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ABSTRACT OF THE DISSERTATION

Protein Nanomaterials as Tools for Cryo-EM Structural Analysis

by

Matthew Paul Agdanowski

Doctor of Philosophy in Biochemistry, Molecular, and Structural Biology
University of California, Los Angeles, 2024

Professor Jose Alfonso Rodriguez, Chair

In the last few decades there has been tremendous technological and computational
advances in the field of cryo-electron microscopy which has led to a phenomena referred to as
“The Resolution Revolution,” in which the number of high resolution structures solved via this
technique has exploded. Despite these advances, there still remains a size limitation for your
target of interest, below which high resolution microscopy remains challenging. Adding to this, a
vast majority of the biologically relevant proteins and nucleic acids inside of cells lie below this
size limit. Parallel advances in protein design may provide an avenue for progress on this
challenging problem. By designing large protein assemblies, we are able to artificially increase
the size of a given target, making it amenable to cryo-EM studies. This thesis describes recent
advances in the field as well as efforts to generate imaging scaffolds for both small
cancer-related protein targets, and RNA molecules. The knowledge gained through these

endeavors will better guide future design efforts.
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Chapter One: Introduction

1.1: A Brief History of Electron Microscopy

Electron microscopy as a technique has its roots over a hundred years ago when German
physicist Ernst Ruka had the idea of using electrons instead of light as the energy source to
create a microscope. Together with electrical engineer Max Knoll, they were credited with
creating the world’s first electron microscope'. The idea to use electrons was due to the fact that
resolution, the ability to distinguish between two objects close together, is a function of the
wavelength of energy used to probe those objects; if scientists wanted to probe the atomic
structures inside of cells, then they would need energy with a much shorter wavelength than

that of visible light.

Although almost as old as X-ray crystallography, electron microscopy never quite caught hold of
the structural biology community and was primarily used to study well ordered and stable
structures like metals and alloys??. It would be many decades before the technique would be
successfully and routinely applied to biological macromolecules. The reason for x-ray
crystallography’s dominance in the structural biology field is primarily due to its ability to achieve
a very high resolution of a broad range of biological materials with a high-throughput and
scalability potentially requiring a small amount of material to generate many crystals*®. Despite
being a powerful and robust technique, x-ray crystallography’s main obstacle has always been
coaxing your molecule of interest into forming stable, well-ordered crystals capable of diffracting
out to high resolutions®. To form these crystals, oftentimes various crowding agents or heavy
metal additives may be used during the experiment which may introduce unwanted artifacts’.
One of the powerful aspects of Cryo-EM is its ability to view your sample in its native

environment in a vitrified solution rather than a solid-state crystal.



A lot of the advances that have enabled x-ray technology to become the workhorse that it is
today are being applied to and being paralleled for electron microscopy, resulting in a
phenomenon being heralded as the “Resolution Revolution™, a few of which are described

below.

When an electron interacts with a specimen, two types of scattering events can occur - elastic
scattering, where no appreciable energy is transferred upon interaction, and inelastic scattering,
when energy is deposited into the sample after interaction with the electron beam?®. For the
purposes of biological electron microscopy, it is the inelastic scattering we are especially
interested in, and its consequences manifest in two forms. Firstly, as the electrons travel down
the column, they may interact with the various molecules in the atmosphere, creating many
scattering events, and thus introducing a substantial amount of noise into your images. To
combat this, the electron microscope column is held under vacuum, eliminating contamination
and reducing the effect of unwanted electron interactions'™. The consequences of inelastic
scattering comes from the destruction to the sample itself. When the high energy electron beam
interacts with the sample, a substantial amount of energy is deposited. This energy not only
results in heat generation which can destroy sensitive samples, it also creates free radicals that
can break bonds, creating more radicals than can propagate through the sample destroying its
structural integrity and rapidly degrading data quality"'. These problems were addressed by
early investigators by cooling the sample to very low temperatures in attempts to reduce the
effects of heating and slow the propagation of radicals, allowing researchers to begin studying
biological materials with an electron microscope'?'®. These experiments were also performed
using a low dose beam to reduce the damaging effects, but this resulted in micrographs with a
low signal-to-noise ratio (SNR), complicating further attempts to process the data.

In 1974, Taylor and Glaeser published work describing how these cryogenic temperatures, as

well as the technique of vitrification, could be successfully employed to collect diffraction



patterns from frozen-hydrated protein crystals of ferritin, rather than having to dry them or
embed them in a heavy metal stain and introducing artifacts as was required with previous
methods™. This also enabled for longer collection times before the sample was destroyed
beyond usability. Although Taylor and Glaessar were the first to demonstrate the use of
frozen-hydrated samples in biological transmission electron microscopy (TEM), it is Jacques
Dubochet that gets most of the credit for championing this process™. Vitrification, the process of
converting an aqueous solution into a glass-like amorphous solid without the formation of ice
crystals, eventually allowed researchers to visualize biological samples at near-atomic
resolution. The rapid cooling of a sample to avoid ordered ice formation is essential because the

crystalline water lattice can interact with the electron beam and distort the sample’®.

Richard Henderson is credited with some of the first successful applications of these advances
in the new field of cryo-EM when he and colleagues were able to solve the structure of
bacteriorhodopsin to 3.5 A resolution from 2D crystals of the protein'’. This propelled the
technique from the depths of “blobology” to a plausible structural biology technique for studying
near-atomic interactions inside biological materials. From here the technique exploded in
popularity, being applied to larger and more complex samples. In fact cryo-EM became
synonymous with virus structures for a large portion of its history, with the highest resolutions
being obtained in these samples with high symmetry and many repeated copies of the

asymmetric unit'®°,

The resolution limit continued to be improved by parallel hardware and software advancements.
One major leap came from the switch from charge-coupled detector (CCD) cameras to direct
electron detectors (DDE). Previously with CCD cameras, the incident electron strikes a
scintillator on the top layer of the sensor which releases a photon upon scattering. This resulting

photon is captured by a fiber optic cable and brought down to pixels where the charge is



counted and stored®°. Because of the stochastic nature of the scattering, the resulting photons
may produce counts in pixels far away from where the electron struck the detector, or even
produce counts in multiple pixels from one electron scattering event. All of this contributes to
CCD-recorded micrographs having a substantial amount of noise. The DDE camera solved
many of these problems by removing the intermediate step of producing photons with a
scintillator, and uses a metal oxide detector (CMOS) to count the individual electrons and
convert each count into a charge?'. This results in a much more localized signal with a much
enhanced signal-to-noise ratio (SNR). Additionally, direct electron detectors have a far faster
readout speed, allowing for faster data acquisition with a much shorter exposures?.

This rapid readout rate enabled researchers to make another great resolution-improving
advance by tackling the issue of sample motion by “deblurring” the micrograph, revealing finer
details lost in the original micrograph. When an electron beam interacts with a vitreous sample,
the energy deposited in the form of heat creates a thermal expansion in the ice which
propagates into global movements, or “drift”, in the sample®. This drift results in a blurring of the
resulting micrograph and a loss of high resolution information. Due to the rapid readout rates of
the direct electron detectors, computational and algorithmic advancements have further pushed
the resolution boundaries for cryo-EM?*. Among the many contributions, the implementation of a
process known as motion correction has enabled researchers to directly combat the effects of
beam-induced motion. The most prominent of such algorithms is called MotionCorr developed
by David Agard and Yifen Chen of UCSF?. This program tracks the motion of the sample in a
multi-frame movie and movement vectors can be created between frames in the stack. These
frames are then all aligned and summed, revealing features that were priorly lost and enable

higher resolution reconstructions to be obtained®.

In addition to the advances described above, there has been an explosion in software

development aimed at addressing every possible problem that might arise during your structural



studies. Processing programs such as RELION?” and cryoSPARC? have emerged as resources
to convert your raw data into solved structures using user-friendly interfaces. Tremendous
efforts have been invested into solving problems such as how to accurately refine

helically-symmetric samples*°, or those with high degrees of flexibility or heterogeneity3'22,

What was described above pertains to electron microscopy in general, but was mainly written in
the context of single particle electron microscopy, in which your vitreous sample is imaged in an
electron microscope, where hundreds of micrographs containing thousands and thousands of
copies of your particle of interest are recorded. The individual particles are extracted from the
micrographs and aligned in a way such that every angle of the sample has been captured,
allowing for a high resolution density map of the entire sample to be created®®. However, there
are two branches of this technique that should briefly be mentioned. First is electron diffraction,
or MicroED, where instead of an aqueous solution being vitrified, your sample is first crystallized
akin to traditional crystallography, before being interrogated with an electron microscope®*. This
technique has been able to achieve resolutions on par or higher than its x-ray cousins, but
requires crystals much smaller than what could be diffracted with using x-rays. This can be a
great benefit in situations where large crystals suitable for x-ray diffraction experiments could

not be obtained®.

The other branch of electron microscopy which has just begun to enter its golden age is called
Cryo-Electron Tomography, or CryoET for short. This technique has become a powerful tool to
study proteins and cells in their native environments®. The sample is embedded in vitreous ice
just like a single particle experiment, but in cryoET, the sample may also be an entire cell that
was grown on the surface of the grid. Where ET and EM diverge however, is in cryoET, the
sample is rotated as the data is collected producing an image stack consisting of projections of

your sample as various angles along the tilt series. These images are then aligned and



processed to produce a final 3D volume of your sample®. Still in its infancy, cryoET is
experiencing the rapid improvements mirroring those seen with cryo-EM with avenues of
research into areas such as tackling the missing wedge problem in data aquisition®+°, or the

challenge of sample thickness by creating new ways to thin your sample using an ion beam*® 4!,

1.2: Desighing Symmetry

Symmetry is the one of the most important concepts in nature where we frequently find proteins
with oligomeric nature, ranging from simple dimers and trimers to the complex architectures of
viruses*>#, It's known that roughly half of all proteins form an oligomeric complex to some
extent and are almost universally all symmetric in their assembly**. The reasons for such
oligomerization have been extensively studied throughout the decades and common themes
have been identified as to why these assemblies are the way they are. It was found that protein
oligomerization can enable cooperative binding, functional regulation, as well as impart
structural function and enhanced protein stability*>“¢. Hemoglobin is an ideal example, whereby
four hemoglobin monomers evolved to associate as a tetramer and the interaction of the
subunits gives rise to allosteric regulation and cooperative binding of the system*: 3, It is also
not surprising that so many of these homo-oligomeric complexes are seen throughout nature, as
a symmetrically-assembled complex requires fewer distinct interfaces or contact points and thus
is more likely to have evolved naturally than complexes requiring multiple changes to occur®.
As mentioned previously, symmetry also plays an important role in cryo-EM data processing. To
reiterate, the power of cryo-EM comes from the ability to average thousands- or millions or
particles, drastically boosting the signal obtained from the low-dose imaging, and revealing the
high-resolution features of your object®. Viruses, the poster children of high resolution electron
microscopy, are composed of numerous repeating copies of one or a few protein building
blocks, and in the case of icosahedral viruses, each particle contains 60 copies of the

asymmetric unit - the smallest unit of the structure that can completely recreate the entire



structure by application of only translational and rotational symmetry operations - greatly
improving the quality of the data collected. In fact, the iron-storing protein Apoferritin due to its
high symmetry and stability, is often used as a benchmark for new microscopes and equipment

trying to push the resolution boundaries®'.

Efforts to try to recreate these assemblies in the lab have their roots in the 1970’s when
Anfensen first proposed that a protein’s three dimensional structure was dictated by its primary
amino acid sequence, laying the foundation for the field that would become protein design®.
From here, research advancements paralleled computational advances leading to work starting
in the early 1990’s, which would eventually become the branch of biology known as
computational protein design, where researchers sought to design proteins and assemblies

completely de novo®.

Researcher’s postulated that when protein molecules interact with one another, it could be in a
myriad of ways- either in a stochastic fashion resulting in some sort of amorphous material, or in
geometrically-determined ways resulting in complexes like those seen in nature®. They took
these observations and began to develop rules that could be followed during their design
processes that would reliably result in their intended architecture. An example of these
geometric rules is shown in Table 1.1%. In this table, Yeates and colleagues have outlined the
possible types of designed materials that are possible given the symmetry of the underlying
building blocks. The symmetries of the assemblies range from the finite, like the platonic solids,
to infinitely repeating materials like 1d filaments, 2d arrays or 3d crystals. As an example of how
to read such a table, given two trimers of C3 symmetry, the only possible material is a
tetrahedral assembly, whereas by changing one trimeric building block into a C4 tetramer opens
up the possibility of creating a lot more geometric materials, such as octahedrons, p4 layers or

1432 crystals. It was in the Yeates lab using these principles that the first finite protein “cage”



was created by Padilla et al, marking a substantial milestone in the field*®. The method
employed used an alpha-helical extension to rigidly connect two protein domains such that they
were oriented in a proper way to enable assembly into a tetrahedral nanocage. Unfortunately, a
high resolution structure was unable to be obtained until further improvements were made by

Ting Lai et al. who then went on to generate cages with platonic geometries®”-,

Although the earliest cages were designed as fusions with rigid helical linkers, the field quickly
evolved towards using computational tools to completely design new interfaces of interaction
between design components. Among the pioneering work stood out the efforts between a
former Yeates protege, Neil King and David Baker, who's fruitful collaborations broke important
and long-lasting barriers in the field by demonstrating the use of these computational tools at
generating entire suites of nanocages with unique assemblies and properties®'®2. In fact, one
particular software suite created in the Baker lab, Rosetta, quickly became the industry
standard®®. The program was designed to be a wide-spread tool for protein structure prediction,
docking, and design. The core of the program is the Rosetta scoring function, which is used as
a key metric when analyzing the results of prediction or design jobs. In brief, the energy function
is a weighted sum of empirically derived values that researchers have identified are important
for structure and stability. Some of the terms within the function represent phenomena such as
van der Waals interactions, hydrogen bond distances, solvation energy, backbone torsion
angles and side chain rotamers®. Each new edition of the software brings noticeable
improvements. For example, early versions tended to favor interfaces that were highly enriched
in hydrophobic residues needed to drive association via the hydrophobic effect®. However, this
often led to unintended assemblies as the designs lacked the binding specificity to accurately
assemble into the intended architectures. Implementation of designed hydrogen bond networks
intended to create interfaces resembling those found in nature results in a marked improvement

in design results®’.



The recent advances in machine learning and artificial intelligence have contributed to great
progress in the field of protein design as well. Every day the number of structures in the Protein
Data Bank (PDB) increases, giving researchers a larger and larger pool of structures in which to
train their machine learning models on. This is enabling researchers to design proteins that
more and more resemble the interactions seen in nature. The program that has garnered the
most acclaim has been DeepMind’s AlphaFold®®%, which has been smashing records at the
annual Critical Assessment of Protein Structure Prediction (CASP) competition, a competition
that tests the ability of researchers to accurately predict protein structure using their developed
algorithms, and has been heralded as a technology that will change the future of structural
biology”®"".

In addition to the algorithms described above, many other groups are attempting to implement
their own strategies to solve these complex challenges facing the design community. Some
researchers are choosing to develop new machine learning models to more accurately
recapitulate nature, as seen with Protein MPNN, who has demonstrated a marked improvement
in the design outputs when compared to Rosetta’?. Even more interesting still, members of the
Yeates group have merged machine learning models for sequence design with a
fragment-based approach to determining optimal interaction orientations between subunits by

taking known interactions seen among protein pairs in the PDB">".

1.3: Overview

The work laid out in this dissertation builds upon the lessons learned by previous researchers
and shines light on the challenges still facing the structural biology field. Chapter 2 begins with a
description of limitations of cryo-EM in determining the structure of small biological molecules.
This review highlights the efforts of researchers over the years to develop imaging scaffolds to
circumvent this size barrier by artificially enlarging the target cargo. Chapter 3 expands on this

idea of scaffolding by describing the structure of an Apo crystal structure of an imaging scaffold



designed against important cancer-related proteins. This scaffold utilizes DARPiIn proteins
raised against the cancer protein BARD1 to display multiple copies of the cargo on its exterior.
The large solvent channels seen in the crystal may be useful for soaking ligands. In chapters 4
and 5, the development of cryo-EM imaging scaffolds specifically designed for RNA
biolmolecules is explored. Chapter 4 describes the efforts to genetically fuse an RNA-binding
protein to a tetrahedral protein nanocage via extension of their terminal helices. Chapter 5
describes fragment-based methods to computationally design interfaces between RNA-binding
proteins and naturally occurring D3 assemblies.

In addition, an appendix describes the incorporation of an AlphaFold model into the microED

and X-ray processing pipelines that led to the structure of a novel and unknown bacterial protein
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Table 1.1: Multiplication table for designing self-assembling protein nanomaterials using

combinations of simpler, symmetric components. Finite assemblies (point group symmetries)
are indicated in the blue font. 2-D layers are indicated in red, 3-D crystalline arrays in purple.
Gray boxes indicate symmetry combinations that are disallowed mathematically. Table adapted
from Yeates et al**.
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Development of Imaging Scaffolds for Cryo-Electron Microscopy

Todd O. Yeates, Matthew Agdanowski, Yuxi Liu

Abstract

Following recent hardware and software developments, single particle cryo-electron microscopy
(cryo-EM) has become one of the most popular structural biology tools. Many targets, such as
viruses, large protein complexes and oligomeric membrane proteins, have been resolved to
atomic resolution using single-particle cryo-EM, which relies on the accurate assignment of
particle location and orientation from intrinsically noisy projection images. The same image
processing procedures are more challenging for smaller proteins due to their lower
signal-to-noise ratios. Consequently, though most cellular proteins are less than 50 kDa, so far it
has been possible to solve cryo-EM structures near that size range for only a few favorable
cases. Here we highlight some of the challenges and recent efforts to break through this lower
size limit by engineering large scaffolds to rigidly display multiple small proteins for imaging.

