per C148 mGFP. (C) SDS-PAGE analysis of C148 mGFP (lane 1) to C148 mGFP—cDNA-4 (lanes 2 and 3)
show the conjugation of one cDNA-4 to C148 mGFP. (D) MALDI-TOF MS characterization of C148 mGFP (green)
C148 mGFP-cDNA-4 (red and purple) shows an experimental mass increases of 3887 and 3603 Da that are consistent
with the theoretical mass increase of mono-functionalization (4058 Da=3972 Da (cDNA-4) + 86 Da (linker molecule)
and 3763 Da = 3677 Da (cDNA-4) + 86 Da (linker molecule), respectively).
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Figure 6.8. Characterization of C148 mGFP—cDNA-5 conjugates. (A) Schematics of C148 mGFP
(green) and C148 mGFP—cDNA-5 (red and purple). (B) UV-vis absorption spectra of C148 mGFP (green) and C148
mGFP—scDNA-5 (red and purple) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The
increase in absorbance at 260 nm of C148 mGFP—-cDNA-5 compared to C148 mGFP corresponds to 1.1 and 1.0
cDNA-5 per C148 mGFP. (C) SDS-PAGE analysis of C148 mGFP (lane 1) to C148 mGFP—cDNA-5 (lanes 2 and 3)
show the conjugation of one cDNA-5 to C148 mGFP.
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Figure 6.9. Characterization of C148 mGFP-ncDNA-2 conjugates. (A) Schematics of C148 mGFP
(green) and C148 mGFP-ncDNA-2 (orange). (B) UV-vis absorption spectra of C148 mGFP (green) and C148 mGFP-
ncDNA-2 (orange) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The increase in
absorbance at 260 nm of C148 mGFP-ncDNA-2 compared to C148 mGFP corresponds to 1.5 ncDNA-2 per C148
mGFP. (C) SDS-PAGE analysis of C148 mGFP (lane 1) to C148 mGFP-ncDNA-2 (lane 2) show the conjugation of
one ncDNA-2 to C148 mGFP. (D) MALDI-TOF MS characterization of C148 mGFP (green) C148 mGFP-ncDNA-
2 (orange) shows an experimental mass increase of 4510 Da that is consistent with the theoretical mass increase of
mono-functionalization (2941 Da = 2855 Da (ncDNA-2) + 86 Da (linker molecule)).
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Figure 6.10. Characterization of C176 mGFP-scDNA-1 conjugates. (A) Schematics of C176 mGFP
(green) and C176 mGFP—scDNA-1 (blue). (B) UV-vis absorption spectra of C176 mGFP (green) and C176 mGFP-
scDNA-1 (blue) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The increase in
absorbance at 260 nm of C176 mGFP—scDNA-1 compared to C176 mGFP corresponds to 2.0 scDNA-1 per C176
mGFP. The ratio of scDNA-1 to C176 mGFP is high because some of the chromophores in C176 mGFP-scDNA-1
were protonated as indicated by the absorbance peak at 395 nm. (C) SDS-PAGE analysis of C176 mGFP (lane 1) to
C176 mGFP—scDNA-1 (lane 2) show the conjugation of one scDNA-1 to C176 mGFP. (D) MALDI-TOF MS
characterization of C176 mGFP (green) C176 mGFP—scDNA-1 (blue) shows an experimental mass increase of 1990
Da that is consistent with the theoretical mass increase of mono-functionalization (2016 Da = 1930 Da (scDNA-1) +
86 Da (linker molecule)).
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Figure 6.11. Characterization of C191 mGFP-scDNA-1 conjugates. (A) Schematics of C191 mGFP
(green) and C191 mGFP—scDNA-1 (blue). (B) UV-vis absorption spectra of C191 mGFP (green) and C191 mGFP-
scDNA-1 (blue) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The increase in
absorbance at 260 nm of C191 mGFP—scDNA-1 compared to C191 mGFP corresponds to 0.8 scDNA-1 per C191
mGFP. (C) SDS-PAGE analysis of C191 mGFP (lane 1) to C191 mGFP—scDNA-1 (lane 2) show the conjugation of
one scDNA-1 to C191 mGFP. (D) MALDI-TOF MS characterization of C191 mGFP (green) C191 mGFP-scDNA-1
(blue) shows an experimental mass increase of 1990 Da that is consistent with the theoretical mass increase of mono-
functionalization (2016 Da = 1930 Da (scDNA-1) + 86 Da (linker molecule)).
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Figure 6.12. Characterization of C148 mGFP-scDNA-2 conjugates. (A) Schematics of C148 mGFP
(green) and C148 mGFP—scDNA-1 (blue). (B) UV-vis absorption spectra of C148 mGFP (green) and C148 mGFP-
scDNA-1 (blue) that are normalized to the absorbance of the mGFP chromophore at 488 nm. The increase in
absorbance at 260 nm of C148 mGFP—scDNA-1 compared to C148 mGFP corresponds to 1.3 scDNA-1 per C148
mGFP. (C) SDS-PAGE analysis of C148 mGFP (lane 1) to C148 mGFP-scDNA-1 (lane 2) show the conjugation of
one scDNA-1 to C148 mGFP. The ratio of scDNA-1 to C148 mGFP is high because some of the chromophores in
C148 mGFP-scDNA-1 were protonated as indicated by the absorbance peak at 395 nm. (D) MALDI-TOF MS
characterization of C148 mGFP (green) C148 mGFP-scDNA-1 (blue) shows an experimental mass increase of 2559
Da that is consistent with the theoretical mass increase of mono-functionalization (2595 Da = 2509 Da (scDNA-1) +
86 Da (linker molecule)).
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6.1.4. Protein Crystallization and X-ray Crystallography.

Using 30 kDa cutoff Amicon® Ultra-15 Centrifugal Filter Units (Millepore Sigma), all
mGFP-DNA conjugates were buffer exchanged 4 times to 10 mM Tris with 137 mM NaCl and
concentrated to 5 mg/mL (protein concentration). High-throughput sitting drop vapor diffusion
experiments were set up with Crystal Gryphon (Art Robbins Instruments) or mosquito® crystal
(TTP Labtech) liquid handlers in 96-3 well INTELLI-PLATE® trays (Art Robbins Instruments).
The reservoirs consisted of 70 pL of crystallization condition and the sitting drops consisted of 1
uL of sample and 1 pL of crystallization condition. Crystallization conditions from the PACT,
JCSGH, Classics II, and PEGs II Suites (Qiagen) were screened. These condition suites vary salt
identity and concentration, buffer identity and concentration, pH, and precipitant identity and
concentration. Crystallization experiments at both 4 and 22 °C proceeded for 2 weeks undisturbed.
Obtained crystals were transferred to nylon loops and frozen in liquid nitrogen. X-ray diffraction
experiments were performed at the Life Sciences Collaborative Access Team beamlines 21-ID-D,

21-ID-F, and 21-ID-G at the Advanced Photon Source, Argonne National Laboratory.

Diffraction data were processed with programs run through Xia2?°*?%! or programs from
the CCP4 software suite.>>> Data were indexed and integrated with iMosflm,>>* and space group
and unit cell parameters were confirmed with Pointless.”>* Data was scaled and merged with
SCALA using resolution cut-off criteria for the highest-resolution bin (a mean I/c(I) of
approximately 1.5 and a Rsym value of approximately 0.7).%° Structures were determined by
molecular replacement with PhaserMR,*® using GFP (5N90O or 4EUL) as the starting model. 3%
257 After successive rounds of manual model building and addition of water molecules with Coot?>®

and refinement with Refmac5,> structures were deemed finalized when Ruwor/Riee values
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plateaued. For the solved crystal structures, there are 32—-38 unmodeled N-terminal residues and
7-9 unmodeled C-terminal residues due to poor electron density for these regions. Analogous
residues in other GFP crystal structures are disordered and unmodeled.'®® Protein and water B-
factor analyses were performed using the bavarage module in the CCP4 software suite. Graphics

for protein crystal structures were generated using PyMOL,2%° UCSF Chimera,?*! and QuteMol.2%?