Future design efforts are noted.

Introduction

The broad field of structural biology has transformed our understanding of biology at the atomic
level. Methods including X-ray crystallography, multi-dimensional NMR, and electron
microscopy (EM) have all played key roles, with different methods offering their own advantages

and challenges. Regardless of method, obstacles and uncertainties still challenge structural
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biology efforts, with a common theme that the difficulties often relate to the suitability of the
macromolecular sample [1]. Is the macromolecule under investigation large enough, small
enough, sufficiently pure, sufficiently abundant, and so on. As a consequence, the heaviest
exertions typically go towards modifying and optimizing the macromolecule under study to make

it more amenable to the structural biology technique at hand.

Towards improving the properties of a protein or nucleic acid molecule for structure
determination, all manners of modification have been explored. Optimizing the stability and
homogeneity of the structural target are common goals. Certain strategies for optimization are
method-specific. For instance, because forming lattice contacts is such a critical limiting event
for x-ray crystallography applications, diverse ideas for modifying proteins or nucleic acids to
improve their chances of forming well-ordered intermolecular contacts have been exploited [2-
7]. Another category of modifications relates to principles of ‘marking’ the molecule for
comparative purposes in downstream analysis. In x-ray crystallography applications, the
introduction of seleno-methionine residues for anomalous phasing is an example [8]. For EM
applications, in cases where resolution is insufficient to unambiguously trace the molecular
backbone, antibodies to specific regions of the target macromolecule or macromolecular

complex have been used to aid in structural interpretation [9-11].

Yet other efforts to engineer macromolecules for structural biology purposes do not concern any
innate defect in the target molecule itself, but relate instead to intrinsic methodological limits.
The parameters of the molecule in question may fall outside the application range of the method
being employed. Such is the case for single-particle cryo-EM, which is most amenable to large
macromolecular complexes, but faces major challenges for small proteins or nucleic acid
molecules (Fig. 1) [12]. In this review we discuss recent advances on the particular challenge of

how to make macromolecules amenable to cryo-EM when they are otherwise below the suitable
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size range, essentially by engineering the small macromolecule of interest to become part of a

larger imaging scaffold.

Motivation for Cryo-EM Scaffolds and their Challenges

Recent technical advances in cryo-EM have revolutionized the field, making it possible to reach
atomic resolution for diverse macromolecular systems [13-16]. Structure determination has been
possible for complexes of extraordinary size and complexity, but smaller proteins or

nucleic acids remain largely outside the scope of cryo-EM. The key challenges concern low
signal-to-noise in single particle imaging, making it difficult to identify and establish the correct
3-dimensional orientations of noisy 2-D particle projections, which is a prerequisite to
reconstructing a 3-dimensional view of the molecule. The signal to noise problem is most severe
for smaller macromolecules [17]. The importance of the problem is illustrated by the size
distribution of macromolecular complexes that have been successfully determined at atomic
resolution. Only a few (about 2%) fall below the 100 kDa size (Fig. 1A). This contrasts with the
size of typical cellular proteins; the median bacterial protein is roughly 30 kDa while eukaryotic
proteins are slightly larger, with a median size of around 45 kDa (Fig. 1B). Recent studies to
push the lower size limit, by improvements in instrumentation, or sample preparation and data
processing, have succeeded in elucidating the structures of a few protein assemblies in the 40
to 70 kDa range [18-21], but the general difficulty of resolving the structures of proteins of typical
cellular size by routine cryo-EM applications remains. Breaking through this size barrier could
have high impact as it would be an important step towards making cryo-EM a near-universal

approach for atomic level structure determination of cellular proteins and possibly nucleic acids.

One strategy for circumventing the size limitation in cryo-EM is to attach a smaller imaging
target to a larger macromolecular structure known to be amenable to imaging; the former can be

described as the ‘cargo’ and the latter as the ‘scaffold’. Besides being a direct attack on the
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problem of size, introducing a separate binding component opens up additional possibilities. For
example, some proteins become better ordered upon (or are only ordered upon) binding to
another protein [22-25]. Laboratory evolution studies have further shown that some proteins that
have multiple relevant conformational states can sometimes be bound or trapped in distinct
conformations by binding to different partners [26-30]. Therefore, for cryo-EM applications, the
binding aspect of scaffolding approaches offers broad and potentially important prospects for

exploring alternative structural forms of proteins with dynamic behavior.

While the idea of attaching a smaller protein to a larger scaffold seems straightforward, the
obviousness of the idea belies serious technical challenges and failure risks in the context of
imaging. Flexibility is the primary concern. If the cargo is rigidly connected to the scaffold, then
all the favorable imaging advantages of the scaffold are acquired by the cargo; in a 3-
dimensional reconstruction, the latter simply appears as an added bonus with the former. But if
the attachment between the cargo and the scaffold is completely flexible, then the presence of
the scaffold provides little help in narrowing down the position and orientation of the cargo, as
required for its image reconstruction [31]. Even moderate degrees of flexibility can have major
confounding effects, as emphasized below [32]. Absent careful design considerations,
genetically fusing one protein to another generally results in highly flexible arrangements, owing
to effectively free rotation about the phi and psi backbone torsion angles at the point of fusion
[31, 33-35]. Similarly, covalent attachment between proteins by way of chemical linkers
generally introduces single-bonds between the components, and this also allows potentially
problematic degrees of rotation [36, 37]. A further concern for scaffolding approaches is the
molecular engineering effort required. If it is necessary, for each and every cargo protein, to
pursue laborious mutation and evaluation experiments anew in order to obtain a working
scaffold, then the practical utility of the approach is limited. To provide the most utility, an ideal

scaffold would provide a facile route for rigidly attaching diverse cargo molecules for imaging,
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without extensive re-engineering.

Beyond the most essential features noted above, useful scaffolds might confer additional
advantages. As an example, symmetry is often a favorable feature for imaging studies. For
cryo-EM reconstruction, high symmetry can produce favorable results from fewer particle
images, as each particle image effectively provides views from multiple different directions of
projection [38, 39]. It is notable that icosahedrally symmetric viruses have been particularly rich
subjects for cryo-EM elucidation [40-42]. A further and possibly more critical advantage is that
highly symmetric molecular assemblies largely mitigate the relatively common and sometimes
insurmountable problem of preferred particle orientation [43]. If particles tend to lie on an EM
grid in certain orientations, then 3-dimensional reconstruction has lower resolution along the
direction of preferred projection. This particle orientation problem can persist for symmetries up
to dihedral, but they are mitigated by cubic (tetrahedral or octahedral) and icosahedral

symmetries.

Recent Successes for Cryo-EM Scaffolds

A few early studies on attaching small proteins to larger assemblies provided impetus for
developing general scaffolds. An early attempt to use a symmetric complex as an EM scaffold
came in 1999. Kratz et al. attempted to resolve the structure of green fluorescent protein (GFP,
~26 KDa) by inserting it into a flexible loop in the hepatitis B virus capsid protein [31]. While the
researchers were unable to solve the structure of the fused GFP, a shell of density was clearly
visible on the exterior of the viral capsid. The blurring of density for the GFP was attributed to
the flexible, poly-glycine linker, suggesting that higher resolutions might be achieved by using a
more rigid connection. More than a decade later, in a more systematic study by Coscia et al.,
maltose binding protein (MBP) was genetically fused to a dodecameric glutamine synthetase

(D6 symmetry) by joining the a-helical termini of the two proteins. This was an application of the
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idea developed by Padilla et al. [44], and expanded upon by others [45-49], for controlling the
relative orientation of two proteins with compatible termini by a continuous helical fusion
between them. The authors tested different lengths for the continuous a-helix, and found an
optimal helical linker length that enabled the 40 kDa MBP to be reconstructed at 6-10 A local
resolution, albeit at a somewhat different orientation than modeled due to steric hindrance (Fig.
2A) [50]. This study demonstrated the potential prospects for using a continuous a-helix to
connect cargos to a scaffold for cryo-EM imaging purposes. However, the scaffold scheme
explored in that work is limited to cargo proteins with a-helical termini, and would require
laborious testing of the linker length for each new cargo. As noted above, for an imaging

scaffold to be broadly useful, more modular and generally applicable schemes are required.

Parallel efforts have been undertaken to develop nucleic acids and nucleic acid complexes as
scaffolds for either proteins or RNA molecules. Using DNA, Martin et al. created a scaffold in
which DNA double-helices are patterned out along a hexagonal grid [51]. A central cavity in the
designed pattern is then spanned by a double-helix containing the DNA binding sequence
recognized by the tumor-suppressor protein p53, which is thereby anchored in the middle of the
cavity. This DNA-patterning approach addressed two important issues in cryoEM structural
analysis. The height of the DNA support promotes formation of a uniform ice thickness across
the grid while also protecting the cargo protein from denaturation at the air-water interface. By
changing the register of the p53 binding sequence, the authors were able to control the
orientation of p53, allowing them to view it in multiple orientations. Using this DNA support
system, a final reconstruction obtained for the 53 kDa p53 protein reached 15 A resolution. In
another 2019 study focusing on cryo-EM refinement methods, Zhang et al. fused the small
HIV-1 Transactivation Response (TAR) element RNA into a double-helix of the bacterial large
23S and 70S ribosomes, which essentially served as the scaffolds. Using a focused

classification scheme, the authors were able to resolve the ribosome to an overall resolution 3.0
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A . It was only possible to refine the important TAR section of the fusion to an intermediate
resolution, but still high enough to identify most of the A form RNA helix [52]. The authors
describe their fusion construct as a lever pivoting around a fulcrum, with greater displacements

further from the point of fusion leading to poorer resolution.

In 2018, Liu et al. designed a new protein scaffold to simultaneously address the key issues of
flexibility and modularity that had limited previous studies. In this work, a modular adaptor
protein, Designed Ankyrin Repeat Proteins (DARPIn, see also review by Mittl, et al., in this
issue), was fused to an engineered tetrahedrally symmetric (n=12) protein complex, using a
continuous a-helical connection to promote rigidity [44]. Through selection experiments on
libraries of DAPRins bearing sequence variation in their loops, DARPins can be obtained to bind
diverse cargo proteins with high affinity and specificity, and with retention of their structural
integrity in the bound state [28, 53, 54]. Thus, it was postulated that this DARPIn-tetrahedron
scaffold could be modular — i.e. that it could be made to bind different cargo proteins by inserting
the appropriate cargo-binding sequences into the loops of the DARPin adaptor (Figure 2B). In a
first cryo-EM study on this scaffold prior to binding any cargo protein, it was found that the
critical helical connection between the tetrahedral core and the DARPIn adaptor is rigid enough
that the 17 kDa DARPIn could be visualized at 3.5 — 5 A local resolution [55]. The resulting
structure furthermore revealed an additional small, fortuitous interface between the DARPin and
the tetrahedral core of the scaffold. A presumptive stabilizing effect of this interaction could be
partly responsible for the favorable resolution obtained with this scaffold. It is notable that by
fusing to a tetrahedral complex, each particle contained 12 copies of the DARPIn adaptor. As
with the earlier Coscia study, the polyvalent nature of the scaffold provides multiple sites of
attachment, and therefore multiple independent views of the cargo from a single particle. High
symmetry, to the extent that it is preserved in the assembled complex, provides further imaging

advantages through symmetry-averaging protocols. It should be noted however that polyvalent
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scaffolds are not well-suited for homo-oligomeric cargo attachment, as the binding of such cargo

to polyvalent scaffolds tends to produce extended network-type assembly and aggregation.

Two recent studies have tested DARPin-based helical-fusion scaffolds for their ability to resolve
the structures of bound cargo proteins. Following the original work described above, Liu et al.
(2019) used GFP as the first cargo for their DARPin-tetrahedron scaffold. Some smearing effect
of the density for the GFP was evident, caused by minor flexibility around the shared alpha
helix. Exploiting the benefit of having multiple copies of GFP per scaffold, the smearing effect
could be partly mitigated by separating different orientations of the GFP using focused
classification protocols. The 3-D reconstruction reached a local median resolution of 3.8 A for
the GFP, where notable atomic details were evident (Fig. 2B) [56]. Qing et al. [57] independently
explored a series of different symmetric scaffolds as cores for fusion to a DARPin adaptor, and
found the best results using D2 tetrameric aldolase. The DARPIn was fused again through a
continuous a-helix. The authors showed that the continuous a-helix scheme led to more rigid
and better behaving scaffolds than their experiments where adaptor proteins were inserted into
flexible loop regions of scaffold core proteins. Qing et al. also used GFP as their first test cargo,
and reached 5-8 A local resolution (Fig. 2C) [57]. Coincidently, the two groups of researchers
both chose GFP as the first test cargo, so the true modularity of such systems awaits

experimental verification from the cryo-EM community.

Next Steps

The scaffolds described above show considerable promise as novel strategies for cryo-EM
imaging, but critical steps remain to be addressed, especially for reaching atomic resolution.
First, further engineering efforts are needed to realize better rigidity of the adaptor proteins
relative to the scaffold core. The experimental studies show, not surprisingly, that even

moderate rotational freedom can limit the resolution of the cargo to ~4 A, or considerably worse.
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As opposed to the fortunate and small secondary contact point in the Liu 2018 study or the
generic interaction brought by steric hindrance between MBP and glutamate synthase in the
Coscia study, engineering multiple stable contact points between the adaptor and the scaffold
may be required in order to reach atomic resolution. Additionally, researchers should keep in
mind that adaptor proteins might in some cases bind to their cargo in a range of different

conformations or orientations, introducing another layer of flexibility.

Currently, symmetric protein scaffolds that have shown potential prospects for cryo-EM imaging
have been tested using well-behaved proteins -- GFP or MBP -- as cargos (Fig. 2) [50, 56, 57].
For broader applications to important cellular proteins, the cargo molecules are likely to be more
delicate, and some may require very specific solution environments for stability. Accordingly,
one important future engineering goal is to design working scaffolds that are stable under
wide-ranging conditions related to: protein concentration, pH, ionic strength, metal additives,
and so on. Of course, convenient scaffolds should also be easy to purify to high quantity and

purity, preferably from the simplest protein expression systems.

This promising new technology is not limited to soluble proteins. Designed scaffolding
approaches could in principle be extended to membrane proteins, which are of high biological
interests and have been historically difficult to characterize via traditional structural techniques.
Lipid nanodisc technology has enabled the cryo-EM structure determination of several
membrane proteins, especially those of larger size and/or oligomeric composition [58. 59] (also
see review by Nasr et al., in this issue). For smaller monomeric membrane proteins, symmetric
scaffolds of the type described here could be used if space permits binding of the membrane
protein in its detergent micelle environment. Uniquely challenging targets such as membrane
proteins may call for unique scaffolds. RNA macromolecules are another category of great

biological interest but high recalcitrance to structure determination. The limited chemical
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diversity, significant flexibility, and highly charged backbone of RNA combine to make it
challenging to study by standard structural biology techniques [60—63]. With suitable strategic
variations, scaffolding methods being developed for proteins could be applied to RNA as well.
Small RNA-binding domains such as U1A have been exploited as modular RNA binders in
previous x-ray crystallography work (64, 65), which suggests that RNA-binding scaffolds based

on such domains could be developed for cryo-EM in the future.

While recent developments on designing cryo-EM imaging scaffolds are largely in the
proof-of-principle stages, the work described in this review should provide encouragement —
along with guiding principles and challenges to be addressed — on the way to establishing their

routine use for structural biology studies.
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Scaffold Cargo Display Method Resolution Authors
Hepatitis B Viral Capsid Green Fluorescent Poly-G Fusion NA Kratz et al.
Protein Protein 1999
2-D Hexagonal DNA p53 Transcription DNA-protein ~15 A Martin et al.
Array Factor interaction 2016
23S and 70S HIV-l TAR RNA A-Form Helical 6-10 A Zhang et al.
Ribosomes Fusion 2019
D6 Glutamine Maltose Binding a-Helical Fusion to 6-10 A Coscia et al.
Synthetase Protein Cargo 2016
D2 Aldolase Green Fluorescent a-Helical Fusion to 5-8 A Qing et al.
Protein DARPIn adaptor 2019
Tetrahedral Nanocage Green Fluorescent a-Helical Fusion to 3.8 A Liu et al.
2018, 2019

Protein

DARPin adaptor

Table 2.1 Summary of selected cryo-EM scaffolding efforts
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Figure 2.1: Graphical Abstract
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Figure 2.2: Size comparison between natural cellular proteins and protein structures elucidated
by cryo- EM. Panel A shows a statistical breakdown by size of all solved structures deposited in
the EM Database (EMDB) as of 2018. Panel B shows violin plots of the natural protein chain
size distributions for prokaryotes ([green] bacteria and archaea, based on 1501 complete
genomes) and eukaryotes ([magenta] based on the genomes of 7 model organisms: yeast,
Chlamydomonas, Arabidopsis, Drosophila, zebrafish, mouse, and human). For eukaryotic
genomes, in cases where multiple protein isoforms of a single gene are known, only one was
included. The median molecular mass values are 29.9 kDa for prokaryotes and 45.6 kDa for
eukaryotes. Blue shading is used to highlight molecular weights below which atomic resolution
is difficult to achieve using standard (non-scaffolded) cryo-EM approaches (light blue), or where
it has not been possible so far (medium blue). Note that the data presented refers to individual
protein chain sizes and so does not account for the important effect of increasing size that

comes with oligomeric assemblies, which are common.
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Figure 2.3: Recent progress in imaging small proteins on symmetric scaffolds.

Experiments are ordered from top to bottom by resolution achieved for a bound/attached
cargo protein, based on data from (A) Coscia et al, 2016; (B) Qing et al, 2019; (C) Liu et al,
2019. The geometry of the scaffolding core is shown in lavender on the left, with the
symmetry type indicated; the cylindrical stubs denote the protruding terminal alpha helices
present on the scaffold core subunits in all the cases described here. The mode of attachment
for each scaffold is diagrammed to the side, with one protein subunit from the scaffold core
shown highlighted in yellow. The middle (B) and bottom (C) scaffolds are modular, with the

adaptor protein (DARPIn) in green fused to the core subunit through a continuous alpha
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helix. The cyan sphere indicates the cargo protein for imaging. Density for a complete EM
reconstruction is shown, colored according to the same scheme as on the left, with a focus
on the density around the cargo proteins (cyan) shown on the right. The underlying atomic
model is shown in orange in select cases. For scaffold B, and the right-most image for
scaffold C, the cargo EM density is shown as a slice through the beta barrel of GFP to

emphasize structural details evident there.
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X-ray crystal structure of a designed rigidified imaging scaffold in the ligand-free
conformation

Matthew P. Agdanowski, Roger Castells-Graells, Michael R. Sawaya, Duilio Cascio, Todd O.
Yeates and Mark A. Arbing

Synopsis: An imaging scaffold engineered to bind and study therapeutic protein targets has
been crystallized at 3.8 A resolution. Cargo protein binding DARPins are positioned within the
large solvent channels of an unusually porous crystal lattice suggesting that it may be possible

to soak crystals with small target proteins to determine their structures.

Abstract

Imaging scaffolds composed of designed protein cages fused to Designed Ankyrin Repeat
Proteins (DARPins) have enabled structure determination of small proteins by cryo-electron
microscopy (cryo-EM). One particularly well-characterized scaffold type is a symmetric
tetrahedral assembly comprised of 24 subunits, 12 A and 12 B, which has three cargo-binding
DARPins positioned on each vertex. Here, we report the X-ray crystal structure of a
representative tetrahedral scaffold at 3.8 A resolution in the apo state. The X-ray crystal
structure complements recent cryo-EM findings on a closely related scaffold, while also

suggesting potential utility for crystallographic investigations. As observed in our crystal
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structure, one of the three DARPins, which serve as modular adaptors for binding diverse
“cargo” proteins, present on each of the vertices is oriented towards a large solvent channel.
The crystal lattice is unusually porous suggesting that it may be possible to soak crystals of the
scaffold with small (<30 kDa) protein cargo ligands and subsequently determine cage-cargo
structures via X-ray crystallography. Our results suggest the possibility that cryo-EM scaffolds
may be repurposed for structure determination by X-ray crystallography thus extending the

utility of EM scaffold designs for alternative structural biology applications.

Keywords: DARPIn; protein cage; protein design; imaging scaffold

Introduction

Imaging scaffolds composed of protein cages fused to Designed Ankyrin Repeat Proteins
(DARPins) have emerged as a powerful technology for determining high-resolution structures of
small proteins using single particle cryogenic electron microscopy (cryo-EM) (Liu et al., 2019,
2018; Castells-Graells et al., 2023; Yeates et al., 2020). Binding small (~30 kDa) protein targets
to the modular DARPin domains of large, half-megadalton, symmetric scaffolds increases the
size of the target into the range amenable to single particle cryo-EM image processing. Using
this approach, recent studies have achieved near atomic resolution for small proteins including
the oncogenic protein KRAS (Castells-Graells et al., 2023) in apo and ligand bound forms.
While initial development has focused on cryo-EM we have also pursued a parallel approach to

scaffold-facilitated structure determination using X-ray crystallography.

Structure determination by X-ray crystallography is a laborious process requiring extensive

screening to identify conditions that produce crystals suitable for structure determination.
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Experimental data from high throughput crystallization screening facilities shows that
approximately 21% of protein targets subjected to screening ultimately result in crystallographic
models (Lynch et al., 2023). Given this relatively low success rate there has been a strong focus
on “salvage” pathways to obtain structures of proteins of interest. Successful strategies include
modification of protein surface properties (e.g. pl, hydropathy, and surface entropy) by chemical
modification (Kim et al., 2008) and site directed mutagenesis (Derewenda, 2004) or the use of
crystallization chaperones to promote lattice formation. The latter technique is roughly divided
into two approaches: protein fusions or complexation with non-covalently bound epitope-specific
protein binders. Examples of the former approach are fusion with maltose binding protein via
flexible or rigid linkers (Waugh, 2016) or incorporation of T4 lysozyme into loops of membrane
proteins (Thorsen et al., 2014) to increase solvent-accessible surface area amenable to forming
crystal contacts. Examples of the latter technique are the use of protein-specific binders such as
nanobodies, FAb fragments, and related derivatives to generate protein complexes more

amenable to crystallization (Koide, 2009).

Designed Ankyrin repeat proteins (DARPins), synthetic protein binding proteins derived from
naturally occurring protein binding motifs, have also been used as crystallization chaperones
(Mittl et al., 2020) and, more recently, as “adapters” to bind small proteins to imaging scaffolds
for cryo-EM structure determination (Liu et al., 2019, 2018; Castells-Graells et al., 2023). As part
of a project targeting oncogenic protein targets we generated DARPins against the C-terminal
domain of the oncogenic protein BARD1 using a yeast display system and subsequently fused
the anti-BARD1 DARPIns to a previously characterized tetrahedral protein cage. To investigate
whether EM imaging scaffolds with rigid DARPIn fusions can act as crystallization chaperones,
thus extending their utility for structural studies, we determined the X-ray structure of one of

these imaging scaffolds in the ligand-free state. Our X-ray crystal structure suggests that

42



cryo-EM scaffolds may have multiple applications in the elucidation of structures of small

proteins.

Materials and methods

Macromolecule production

BARD1 expression and DARPin selection:

A construct encoding the BARD1 tandem BRCT domains (amino acids 423-777) with an
N-terminal SUMO fusion protein followed by a HRV 3c protease site, an AVl tag, and a TEV
protease site was synthesized in pET29b (Twist Bioscience). The BARD1 BRCT construct was
expressed in E. coli BL21-Gold (DE3) using Terrific Broth and overnight induction at 18°C with
0.5 mM IPTG,; biotinylated protein was produced in vivo by co-expression of BirA (Addgene
plasmid #102962) and the addition of biotin (final concentration 50 uM) to the media at the time
of induction (Fairhead & Howarth, 2015). Cells were harvested by centrifugation, resuspended
in Buffer A (25 mM Tris-HCI pH 8.0, 500 mM NaCl, 5% glycerol, 20 mM imidazole, 5 mM 3-ME)
supplemented with 1 mM EDTA, 1 mM PMSF, and Complete protease inhibitor (Roche). Cells
were lysed with three passes through an Emulsiflex C-3 (Avestin) at 15K PSI and the lysate
subsequently clarified by centrifugation. The BARD1 SUMO fusion was purified from the
clarified supernatant using a 5 ml HisTrap Crude FF (Cytiva) column with bound protein eluted
with Buffer B (Buffer A with 300 mM imidazole). TEV (for removal of all N-terminal tags) or 3¢
protease (for removal of the SUMO moiety but retention of the AVI tag and TEV protease site)
was added to the eluted protein and the digestion mix was dialyzed against 2L Buffer A
overnight at 4°C. The following day SDS-PAGE was used to determine that digestion was
complete and subsequently the reaction mix was loaded on a 5 ml HisTrap with the flow through

collected and further purified by size exclusion chromatography using a Superdex 75 (Cytiva)
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column equilibrated with Buffer C (25 mM HEPES pH 7.5, 300mM NaCl, 5% glycerol, 1TmM
DTT). Fractions containing BARD1 were pooled, concentrated, flash-frozen with liquid nitrogen,

and stored at -80°C.

DARPiIns that bind BARD1 were identified using a yeast DARPIn surface display system
(Morselli et al., 2024). A cell population displaying BARD1 binders was enriched using two
rounds of magnetic activated cell sorting (MACS) followed by five rounds of fluorescence
activated cell sorting (FACS) using a Bio-Rad S3 cell sorter. The selections were carried out
using previously described methods (Chao et al., 2006; McMahon et al., 2018). Briefly, the
MACS experiments were performed using Dynabeads MyOne Streptavidin T1 beads
(Invitrogen) while FACS experiments used an AlexaFluor488-conjugated anti-HA monoclonal
antibody (Invitrogen) to select DARPin-displaying cells while cells that bound biotinylated
BARD1 were selected by alternating fluorescent anti-biotin conjugates, Streptavidin
R-Phycoerythrin or NeutrAvidin Rhodamine Red-X (both from Invitrogen). Target protein
concentration was decreased in each selection round to isolate higher affinity binders with the
initial MACS experiment carried out using 1.0 uM protein and the final FACS selection with 30
nM protein. Enriched cell populations were grown in non-inducing media and a 50 pl cell sample
was centrifuged, washed with water, and lysed by addition of an equivalent volume of 40 mM
NaOH and heated for 45 minutes at 95°C. This cell lysate served as the template for
PCR-amplification of enriched DARPin sequences; PCR amplification was carried out using
primers (DARP.pYDS.Amp.For., 5-GATGAAGTTCGTATTCTGATGGCAAATGG-3’;
DARP.pYDS.Amp.Rev., 5-CGGTGTTTTACCAAATTTATCCTGGGC-3’) that bind conserved
sequences in the N- and C-caps of the DARPIn. The PCR reaction used PrimeStar GXL
polymerase (Takara) with a 30 second extension and 20 amplification cycles. PCR products

were purified by gel extraction and subjected to Next Generation Sequencing (Genewiz, NJ).
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Forward and reverse reads were merged with NGMerge (Gaspar, 2018) and sequence

abundance and characteristics analyzed using the MAMETS program (Morselli et al., 2024).

The most abundant DNA sequences encoding putative anti-BARD1 DARPins were synthesized
and cloned into pET29b (Twist Bioscience) with an N-terminal His6 tag for expression and
purification. DARPins were expressed and purified using a similar procedure as for BARD1 with
the substitution of 50 mM Tris pH 8.0, 300 mM NaCl, 5% glycerol, 5 mM (3-mercaptoethanol,
20/300 mM imidazole as the affinity chromatography buffers and 20 mM Tris pH 7.5, 150 mM
NaCl as the size exclusion chromatography buffer. Screening for DARPins that formed a stable
complex with BARD1 was performed with biolayer interferometry (BLI) and subsequently
confirmed using analytical size exclusion chromatography (AnSEC). BLI experiments were
carried out with an Octet Red 96e (Sartorius) and NTA Biosensors. The His-tagged DARPins
were diluted to 25 pg/mL in kinetic buffer (PBS with 0.1% BSA and 0.02% tween 20) and loaded
on NTA Biosensors by dipping the biosensors into a 96-well plate (Greiner 655209) with 200
uL/well DARPIn for five minutes. Biosensors were then dipped in fresh kinetic buffer to establish
baseline (three minutes) and subsequently were dipped in BARD1 (10 pug/ml) for five minutes
(association step), and then transferred to fresh buffer for five minutes (dissociation step). Each
experiment was doubly reference subtracted using biosensors with zero analyte (BARD1) or
that were not loaded with DARPIns. Lead candidates were confirmed to bind BARD1 by adding
a 3-fold molar excess of the DARPin to BARD1 and injecting the protein mixture onto an
analytical SEC70 column (Bio-Rad Laboratories) equilibrated in 20 mM Tris pH 7.5, 150 mM
NaCl. Fractions were collected and samples from elution peaks were electrophoresed on

SDS-PAGE to identify the protein constituents.
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Design, expression, and purification of the imaging scaffolds:

Anti-BARD1 DARPiIn sequences identified by yeast display were genetically fused to a
tetrahedral nanocage via helical extension with the N-terminus of the DARPin sequence fused
to the C-terminus of the cage component (Liu et al., 2018). Stabilizing mutations
(Castells-Graells et al., 2023) were incorporated to rigidify the trimer interface. DNA sequences
were synthesized (Twist Bioscience) and incorporated in bacterial expression vectors: pSAM

(Liu et al., 2018) for subunit A and pET22b for the subunit B-DARPIn fusion.

The plasmids containing both components of the imaging scaffold were co-transformed into E.
coli BL21-Gold (DE3) and expression and solubility of the two cage components was evaluated
at 18 and 37°C. Designs where both components were solubly expressed and could be affinity
purified using NiNTA beads were chosen for large scale purification. Imaging scaffolds were
grown in 1L LB, supplemented with ampicillin and kanamycin, to an ODg, of ~0.6 and protein
expression induced with 0.5 mM IPTG. Proteins were expressed at 18°C overnight (~18 hours)
and harvested by centrifugation. Cell pellets were resuspended in buffer D (50 mM Tris pH 8.0,
300 mM NacCl, 20 mM imidazole) and lysed using the same conditions as for SUMO-BARD1 but
the protein was purified by affinity chromatography using a gravity column and Buffer E (50 mM
Tris pH 8.0, 300 mM NaCl, 500 mM Imidazole) as the elution buffer. Fractions were assessed
with SDS-PAGE and those containing both scaffold components were concentrated with a 100
kDa Amicon Ultra-15 concentrator (Millipore Sigma) and further purified by size exclusion
chromatography using a 16/600 Suprose6 column (Cytiva) equilibrated with 20 mM Tris pH 8.0,
100 mM NaCl. Peak fractions were analyzed by SDS-PAGE and fractions containing both
components were pooled, concentrated with a 100 kDa Amicon Ultra-15 concentrator, and the

purified protein stored at 4°C pending subsequent X-ray and electron microscopy experiments.
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For scaffold analysis via negative stain electron microscopy, a 5 pl sample of concentrated
protein adjusted to ~50 pg/mL was applied to a glow-discharged Formvar/Carbon 300 mesh
(Ted Pella Inc) for 1 minute and blotted to remove any excess liquid. After blotting, the grid was
washed 3 times with sterile MilliQ water before being stained with a 2% uranyl acetate solution
for 1 minute. Micrographs were taken on Tecnai T12 and Talos F200C electron microscopes.
Negative stain micrographs were converted to .MRC format and imported into cryoSPARC for
processing. Micrographs were CTF corrected using patch CTF correction and ~3,000 particles
were manually picked for further analysis. Two rounds of 2D classification resulted in rough
averages that were used to assess scaffold assembly. The best 2D classes containing roughly
2,000 particles were used to create a low resolution ab initio 3D map with T symmetry enforced

in which the X-ray structure was docked.

Crystallization

Crystallization screening of BARD1-specific imaging scaffolds using the hanging drop vapor
diffusion method were conducted at the UCLA-DOE Crystallization Core. Imaging scaffolds (16
mg/mL) and BARD1 (3 mg/mL) were mixed at a 1:1 ratio (v/v) and five 96-well screens were set
up using 1:1, 2:1, and 1:2 ratios of protein to reservoir solution (final drop volume of 210 nL) for
each condition using a TTP Labtech Mosquito. Screens were incubated at room temperature
(~20°C). Crystals of the DARP3 scaffold were grown by mixing protein solution 1:1 with
reservoir solution (JCSG+ condition D11: 0.14 M calcium chloride, 0.07 M sodium acetate, pH
4.6, 14% vlv isopropanol, 30% v/v glycerol). Prismatic crystals (approximately 70 microns thick)
appeared after nine days and were mounted in loops, flash frozen in liquid nitrogen, and stored

in liquid nitrogen until data collection.
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Data collection and processing

X-ray diffraction data were collected at the microfocus beamline 17-ID-2 of the National
Synchrotron Light Source Il located at Brookhaven National Laboratory. Data collection was at a
temperature of 100 K with 0.2 degree oscillation (1800 frames collected) and an X-ray
wavelength of 0.9793 A. Diffraction data were indexed, integrated, scaled, and merged using
the programs XDS and XSCALE (Kabsch, 2010). Data collection statistics are reported in Table

3.1

r r lution and refinemen

The structure was solved by molecular replacement using the program Phaser (McCoy et al.,
2007) and a search model consisting of subunit B lacking the DARPin domain (PDBid 5CY5).
The molecular replacement solution was unambiguous, exhibiting a high positive log likelihood
gain (LLG) of 2533. Difference maps revealed positive residual density for the DARPin domains.
A second round of molecular replacement, keeping the cage core fixed, was performed
searching for three copies of the DARPin domain using a GFP-specific DARPin (PDBid 5MAG;
77% sequence identity to BARD1-specific DARPIn) as the search model. The molecular
replacement solution further improved the atomic model as evidenced by an increase in LLG to
3348 and decrease in R-factors (R,,x=0.299 R;.=0.327). Manual model building was performed
using the graphics program Coot (Emsley et al., 2010). Atomic refinement was performed with
the program Phenix (Liebschner et al., 2019). To minimize overfitting to the 3.8 A data,
non-crystallographic symmetry restraints and conformational restraints to a reference model
consisting of PDB entries 8G3K (cage core cryoEM structure at 2.2 A resolution) and 5MAG
(GFP-specific DARPIn cryo-EM structure at 2.3 A resolution). No residual density was observed

near the DARPIn cargo-binding loops, indicating that BARD1 was not bound in this crystal form.
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Final atomic refinement statistics are reported in Table 3.1. Structure illustrations were created

using PyMOL (Schrédinger, LLC).