Crystallization conditions for all samples are disclosed in Tables 6.1 and 6.2. Samples were
screened over the same set of crystallization conditions. Each sample crystallizes in different
conditions, indicating contributions from the specific condition. However, the changes in protein
packing within single crystals as a function of the DNA design indicates that DNA influences
protein packing within the crystals irrespective of specific crystallization conditions. Summaries
of crystallographic data can be found in Tables 6.3—6.5 and refinement summaries can be found in

Tables 6.6-6.8.
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Table 6.1. Crystallization conditions for mGFP and mGFP-DNA crystals.

Crystal Sample Condition Chemical Components of Incubation
Number P Name Screen Condition Temp. (°C)
PEGs IT 0.1 M sodium acetate, 25 % (w/v) PEG
! Cl48 mGrP Suite F§ 4000, 8 % (w/v) isopropanol 22
+
2 C176 mGFP JCSG 2.1 M DL-malic acid pH 7.0 22
Suite F§
0,
3 C148 mGFP—-scDNA-I P4CT 0.1 M SPG buffer pH 8, 25 % (w/v) PEG 2
Suite A5 1500
PACT 0.2 M lithium sulfate, 0.1 M HEPES buffer
4 C148 mGFP-scDNA-T | g e 09 pH 7, 20 % (w/v) PEG 6000 22
JCSG+ 0.1 M ammonium sulfate, 0.1 M bis-Tris
> Cl48 mGFP=scDNA-T | ¢ e 17 buffer pH 5.5, 25 % (w/v) PEG 3350 2
JCSG+ 0.2 M lithium sulfate, 0.1 M bis-Tris buffer
6 C148 mGFP-scDNA-T | g e 1o pH 5.5, 25 % (w/v) PEG 3350 22
JCSG+ 0.2 M ammonium sulfate 0.1 M bis-Tris
7 Cl48 mGFP=scDNA-1 | ¢ e HI0 buffer pH 5.5, 25 % (w/v) PEG 3350 2
3 C148 mGFP—scDNA-1 PEGs II 0.2 M ammonium sulfate, 0.1 M MES 4

Suite G2 | buffer pH 6.5, 30 % (w/v) PEG 5000 MME
PEGs IT 0.1 M sodium acetate, 25 % (w/v) PEG

? C148 mGEP and scDNA-1 Suite A5 4000, 8 % (w/v) isopropanol 22
9 JCSG+ 0.2 M lithium sulfate, 0.1 M bis-Tris buffer
10 CI48 mGFP-cDNA-T- | = ¢ o H9 pH 5.5, 25 % (whv) PEG 3350 22
1 0
1 C148 mGFP—cDNA-1 JC.SG+ 0.2 M magnesium formate, 20% (w/v) PEG 29
Suite A5 3350
0,
12 C148 mGFP—cDNA-1 PACT 0.1 M MIB buffer pH 7, 25 % (w/v) PEG 2
Suite B4 1500
PACT
13 C148 mGFP—cDNA-1 Suite D3 0.1 M MMT buffer pH 6, 25 % (w/v) 1500 22
- - 5
14 C148 mGFP—scDNA-1 PACT 0.2 M sodium fluoride, 20 % (w/v) PEG D
Suite E1 3350
JCSG+ 0.15 M potassium bromide, 30 % (w/v)
3 CH48mGEP=cDNA-2 | g0 G10 PEG MME 2000 22
Classics 11 0.2 M sodium chloride, 0.1 M bis-Tris
16 CI48mGEP-neDNA-L | ¢ 10 p1g buffer pH 5-5, 25 % (w/v) PEG 3350 1
0
17 C148 mGFP—cDNA-3 PEGS 1 0.1 M MES buffer pH 6.5, 30 % (w/v) PEG 2
Suite D7 4000
Classics 11 0.15 M potassium bromide, 30 % (w/v)
18 C148 mGFP-scDNA-2 Suite H12 PEG 2000 MME 22

For each sample, conditions led to crystals with the same space group and unit cell parameters. Conditions with the
highest resolution (italicized) were processed to give the crystal structures 6UHJ—6UHR. Unit cell parameters for
other conditions (not italicized) are based on preliminary analysis. The crystallization temperature and unit cell
parameters for each crystal are listed in Table 6.2.
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Table 6.2. Unit cell parameters for mGFP and mGFP-DNA crystals.

Crystal Space Cell Cell
Number | Group | Parameters (A) | Parameters (°)
1 P2,2:2, 52,63, 69 90, 90, 90
2 1222 89, 92, 152 90, 90, 90
3 P12,1 65, 52, 87 90, 94, 90
4 P12,1 64, 52,91 90, 97,90
5 Pi12;1 64, 52, 87 90, 94, 90
6 Pi12;1 65, 52, 87 90, 94, 90
7 P12,1 66, 52, 87 90, 95, 90
8 P12,1 65, 52,91 90, 97,90
9 P2,2,2, 58,62, 135 90, 90, 90
10 P12,1 65, 52, 87 90, 94, 90
11 P12,1 65, 52, 88 90, 92,90
12 P12,1 65, 52, 87 90, 94, 90
13 P12,1 64, 53, 86 90, 94, 90
14 P12,1 65, 51, 87 90, 94, 90
15 P12,1 65, 52, 86 90, 94, 90
16 PI12,1 59,52, 100 90, 107, 90
17 Ci2i 107,51, 57 90, 110, 90
18 P2,2,2, 51,51, 209 90, 90, 90

For each sample, conditions led to crystals with the same space group and unit cell parameters. Conditions with the
highest resolution (italicized) were processed to give the crystal structures 6UHJ—6UHR. Unit cell parameters for
other conditions (not italicized) are based on preliminary analysis. All unit cell parameters were rounded for
consistency.



Table 6.3. Crystallographic data summary for 6UHJ, 6UHK, 6UHL, and 6UHM.

€148 mGEP C176 mGFP C148 mGFP- C148 mGFP and
Sample (Thiol Form) (Disulfide Form) ScDNA-1 ScDNA-1
(6 bp) (6 bp)
PDB Code 6UHJ 6UHK 6UHL 6UHM
Cell 51.51, 88.93, 64.87, 58.28,
arameters (A) 62.90, 91.76, 52.29, 61.76,
p 69.40 151.71 86.80 135.32
Cell 90.00, 90.00, 90.00, 90.00,
arameters (%) 90.00, 90.00, 94.13, 90.00,
p 90.00 90.00 90.00 90.00
Space group P2;2,2; 1222 Pi12;1 P2;2,2;
PEGs II Suite F8 at PEGs II Suite F8 at
22°C [0.1 M . PACT Suite A5 at 22°C[0.1 M
Crystallization | sodium acetate, 25 JZCZSOgJEzSIIH;Z 1]:)8Left 22°C[0.1 M SPG | sodium acetate, 25
condition % (w/v) PEG 4000, malic aci d pH 7.0] buffer pH 8,25 % | % (w/v) PEG 4000,
8 % (W/v) P/ (w/v) PEG 1500] 8 % (W/v)
isopropanol] isopropanol]
Resolution 51.51-1.50 78.51-1.90 43.29-1.91 61.76-2.10
range (A) (1.58-1.50) (2.00-1.90) (1.96-1.91) (2.21-2.10)
Wav(%“gth 0.97857 0.97872 0.97872 0.97872
Observed 163324 727590 435564 250177
reflections
Unique 36338 96006 43945 29215
reflections
Redundancy 4.5(3.9) 7.6 (7.5) 9.9 (5.8) 8.6 (8.7)
Com‘(’i/e;eness 98.8 (98.0) 100.0 (99.9) 96.9 (67.2) 99.8 (99.4)
o
Mean (I/(I)) 10.7 (3.6) 14.7 (3.8) 12.1(1.3) 14.5 (3.7)
Reym (%) 0.083 (0.347) 0.082 (0.515) 0.117 (1.189) 0.074 (0.503)

Numbers in parentheses refer to the highest-resolution shell. Ryym = 24 Zi|I1(h) - <I(h)|/Z4 Z; Ti(h).
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Table 6.4. Crystallographic data summary for 6UHN, 6UHO, 6UHP, and 6UHQ.