Results

Selection and characterization of DARPins against BARD1

BARD1 (BRCA1-associated RING domain protein 1) is an important oncogenic protein that
forms a heterodimeric complex with BRCA1 (Breast cancer gene 1); the complex has E3
ubiquitin activity associated with DNA damage repair and tumor suppression (Brzovic et al.,
2001; Ruffner et al., 2001; Wu et al., 1996) and mutations in both BRCA1 and BARD1 are
associated with breast, ovarian and pancreatic cancers (De Brakeleer et al., 2016; Foulkes,
2008). A yeast DARPIn display system was used to generate DARPins against the
ligand-binding C-terminal BRCT and ankyrin domain of BARD1 (Watters et al., 2020). After
magnetic- and fluorescence-activated cell sorting DARPin sequences were isolated from the
enriched cell population by PCR and the sequence abundance and diversity determined by Next
Generation Sequencing (NGS) of PCR amplicons. The ten most abundant sequences ranged
between 0.75 to 12% of the total number of sequences (353K) obtained from NGS sequencing.
Five of these sequences were cloned into bacterial expression vectors and were subsequently
expressed and purified by affinity chromatography. Interaction with BARD1 was confirmed by
biolayer interferometry, and analytical size exclusion chromatography and SDS-PAGE analysis

(Figure 3.1).
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Design of the imaqing scaffold and biochemical characterization

The helical N-termini of evolved anti-BARD1 DARPins were genetically fused to the helical
C-terminus of the B subunit of a two-component tetrahedral protein nanocage (Cannon et al.,
2020) using recently described stabilizing “staple” mutations at the subunit B trimer interface
(Castells-Graells et al., 2023); subunit A of the tetrahedral assembly is invariant and is the same
for all designs. In total three subunit B-DARPIn fusion constructs were made. Together, both
components co-assemble into a discrete particle obeying tetrahedral symmetry containing 12
copies of the DARPin-fusion subunit and 12 copies of the non-fusion component (four sets of
each trimeric protein). The total assembly has a predicted mass of ~660 kDa and a diameter of

approximately 19 nm.

The plasmids containing the two subunits were co-transformed into E. coli and protein cages
expressed and purified by affinity and size exclusion chromatography (SEC). Of the three
designs that were investigated only one, DARP3, formed a soluble assembly as assessed by
analytical SEC (Fig. 3.2A) and SDS-PAGE (Fig. 3.2B). Negative stain electron microscopy (Fig.
3.2C, D) analysis showed particles with the expected tetrahedral geometry and size of

approximately 19 nm, with a preferred orientation displaying its 2-fold axis of symmetry.

Protein llization an r r rmination

The DARP3 assembly was subjected to crystallization screening in the apo and ligand-bound
state. In mixing studies it was determined that the DARP3 assembly could tolerate only four
BARD1 molecules per cage with BARD1 amounts in stoichiometric ratios above 4 cargo
molecules per cage (or one BARD1 per DARPIn trimer at each vertex) resulting in immediate

and severe aggregation as indicated by an increase in opacity of solution upon mixing; this
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suggests some degree of steric clashing between BARD1 proteins at cage vertices when more
than one BARD1 was bound to a DARPIn trimer. As a result the sample was set up with a 1:3

ratio of cargo:DARPIn trimer for the ligand bound state.

No crystals were found in the crystallization screens for the apo DARP3 assembly however
crystals in space group 1222 that diffracted to 3.81 A were identified in one condition for the
screens of the BARD1-DARP3 assembly. The structure was solved by molecular replacement
using a single component of the cage (subunit B) and an isolated DARPin molecule as search
models. Three copies of Subunit A were subsequently fit to the electron density manually in
Coot (Emsley et al., 2010). There was no electron density for the BARD1 cargo protein
indicating that we had crystallized and solved the structure of the apo state of our scaffold. The
asymmetric unit contains three copies of subunit A (chains A-C in the PDB file) and three copies
of the subunit B-DARPIn fusion (chains D-F in the PDB file) with the tetrahedral assembly
generated via symmetry operations (Fig. 3.3A). The structure of the core assembly was first
crystallized without DARPIn fusions (Cannon et al., 2020) and there is excellent agreement
between the structures of the conserved cage core chains with an average rmsd of 0.47 +/- 0.03
A for the superposition 141 Ca of chains D-F of the DARP3 assembly with chain B of the T33-51
assembly; a structure-based superposition, using the Coot SSM tool, of chains A-C of the
DARP3 assembly with chain A of T33-51 had an rmsd of 0.36 A for all three comparisons with

alignment of 137, 134, 136 amino acids for DARP3 chains A, B, and C, respectively.

The DARP3 assembly crystals have a very high solvent content of 71.47% and a Matthew’s
coefficient of 4.31. As a result the lattice has large solvent filled channels with an approximate
cross-section of 120 x 180 A that is periodically restricted by the protruding of the DARPIn

moiety of chain E into the solvent channel (Fig. 3.3B). The DARPin moieties of chains D and F
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are involved in mediating crystal contacts in the crystal lattice and are thus unavailable for cargo
binding. The substrate binding face of the chain E DARPIn is oriented such that substrate
binding is possible without creating steric clashes with other components of the lattice.
Superposition of the anti-GFP DARPIn in GFP-bound state (Hansen et al., 2017) on the
anti-BARD1 DARPIn in our structure (PDBid 5MAGB, chain B residues Lys16-Ala168; DARP3
assembly, PDBid 8V90, chain E residues Lys169-Ala321) gives an rmsd of 0.57 A for the
superposition of 153 Ca atoms with a sequence identity of 77% and supports the ability of the
lattice to support cargo binding as the GFP barrel, with dimensions of 24 x 42 A (Ormé et al.,
1996), is oriented in such a way that it does not interfere with the cage core structure (Fig.
3.3C). Likewise, superposition of the structure of the anti-KRAS DARPIn bound to KRAS
(Guillard et al., 2017)(PDBid 502S) on DARP3 chain E (Fig. 3.3D; rmsd of 0.96 A for the
superposition of 155 Ca atoms with a sequence identity of 75.3%) also shows that binding of a
small globular protein cargo within the solvent channel is also possible without physically

clashing with cage core components.

Discussion

We sought to validate our newly developed DARPIn display system (Morselli et al., 2024) and to
use the selected DARPIns in conjunction with our suite of designed protein cages to structurally
characterize an important cancer-related protein, BARD1. Using yeast display we identified a
number of candidate anti-BARD1 DARPIns and four of these were found, via analytical size
exclusion chromatography, to form stable complexes with BARD1. Three of these candidate
DARPins were fused to our improved imaging scaffold using an established protein fusion
strategy (Castells-Graells et al., 2023) and one of the DARPin-cage fusions was expressed and
purified to high yields. SEC and SDS-PAGE analysis showed that the cage fusion eluted as a

high molecular weight species that contained both subunits in a roughly 1:1 stoichiometric ratio.
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Negative stain EM analysis confirmed that we had successfully purified a homogeneous

assembly of the expected size and shape.

The primary objective of our protein cage design projects has been to design imaging scaffolds
for structural characterization of small proteins by cryo-EM. If the designed cage and cargo
proteins are available in sufficient quantities we have also pursued structural characterization of
our designs, in apo and ligand-bound forms, by X-ray crystallography. In this project a single
design was expressed in quantities sufficient for crystallization screening. Interestingly, during
solution binding studies, it was observed that rapid aggregation would occur when the cargo
and cage were mixed at ratios corresponding to one BARD1 per DARPIn binding site. This
result is not totally surprising given the BARD1 construct used in this study consists of two
domains that adopt an extended structure (Dai et al., 2021) and the orientation of BARD1
binding to the DARPIn is unknown. We hypothesize this elongated structure may be positioned
such that a substantial part of the BARD1 cargo crosses the threefold axis and causes steric
clashes with symmetrically related cargo copies. This, compounded with the high affinities that
DARPiIns possess for their cognate ligand, likely leads to rapid association between the two
causing cage dissociation and aggregation of dissociated cage subunits. We believe this
aggregation will not occur once the scaffold is locked into the crystal lattice and only one
DARRPIn is left available for ligand binding. In the crystallization trials in this study we loaded the
cage with cargo at a 1:1 ratio of ligand to trimeric DARPIn binding site to avoid scaffold

dissociation.

The DARP3 scaffold with BARD1 cargo grew multiple prismatic crystals of approximately 70
microns in length which diffracted to 3.81 A. While we have determined structures of similar

DARPiIn-displaying scaffolds by electron microscopy, this is the first instance in which we have
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determined the crystal structure of a designed cage with cargo-binding DARPIn fusions.
Unfortunately the structure is of the apo cage with no electron density seen for the BARD1
cargo. The most likely explanation for ligand dissociation is the composition of the crystallization
solution which has a low pH (0.07 M sodium acetate pH 4.6) and contains a not insignificant
concentration of a non-polar solution (14% isopropanol) which may interfere with protein-protein

interactions and/or protein solubility.

Protein design efforts focused on creating self-assembling protein cages have been an active
area of research since the early 2000’s (Padilla et al., 2001) and a significant number of
designed cages have been crystallized and their structures determined (Table 3.2). The
resolution of crystal structures for protein cages ranges from 2.1 — 7.08 A with an average
resolution of 3.62 +/- 1.68 A and a median resolution of 3.5 A for this set of 15 structures
including the DARP3 scaffold from this study which is a derivation of T33-51H (PDB accession
code 5CY5); if the current structure is excluded the set of cage structures has an average
resolution of 3.61 +/- 1.34 A with a median resolution of 3.45 A. The resolution of the current
structure (3.81 A) is similar to the naked T33-51H cage (3.5 A) and to the median resolution for
crystallized protein cages. Higher resolution may be possible through optimization of our
existing crystallization conditions or by finding alternative crystal forms via additional
crystallization screening. This particular cage assembly has already benefited from strategically
engineering staple mutations that stabilize the DARPIn near the point of helical extension from
the scaffold core (Castells-Graells et al., 2023) and this new structure will facilitate ongoing

protein engineering to further rigidify the scaffold for high resolution structural studies.

During processing and refinement, it was noted that the crystal contained a high solvent content

(71.5%) resulting in large solvent-filled channels throughout the crystal. This agrees with our
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experience that proteins of high symmetry tend to have fairly high solvent content as they
require fewer unique contacts to generate the lattice. Interestingly one of the three DARPins
present at a cage vertex is positioned within the channel formed by the lattice such that it is
available for cargo binding. The other two DARPIns (chains D and F) present on the vertex are
involved in mediating crystal contacts with adjacent tetrahedral assemblies. With the exception
of a single hydrogen bond (2.88 A; between the carbonyl oxygen of Leu167 chain C and the
CZ2 atom of Trp209 chain F) the variable cargo binding surfaces of the DARPIns (chains D and
F) are not involved in lattice contacts and protein-protein interactions occur through conserved

invariant residues in the DARPin moieties.

The large solvent channels suggest the possibility that cage crystals could be soaked with
protein substrates which could bind to the free DARPIn binding sites, similar to techniques in
which crystals are soaked in solutions of small ligands, allowing cargo protein structures to be
determined. This would be a valuable addition to the structural biologists toolbox as an
additional salvage pathway through which to determine the crystal structures of protein
recalcitrant to crystallization. There are a number of possible complicating factors including that
the solvent channels may not be big enough to allow proteins to freely diffuse throughout the
lattice in the same way a small molecule can, or that penetration of the protein ligand is
incomplete, leading to outer shell DARPin occupancy, but leaving the innermost lattice DARPins
in their apo state. However, there is a significant upside in that the ligand binding loops from
other DARPIns could be grafted on the DARP3 scaffold allowing for easy soaking experiments

and structure solution via molecular replacement. These ideas await future studies.
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Table 3.1: Data collection and refinement statistics

DARP3
Data Collection
Beamline NSLS-II 17-ID-2
Space group 1222

Resolution (A)

Unit cell dimensions: a,b,c (A)

3.81(3.91-3.81)*

128.0, 195.6, 228.4

Unit cell angles: a,B,y (°) 90, 90, 90
Measured reflections 191827 (12243)
Unique reflections 28155 (1980)
Overall completeness (%) 98.9 (96.7)
Overall redundancy 6.8 (6.2)
Overall Ryerge 0.129 (2.05)
CCip 99.9 (48.6)
Overall 1/6 11.1 (1.1)
Refinement

Ruork / Riree 0.188/0.225
RMSD bond length (A) 0.003

RMSD angle (°) 0.6

Number of protein atoms** 10638
Number of water atoms 0

Number of other solvent atoms 1

Average B-factor of protein (A?) 190

Average B-factor of water (A?) N/A

Average B-factor other solvent (A?) 159

PDB ID code 8V90

60



Table 3.2: Structures of designed protein cages solved by X-ray crystallography

Protein Cage Symmetry Resolution (A) PDB accession Reference

code
DARP3 T33-51H [ Tetrahedral | 3.81 8V90 This study
T33-51H Tetrahedral | 3.4 5CY5 (Cannon et al.,

2020)

152-32 Icosahedral | 3.5 5IM4 (Bale et al., 2016)
153-40 Icosahedral | 3.7 5IM5 (Bale et al., 2016)
132-28 Icosahedral | 5.59 5IM6 (Bale et al., 2016)
13 nm cpPduA Icosahedral | 2.51 5HPN (Jorda et al., 2016)
16 nm protein Tetrahedral | 4.19 4QES (Lai et al., 2016)
cage
Cube-shaped Octahedral | 7.08 4QCC (Lai et al., 2014)
cage
T32-28 Tetrahedral | 4.50 4NWN (King et al., 2014)
T33-15 Tetrahedral | 2.80 4NWO (King et al., 2014)
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T33-21 Tetrahedral | 2.10 4ANWP (King et al., 2014)
T33-28 Tetrahedral | 3.50 4NWR (King et al., 2014)
16 nm Cage Tetrahedral | 3.0 3VDX (Lai etal., 2012)

T3-10 Tetrahedral | 2.25 4EGG (King et al., 2012)
03-33 Octahedral | 2.35 3VCD (King et al., 2012)
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Figure 3.1: Verification of DARPin-BARD1 binding by biolayer interferometry (BLI) and analytical
size exclusion chromatography (AnSEC). A, Putative anti-BARD1 DARPin molecules were
screened for BARD1 binding by loading His-tagged DARPins on NTA biosensors and then
incubating with BARD1 for five minutes and then analyte-free buffer for five minutes. Large
wavelength shifts for DARP.BARD1.01 and DARP.BARD1.02 are indicative of strong antigen
binding. B, The size exclusion profile shows a DARPin-BARD1 mixture (peak 3) has an altered
retention time relative to BARD1 (peak 2) or the anti-BARD1 DARPin (DARP.BARD1.02; peak
1) alone. SDS-PAGE analysis (inset) of the peaks from AnSEC purification. Lane M,
Broad-range molecular weight marker; lanes 1 to 3 correspond to peaks 1 to 3, respectively.
Blue and gray arrows indicate the positions of BARD1 and DARP.BARD1.02 DARPIn,
respectively.
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Figure 3.2: Validation of scaffold assembly. A, The size exclusion profile shows a peak
corresponding to an assembled scaffold (peak 1), and is able to be separated from the
unassembled or partially assembled cage components (peak 2). B, SDS-PAGE analysis of the
peak fractions shows the presence of both scaffold components at their correct molecular
weights, denoted by black arrows. C, Higher order assembly was verified by negative stain
electron microscopy identifying particles of the proper size and symmetry. A blown up view of
the micrograph (red box) shows particles with an estimated diameter of approximately 19 nm,
matching the dimensions of the X-ray structure of the DARP3 scaffold (Figure 3; PDBid: 8V90).
Particles had a tendency for a preferred orientation along the 2-fold viewing axis. To the right of
the micrograph are rough 2D averages processed from negative stain data. D, 2D classes were

used to generate coarse ab initio 3D models.
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Figure 3.3: Structure of the DARP3 scaffold and its crystal packing. A, Views of the fully
assembled 24-subunit DARP3 scaffold along the two-fold (top) and three-fold (bottom) axes of
symmetry. The crystal structure closely resembles the structure of the KRAS-binding DARPIn
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scaffold (Castells-Graells et al., 2023). The asymmetric unit consists of a trimer of the
DARPiIn-fused component and the un-fused native cage component. B, Crystal packing of the
DARP3 assembly. A large solvent channel is present between four copies of the DARP3
scaffold. One DARPIn from each scaffold points into the cavity allowing for cargo binding at one
of the available DARPiIns. C, A model illustrating that GFP molecules could theoretically fit
without steric clash in the solvent channel when bound to one of the three DARPin modules. D,

A model illustrating the same is true for KRAS. The black outline denotes the unit cell.
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Figure 3.4: Cover photo for Acta Crystallographica Section F. The structure of our
DARP3 scaffold made the journal cover. ISSN 2053-230X (2024).
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CHAPTER FOUR: Design and Characterization of RNA Imaging Scaffolds
Using Helical Fusion

4.1: Background and Significance

Explosion of novel RNA molecules

Although proteins and DNA have historically garnered most of the scientific community's
attention, it has been known for some time that RNA also plays important roles in a variety of
cellular processes. The best known examples involve gene expression and protein translation.
In human cells, as a gene is expressed, the protein RNA Polymerase slides along the DNA
building the corresponding chain of RNA in a process known as transcription. This
pre-messenger RNA is then modified, by addition of a poly-adenine sequence to the 3’ end and
a 5’-cap to the transcript for stability, as well as potential slicing events of introns and exons to
form the final mature mRNA'. This mRNA eventually will become protein as it meets up with two
other well-known types of RNA; ribosomal RNA, which constitutes the ribosome along with a
variety of protein components, and transfer RNA, which is responsible for bringing the specified

amino acids into the growing polypeptide chain.

In humans alone it is estimated that 85% of the genome gets transcribed into RNA, but only
1.5% of it results in proteins®3. In addition to the well-known types of RNA, in recent years there
has been an explosion in the discovery of RNA molecules with interesting properties and
functions once thought to be junk. An example of The idea of catalytic RNA challenged the
central dogma of biology and eventually led to the discoverers, Thomas Cech and Sidney
Altman, being awarded the 1989 Nobel Prize in Chemistry*. On the other spectrum of RNA size

comes small RNA molecules that still pack a big biological punch. One of the most intriguing
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new molecules discovered is a family of small non-coding RNA termed MicroRNA (miRNA).
These RNA have been shown to regulate a wide array of biological processes, but are most
famous in their regulation of gene expression by their binding to the transcripts 3’-Untranslated
Region (UTR). This regulation is accomplished through a process involving a biomolecular
superstructure known as the RNA-Induced Silencing Complex (RISC)®®. Precursors known as
pri-miRNA are processed by series of cleavage events by the proteins Dicer and Drosha to
produce mature miRNA which is then loaded into the RISC complex to carry out its regulating
functions, a schematic of which is shown in Figure 4.17. What is even more important to human
health is that dysregulated miRNAs have been shown to affect the hallmarks of cancer,
including sustaining proliferative signaling, evading growth suppressors, resisting cell death,
activating invasion and metastasis, and inducing angiogenesis. An increasing number of studies
have identified miRNAs as potential biomarkers for human cancer diagnosis, prognosis and

therapeutic targets or tools, which needs further investigation and validation®.

It is commonly understood that when it comes to biological macromolecules, the structure of the
molecule often dictates its function, a term colloquially known as the “Structure-Function
Relationship”. To better understand the function of many of these RNA molecules, researchers
have long sought to better understand their structures. The pioneering work that sparked the
RNA structural biology field was Rich et al.’s determination of the structure of the yeast
tRNAphe to 3 A resolution®. Using X-ray crystallography, this demonstrated the first time the 3D
structure of an RNA molecule was solved to near-atomic resolution. Since that work more than
40 years ago, a little over 5700 structures containing RNA have been solved and deposited into
the PDB, and of those, only ~1500 are protein-free'®"". Representing only 6% of all depositions,

this highlights the work still to be undertaken in this field.
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Difficulty studying RNA via traditional methods

For years structural studies on RNA have been primarily reserved to the use of X-ray
crystallography and Nuclear Magnetic Resonance (NMR) Spectroscopy. Both techniques, while
providing an excellent means of studying biomacromolecules, are not without their
shortcomings. This is particularly the case with RNA compared to proteins and as evident by the
total number of RNA structures deposited into the PDB accounting for only ~1% of the total PDB

depositions, while the human genome codes for many more functional RNAs than proteins.

In terms of crystallography, we think of a crystal as an ordered array of molecules aligned in a
lattice and held together by non-covalent interactions that we term as “crystal contacts™. Unlike
proteins which can utilize a large number of structural and chemical features on their surface,
stemming from the 20 canonical amino acids, the density of negatively charged phosphate
groups on the RNA backbone makes crystal packing extremely difficult™'. This, coupled with
significant flexibility from weak tertiary interactions, often results in loosely packed, poorly
ordered crystals. These crystals diffract to low resolution which makes RNA structure
determination extremely challenging'®. Additionally, in most cases, in order to obtain crystals
large enough to obtain good quality diffraction data, a wide range of precipitants and buffer
additives are required. The addition of these chemicals may alter the native shape of the
macromolecule and could lead to incorrect conclusions being drawn because of the generation

of an incorrect structure.

The second pillar of structural biology techniques, NMR spectroscopy has troubles with RNA
compared to proteins as well. Firstly it should be noted that unlike crystallography which gives a
static representation of a molecule, NMR provides an ensemble structure with the accuracy of
the ensemble being dependent on the number and type of constraints used'’. Structural

determination is more difficult for RNA molecules since they often form extended structures,
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which yield only a limited number of long-range restraints compared to the more globular,
compactly folded proteins. Furthermore, the number of restraints for RNAs is also often smaller
than in proteins of similar molecular weight'®. This is because RNA consists of only 4
monomeric units and its predominant secondary structural element is the A-form helix, which
can become very difficult to discern chemical shifts from different bases that experience similar
chemical environments'®. This poor dispersion and substantial overlapping makes it difficult to
obtain unambiguous resonance assignments in RNA especially in the ribose proton region, as

displayed in Figure 4.2

There has been substantial efforts devoted to studying RNA molecules using cryo-EM, albeit to
moderate, yet promising results. Some of the earliest breakthroughs date back to efforts of
trying to understand the ribosome, the biological machinery responsible for protein synthesis, in
atomic detail. The researchers generated a map to 4.5 A of the small 30S ribosomal subunit
from Thermus thermophilus using cryo-EM. They were able to unambiguously place previously
solved protein segments of the complex into the density. Since then, efforts have expanded to
smaller and smaller RNA molecules. The results have been modest to this point with only a
handful of structures being solved to atomic-resolution. At the time of writing, the highest
resolution RNA-only structure solved by cryo-EM is the Tetrahymena group | intron, which Liu
and colleagues solved to sub-3 A?°, This rather larger RNA required substantial engineering
efforts to create a cyclic, homomeric complex in order to stabilize the construct for high
resolution collection. While this work demonstrated a substantial technological advancement,
the amount of engineering required significantly limits its potential uses, especially when
targeting some of these more interesting RNA molecules. Since then, researchers have been
focusing on smaller and smaller target molecules. The smallest RNA molecule solved so far is a
40kDa SAM |V riboswitch by Wa Chiu’s group at Stanford in 2019%'. They were able to solve the

entire structure directly by a combination of cryo-EM and computational modeling and
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refinement programs designed for RNA structure building?. While this represents a target
almost three times smaller than the previously discussed group | intron, it is far from the size of

many RNA molecules implicated in diseases®.

The Yeates has recently developed a method to circumvent the resolution limit problem plaguing
the field of small-molecule cryo-EM and image single proteins using single particle cryo-EM by
engineering a symmetrical protein scaffold onto which various imaging targets can be docked,
which is discussed in length in chapter 2 of this dissertation. Taking advantage of the cages
defined symmetry and rigidity, the first generation of this scaffold was used to solve the structure
of a small 26kDa GFP protein at 3.8A%*. Further engineering improvements were able to push
the resolution to 2.9A%, feats that were previously unattainable by cryo-EM. My mission for this
project was to extend this technology by replacing the use of DARPins for RNA-binding proteins

to studying the ever-increasing catalog of novel RNA molecules at atomic detail.

4.2: Results and Discussion

Design and Biochemical Characterization

Taking previous scaffolding attempts regarding proteins as a starting point, initial RNA-imaging
scaffolds were generated between a tetrahedral nanocage?®?’,T33-21, and the RNA binding
protein YbxF. The underlying cage core was chosen due to its demonstrated rigidity and
effectiveness as a scaffold backbone. YbxF, an 8.3kDa protein implicated in streptomycin
resistance, was chosen due to it having a few beneficial characteristics we sought to exploit?.
Firstly, it contains an alpha-helical secondary structure in its N-terminal domain. This is critical
as the design methodology employed relies on fusion between components by genetic

extension between their terminal helices. Secondly, YbxF binds to a particular RNA motif, the
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Kink-Turn, with a high degree of specificity and affinity, allowing for a universal motif to be
engineered into targets of interest®®. A diagram of the Kink-turn motif is shown in Figure 4.3%03",
Finally, YbxF has been demonstrated to be successful as a crystallization chaperone, enabling
the structure determination of hard to crystallize RNA targets. Multiple alignments were
performed between cage core and binding protein resulting, adjusting the alignment registry to
tune the angle or display of YbxF. We used a co-crystal structure of YbxF complexed with a
SAM | riboswitch for design creation. The large bound RNA aided us in curating designs as
obvious clashing among cargo was obvious. Since the goal of these scaffolds will ve to
eventually study small biological RNA, we figured that using the large riboswitch would provide
an upper bound for the possible target cargo using these particular designs. Additionally, a
large, bulky RNA with a known structure will greatly aid in downstream alignment and
processing efforts. Manual generation of linker sequences was performed using information
taken from literature about alpha-helical rigidity*>>, resulting in 11 designs for experimental
testing. A list of the designed sequences with linker amino acids can be found in Table 4.1. A
consensus model of the T33-21-based designs is depicted in Figure 4.4. The scaffolds consist
of a 24-subunit cage core, consisting of two trimeric proteins (hereby referred to as subunit A
and B). Subunit A, a 18kDa of alpha-helical nature was chosen as the fusion subunit due to its
terminal C-terminal helix resulting in a 27kDa RNA-binding subunit. Subunit B is a 14kDa
protein that is composed of mostly beta-sheets and serves a structural role in the scaffold.
Subunit B is the subunit that contains the his6 tag for protein purification. Tags were only placed
on one component to enrich the pulldown in assembled complexes during purification. The
entire assembly is 496kDa and approximately 160 A in diameter in its apo state. Designs were
ordered from Integrated DNA Technologies (IDT) and Twist Biosciences and cloned into

pET22b(+) plasmids for protein expression.
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Plasmids were transformed into E. coli BL21 Gold (DE3) cells for plasmid propagation and initial
biochemical characterization. Small scale cultures of 50mL LB or TB supplemented with
100ug/mL of ampicillin. Cultures were grown at 37°C until ODg,, reached 0.6 before induction.
At this stage, growth and expression conditions were also varied. Cultures were grown in
duplicate with one being induced with TmM IPTG and expressed at 37°C for 4 hours and the
other being induced with 0.5mM IPTG and expressed at 18°C overnight. Cultures were pelleted
by centrifugation and aliquoted into eppendorf tubes for expression and solubility testing. A full
list of buffers tested is shown in Table 4.2 Pellets were resuspended in 2mL of buffer and lysed
via sonication. Lysates were clarified by centrifugation before incubating the supernatant with
NiNTA resin. Proteins were eluted after a wash step and subjected to SDS-PAGE for expression

and solubility. Representative gel images are shown in Figure 4.5.

After buffer screening, the design T33-21-YbxF was chosen for further characterization, as it
showed the highest levels of expression among variants tested. In addition to the biochemical
evidence, T33-21-YbxF did not require addition of amino acids to bridge the linker distance
between cage core and RNA binding adaptor protein. Upon extensive characterization of
T33-21-YbxF and other designs, the fusion subunit A frequently suffered from low expression
and poor solubility, resulting in an imbalance in stoichiometry between subunits and thus an
overall poor yield for purified scaffold, as evidences by SEC and EM data (Figure 4.6). This
instability was a noted problem that marked previous scaffolding attempts with this cage as well.
In the previous work, the challenge was overcome by brute force purifications of large volumes
of cultures until enough scaffold could be homogeneously obtained from cryo-EM studies.
Rather than simply outwork the underlying design problem, | set out to try to improve the T33-21
cage to make it a more robust scaffold. Various stabilization efforts were attempted to rescue

the expression of fusion subunit A, some of which included PROSS?* mutational landscape
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exploration, circular permutation, and chaperone co-expression, none of which had any

measurable effect (data not shown).

An interesting contaminant was always seen during purification. An unknown 75kDa protein
always co-eluted with my scaffold, even at high imidazole concentrations. Additionally the
contaminant appeared to be roughly the same size and shape as my particle as it also came out
in the same fractions under SEC (Figure 4.7A). Negative stain analysis showed particles of
~16nm in diameter existing in clumps resembling dimers and trimers (Figure 4.7B). A literature
search revealed that the contaminant was a polymyxin resistance protein named ArnA, with a
recent cryo-EM structure available to compare against my micrographs (Figure 4.7C)***. This
protein has long been shown to be a common E. coli protein contaminant during affinity
chromatography owing to the presence of six histidine amino acids clustered together on the
surface of the protein. This causes a high affinity of NINTA columns, often eluting at imidazole
concentrations in excess of 140mM imidazole*®. Optimization of purification conditions allowed
for successful elimination of the contaminant prior to the scaffold elution step during affinity

purification (Figure 4.7D).

Around this time a new cage was published by Cannon et al. that described successful efforts to
rescue the expression and solubility of a previously failed cage®. The manuscript outlined using
Rosetta’s improved HBNet protocol to redesign the interface between cage subunits by adding
extended hydrogen bond networks to mimic interfaces seen in nature. Upon inspection of the
new cage, termed T33-51, showed the presence of N-terminal helices on both the A and B
subunit of the cage, potentially doubling the designability of the system. Another notable feature
of this new cage is the similarity between subunits. While the previous T33-21 cage was
composed of two quite distinct subunits (Subunit A PDB: 1WY1, Subunit B PDB: 3E6Q), this

new cage is composed of two trimers that are homologs of one another, sharing 38% sequence
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identity and having almost identical folds. (Subunit A PDB: 1WY1, Subunit B PDB: 1NOG).
Alignments were generated using the same method and the initial round of designs, this time
being performed on both subunits, resulting in 4 unique alignments between cage and RNA
binder. Design of linker sequences based on the same criteria as the T33-21-based designs
resulted in 17 sequences for biochemical characterization. The identity of the designs and
properties of the alignments are listed in Tables 4.3 and 4.4. A design model showing views
down the 2-fold and 3-fold axes of symmetry is shown in Figure 4.8. The second round of
designs using the new cage core showed improved solubility and stability, indicated by the
intense bands present in the SDS-PAGE gel, a tall, sharp peak under SEC, and abundance of
monodisperse particles as observed by negative stain EM (Figure 4.9). The drastic increase in
yield is especially evident from the negative stain micrographs (Fig. 4.9D), where taking an
aliquot directly from the SEC peak resulted in a grid so packed with homogeneous particles it
resembled a monolayer, with local regions of order as particles packed together. The most
promising design, AA1.01, hereby referred to as T33-51-AA1-YbxF, or simply AA1, was chosen
to move forward with for high resolution structural studies (Figure 4.9). In addition to AA1 being
the most homogeneous and abundant design, similar to the most promising T33-21 designs, it
was chosen due to the lack of additional linker amino acids to bridge the two domains.
Whenever possible, | ruled in favor of designs that had the shortest bridging alpha helices
because even with the best engineering efforts, a tremendous amount of flexibility is still
inherent and would limit the final resolution of the target cargo, as observed with previous

scaffolding attempts®*.

Electron Microscopy Characterization of RNA Scaffolds

Before moving forward with cryo-EM studies of the scaffold, a brief analysis was performed via
negative stain. Size exclusion-purified particles were stained and a small data set was collected

at the TF20 at CNSI. Micrographs were processed in the cryoSPARC®* and RELION®* software
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suites to create low resolution models that were inspected by docking a model of the scaffold’s
core into the density (Figure 4.10). The resulting map was quoted at ~18 A and was able to
accommodate the entirety of the scaffold’s core within it and distinct pores were identifiable
corresponding to the axes of symmetry of the design. No density was resolved that could be
attributed to the YbxF proteins, which wasn’t totally surprising as they are expected to have
some degree of flexibility and the resolution attainable from negative stain is inherently limiting.
To verify proper genetic fusion had occurred between the RNA-binding protein and the cage
subunit, mass spec analysis also was performed on SDS-PAGE bands from the size exclusion
purification to ensure presence of all components (Figure 4.10C). The resulting map was quoted
at ~18 A and was able to accommodate the entirety of the scaffold’s core within it, and distinct

pores were identifiable corresponding to the axes of symmetry of the design.

After verification that we have successfully purified an assembled nanocage scaffold, | moved
forward with cryo-EM analysis. The first stage of the cryo process involves optimization of a
number of parameters that influence particle distribution and ice thickness. These parameters
can be separated into two categories: sample-based conditions, and vitrobot settings. On the
sample side, parameters that were optimized include such things as: sample concentration and
purity, as well as were any additives added to aid in sample prep that may affect ice thickness.
On the vitrobot side of freezing optimization comes a whole host of parameters that play an
important role. Two of the most important factors for getting the best ice for high resolution data
collection are blot time- the amount of time the filter papers are removing the excess buffer, and
blot force- how much force is being applied to your grid by the filter paper paddles, optimization
of these two parameters along could be a majority of the freezing condition process. Some
minor factors on the vitrobot that also play important roles are the humidity and temperature of
the interior blotting compartment. In addition to all the considerations above, optimizing the

amount of sample applied to your grid as well as the manner in which your position the grid on
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the tweezers can have noticeable effects on your ice conditions. When screening for ice
conditions, you’re looking for the right thickness of ice that allows your particles to be evenly
distributed throughout, oriented in all directions, which allows for every angle to be captured and
included in your 3D reconstruction. If the ice becomes too thin, then your particles might be
excluded from the holes, or clustered along the edges. Thin ice may also exacerbate any
preferred orientation bias your sample may have, as ice becomes too thin to accommodate
certain orientations. Even more dramatic still, your ice may become so thin that portions of our
protein may congregate at the air-water interface causing aggregation, unfolding and degrading
the quality of your data. An example of the types of ice seen during optimization may be seen in
the low magnification images in Figure 4.11. After identifying freezing conditions that would
result in the best ice conditions and particle distribution, a small cryo dataset was collected at
CNSIl on the FEI TF20 in preparation for a high resolution imaging session on the Krios. A total
of 75 cryo micrographs were collected at ~75,000x magnification and a defocus range of 1.0um
- -2.0um, converted to .MRC format where they were first imported and CTF-corrected using
RELION?? and then transferred to cryoSPARC? for further processing and analysis. The result

was a low-resolution map in which a model of the cage core could be docked (Figure 4.12).

Satisfied with the preliminary results we were seeing, we moved forward with high resolution
data collection. Over the course of 2 days, almost 3500 movies were collected at the Titan Krios
at CNSI at a magnification of 81,000x corresponding to a pixel size of 1.1 A/pix on a Gatan K3
camera with a defocus range of -1.0um to -2.2um. Using the software Leginon*°, data collection
could continue for the full 48 hours being monitored and altered remotely. An image of the
remote data collection session, showing our particles and what holes in the grid the images
derived from is shown in Figure 4.13. After the session was complete, the data was transferred

to our file server for processing.