C148 mGFP- C148 mGFP- C148 mGFP- C148 mGFP-
Sample cDNA-1 cDNA-2 ncDNA-1 cDNA-3
(6 bp) (6 bp) (6 bp) (9 bp)
PDB Code 6UHN 6UHO 6UHP 6UHQ
Cell 64.92, 6471, 59.05, 106.63,
arameters (A) 52.18, 52.22, 51.60, 50.58,
P 86.47 86.44 100.41 56.69
Cell 90.00, 90.00, 90.00, 90.00,
arameters (% 94.24, 94.23, 106.97, 110.33,
P 90.00 90.00 90.00 90.00
Space group Pi12;1 Pi12;1 Pi12;1 Cl21
. Classics II Suite
Jcsz(z}jcsfgt; &9 | JCSG+ Suite G10 | F10at4°C[0.2M | PEGs IT Suite D7
. o : at22°C [0.15 M sodium chloride, at22°C[0.1 M
Crystallization | lithium sulfate, 0.1 . . . .
condition M bis-Tris buffer potassium bromide, 0.1 M bis-Tris MES buffer pH
H 5.5, 25 % (wiv) 30 % (w/v) PEG buffer pH 5-5, 25 6.5, 30 % (w/v)
pH 2.9, 29 70 MME 2000] % (w/v) PEG PEG 4000]
PEG 3350] 3350]
Resolution 64.07-1.92 64.53-1.95 56.48-2.90 53.16-2.85
range (A) (2.02-1.92) (2.06-1.95) (3.06-2.90) (3.00-2.85)
Wav(%“gth 0.97872 0.97872 0.97857 0.97872
Observed 192150 179992 66203 21886
reflections
Unique 44394 41971 13070 6723
reflections
Redundancy 43 (4.3) 43 (4.3) 5.1(5.2) 3.3(3.2)
Com‘(’i/e;eness 100.0 (99.9) 99.2 (100.0) 99.8 (100.0) 99.3 (99.2)
o
Mean (I/o(I)) 7.8 (3.1) 9.4 (3.3) 7.9 (2.8) 5.8(2.1)
Ryym (%) 0.112 (0.442) 0.094 (0.406) 0.147 (0.657) 0.178 (0.677)

Numbers in parentheses refer to the highest-resolution shell. Ryym = 24 Zi|I1(h) - <I(h)|/Z4 Z; Ti(h).
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Table 6.5. Crystallographic data summary for 6UHR.

C148 mGFP-
Sample scDNA-2
P (8 bp, int. DNA
attach.)
PDB Code 6UHR
Cell 50.58,
arameters (A) >0.89,
P 209.19
Cell 90.00,
arameters (°) 20.00,
P 90.00
Space group P2,2:2;
Classics II Suite
H12 at 22°C [0.15
Crystallization M potassium
condition bromide, 30 %
(w/v) PEG 2000
MME]
Resolution 69.73-3.00
range (A) (3.16-3.00)
Wavelength
1.12710
A
Observed 79211
reflections
Unique 11425
reflections
Redundancy 6.9 (7.1)
Completeness
%) 99.7 (100.0)
Mean (I/6(1)) 8.1(2.7)
Reym (%) 0.194 (0.716)

Numbers in parentheses refer to the highest-resolution shell. Ryym = 24 Zi|I1(h) - <I(h)|/Z4 Z; Ti(h).
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Table 6.6. Model refinement summary for 6UHJ, 6UHK, 6UHL, and 6UHM.
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C148 mGFP C176 mGFP C148 mGFP- C148 mGFP and
Sample (Thiol Form) (Disulfide Form) ScDNA-1 ScDNA-1
(6 bp) (6 bp)
PDB Code 6UHJ 6UHK 6UHL 6UHM
Resolution 46.61-1.50 75.97-1.90 43.29-1.91 56.25-2.10
range (A) (1.54-1.50) (1.95-1.90) (1.96-1.91) (2.16-2.10)
No. of 36338 96006 43939 29157
reflections
R factor 15.3 18.6 22.8 21.1
Rfree 18.5 22.9 27.3 27.0
I}x:tlﬁsb("g)d 0.013 0.012 0.0094 0.008
RMSD bond 1.88 1.86 1.78 1.67
angles (°)
Average B
value protein 10.5 324 21.1 52.2
(A%
Average B
value water 25.8 39.9 30.1 53.9
(A%
Ramachandran plot:
Favored and
allowed 96.7 95.4 96.8 93.9
regions (%)
Generously
allowed 33 4.4 3.2 5.4
regions (%)
Disallowed
regions (%) 0.0 0.2 0.0 0.7
Solvent
content (%) 33 52 49 38

R factor = Zpki||[Fobs| - k|Fcate|[/Znki|Fobs|- R free is calculated using the same equation as that for R factor, but 5.0 % of
reflections were chosen randomly and omitted from the refinement.



Table 6.7. Model refinement summary for 6UHN, 6UHO, 6UHP, and 6UHQ.
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C148 mGFP- C148 mGFP- C148 mGFP- C148 mGFP-
Sample cDNA-1 cDNA-2 ncDNA-1 cDNA-3
(6 bp) (6 bp) (6 bp) (9 bp)
PDB Code 6UHN 6UHO 6UHP 6UHQ
Resolution 64.60-1.92 64.53-1.95 56.48-2.90 50.04-2.85
range (A) (1.97-1.92) (2.00-1.95) (2.98-2.90) (2.92-2.85)
No. of 44378 41801 12900 6722
reflections
R factor 21.6 214 34.1 18.1
Rfree 247 251 373 274
%x:gsb("g)d 0.011 0.010 0.007 0.007
RMSD bond 1.83 1.78 1.63 1.75
angles (°)
Average B
value protein 24.5 27.1 55.4 333
(A%
Average B
value water 28.6 36.0 n/a 24.0
(A%
Ramachandran plot:
Favored and
allowed 96.5 95.9 82.3 92.8
regions (%)
Generously
allowed 3.5
regions (%) 3.6 12.3 7.2
Disallowed
regions (%) 0.0 0.5 5.5 0.0
Solvent
content (%) 49 48 49 48

R factor = Zpki||[Fobs| - k|Fcate|[/Znki|Fobs|- R free is calculated using the same equation as that for R factor, but 5.0 % of
reflections were chosen randomly and omitted from the refinement.



Table 6.8. Model refinement summary for 6UHR.