78



Cryo-EM Data Processing

After micrographs were successfully transferred to our local storage system, | began the task of
trying to some the structure of my apo scaffold. Early on it became evident that the processing
of this dataset may not be completely straightforward. The movies collected required minimal
drift correction and passed CTF estimation and automated picking jobs without issue, with
cryoSPARC estimating the CTF fit all the way out to 2.9 A . The first complication | encountered
stemmed from the drastic preferred orientation problem we were seeing in the micrographs. My
scaffold, possibly due to the ice thickness, tended to like sitting on the grid such that you were
looking at the particles down their two-fold axes of symmetry. Initial classification yielded only
2D classes containing these distinct, box-like views. Using these particles in both ab initio and
template-based 3D reconstructions yielded low-resolution, featureless volumes akin to the
results you would see in the era of “blobology” (Figure 4.14). The number of particles extracted
from my session numbered over three million, so | was confident that even with my extreme
preferred orientation problem, there should be at least a small subset of views of my particles in
the various orientations somewhere in the dataset that | could uncover and use for further
processing. Being more rigorous, | was able to pull out multiple views of my scaffold through
iterative rounds of 2D classification and manual curation. Initially, | began asking cryoSPARC for
a large number of classes, totalling over 250, so that every unique view could have its own
classes, and then decreasing the number of classes as the classification jobs continued. During
the first round of processing, | was only asking for the standard number of classes, usually
between 50-100 that work fine for most projects, which was causing the under-represented
views to be shoved into incorrect classes and lost (Figure 4.15). By asking for more classes at
the beginning, | was able to weed out the bad particles and classes while still maintaining the

necessary views for accurate 3D reconstructions.
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After overcoming the first processing hurdle, | was able to continue until | generated a 3D
volume of my scaffold which is where my second set of complications arose. Analysis of the
resulting volume showed some red flags in our designs. After rounds of homogeneous and
heterogeneous refinements | got a density map that looks roughly like my desired particle but
was lacking any high resolution features (Figure 4.16). Secondary structural elements are
present and alpha helices are identifiable but the overall structure looks “blown-out.” My
hypothesis is that our issues are inherent to the design and the choices | made at the very
beginning. When making these new T33-51-based designs, the fact that both subunits shared
the same fold was taken as a benefit - it doubled the designable space because both subunits
now had helical termini for fusion (Figure 4.17A). Now this similarity was stalling processing
efforts because during the alignment and classification stages of the processing, the algorithms
in both RELION and cryoSPARC were failing to distinguish between subunit A and B and mixing
their orientations together (Figure 4.17B). We would hope that the fusion of YbxF onto subunit A
would have caused enough of an asymmetry to be able to break this ambiguity but that was not
the case. Unfortunately, it looks like the ~8kDa RNA-binding protein we had chosen for this pilot
study was not large enough to distinguish between the fusion and non-fusion subunit.
Additionally, we like to think of our alpha-helical extensions as a rigid fusion that holds the
desired fusion partner in a fixed, predictable orientation, but we know from many studies now,
that these helices have a tremendous amount of flexibility, with motions that are often described
as “swaying” or “breathing”+2% 4143 |t is very likely that compounding on top of our extremely
small RNA-binding protein is also a considerate amount of motion going on. This movement of
YbxF in relation to the cage is washing away any signal that might have been present and

making high resolution structure determination impossible.

In a desperate search for information to help overcome my problem, | found a recently

published paper that was a collaboration between Hong Zhou and Bill Gelbart at UCLA where
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they were able to use a particle subtraction strategy to solve a low resolution structure of the
RNA genome of a brome mosaic virus*. The researchers in that study subtracted the virus
capsid signal from the raw cryo-EM micrographs and then used those subtracted micrographs
for processing in which the software was able to latch onto the RNA signal and allowed the
researchers to solve a blob-like structure, which unfortunately was determined to be disordered
and lacked distinguishable features. We postulated that this technique might be applicable to
our data in that if we could subtract the signal corresponding to the cage from the raw
micrographs, the algorithms might be able to latch onto the remaining density, that should
correspond to YbxF, and we would be able to perform and RNA-binding protein-focused
asymmetric reconstruction and further processing on those features may be help us break our
symmetry problem. With these ideas in mind we tried particle subtraction routines in RELION
using a wide variety of masks, from the entire cage core and entire monomers and trimeric
units, all the way down to various helices, in attempts to try to break the symmetry but our
attempts yielded no useful results. In the cases where we masked out the cage, there was not
enough signal remaining in the micrographs to result in meaningful averages that could be
used. In the situation where we removed smaller regions of the scaffold, such as a monomer of
subunit A and an entire adjacent trimer of subunit B, the resulting reconstructions turned out to
be volumes that looked somewhat like our particle, probably due to the enforcement of T
symmetry we were imposing, but with a lot more noise and worse resolution than when | was

processing the unaltered micrographs (Figure 4.18).

A literature review of nucleic acid-binding proteins and their properties uncovered some
interesting facts that helped shed some light on why our efforts in processing the
T33-51-AA1-YbxF Krio data was becoming so problematic. It's known that many proteins that
bind to nucleic acids as their functions exist in a disordered state and do not land on a distinct

structure until interaction with their cognate ligands*. Many of these disordered proteins are
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transcription factors that need to mediate the interaction between potentially many DNA
sequences and their downstream responses. Outside of a handful of articles, including the
co-crystal structure of YbxF with a segment of riboswitch RNA, there is not much known about
our chosen RNA-binding protein. Analysis of the crystal structure doesn't provide any additional
information to me as YbxF is expected to be in its stable folded state when crystallized with its
target RNA. There just so happened to be a paper from 2014 on an archaeal homolog of YbxF,
the ribosomal protein L7Ae that provided a possible explanation for the phenomena we were
experiencing. In the study, researchers solved the structure of the ~13kDa L7Ae protein by
solution-state NMR in both the Apo and bound states*’. The bound state contained a 25nt long
stretch of K-turn RNA. They found that a stretch of the protein is disordered but becomes an
ordered alpha helix that makes contact with the RNA molecule after binding. My hypothesis
about YbxF is that it also shares a similar degree of disorder to that of its homologue. Either all
or a significant portion of YbxF is probably disordered and doesn’t adopt the structure seen in
the PDB until after it binds its appropriate RNA. So between the disorder inherent in YbxF itself,
plus the flexibility introduced into our design by the choice of genetic helical fusion caused the
only difference between subunit A and B, a small 8kDa protein, to have such a degree of motion

that the symmetry between components of the cage could not be broken.

In Vitro Transcription of RNA Car:

Despite our challenges with solving the apo structure, we thought it would still be worth pursuing
cargo binding efforts in parallel to our processing efforts. The driving force behind this idea was
the fact that RNA molecules contain a highly electron-dense phosphate backbone that interacts
strongly with the electron beam, producing a large signal. Additionally, based on my findings
from homologous RNA-binding proteins, the interaction of YbxF with its target RNA should
cause the protein to leave its disordered state and land on a stable, folded state that we can

solve. We postulated that this rigidification and the added signal from the RNA molecules may
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provide the orientational information that our cage was lacking from YbxF alone, allowing us to

solve the structure of not only the cage, but also the RNA cargo at the same time.

For the T33-51-AA1-YbxF design, the target RNA cargo was chosen to be an
S-Adenosylmethionine riboswitch mRNA regulatory element (PDB: 2GIS). This particular piece
of RNA was chosen for several reasons. Firstly, it has a known crystal structure, which will aid in
downstream model building endeavors. Secondly, its structure is that of a riboswitch - a large,
~30kDa, 94 nucleotide, knotted piece of RNA whose features we believed would give us a
visual marker when refining and interpreting the resulting density maps. Lastly, the most
important reason why this RNA was chosen is that the structure of the molecule is a co-crystal
structure of the RNA complexed with YbxF. A quick literature search has indicated this
interaction is quite strong, being somewhere on the order of ~400nM*® This proven association
will alleviate any complications stemming from first demonstrating an interaction between
components that will be making up our scaffold. Figure 4.19 depicts the structure of the 2GIS
riboswitch co-crystallized with the YbxF RNA-binding protein, as well as a model of how the

RNA would be displayed on the surface of our imaging scaffold.

The first method | used to generate the RNA molecules for future binding studies was to take
advantage of the self-cleaving ability of the HDV ribozyme. This ribozyme has been long used in
the RNA biology field due to its reliability and demonstrated improvement on the target
transcripts 3’-end homogeneity. A diagram of the process is shown in Figure 4.20 but briefly, a
target construct is designed in the layout of T7 promoter - Target RNA sequence - HDV
ribozyme and production of RNA is done in vitro by run-off transcription. When a polymerase is
added to the reaction mixture, the polymerase begins transcribing a nascent RNA chain until it
reaches the end of the transcript where it then falls off the template and is able to repeat the

process. When this new RNA chain is released from the polymerase, it begins to fold. The HDV
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ribozyme, in its folded state is able to cleave the transcript directly on the 5’ end of the HDV
ribozyme, resulting in 2 fragments of RNA - your desired product, and the HDV ribozyme. These
RNA’s can then be purified from each other leaving just your RNA construct for binding studies.
With the help of Yan Li from the Guo lab, | began optimizing transcription conditions by varying
parameters such the magnesium ion, polymerase and NTP concentrations to try to obtain the
highest yield and most homogeneous RNA sample. A list of the transcription reaction conditions
tested is shown in Table 4.5. For these initial tests, reactions were carried out in volumes of
50uL and incubated at 37 °C for 4 hours. Samples were collected and quenched after 2 hours
for analysis on denaturing acrylamide gels. The next stage after transcription is the separation

of products by tube gel purification.

Unfortunately, during my experiments | noticed that this HDV-assisted tube gel method of RNA
production was causing a lot of contamination and inconsistency in my purification results. My
collaborator, Feng Guo, suggested switching to an alternative method for RNA cargo production
that they favored in their lab. Instead of using a HDV ribozyme, this second method utilizes a
biotinylated forward 5’ and 3’ 2-O-methoxy reverse primers. The biotinylated forward primer is
used for later removal of the DNA template, whereas the methylation of the 3’ reverse primer
has been shown to increase product stability by increasing nuclease resistance*,as well as
increase product homogeneity by improving run-off efficiency. After proper optimization of
transcription conditions using this new method, in vitro transcription reactions were scaled up to
10mL volume to increase RNA yields. A comprehensive outline of the purification procedure can
be found in the materials and methods section. After transcription, the target 2GIS was purified
by ion exchange chromatography over a linear gradient. Resulting fractions were analyzed by
denaturing PAGE and fractions containing the 2GIS riboswitch were pooled, buffer exchanged,
and concentrated. Figure 4.21 shows a workflow of the general purification process with

representative HiTrap purification run images as well as the corresponding denaturing PAGE
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gel. Following proper purification of my target 2GIS RNA, refolding conditions were optimized
with the folded state being tracked by native PAGE. The proper fold of our riboswitch is essential
for proper function, but more importantly for our binding studies, the three-dimensional K-turn
motif needs to be folded and accessible by YbxF in order for binding to occur. To ensure the
proper structure of 2GIS, a variety of refolding procedures from snap cooling to slow cooling of
the RNA after melting, were tested. Table 4.6 outlines the various refolding parameters tested.
The decision to include the purification buffers was made to ensure that both our scaffold and
RNA would be happy during subsequent binding and chromatography experiments. Of the
refolding methods tested, there was no noticeable difference as assessed by native PAGE
(Figure 4.22), so a default starting point in the binding studies the refolding procedure used was
the same one used in the crystal structure paper and involve heating the dilute RNA sample at
85°C for 2 minutes before slow cooling on the benchtop for 8 minutes to begin the folding
process. After the initial refolding had begun, the sample was supplemented with a final
concentration of 17.9mM MgCl, and allowed to continue folding for 15 minutes at 37°C. Addition
of SAM was forgone as the stock | had access to was fairly impure when analyzed by gas
chromatography and discussions from the 2GIS’s crystal paper states that addition of ligand

showed no noticeable change in the RNA’s structure.

Binding A f RNA Imagin ffold and RNA Car

After properly producing my target 2GIS RNA riboswitch and refolding it to its final
three-dimensional structure, it was time to proceed with binding experiments. Before continuing,
| first wanted to see where the 2GIS RNA alone eluted on our Superose 6 Increase SEC
column. | observed that even after refolding, the 2GIS riboswitch appeared to exist in two
distinct populations, as evidenced by discrete peak at around 17mL in elution volume, and an
adjacent shoulder peak when looking at the SEC chromatogram trace (Figure 4.23A). This peak

doublet was a cause for concern, especially when both peaks looked identical under native
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PAGE (Figure 4.23B). My only explanation for this phenomenon is that the shoulder coming out
earlier is most likely a folding intermediate that hadn’t come to completion or got stuck in a local
minima during my refolding. If the RNA is partially unfolded, one would expect it to be in a less
compact structure that in its full folded state and since size exclusion chromatography actually
separates based on radial diameter and not purely mass, then the elongated species would
come out earlier in the elution profile, which is exactly what | observe. An explanation as to why
the gel bands look so similar could be that the second peak is much more intense than the
shoulder and the thicker band could be hiding subtle differences that might be observed if the
sample was diluted before running on the gel. Binding studies were conducted using the
discrete, more intense peak as | would expect the fully folded RNA to exist in a single smaller
species for the reasons described above. As a control, the apo T33-51-AA1-YbxF scaffold were
also run on the same column (Figure 4.23C) and a clean peak was observed around the
expected elution volume of ~14mL and verified to contain both scaffold components by

SDS-PAGE (Figure 4.23D).

In my initial binding tests, | opted for RNA ratios that were two to three times higher than that of
the scaffold to ensure full occupancy. Because each one of our scaffolds contains 12 binding
sites for the target RNA, when calculating the concentrations for mixing that adjusted
stoichiometry must be taken into account. For my calculations, | treated one chain from the
subunit A-YbxF fusion trimer and one chain from the subunit B trimer as a single unit. That way,
| can do my mixing experiments on a per binding site basis instead of the full cages molarity.
Unfortunately, doing so led to a signal from the RNA that completely drowned out any signal that
was coming from the scaffold (Figure 4.24A). This is because, although the maximum
absorbance for nucleic acids exists at a wavelength of 260nm, they exhibit a substantial amount
of absorbance at 280nm as well. The A280 signal from the RNA was still so strong as to

obfuscate any information about the scaffold or complex. To remedy this, | attempted to lower
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the RNA concentration, first starting at a stoichiometry of 1:1 RNA:AA1, but even lowering it to
as low as 0.25:1. At higher stoichiometries, the drowning effect from the RNA was still
significant, but even at lower RNA concentrations, no interaction was observed as would be
indicated by a clear shifting in the scaffold peak and reduction in the free-RNA peak (Figure
4.24B-D). Slight bumps in the SEC trace were observed for higher molecular weight species,
elution around 12mL, but only showed to be aggregates of the T33-51-AA1-YbxF scaffold when
analyzed by SDS-PAGE and negative stain EM and no RNA signal was observed when stained

with RNA-specific dyes (Figure 4.24E,F).

In an attempt to try to remove any excess unbound RNA, after incubation, | began spinning the
cage-cargo mixture briefly in a 100kDa Amicon concentrator at low speeds. Use of such a large
molecular weight cutoff was chosen to retain the large, almost 1MDa complex if fully occupied,
and allowed the small 30kDa RNA and 20-25kDa cage components to flow through.
Unfortunately, even after this modification to my protocol, | was still observing large peaks
corresponding to free RNA on my size exclusion chromatograms (Figure 4.25A). After the spin
step, it was noticed that the small aggregation peak was more pronounced than in previous
experiments, perhaps because of the removal of some free RNA (Figure 4.25A,B). When these
fractions were analyzed under native PAGE, no evidence of RNA signal was seen (Figure

4.25C,D).

A great deal of time and effort was exhausted in trying various methods and parameters for my
binding experiments. From changing the refolding conditions, to the addition of magnesium into
my SEC buffers to prevent dissociation of cargo from scaffold during SEC, all manner of
suggestions was tried to no avail. At times | convinced myself that | saw slight evidence of
binding but upon discussions with my collaborators in the Guo lab, discovered | was misled; the

A260 absorbance from RNA molecules is so intense that even a small degree of association
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would result in a noticeable shift in the absorbance peak - but in all my experiments, | still only
saw peaks for free RNA. In addition to my gel filtration-based binding readouts, | also
experimented with isothermal titration calorimetry (ITC) and bilayer interferometry, which yielded
either negative or inconclusive results. Additionally, rough negative stain and cryo-EM analysis
was preformed on fractions from various mixing experiments, none of which was able to resolve
either the fused YbxF, or the bound 2GIS RNA. After much heartache, | was forced to come to
the conclusion that this combination of T33-51-AA1-YbxF scaffold and 2GIS RNA were not able

to associate.

Concluding Remarks

Although ultimately this project did not reach the intended results, a lot of work has gone into the
design, execution and analysis of the experiments presented here in this chapter. This section is

meant to try to address some of the lessons we have learned during our endeavor.

Firstly, my choice in using the T33-51 cage as the scaffold core ended up complicating the
project more than it helped. Originally, the switch in cores was necessary as the expression and
solubility levels of subunit B in the T33-21 cage core made further use in my designs
impossible. While this cage is much more robust, and in fact has been adopted by many lab
members in their projects and has become a real workhorse in some of our protein design
efforts?® %52, \WWhen comparing our processing results to that from Liu et al's T33-21-based
scaffold, the utilization of two distinctly-structured components allowed for unambiguous
identification of proper orientations. Additionally, DARPins are roughly twice the mass of YbxF
and thus provided added signal to help with symmetry breaking. Castells-Graells et al utilized
the same cage core as |, but the larger DARPIn’s plus stabilizing mutations introduced allowed

them to distinguish between subunits A and B. If | were to restart this project again, | would
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either try the original T33-21 cage core again and brute force the yield problem by growing vast
amounts of bacteria for protein production, or start with a different cage core completely. At the
time of project initiation, there were a limited number of designed tetrahedral cages to choose
from, but since then the library has expanded. Additionally, work in the Yeates lab has resulted
in new protein design algorithms intended to generate natural interfaces has shown tremendous
promise®. Future design efforts to generate imaging scaffolds can take advantage of these new
cages to expand the geometric library of potential designs. Careful design considerations must
be taken into account when expanding designs into larger symmetries, as more components
can cause confounding effects when it comes to biochemical characterization, and potential

steric clashes must be investigated thoroughly.

Next, our choice in RNA-binding protein additionally contributed to the complications faced in
this project. We were first suggested this protein by our collaborators because it has been
shown to bind the K-turn motifs?®, and has potential to be used as crystallization chaperones in
the same manner other RNA binding proteins have been®. As shown in this chapter, as well as
work done on this protein in the Guo lab has failed to show adequate binding. On top of this, the
fact that it was such a small protein (~8kDa) complicated our efforts in breaking the symmetry of
the cage. Literature from homologous proteins have shown that several alpha helices are
disordered until binding of its cognate RNA. It is possible that the fusion between YbxF and our
scaffold core has inhibited YbxF’s ability to either bind RNA or restricts its motion such that
rearrangement of key structural components becomes impossible. If future efforts are to
continue, a wider search of potential RNA-binding proteins will be required to increase our odds

of success.

In terms of processing efforts, we exhausted all our knowledge and resources when trying to

break the symmetry of the Krios dataset. Since these initial efforts, there has been substantial
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improvement in the cryo-EM processing programs; cryoSPARC alone has gone through two
entire version updates since we initially began processing this data. A lot of the improvements
are focused around heterogeneity and flexibility in our particle data. It is very possible that if we
spent the time to reprocess this data with the new resources we might be able to break the
asymmetry in our cage design. However, due to the nature of helical fusions, the attachment
between scaffold core and YbxF might be too flexible to enable structure determination, as the

motion of YbxF causes any signal to be averaged away.

Finally, while advances in cryo-EM have provided great strides in breaking resolution
boundaries once thought inaccessible, the need to imaging scaffolds is not going away.
Although in recent years, microscopists have taken on the challenge of solving RNA via
cryo-EM, the current results are mixed and only achieving moderate resolutions with large
RNA3%%6, While these will improve with further advancements, there will be many biologically
relevant RNA that will never be able to be imaged directly because they are far below the

resolution limit and in those cases, | believe imaging scaffolds will shine®’.

4.3: Materials and Methods

Design and Sequence Generation of RNA Imaging Scaffolds

For both T33-21 and T33-51-based designs, alignments were performed using in-house
alignment scripts in python. A 10-residue window in the C-terminal helix of the cage core was
aligned to a 10-residue window on the N-terminal side of an idealized alpha-helix composed of
25 alanine residues. A 10-residue window of the N-terminus of YbxF was aligned to the
C-terminal 10 residues of the idealized helix. By sliding the window of the YbxF alignment, fine
tunes the orientation of the display for the RNA-binding protein. Alignments were performed at
every register along the idealized helix and outputs were manually analyzed to avoid clashing

between cage and adapter, but also between symmetry-related copies of each subunit. Manual
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addition of some bridging linker sequences was done according to published literature about the
rigidity and stability of helices®?33. A hexahistidine (His6) tag was added only to subunit B. This
is intended to pulldown only full-assembled complexes. Genes for both subunits were combined
into one multicistronic construct with both subunits separated by an intergenic region derived
from the pETDUET-1 vector as described previously®®. Flanking sequences containing Hindlll
and Ndel restriction sites were added to each side of the construct to aid in cloning.
Codon-optimized genes were synthesized and delivered by Integrated DNA Technologies or
Twist Biosciences and cloned into pET22b(+) vectors via Gibson assembly®®. Linker mutations
genes were either ordered directly from or point mutations were generated by quick change and

blunt-end ligation PCR reactions.

Expression and Characterization of Ordered Designs

Expression plasmids were transformed into BL21 Gold(DE3) E. coli strains for both plasmid
propagation and protein production. Initial designs were tested for expression and solubility in a
small scale buffer screen. Cells were grown in either LB or TB media supplemented with
100ug/mL of ampicillin at 37 °C in a shaker for 4 hours before being induced with 1mM
isopropyl-thio-p-D-galactopyranoside (IPTG) and allowed to express for 4 hours, or induced with
0.5mM IPTG and incubated overnight at 18°C. Cells were pelleted in eppendorf tubes and
resuspended in the lysis buffers listed in Table 4.2. Resuspended cells were lysed by sonication
and clarified by centrifugation at 15kxg for 10 minutes. Clarified lysate was decanted and
incubated with 50uL NiNTA beads. Pulldown purification was performed by one round of
pelleting by centrifugation and washing with lysis buffer followed by elution with 100uL elution
buffer listed in Table 4.2. Expression and solubility was assessed by SDS-PAGE and negative

stain electron microscopy.
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Successful designs were scaled up in 1 liter flasks of LB or TB medium supplemented with 100
mgug/mL of ampicillin at 37 °C until an ODgy, of 0.5-0.6 for LB or 0.8-0.9 for TB was reached.
Protein production was induced by addition of 0.5mM IPTG and allowed to proceed overnight
(~16 hours) at 18 °C before cells were harvested by centrifugation. Cell pellets were
resuspended in an affinity buffer containing 50mM Tris 8.0, 250mM NaCl, and 20mM imidazole
at a ratio of 3-4mL buffer per gram of cell pellet. Buffers were either supplemented with 1%
glycerol, TmM DTT or both during purification of various constructs. The resuspended cell pellet
was lysed by 2-3 passages through an Elmusiflex until cell disruption was complete. Proteins
were purified either by gravity column chromatography using NiNTA-conjugated resin or using a
5mL GE HiTrap and eluted with a linear gradient. Optimization of gravity elution discussed in
Figure 4.7 consisted of performing stepwise elutions of imidazole concentrations of 20mM,
62.66mM, 84mM, and 148mM, before elution of 500mM. Contamination of the purification with
ArnA was not as prevalent with the HiTrap due to the linear gradient allowing for better

separation of scaffold and contaminant.

M trometry Analysis of SDS-PAGE ban

Purified protein was run on an any Kd SDS-PAGE gel (BioRad) and stained with coomassie
brilliant blue for visualization of protein bands. Target bands were excised with a clean razor
blade and placed into a sterile eppendorf tube under flame to minimize contamination. Excised
bands were delivered to Janine Fu in the lab of Joseph Loo at UCLA where they were
de-stained and recovered from the gel and subjected to digestion by the protease trypsin.
Bottom-up LC-MS was performed on the trypsin-digested protein samples. The resulting spectra
was collected and analyzed by Janine before providing me the data. These data included
information such as sequence identity, number of peptides detected in the spectra, and the

overlap of the identified peptides to target sequence
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Negative Stain Electron Microscopy

5uL of 0.05mg/mL purified cages were deposited on a formvar supported carbon film on
300-mesh copper grid that has been negatively glow discharged for 30secs. The excessive
sample was blotted away with filter paper after 1 minute, washed twice with nanopure water and
stained with 2% uranyl acetate for 30 sec. Grids were allowed to air dry before being imaged at
room temperature with FEI Tecnai T12, FEI Tecnai TF20 and Talos F200C electron

microscopes.

N iv in Data Pr in

Micrographs were converted from tif to .mrc format and imported into cryoSPARC®° for
processing. CTF estimation was performed using patch CTF. A small subset of ~150 particles
was manually picked and averaged to create an initial model used for automated particle
picking. Successive rounds of 2D averaging on extracted particles reduced the particle count
from 104,000 to 24,000. Ab initio models were created on the final 2D classes in both C1 and T
symmetry followed by homogeneous refinement in both C1 and T. Final refinement maps were

analyzed in UCSF Chimera®'.

Cryo-Electron Microscopy

3uL of 1.0mg/mL purified cages were deposited on Quantifoil 1.2/1.3 300mesh copper grids
(Ted Pella Inc) that had been negatively glow discharged for 30secs. Freezing was performed
by blotting for 3 seconds at -15N force using a Vitrobot Mark IV (ThermoFischer Scientific) at
4°C and 100% humidity. Grids were transferred into dewars before ice screening using FEI
TF20 and high resolution data collection with a Titan Krios at 300KeV equipped with a Gatan K3

camera.
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Cryo-EM Data Processing

For the small TF20 dataset, the processing is as follows: A total of 75 micrographs were first
collected at varying defocus values and then batch converted into .MRC format using in-house
scripts. The micrographs were first imported into RELION3.0.8 for CTF estimation. The resulting
output files were fed into cryoSPARC where particles were picked and extracted using a
template derived from ~200 manually picked particles. lterative rounds of 2D classification
resulted in ~15,000 particles encompassing multiple orientations. These particles were used to
create an ab initio 3D volume, created using C1 symmetry and later refined using homogeneous
refinement with T symmetry enforced. The resulting map was viewed in UCSF Chimera® where

a model of the T33-51 cage core was docked and analyzed.

For Krios dataset, the processing is as follows: A total of 3501 movies were collected at a range
of defocus values over 2 days on the Titan Krios in CNSI at dose rate of 50.122
electrons/movie. Both all processing steps, a combination of RELION3.0.8 and cryoSPARC v3.0
was implemented as the procedure deemed fit. Movies were motion corrected using USCF’s
MotionCor2% and showed little drift over the course of each exposure. Patch CTF estimation
algorithms were used to successfully calculate a CTF estimation of between 2.9A and 3.5A for
the dataset. Initial particle picking was carried out by manually picking ~350 particles, and using
the resulting model for template-guided autopicking protocols. Final particle picking to achieve
more uniform particle views was accomplished by using the previously published DARP14
anti-GFP scaffold (PDB: 6C9K) as a template as it lacked the problematic symmetry our cage
has. A box size of 168 A was used for final particle extraction. Initial 2D classification jobs of 50
classes showed an extreme orientation bias of our particle along the two-fold axis of symmetry.
Iterative 2D classification jobs starting asking for 250+ classes were performed and the number
of classes was gradually reduced until classes representing a diverse set of particle views were

obtained. Subsequent ab initio 3D reconstruction and 3D refinement (both heterogeneous and
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homogeneous) jobs were run with both T symmetry enforced and not enforced but resulting
maps were unable to achieve high resolution. Various masks were created in attempts to give
the processing programs a template in which breaking the particle's symmetry might be
possible. The masks used included but are not limited to fusion subunit A, the entire A trimeric
unit, combinations of subunit B chains and subunit A chains, removal of entire secondary
structural elements from the cage core, and the entire YbxF binding protein; mask optimization
was also carried out on a wide range of map resolutions generated in UCSF Chimera. All
particle subtraction jobs were performed in RELION3.0.8 following the steps outlined in the
materials and methods of Beren et al. and the results were analyzed in UCSF Chimera. For
subtraction, the general command: relion project --i [density to remove.mrc] --subtract_exp
--angpix [pixel value] --ctf --ang [particle star file.star] --o [subtracted particle micrographs.mrc]

was used.

In-Vitro RNA Synthesis

Genes encoding the SAM-I riboswitch (PDB: 2GIS) were designed on Benchling by attaching a
T7 RNA polymerase polymerase sequence to the start of 2GIS’s coding region and appended
with an HDV ribozyme sequence on its 3’ end. Flanking overlap regions containing Hindlll and
Ndel restriction sites were added to each side of the construct to aid in cloning. Genes were
ordered by Twist Biosciences and cloned into pET22b by Gibson assembly. Plasmids were
linearized on their 3’ end by incubation with Ndel for 4 hours at 37°C to enable run-off
transcription. For later transcription methods, biotinylated forward

(5'-/5Biosg/ TAATACGACTCACTATAGGCTTATCAAGAGA-3")and 2’-methoxy reverse
(5"-mTmGGCTCATCTTTCAACGTTTCCGC-3') primers complementary to the T7 promoter and
2GIS coding sequence were ordered from IDT and used to PCR amplify the DNA template.
Following PCR, DNA templates were purified by anion exchange chromatography (AEX) on a

5mL HiTrap Q column (Sigma-Aldrich) at a flow rate of 5mL/min and a gradient with elution
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occurring from 20% and 100% Buffer B. HiTrap Buffer A is composed of 10mM Tris pH 7.5,
10mM NaCl; HiTrap Buffer B is composed of 10mM Tris pH 7.5, 2M NaCl. Fractions were
analyzed on an agarose gel supplemented with syber SAFE DNA gel (ThermoFischer

Scientific), pooled, concentrated, and stored for in vitro transcription reactions.

In vitro RNA transcription was performed in 10mL reaction volumes containing 1mL of 10X
transcription buffer (400mM Tris 7.5, 250mM MgCl,, 40mM DTT, 20mM spermidine), 1.5mL
20mM NTP mixture, 700uL T7 RNA Polymerase (6.4mg/mL), 0.5mL 1M MgCl,, and 200pmol
DNA template and nanopure sterile water. Reactions were allowed to proceed for 4 hours
shaking at 110 rpm in a 37°C shaker. After 4 hours, further purification was performed or the
reaction was quenched and saved for future use by storing samples in -20°C freezer. Removal
of DNA template was accomplished by addition of 6L of streptavidin-conjugated agarose
beads (ThermoFischer) and allowed to incubate at room temperature for 15 minutes on a plate
rotator. Beads were pelleted by centrifugation and the supernatant containing purified RNA was
decanted and saved for further purification. Volume was either concentrated down to 5mL for

HiTrap purification or multiple rounds of 5mL purifications were performed.

RNA transcription product was injected into a 5SmL HiTrap Q (Sigma-Aldrich) for anion exchange
purification and eluted using the same gradient protocol as used for purifying the prior DNA
template. Fractions matching A260 peaks were assessed for yield and purity by denaturing
PAGE and fractions containing 2GIS were pooled, buffer exchanged into 10mM HEPES 7.0 and
concentrated with a 10kDa Amicon tube (MilliporeSigma), aliquoted into smaller fractions and

stored at 4°C for immediate use or -20°C for long-term storage.
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RNA-Scaffold Binding Studies

RNA was first refolded by various methods outlined in Table 4.6. For all binding experiments
after initial refolding tests, one method was utilized. RNA was diluted to 1uM in a refolding buffer
(26mM HEPES pH 7.5, 53mM KCI) and melted for 2 minutes at 85°C. The solution was then
removed from the heating block and allowed to slow cool for 8 minutes at room temperature
before being supplemented with 5mM MgCl,, concentrated and stored at -20°C until ready for
binding experiments. To first begin binding experiments, an accurate mixing stoichiometry must
first be calculated. Because there are 12 copies of the RNA-binding protein per scaffold,
concentrations and component mixing was done on a per-binding-site basis by combining one
chain from subunit A with one chain of subunit B and using their molecular weight and extinction
coefficients to assess concentrations. Initial binding experiments were conducted using 2:1
molar excess of RNA cargo to cage, but were reduced all the way down to 0.25:1 in subsequent
experiments. Both AA1 scaffold and 2GIS RNA were diluted to corresponding concentrations,
mixed at equal volumes and left on ice for 30 minutes. After incubation, excess RNA was
removed by centrifugation at 14,000xg for 5 minutes using a 100kDa cutoff Amicon concentrator
tube (Millipore). The resulting mixture was injected onto a Superose 6 Increase (Cytiva) and
eluted with SEC buffer (50mM Tris pH 8.0, 150mM NaCl) either with or without addition of 5mM
MgCl,. Subsequent fractions were analyzed by native PAGE and stained with either a
protein-specific dye (coomassie brilliant blue) or various RNA specific dyes (xylene

cyanol-bromophenol blue, toluidine blue®).
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Figure 4.1: Example of microRNA molecule. a) A schematic of a typical pri-microRNA
molecule’s 2D diagram with Drosha cleavage sites labeled. b) Cartoon representation of the
same pri-microRNA, post-Drosha cleavage, loaded into the Dicer complex; Dicer cleavage sites
labeled. Figure adapted from Ha et al°.
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Figure 4.2: RNA Proton Chemical Shifts. This is a typical distribution of chemical shifts resulting
from RNA molecules in an NMR experiment'. A particular region of interest that causes
complications during peak assignment is seen around 4ppm in the spectrum, where there is
significant overlap among the protons from the ribose sugars in the H2’ and H5’ region. This
overlap becomes more pronounced as the size of the RNA molecule studied increases, further
complicating the analysis and limiting the uses of NMR for particular samples. Figure adapted

from Barnwal et al'?.
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Figure 4.3: Structural and Sequence layout of a K-turn motif. A) Secondary structure motifs
shown for typical K-turn sequences. Each motif contains a canonical (C) helix where traditional
Watson-Crick pairing occurs, and a non-canonical (NC) helix where non-Watson-Crick pairing
occurs. The NC helix is typically anchored by two sets of GA base pairs. Between the C and NC
helices is a 3-nucleotide stretch of bulging bases that causes a 60-degree kink in the backbone,
giving the motif its name. B) A 3D diagram of an example K-turn with key features highlighted.
The drastic curvature, “kink”, in the backbone is shown in blue. Non-canonical GA-pairs shown
in red, with the characteristic bulging nucleotide shown in yellow. The 3-nucleotide stretch
shown in A) can be visualized as A29, A30, and AU31 shown in orange and yellow in B). Figure
is adapted from Schroeder et al 2012 and Tiedge 2006°°3".
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Table of Construct Sequences