C148 mGFP-
Sample scDNA-2
(8 bp, int. DNA
attach.)
PDB Code 6UHR
Resolution 52.30-3.00
range (A) (3.08-3.00)
No. of
reflections 1431
R factor 22.6
Rfree 30.9
RMSD bond
lengths (A) 0.008
RMSD bond 1.82
angles (°)
Average B
value protein 47.4
(A%
Average B
value water 40.7
(A
Ramachandran plot:
Favored and
allowed 84.4
regions (%)
Generously
allowed
regions (%) 11.8
Disallowed 39
regions (%) )
Solvent
content (%) 44

160

R factor = Zpki||[Fobs| - k|Fcate|[/Znki|Fobs|. R free is calculated using the same equation as that for R factor, but 5.0 % of
reflections were chosen randomly and omitted from the refinement.
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Figure 6.13. Extended packing arrangement in C148 mGFP crystals. The extended packing

arrangement of mGFP (protein in teal, surface-exposed cysteine in red) is depicted in the C148 mGFP crystal structure
(PDB code: 6UHJ).

Figure 6.14. Extended packing arrangement in C176 mGFP crystals. The extended packing
arrangement of mGFP (proteins in teal and green, surface-exposed cysteine in red) is depicted in the C176 mGFP
crystal structure (PDB code: 6UHK).
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Figure 6.15. Extended packing arrangement in C148 mGFP—-scDNA-1 crystals. The extended
packing arrangement of mGFP (proteins in teal and green, surface-exposed cysteine in red) is depicted in the C148
mGFP-scDNA-1 crystal structure (PDB code: 6UHL).

Figure 6.16. Extended packing arrangement in C148 mGFP and scDNA-1 crystals. The
extended packing arrangement of mGFP (proteins in teal and green, surface-exposed cysteine in red) is depicted in
the unconjugated C148 mGFP and scDNA-1 crystal structure (PDB code: 6UHM).
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Figure 6.17. Extended packing arrangement in C148 mGFP—-cDNA-1 crystals. The extended
packing arrangement of mGFP (proteins in teal and green, surface-exposed cysteine in red) is depicted in the C148
mGFP-cDNA-1 crystal structure (PDB code: 6UHN).

Figure 6.18. Extended packing arrangement in C148 mGFP—cDNA-2 crystals. The extended
packing arrangement of mGFP (proteins in teal and green, surface-exposed cysteine in red) is depicted in the C148
mGFP-cDNA-2 crystal structure (PDB code: 6UHO).
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90° —p—7—

Figure 6.19. Extended packing arrangement in C148 mGFP-ncDNA-1 crystals. The extended
packing arrangement of mGFP (proteins in teal and green, surface-exposed cysteine in red) is depicted in the C148
mGFP-ncDNA-1 crystal structure (PDB code: 6UHP).

Figure 6.20. Extended packing arrangement in C148 mGFP—cDNA-3 crystals. The extended
packing arrangement of mGFP (proteins in teal, surface-exposed cysteine in red) is depicted in the C148 mGFP—
cDNA-3 crystal structure (PDB code: 6UHQ).
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Figure 6.21. Extended packing arrangement in C148 mGFP—-scDNA-2 crystals. The extended
packing arrangement of mGFP (proteins in teal and green, surface-exposed cysteine in red) is depicted in the C148
mGFP-scDNA-2 crystal structure (PDB code: 6UHR).

6.1.5. Confocal Microscopy Analysis of mGFP and mGFP-DNA Crystals.

Crystals were transferred from sitting drops to a 7 uLL drop of crystallization condition on
a confocal microscopy dish. Crystals were imaged with a Nikon A1R confocal microscope using
a 20x objective with bright field and two laser channels. The first channel for the mGFP
chromophore (488 nm excitation maximum, 509 emission maximum) was excited with a 485 nm
laser and had an emission filter of 500-550 nm. The second channel for the DNA intercalating
dye, TOTO-3, (642 nm excitation maximum, 662 emission maximum)'3¥1%° was excited with a
640 nm laser and had an emission filter of 663—738 nm. After imaging the crystals, TOTO-3 (1
mM in DMSO, Biotium) was diluted to 0.1 mM in 10 mM Tris with 137 mM NaCl and 0.5 pL of
the diluted dye was added to the drop containing the crystals. After waiting 30 minutes for the dye
to diffuse through the crystals, the crystals were imaged again with the same bright field and laser

channels.
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6.2. Appendix B: Materials and Methods for Chapter Three.

6.2.1. Design, Synthesis, and Characterization of DNA.

A set of six DNA strands (Table 3.1) was designed to constitute a modular DNA scaffold
(Table 3.1). Three DNA strands were designed for conjugation to proteins (Scheme 3.1.A, i.e.,
S2-DBCO-Cy3-S3, S4-DBCO-Cy5-S5, and S6-DBCO-FITC-S1) and three DNA strands were
designed to template the assembly of protein-DNA conjugates (Scheme 3.1.B, i.e., S1'-S2', S3'-
S4', and S5'-S6'). Stars represent dye modifications to DNA strands in the scheme (i.e., red stars
represent Cyanine 3 (Cy3), blue stars represent Cyanine 5 (Cy5), and green stars represent
fluorescein (FITC)). Template DNA strands were designed to include 8-base toeholds to facilitate
the removal of template DNA strands from oligomers via toehold-mediated strand displacement
reactions, however, these reactions were not utilized in this work. DNA-DNA interactions
between protein conjugation strands and template strands are used to organize proteins that are
functionalized with DNA into sequence-encoded oligomers (Scheme 3.1.C, Table 3.3). Labels on
the DNA strands represent distinct nucleic acid sequences and pairs of sequences that have and
lack the prime symbol are complementary and will interact specifically (e.g., S3 and S3' are
complementary DNA sequences and S4 and S4' are complementary DNA sequences).
Complementary DNA sequences were designed with melting temperatures between 60 and 70 °C

in 1x PBS to facilitate assembly at room temperature at micromolar concentrations.

All materials for oligonucleotide synthesis were obtained from Glen Research and were
used as received. Oligonucleotides were synthesized on a 5 pumol scale on a Bio Automation
MerMade 12 oligonucleotide synthesizer or an ABI 394 DNA synthesizer using standard solid

phase synthetic protocols on controlled pore glass (CPG) beads. Successfully synthesized
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oligonucleotides were isolated using reverse-phase HPLC on an Agilent Technologies 1260
Infinity Il HPLC using an Agilent Dynamax Microsorb 300-10 C4 or Agilent Dynamax Microsorb
300-5 C18 column. Successful synthesis of desired oligonucleotides was confirmed by MALDI-
TOF MS. Samples were mixed with a 2',6'-dihydroxyacetophenone matrix containing
diammonium hydrogen citrate and characterized using a Bruker MALDI Rapiflex Tissue Typer
instrument in linear mode with negative ion detection. Oligonucleotide concentrations were
quantified by measuring the absorbances of oligonucleotide samples at 260 nm within the linear

range on an Agilent Technologies Cary 60 UV-vis spectrophotometer.

Scheme 6.3. Structures of T(DBCO), Cy3, Cy5, and FITC phosphoramidites.
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These phosphoramidites contain 4,4'-dimethoxytrityl (DMT), monomethoxytrityl (MMT), N,N-diisopropyl (N(iPr),),
B-cyanoethyl, and acetyl protecting groups that are removed during DNA workup and purification.
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6.2.2. Synthesis and Characterization of Protein—-DNA Conjugates.
InVivoMAb anti-mouse-PD-1 (CD279, clone RMP1-14), InVivoMAb anti-mouse-TIGIT
(clone 1G9), InVivoMAb anti-mouse-CTLA-4 (CD152, clone 9H10), and InVivoSIM anti-
human-PD-1 (Nivolumab Biosimilar) were obtained from Bio X Cell and used as received. To
install a single DNA strand onto antibodies (i.e., anti-mouse-PD-1 (A), anti-mouse-TIGIT (B),
anti-mouse-CTLA-4 (C), and anti-human-PD-1 (D)), 1 equiv. of antibody was added to 2 equiv.
of a molecule containing an N-hydroxysuccinimide activated ester and an azide (NHS—PEG1,—N3,
Quanta Biodesign) at an antibody concentration of 35-50 uM in 10 mM TRIS:HCI (pH 7.4) buffer
containing 500 mM NaCl and 10% (v/v) glycerol.!”® The reaction was allowed to proceed for 45
min at room temperature. Next, excess unreacted NHS—-PEG>—N3 ester was removed from the
reaction mixture using a Cytiva NAP DNA purification column that was equilibrated in 10 mM
TRIS:HCI (pH 7.4) buffer containing 500 mM NaCl and 10% (v/v) glycerol. To functionalize
azide-modified antibodies with DNA, 1 equiv. of azide-modified antibodies was added to 5 equiv.
of DBCO-modified DNA (DNA strands for protein conjugation, i.e., S2-DBCO-Cy3-S3, S4—
DBCO-Cy5-S5, and S6-DBCO-FITC-S1) and the resulting strain promoted azide-alkyne

cycloaddition was allowed to proceed for 16 h at room temperature.

Excess unreacted DNA was removed from the reaction mixture using two successive
rounds of preparative SEC. The volumes of antibody—DNA conjugation reaction mixtures were
reduced to ~300 pL using Amicon Ultra centrifugal filters with a 30 kDa cutoff. Next, samples
were purified on a Bio-Rad ENrich™ SEC 650 column on a Bio-Rad NGC Quest 10 Plus
Chromatography System. SEC purification was performed in 10 mM TRIS:HCI (pH 7.4) buffer

containing 500 mM NaCl at a flow rate of 0.33 mL/min.
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The complete removal of DNA was confirmed using analytical SDS-PAGE. Samples were
diluted with Bio-Rad Laemmi buffer and heated to 85 °C for 5 minutes. Next, samples were loaded
into Bio-Rad Mini-Protean® TGX™ precast SDS-PAGE gels and gels were run in 1x
Tris/Glycine/SDS buffer from Bio-Rad for 35 minutes at 200 V. Gels were washed three times
with heated water and imaged for Cy3, Cy5, and FITC fluorescence on a Bio-Rad ChemiDoc MP
Imaging System. Gels were then stained with Thermo Fisher Scientific SimplyBlue™ SafeStain
and imaged for SimplyBlue™ SafeStain absorbance or fluorescence on a Bio-Rad ChemiDoc MP

Imaging System.

Excess unreacted antibodies or antibodies functionalized with multiple DNA strands were
removed using preparative anion exchange chromatography. Antibody—DNA conjugation reaction
mixtures were diluted to ~50 mL in 10 mM TRIS:HCI (pH 7.4) buffer containing 10 mM NaCl.
Next, samples were purified by anion exchange on a Bio-Rad NGC Quest 10 Plus Chromatography
System. Samples were loaded at a flow rate of 4.0 mL/min onto a column packed with Macro-Prep
DEAE resin that was obtained from Bio-Rad. Antibodies were eluted from the column with 10
mM TRIS:HCI (pH 7.4) buffer containing 200 mM NaCl at a flow rate of 5.0 mL/min. Antibody—
DNA conjugates were eluted from the column using a 20 minute gradient from 10 mM TRIS:HCI
(pH 7.4) buffer containing 400 mM NaCl to 10 mM TRIS:HCI (pH 7.4) buffer containing 800 mM

NacCl at a flow rate of 5.0 mL/min.

Antibody and antibody—DNA conjugate samples were characterized by analytical SEC on
an Agilent Technologies 1260 Infinity HPLC. Samples were run through an AdvanceBio SEC 300
A 2.7 pm column in 1x PBS (pH 7.4) at a flow rate of 0.5 mL/min. Sample elution from the SEC

column was tracked by measuring absorbance at 280 nm and fluorescence of dye modifications
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(i.e., Cy3 at 550/568 nm excitation (ex)/emission (em), Cy5 at 650/666 nm ex/em, and FITC at
495/525 nm ex/em). Analytical SDS-PAGE was also used to confirm the isolation of antibodies
that were functionalized with a single DNA strand. Antibody—DNA conjugate samples were
exchanged four times into 1x PBS (pH 7.4) buffer containing 10% (v/v) glycerol using Amicon
Ultra centrifugal filters with a 30 kDa cutoff. Antibody—DNA conjugate concentrations were
quantified using UV-vis absorbance spectroscopy by measuring the absorbances of dye
modifications (i.e., Cy3, Cy5, and FITC) on an Agilent Technologies Cary 60 UV-vis

spectrophotometer.
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A Lane1 2 3 4 5 6 12 3 456

SimplyBlue SafeStain Cy3 (red), Cy5 (blue), and
absorbance FITC (yellow) fluorescence

Lane 1: anti-mouse-PD-1 (A)
Lane 2: A + S2-DBCO-Cy3-S3 reaction
Lane 3: anti-mouse-TIGIT (B)
Lane 4: B + S4-DBCO-Cy5-S5 reaction

Lane 5: anti-mouse-CTLA-4 (C)

Lane 6: C + S6-DBCO-FITC-S1 reaction

B A+ S2-DBCO-Cy3-S3 reaction B + S4-DBCO-Cy5-S5 reaction C + S6-DBCO-FITC-S1 reaction

Ab-DNA; Ab-DNA:
Ab-DNA:
Ab-DNA
Ab-DNA || Ab Ab-DNA |/ Ab
Ab
C Densitometry Analysis of Gel to Calculate Reaction Conversion
Sample Ab (%) Ab-DNA (%) | Ab-DNA: (%)

A + S2-DBCO-Cy3-S3 reaction 60.8 29.6 9.7
B + S4-DBCO-Cy5-S5 reaction 68.7 25.8 5.5
C + S6-DBCO-FITC-S1 reaction 67.9 28.5 3.6

Figure 6.22. Quantifying reaction conversion of antibody—DNA conjugation. Mouse antibodies
(i.e., sample 1: anti-mouse-PD-1 (A), sample 3: anti-mouse-TIGIT (B), and sample 5: anti-mouse-CTLA-4 (C))
and the reaction mixtures of antibody—DNA conjugation (i.e., sample 2: A + S2-DBCO—Cy3-S3, sample 4: B + S4—
DBCO-Cy5-S5, and sample 6: C + S6-DBCO-FITC-S1) were characterized by SDS-PAGE. A single gel was
imaged for SimplyBlue SafeStain absorbance as well as Cy3, Cy5, and FITC fluorescence. The SimplyBlue SafeStain
absorbance image of the gel was studied via (B) densitometry analysis to (C) calculate reaction conversions.



172

A kDa Sample1 2 3 4 4 B o
250 [ 8 | sample 1 ’\ 2 550/568 nm
150 -— - - g % Sample 2 exiem
100 S = | sample 2 A o
75 < g ampe E 650/666 nm
50 z 3 t Sample 3 ex/em
37 N & | Sample 3 j\ 8
g T
%8 5 E A 495/525 nm
15 z Sample 4 } \ 2 Sample 4 exlem
SimplyBlue SafeStain Cy3 Cy5 FITC 0 5 10 15 20 O 5 10 15 20
fluorescence fluorescence Time (min) Time (min)
Sample 1: anti-human-PD-1 (D) %ﬁff Sample 3: S4—D—Cy5-S5 v ﬁ\\‘”&
| liy
@ @
Sample 2: $2-D—-Cy3-S53 wwrrunne N Sample 4: S6-D—FITC=81 e r
A i

Figure 6.23. Characterization of a synthesized human antibody—DNA conjugates. (A) Human
antibodies (i.e., lane 1: anti-human-PD-1 (D)) and antibody—DNA conjugates (i.e., lane 2: S2-D—Cy3-S3, lane 3:
S4-D-Cy5-S5, and lane 4: S6-D-FITC-S1) were characterized by SDS-PAGE. A single gel was imaged for
SimplyBlue SafeStain, Cy3, Cy5, and FITC fluorescence. (B) The same samples were characterized by analytical SEC
using absorbance at 280 nm (left) and fluorescence of DNA-conjugated fluorophores (right). In both graphs, the
elution times from 12.25-13.50 min are highlighted in blue (shaded area) and the elution times from 13.50-14.30 min
are highlighted in red (shaded area with diagonal lines).

6.2.3. Synthesis and Characterization of Protein Oligomers.

To assemble antibody—DNA conjugates into antibody dimers and sequence-encoded
antibody trimers, equimolar antibody-DNA conjugates and template DNA strands with
complementary DNA sequences were mixed at reagent concentrations of 1.5-2 uM in 1x PBS (pH
7.4) buffer containing 10% (v/v) glycerol. The assembly was allowed to proceed for 1 h at room
temperature. The volumes of antibody dimer and sequence-encoded antibody trimer assembly
mixtures were reduced to ~300 pL using Amicon Ultra centrifugal filters with a 30 kDa cutoff.
Next, samples were purified on a GE Healthcare Superose™ 6 Increase 10/300 GL column on a
Bio-Rad NGC Quest 10 Plus Chromatography System. SEC purification was performed in 1x PBS
(pH 7.4) buffer at a flow rate of 0.20 mL/min. Samples exchanged four times into 1x PBS (pH
7.4) buffer containing 10% (v/v) glycerol using Amicon Ultra centrifugal filters with a 30 kDa

cutoff. Analytical agarose gel electrophoresis and analytical SEC were used to confirm the
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isolation of monodisperse, sequence-encoded antibody dimers and trimers. Gels were cast
containing 2% (w/w) agarose in 1x Tris-acetate buffer containing SDS from ThermoFisher
Scientific. Next, samples were loaded into gels and the gels were run in 1x Tris-acetate buffer
containing SDS for 90 minutes at 120 V. Gels were imaged for Cy3, Cy5, and FITC fluorescence
on a Bio-Rad ChemiDoc MP Imaging System. Antibody—DNA conjugate and antibody oligomer
samples were also characterized by analytical SEC on an Agilent Technologies 1260 Infinity
HPLC. Samples were run through an AdvanceBio SEC 300 A 2.7 um column in 1x PBS (pH 7.4)
at a flow rate of 0.5 mL/min. Sample elution from the SEC column was tracked by measuring
absorbance at 280 nm and fluorescence of dye modifications (i.e., Cy3 at 550/568 nm ex/em, Cy5

at 650/666 nm ex/em, and FITC at 495/525 nm ex/em).

Oligomer concentrations were quantified using UV-vis absorbance spectroscopy by
measuring the absorbances of Cy5 dye modifications within the linear range on an Agilent
Technologies Cary 60 UV-vis spectrophotometer. Antibody dimers and trimers with
complementary single stranded DNA sequences were mixed at reagent concentrations of 125 nM
in 1x PBS (pH 7.4) buffer containing 10% (v/v) glycerol to target the assembly of sequence-
encoded antibody pentamers. The assembly was allowed to proceed for 18 h at room temperature.
Next, sequence-encoded antibody pentamers were isolated using preparative SEC and exchanged
four times into 1x PBS (pH 7.4) buffer containing 10% (v/v) glycerol using Amicon Ultra
centrifugal filters with a 30 kDa cutoff. Analytical agarose gel electrophoresis were used to

confirm the isolation of monodisperse, sequence-encoded antibody pentamers.
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Figure 6.24. Quantifying antibody—DNA assembly yields. Antibody-DNA assembly mixtures of (A)
S4-B-C-S2' protein dimers, (B) S2-A-B—C-S1 protein trimers, and (C) S4-B-C-A—B—C-S1 protein pentamers
were purified via preparative SEC using absorbance at 260 nm to track the elution of sample. (D) SEC traces were
then integrated to calculate assembly yields of oligomers.
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Figure 6.25. Characterization of a sequence-encoded mouse antibody trimer. (A) Mouse
antibody-DNA conjugates (i.e., sample 1: S2—anti-mouse-PD-1 (A)-Cy3-S3, sample 2: S4—anti-mouse-TIGIT
(B)—-Cy5-S5, and sample 3: S6-B-FITC-S1) and template DNA strands (i.e., S3'-S4' and S5'-S6') were assembled
into a mouse antibody trimer (i.e., sample 4: S2-A-B-B-S1) using DNA-DNA interactions. (B) Agarose gel
characterization of mouse antibody—DNA conjugates and a mouse antibody trimer. A single gel was imaged for Cy3
(left), Cy5 (center), and FITC fluorescence (right). (C) Analytical SEC characterization using absorbance at 280 nm
(left) and fluorescence of DNA-conjugated fluorophores (right). In both graphs, the elution times from 9.75-10.60
min are highlighted in green (shaded area with squares) and the elution times from 11.80—-13.60 min are highlighted
in blue (shaded area).
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Figure 6.26. Characterization of a sequence-encoded human antibody dimer. (A) Human
antibody—DNA conjugates (i.e., sample 1: S2—anti-human-PD-1 (D)-Cy3-S3 and sample 2: S4-D—-Cy5-S5) and
template DNA strands (i.e., S3'-S4') were assembled into a human antibody dimer (i.e., sample 3: S2-D-D-S5) using
DNA-DNA interactions. (B) Agarose gel characterization of human antibody—DNA conjugates and a human antibody
dimer. A single gel was imaged for Cy3 (left) and Cy5 fluorescence (right). (C) Analytical SEC characterization using
absorbance at 280 nm and fluorescence of DNA-conjugated fluorophores. In both graphs, the elution times from
10.30-11.40 min are highlighted in green (shaded area with squares) and the elution times from 12.20—13.80 min are
highlighted in blue (shaded area).
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Figure 6.27. Characterization of sequence-encoded human antibody dimers and trimers. (A)
Human antibody—DNA conjugates and template DNA strands were assembled into sequence-encoded antibody (B)
dimers and (C) trimers using DNA-DNA interactions. (D) Agarose gel characterization of human antibody—-DNA
conjugates (i.e., lane 1: S2—anti-human-PD-1 (D)-Cy3-S3, lane 2: S4-D—Cy5-S5, and lane 3: S6-D-FITC-S1), a
human antibody dimer (i.e., lane 4: S2-D—-D—-S5), and a human antibody trimer (i.e., lane 5: S2-D-D-D-S1). A single
gel was imaged for Cy3, Cy5, and FITC fluorescence and these images are merged into one composite image in Figure
6.35.
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Figure 6.28. Merged agarose gel image of sequence-encoded mouse antibody oligomers.
Agarose gel characterization of antibody—DNA conjugates (i.e., lane 1: S2—anti-mouse-PD-1 (A)-Cy3-S3, lane 2:
S4—anti-mouse-TIGIT (B)-Cy5-S5, and lane 3: S6—anti-mouse-CTLA-4 (C)-FITC-S1) along with sequence-
encoded antibody dimers (i.e., lane 4: S4—-B—C-S2'), antibody trimers (i.e., lane 5: S2-A—-B—C-S1), and antibody
pentamers (i.e., lane 6: S4—B-C—A—-B—C-S1). A single gel was imaged for Cy3, Cy5, and FITC fluorescence and the
Cy3 (red), Cy5 (blue), and FITC (green) images (shown in Figure 3.6.E) were merged here into one composite image.

Lane 1 2 3 4 5

Merged Cy3, Cy5, and FITC fluorescence

Figure 6.29. Merged agarose gel image of sequence-encoded human antibody oligomers.
Agarose gel characterization of antibody—DNA conjugates (i.e., lane 1: S2—anti-human-PD-1 (D)-Cy3-S3, lane 2:
S4-D-Cy5-S5, and lane 3: S6-D-FITC-S1) along with antibody dimers (i.e., lane 4: S2-D-D-S5), and antibody
trimers (i.e., lane 5: S2-D-D-D-S1). A single gel was imaged for Cy3, Cy5, and FITC fluorescence and the Cy3
(blue), Cy5 (red), and FITC (green) images (shown in Figure 6.27) were merged here into one composite image.

6.2.4. Antigen Binding and Checkpoint Inhibitor Activity Cellular Assays.

Human peripheral blood mononuclear cells (hPBMCs, Zenbio, SER-PBMC-P-F) were
taken from a liquid nitrogen dewar and thawed in a water bath. Next, cells were added to 9 mL of
RPMI media containing 10% (v/v) heat-inactivated fetal bovine serum and 1% (w/v) penicillin-

streptomycin (herein termed RPMI +/+ media). Cells were pelleted by centrifugation at 300 x g
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for 10 min. The supernatant was removed by aspiration and cells were resuspended in 3 mL of
RPMI +/+ media. Cells were counted using a Vi-CELL BLU Cell Viability Analyzer. Cells were
adjusted to a concentration of 1 x 106 cells/mL through dilution with RPMI +/+ media containing
20 ng/mL phorbol myristate acetate (PMA) and 1000 ng/mL ionomycin to stimulate
overexpression of PD-1.2632% A volume of 200 pL of the diluted cells was added to each well of
a 96-well plate with round bottom wells. Plates containing cells were incubated at 37 °C with 5%
CO: for 48 h. After incubation, cells and solution were transferred from each well into flow inserts
and washed with RPMI +/+ media. Flow inserts were centrifuged at 1200 rpm for 5 min and
samples were aspirated and resuspended in 200 pL of treatment. Treatment involved the addition
of an antibody (anti-human-PD-1 (D) reacted with Alexa Fluor™ 546 (AF546) NHS Ester
(Thermo Fisher Scientific) and characterized by UV-vis spectroscopy to have ~2.6 AF546
modifications per antibody), antibody—DNA conjugate (i.e., S2-D—Cy3-S3), antibody dimer (i.e.,
S2-D-D-S5), or antibody trimer (i.e., S2-D-D-D-S1) in RPMI +/+ media at an antibody
concentration of 50.0 nM. Samples were then incubated at 37 °C with 5% CO. for 6 h. After
incubation, samples were washed once with 1x PBS (pH 7.4) buffer and resuspended in 100 puL
1x PBS (pH 7.4) buffer containing 0.5 pL of a BV421 CD8 antibody stain (Biolegend clone RPA-
T8 #301036). Cells were incubated for 15 min at 4 °C. Next, samples were washed once with 1x
PBS (pH 7.4) buffer and resuspended in 100 pL fixation buffer (Biolegend #420801). Samples

were stored at 4 °C prior to analysis.

After treated hPBMC samples were stained and fixed, the samples were centrifuged at 300
x g for 5 min and cell concentration was adjusted to 2 x 106 cells/mL. A volume of 50 uL of each

sample was mounted onto microscopy slides using ProLong Glass Anti-Fade Mountant
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(Invitrogen, #P36984) and allowed to cure overnight. Fluorescent confocal microscopy was
performed using a Zeiss LSM800 microscope (40% objective, GaAsP PMT detectors) to visualize
antibody binding to CDS cells in the hPBMC samples. Cells were imaged in the DAPI channel (A
=405 nm), FITC channel (A =488 nm), Cy3 channel (A = 561 nm) and Cy5 channel (A = 640 nm)
using the same image acquisition parameters for each sample (e.g., laser power, master gain,

pinhole size, scan speed, offset). All images were analyzed identically using Imagel.

A PD-1/PD-L1 Blockade Bioassay (J1250) was purchased from Promega and was
performed according to the commercial protocol.?® In brief, CHO-K1 artificial antigen presenting
cells (aAPC) expressing human PD-L1 and Jurkat T Cells expressing human PD-1 and NFAT-
induced luciferase were treated with an antibody (D reacted with Alexa Fluor™ 546 (AF546) NHS
Ester (Thermo Fisher Scientific) and characterized by UV-vis spectroscopy to have ~2.6 AF546
modifications per antibody), antibody—DNA conjugate (i.e., S2-D—Cy3-S3), antibody dimer (i.e.,
S2-D-D-S5), or antibody trimer (i.e., S2-D-D-D-S1). Cells were treated with each sample at
antibody concentrations of 167, 66.7, 26.7, 10.7, 4.27, 1.71, 0.683, and 0.273 uM and were
incubated at 37 °C for 6 h. The addition of antibodies that block the checkpoint interaction between
PD-L1 and PD-1 results in T cell receptor signaling and NFAT-mediated luciferase expression. A
luciferase substrate was added to the cell mixture and luciferase activity was quantified by

measuring luminescence on a BioTek Cytation 5 plate reader.

An antibody dimer (i.e., S2—-A—B-S5) was diluted to antibody concentrations of 125, 50.0,
20.0, 8.00, 3.20, and 1.28 nM in 1x PBS (pH 7.4) buffer containing 10% fetal bovine serum.
Samples were incubated at 37 °C for 6 h. After incubation, the degradation of antibody dimers was

quantified using analytical agarose gel electrophoresis, where images of agarose gels were
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analyzed by densitometry using ImageJ to quantify the proportion of dimer and monomer in each

sample after incubation.

A S2-A-Cy3-S3 S4-B-Cy5-S5 Protein dimer A-B
Y . X =Xy
s2 s3 S4 S5 1h, RT, 1x PBS

10 viv% glycerol
(2) SEC purification

Lane 1 Lane 2 Lane 3

B Protein dimer A-B was incubated in 10% fetal bovine serum at 37 °C for 6 hours at antibody concentrations
of 125 (lane 4), 50.0 (lane 5), 20.0 (lane 6), 8.00 (lane 7), 3.20 (lane 8), and 1.28 (lane 9) nM.

Lane 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Cy3 fluorescence Cy5 fluorescence
Cc Densitometry Analysis of Gel to Characterize Oligomer Stability
Cy3 fluorescence Cy5 fluorescence
Sample Monomer (%) Dimer (%) Monomer (%) Dimer (%)

S2—-A-Cy3-S3 (lane 1) 100 0 N/A N/A

S4-B-Cy5-S5 (lane 2) N/A N/A 100 0
Protein dimer A-B (lane 3) 3 97 3 97
A-B incubated at 125 nM (lane 4) 16 84 17 85
A-B incubated at 50.0 nM (lane 5) 13 87 17 83
A-B incubated at 20.0 nM (lane 6) 14 86 24 76
A-B incubated at 8.00 nM (lane 7) 14 86 26 74
A-B incubated at 3.20 nM (lane 8) 12 88 27 73
A-B incubated at 1.28 nM (lane 9) 15 85 23 77

Figure 6.30. Stability study of antibody oligomers in cellular media. Agarose gel characterization
of mouse antibody—DNA conjugates (i.e., lane 1: S2—anti-mouse-PD-1 (A)-Cy3-S3 and lane 2: S4-anti-mouse-
TIGIT (B)-Cy5-S5), a mouse antibody dimer (i.e., lane 3: S2-A-B-S5), and S2—-A-B-S5 incubated in 10% FBS at
37 °C for 6 hours at antibody concentrations of 125 (lane 4), 50.0 (lane 5), 20.0 (lane 6), 8.00 (lane 7), 3.20 (lane 8),
and 1.28 (lane 9) nM. Samples were then characterized on an agarose gel that was imaged for Cy3 and Cy5
fluorescence and analyzed by densitometry. The proportion of dimer in the sample decreased from 97% before
incubation to 70-85% after incubation for each sample concentration.
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6.3. Appendix C: Materials and Methods for Chapter Four.

6.3.1. Protein Mutation, Recombinant Expression, and Purification.

Genes for C191 GFP and C75 MBP that contain a tobacco etch virus (TEV) protease-
cleavable poly-histidine tag (Table 4.1, Integrated DNA Technologies) were cloned into the pET28
vector backbone using Gibson Assembly.?*¢ The assembled plasmids for C191 GFP and C75 MBP
were transformed into BL21(DE3) electrically competent cells (ThermoFisher) with
electroporation. After recovery in S.O.C. Medium (ThermoFisher) for 1 hour at 37 °C with 300
rpm shaking, cells were grown overnight on LB Agar plates with antibiotic (50 pg/mL kanamycin).
Single colonies were selected and cultured in 8 mL of LB broth with antibiotic (50 pg/mL
kanamycin) overnight at 37 °C with 200 rpm shaking. After cell growth, glycerol stocks of the
cells were prepared and stored at -80 °C. Plasmids were extracted from cells using the QIAprep
Spin Miniprep Kit (Qiagen) and the correct plasmid sequences were confirmed using Sanger

Sequencing (ACGT).?¥’

Cultures in 8 mL of LB broth with antibiotic (50 pg/mL kanamycin) were inoculated using
glycerol stocks and grown overnight at 37 °C with 200 rpm shaking. Next, these cultures were
added to 1 L of 2x YTP broth with antibiotic (50 pg/mL kanamycin) and grown at 37 °C with 200
rpm shaking until a cell OD at 600 nm of 0.6 (~4 h). Cultures were induced (1 mM IPTG) and
grown overnight at 17°C with 200 rpm shaking. Cells were pelleted (6000 g, 20 min, 4 °C),
resuspended in 1% PBS, and lysed with a high-pressure homogenizer. The insoluble fraction was

removed with centrifugation (15000 g, 20 min, 4 °C).

The GFP and MBP mutants contain a poly-histidine tag, which was used to isolate the

mutants from cell lysate using nickel affinity chromatography. Proteins were loaded onto a column
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packed with Profinity™ IMAC Resin (Bio-Rad). The column was washed with 100 mL of 1x PBS
with 12.5 mM imidazole and proteins were eluted with 15 mL of 1x PBS with 250 mM imidazole.
The buffer of the GFP and MBP mutants were exchanged to 1x PBS six times using 30 kDa cutoff
Amicon® Ultra-0.5 mL Centrifugal Filters (Millepore Sigma). The concentrations of GFP and
MBP were identified using UV-VIS absorption spectroscopy using established extinction
coefficients (€Grp, 488 nm = 55,000 M'em™!, empp, 280 nm = 77,600 M lem™!).243:266 BSA was obtained
from Millepore Sigma as a lyophilized powder and was used without purification after

reconstitution in 1x PBS.

6.3.2. Oligonucleotide Design, Synthesis, and Purification.

Three DNA sequences (Table 4.2, i.e., 124, H14~NH>, and H24—NH>) were synthesized on
solid supports using reagents obtained from Glen Research and standard protocols. Products were
cleaved from the solid support using 15% (w/v) ammonium hydroxide (aq) and 20% (w/v) methyl
amine for 20 min at 55 °C and purified using reverse-phase HPLC with a gradient of 0 to 75 percent
acetonitrile in triethylammonium acetate buffer over 45 min. Dimethoxytrityl or
monomethoxytrityl groups were cleaved with 20% (v/v) acetic acid for 2 h and extracted with
ethyl acetate. The masses of the oligonucleotides were MALDI-TOF MS using 2',6'-
dihydroxyacetophenone matrix containing diammonium hydrogen citrate as a matrix. All observed

masses of synthesized DNA were within 30 Da of the expected mass.

Scheme 6.4. Structures of amino-modifier phosphoramidites.
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These phosphoramidites contain 4,4'-dimethoxytrityl (DMT), N,N-diisopropyl (N(iPr);), B-cyanoethyl, and
trifluoroacetyl protecting groups that are removed during DNA workup and purification.

6.3.3. Synthesis, Purification, and Characterization of Protein—-DNA Conjugates.

Amine-modified DNA (i.e., H14—NH> or H24—NH>) was then snap-cooled in 1x PBS by
heating to 95 °C for 4 min, cooled to 4 °C over 1 minute, held at 4 °C for 4 min, then brought to
room temperature in an Applied Biosystems SimpliAmp Thermal Cycler. The concentration of
DNA after snap-cooling was then confirmed using UV-vis absorption spectroscopy and the DNA
extinction coefficient at 260 nm. Next, the DNA (3,000 nmol) was reacted with 50 equiv. of
succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC, ThermoFisher) in 50:50
DMF:1x PBS, pH 7.4 for 1 h at RT. DNA was purified from excess SMCC with two consecutive
illustra NAP Columns (GE Healthcare Life Sciences). The purified DNA was reacted with GFP,
MBP, or BSA (300 nmol) overnight at RT. GFP-DNA, MBP-DNA, or BSA-DNA conjugates
were isolated from unreacted protein and DNA using anion exchange chromatography on a DEAE

column (Bio-Rad).

Synthesis and purity of GFP-DNA, MBP-DNA, and BSA-DNA conjugates were
confirmed with UV-vis absorption spectroscopy and SDS-PAGE. The GFP-DNA conjugates
show absorption maxima at 488 nm (gGrp, 48 nm = 55,000 M"'cm™") due to the GFP chromophore

and at 280 nm due to aromatic amino acid side chains.?* DNA shows an absorption maxima
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around 260 nm and extinction coefficients at 260 nm were calculated with the IDT OligoAnalyzer
Tool (Integrated DNA Technologies). The number of DNA per GFP in solution was quantified by
comparing the relative absorption at 488 nm and 260 nm for GFP and GFP-DNA. In contrast,
MBP-DNA and BSA-DNA conjugates only show absorption maxima at 280 nm. The number of
DNA per MBP or BSA in solution was quantified by comparing the increase in absorption at 260
nm for the protein—-DNA conjugate compared to the protein. The increase in mass of protein—-DNA
conjugates after DNA functionalization and sample purity was confirmed with SDS-PAGE using
4-15% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad) and a Precision Plus Protein™
All Blue Prestained Protein Standard (Bio-Rad). The increase in masses of the GFP-DNA, MBP—
DNA, and BSA-DNA conjugates after the conjugation reaction corresponds to their modification

with one DNA strand.
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