Construct Name

Amino Acid Sequence

T33-21-YbxF

MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIY
KIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKL
TVTREFGIGAEAAAYLLALSDLLFLLARVIEIEKEAQKSYDKVSQAKSIIIGTKQTVKALKRGSV
KEVVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL*

T33-21-Q166A-YbxF

MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIY
KIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKV
LTVTREFGIGAEAAAYLLALSDLLFLLARVIEIEKEAAKSYDKVSQAKSIIIGTKQTVKALKRGSV
KEVVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL*

T33-21-YbxF-mut1

MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIY
KIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKV
LTVTREFGIGAEAAAYLLALSDLLFLLARVIEIEREGERVYDKVSQAKSIIIGTKQTVKALKRGSV
KEVVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL*

T33-21-YbxF-mut2

MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIY
KIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKV
LTVTREFGIGAEAAAYLLALSDLLFLLARVIEISREGERVLDKVSQAKSIIIGTKQTVKALKRGSV
KEVVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL*

T33-21-EAER-YbxF

MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIY
KIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKV
LTVTREFGIGAEAAAYLLALSDLLFLLARVIEIEKEAERSYDKVSQAKSIIIGTKQTVKALKRGSV
KEVVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL*

T33-21-EAKR-YbxF

MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIY
KIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKV
LTVTREFGIGAEAAAYLLALSDLLFLLARVIEIEKEAKRSYDKVSQAKSIIGTKQTVKALKRGSV
KEVVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL*

T33-21-NAQK-YbxF

MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIY
KIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKV
LTVTREFGIGAEAAAYLLALSDLLFLLARVIEIEKNAQKSYDKVSQAKSIIGTKQTVKALKRGSV
KEVVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL*

T33-21-E4K4E4-YbxF

MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIY
KIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKL
TVTREFGIGAEAAAYLLALSDLLFLLARVIEEEEKKKKEEEEVSQAKSIIIGTKQTVKALKRGSV
KEVVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL*

T33-21-K4E4K4-YbxF

RITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIYKI
MGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKLTV
TREFGIGAEAAAYLLALSDLLFLLARVIEEEEKKKKEEEEVSQAKSIIIGTKQTVKALKRGSVKE
VVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL*

T33-21-E4R4E4-YbxF

MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIY
KIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKL
TVTREFGIGAEAAAYLLALSDLLFLLARVIEEEERRRREEEEVSQAKSIIGTKQTVKALKRGSV
KEVVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL

T33-21-R4E4R4-YbxF

RITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGILEEIQNDIYKI
MGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTIARRALRKLTV
TREFGIGAEAAAYLLALSDLLFLLARVIRRRREEEERRRRVSQAKSIIIGTKQTVKALKRGSVKE
VVVAKDADPILTSSVVSLAEDQGISVSMVESMKKLGKACGIEVGAAAVAIIL*

T33-2_Subunit_B

MPHLVIEATANLRLETSPGELLEQANKALFASGQF GEADIKSRFVTLEAYRQGTAAVERAYLH
ACLSILDGRDIATRTLLGASLCAVLAEAVAGGGEEGVQVSVEVREMERLSYAKRVVARQRLEH
HHHHH*
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Table 4.1: List of amino acid sequences used for the first round of designs. Table includes all 11
of the initial design names and their corresponding amino acid sequences. Linker amino acids
are in bold. The amino acids to the left of the bolded linker correspond to the T33-21 cage core.
Amino acids to the right of the bolded linker correspond to the YbxF RNA binding protein. First
11 entries correspond to the fusion subunit A, whereas the last entry, T33-21_Subunit_B
corresponds to the second, his-tagged component of the scaffold. The sequence for subunit B
stayed invariant throughout all designs. Amino acid sequence was codon optimized for E. coli
production prior to synthesis
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Three-fold symmetric view Two-fold symmetric view

Figure 4.4: Model of T33-21-YbF designs. Left: view down the three-fold axis of symmetry.
Right: View down the two-fold axis of symmetry. Underlying T33-21 cage core shown in purple
is composed of two trimeric proteins of C3 symmetry. Bridging linker amino acids shown in
green. YbxF RNA binding protein shown in blue. All binding pockets for YbxF are positioned
such that bound cargo would be displayed outward from the cage, avoiding clashing with cage
or symmetry-related cargo.
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Table of Lysis Buffer Conditions

Buffer Name Buffer Composition
SB1_Lysis 10mM HEPES 7.2 ; 100mM NacCl ; 10mM
imidazole
SB1_Elution 10mM HEPES 7.2 ; 100mM NaCl ; 500mM
imidazole
SB2_ Lysis 20mM Sodium phosphate 8.0 ; 300mM NacCl ;
10mM Imidazole
SB2_Elution 20mM Sodium phosphate 8.0 ; 300mM NacCl ;
500mM Imidazole
SB3_Lysis 50mM Sodium phosphate 8.0 ; 300mM NaCl ;
10mM Imidazole ; 1% glycerol
SB3_Elution 50mM Sodium phosphate 8.0 ; 300mM NaCl ;
500mM Imidazole ; 1% glycerol
SB4_Lysis 50mM Tris 8.0 ; 250mM NaCl ; 10mM
Imidazole
SB4_Elution 50mM Tris 8.0 ; 250mM NaCl ; 500mM
Imidazole
SB5_ Lysis 50mM Tris 8.0 ; 250mM NaCl ; 10mM

Imidazole ; 5% glycerol

SB5_Elution 50mM Tris 8.0 ; 250mM NaCl ; 500mM
Imidazole ; 5% glycerol

Table 4.2: List of buffers used in initial expression screen. Buffers were selected based on
successful usage in previous scaffolding projects in the lab as well as from literature from the
protein design field.
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Figure 4.5: SDS-PAGE of small-scale expression screen. Depicted is a gel from the small-scale
screen for the T33-21-YbxF scaffolding design. Lanes are as follows: molecular weight marker,
insoluble fraction, soluble fraction, elution. Tests were performed at both 18C and 37C as
described in Materials and Methods. The fusion subunit A is depicted in yellow boxes - the band
migrates slightly smaller than the actual size of 27kDa. His-tagged subunit B is shown in orange
boxes and runs at approximately the correct weight. The last 3 lanes in the gel correspond to
the T33-21 cage core itself as a control. All experimental testing was carried out the same
among scaffold designs and control. Control subunits are color coded in the same manner as
T33-21-YbxF scaffold lanes.
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Figure 4.6: Expression inconsistency of fusion subunit. The YbxF-fused subunit A has been
shown to experience issues with expression and proper folding. A) SDS-PAGE from gravity-fed
affinity elution. The band corresponding to subunit B (bottom band, orange box) is drastically
more intense than subunit A (top band, yellow box) which is barely noticeable after imaging. B)
concentrated affinity elution loaded onto Superose6 Increase column. Most of the sample
contained disassembled particles as evidenced by the large peak in fraction 18 compared to the
region corresponding to fully assembled scaffolds (fractions 14-17, ~16.5mL). The imbalance in
stoichiometry is seen clearer from the SDS-PAGE in C). Later fractions contain mainly subunit B
with fraction 18 containing a mixture of unassembled subunits. D) Low yield is seen by the lack
of assembled particles in negative stain micrographs. Inset: zoomed in view of an assembled
scaffold. Lack of abundant monodisperse particles indicative of assembly issues.
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Figure 4.7: Investigation of unknown contaminant. A large unknown contaminant was always
present alongside the scaffold during affinity and size exclusion chromatography purification and
visualized by electron microscopy. A) A large, 75kDa protein (red box) was co-purifying with
scaffold (fusion component in green, non-fusion tagged component in red) in both affinity elution
and size exclusion peak fractions. B) Unknown proteins formed large assembly of ~160 A and
appears in both dimers and trimers (red boxes) dispersed among assembled cages (green
boxes). C) Literature figure showing micrograph and 2D classes for unknown protein - ArnA, a
polymyxin-resistance protein. Clusters of histidine molecules on the protein's surface allow
binding of NiINTA columns at high affinities®®. ArnA has been identified as a common E. coli
purification contaminant®. D) Optimization of elution gradient during affinity purification was able
to eliminate ArnA in the final elution step, as indicated by absence of a band outlined in the red
boxes in the elution (E) lanes. Success isolation of scaffold alone was achieved (green boxes).
Images shown in figure C adapted from Yang et al, 2019.
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Table of Design Amino Acid Sequences
Subunit A Subunit B

Design | Fusion | His6 Sequence Fusion | His6 Sequence

Name

AA1 Yes No | MRITTKVGDKGSTRLFGGEEVWK No Yes | MFTRRGDQGETDLANRARV
DDPIIEANGTLDELTSFIGEAKHYV GKDSPVVEVQGTIDELNSFIG
DEEMKGILEEIQNDIYKIMGEIGSK YALVLSRWDDIRNDLFRIQND
GKIEGISEERIKWLAGLIERYSEMV LFVLGEDVSTGGKGRTVTMD
NKLSFVLPGGTLESAKLDVCRTIA MIIYLIKRSVEMKAEIGKIELFV
RRAERKVATVLREFGIGTLAAIYLA VPGGSVESASLHMARAVSRR
LLSRLLFLLARVIEIEKNYDKVSQA LERRIKAASELTEINANVLLYA
KSIIGTKQTVKALKRGSVKEVVVA NMLSNILFMHALISNKRLNIPE
KDADPILTSSVVSLAEDQGISVSM KIWSIHRVSLEHHHHHH*
VESMKKLGKACGIEVGAAAVAIIL*

AA2 Yes No | MRITTKVGDKGSTRLFGGEEVWK No Yes | MFTRRGDQGETDLANRARV
DDPIIEANGTLDELTSFIGEAKHYV GKDSPVVEVQGTIDELNSFIG
DEEMKGILEEIQNDIYKIMGEIGSK YALVLSRWDDIRNDLFRIQND
GKIEGISEERIKWLAGLIERYSEMV LFVLGEDVSTGGKGRTVTMD
NKLSFVLPGGTLESAKLDVCRTIA MIIYLIKRSVEMKAEIGKIELFV
RRAERKVATVLREFGIGTLAAIYLA VPGGSVESASLHMARAVSRR
LLSRLLFLLARVIEIEKNAKRAYDK LERRIKAASELTEINANVLLYA
VSQAKSIIIGTKQTVKALKRGSVKE NMLSNILFMHALISNKRLNIPE
VVVAKDADPILTSSVVSLAEDQGIS KIWSIHRVSLEHHHHHH*
VYSMVESMKKLGKACGIEVGAAAY
AllLx

BA1 No Yes | MRITTKVGDKGSTRLFGGEEVWK Yes No | MFTRRGDQGETDLANRARV
DDPIIEANGTLDELTSFIGEAKHYV GKDSPVVEVQGTIDELNSFIG
DEEMKGILEEIQNDIYKIMGEIGSK YALVLSRWDDIRNDLFRIQND
GKIEGISEERIKWLAGLIERYSEMV LFVLGEDVSTGGKGRTVTMD
NKLSFVLPGGTLESAKLDVCRTIA MIIYLIKRSVEMKAEIGKIELFV
RRAERKVATVLREFGIGTLAAIYLA VPGGSVESASLHMARAVSRR
LLSRLLFLLARVIEIEKNKLKEVRSL LERRIKAASELTEINANVLLYA
EHHHHHH* NMLSNILFMHALISNKRLAKE

AYDKVSQAKSIIIGTKQTVKAL
KRGSVKEVVVAKDADPILTSS
VVSIAEDQGISVSMVESMKK

LGKACGIEVGAAAVAIIL*

BA2 No Yes | MRITTKVGDKGSTRLFGGEEVWK Yes No | MFTRRGDQGETDLANRARV
DDPIIEANGTLDELTSFIGEAKHYV GKDSPVVEVQGTIDELNSFIG
DEEMKGILEEIQNDIYKIMGEIGSK YALVLSRWDDIRNDLFRIQND
GKIEGISEERIKWLAGLIERYSEMV LFVLGEDVSTGGKGRTVTMD
NKLSFVLPGGTLESAKLDVCRTIA MIIYLIKRSVEMKAEIGKIELFV
RRAERKVATVLREFGIGTLAAIYLA VPGGSVESASLHMARAVSRR
LLSRLLFLLARVIEIEKNKLKEVRSL LERRIKAASELTEINANVLLYA
EHHHHHH* NMLSNILFMHALISNKRLRAK

EAYDKVSQAKSIIIGTKQTVK
ALKRGSVKEVVVAKDADPILT
SSVVSLAEDQGISVSMVESM
KKLGKACGIEVGAAAVAIIL*

Table 4.3: List of sequences for T33-51-based alignments. For the new cage core, helical
alignments were possible for both subunits. Design name indicated base name for alignment
(final name concatenation between Table 4.3 alignments and Table 4.4 linker sequence
identities). Fusion column indicated whether helical alignment to the RNA-binding protein was
done on this subunit. His6 identifies which subunit contains the His6 tag for purification.
Underlined sequences correspond to the RNA-binding portion of the construct. Linker amino
acids if present in initial alignment denoted in bold.
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List of Linker Amino Acids
Construct Name Subunit Fusion Linker Identity
AA2.01 A AKRA
AA2.02 A EAQK
AA2.03 A EAKR
AA2.04 A NAQK
AA2.05 A EAER
BA1.01 B AKEA
BA1.02 B EAQK
BA1.03 B EAKR
BA1.04 B NAQK
BA1.05 B EAER
BA2.01 B RAKEA
BA2.02 B REAQK
BA2.03 B REAKR
BA2.04 B RNAQK
BA2.05 B REAER
BA2.06 B AEKER
BA2.07 B KEAER

Table 4.4: List of bridging linker sequences for T33-51 designs. For designs that required
additional amino acids, a multi-amino acid linker sequence was added following similar
guidelines as T33-21 designs (Table 4.1). Designs were visually inspected for clashes before
ordering.
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2-fold (3)

3-fold (4)

Figure 4.8: Representative model of T33-51-YbxF designs. Cartoon representation of the
second round of symmetric scaffold designs. A) Looking down the three-fold axis of symmetry.
B) Looking at the two-fold axis of symmetry. Below each cartoon model is a diagram of the
tetrahedron that each design’s architecture mimics, oriented in the same direction as the

scaffold.
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Figure 4.9: Characterization of T33-51-based designs. A) SDS-PAGE from an affinity purification
of T33-51-AA1-YbxF. Lanes are as follows: Lysate (L), Insoluble (), Soluble (S), Flowthrough
(F), Wash 1 (W1), Wash 2 (W2), Elution (E), Molecular Weight marker (M). The bands
corresponding to both components are seen at their appropriate sizes boxed in red in the elution
lane. B, Size Exclusion profile of T33-51-AA1-YbxF concentrated affinity elution. 300uL was
loaded onto a Superose6 Increase column and assembled scaffolds were seen eluting starting
at 14mL, boxed in red. C) resulting SDS-PAGE from SEC run. Lanes are as follows: Pre-SEC
concentrated elution (P), Molecular Weight marker (M), SEC fractions. Fractions of the
assembled cages are boxed in red and correspond to the peak boxed in B). D) Representative
negative stain electron micrograph of T33-51-AA1-YbxF design. This particular micrograph was
prepared directly from the elution fraction with no concentration or dilution, illustrating the high
yields that are possible resulting from the new cage cores' increased stability.
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C)
# Unique
Accession Area Coverage Peptides
YbxF_Seq 1.66x10° 8.75% 1
AA1_SubA | 3.25x10" 29.44% 10
_Seq
Accession Area Coverage # Unique
Peptides
AA1_SubB 1.02x10° 16.76% 4
_Seq

Three-fold
symmetric
view

Two-fold
symmetric view

Figure 4.10: Biophysical analysis of T33-51-based scaffolds. A) A representative negative stain
micrograph from the TF20 data collection session. 71 micrographs in total were collected for
processing. To the right of the micrograph are the best set of 2D classifications used in further
processing. B) Ab initio 3D density maps created in cryoSPARC generated using particles from
the 2D classes in 4.10A. Top is looking down the design's three-fold axis of symmetry, whereas
the bottom image is being viewed down the two-fold axis. The entirety of the T33-51 cage core
could be modeled within the density. No density corresponding to YbxF was seen. C) Bands for
both components of the scaffold were excised and analyzed by bottom-up mass spectrometry.
Analysis verified presence of YbxF attached to subunit A (top table, green box) despite not
seeing density for it in the map.

117



Figure 4.11: Low magnification cryo micrographs of ice conditions. When optimizing your
sample for high resolution cryo data collection, you must first fine tune your freezing conditions
and assess your efforts by screening for ice quality. Some of the kinds of ice you may encounter
are shown above. Starting clockwise from left to right: Suitable ice for data collection (top left),
holes are filled but still visible, not many empty. Severe cracking of ice (top, middle left),
unsuitable for collection. Regions of extremely thick ice (top, middle right), some holes may be
thin enough for collection. Ice too thick (top right), blocks visibility of holes. Particles within holes
will lack contrast and not be visible, not suitable for collection. Empty holes (bottom right), ice
was too thin, possibly due to blotting too long or too hard. Many holes will lack particles, limiting
the amount of data you can collect, which may be suitable for collection in holes of ideal ice.
Variable ice thickness within holes (bottom, middle right). Ice is thinner in the center of the hole,
giving a white spot, and thicker along the edge of the hole. May be suitable for collection for
some samples whose orientations tend to favor different thicknesses of ice. Splotchy (bottom,
middle left) ice may be caused by additives such as glycerol and DMSO that change the
properties of the solution. May be suitable for data collection as long as ice inside the hole is
suitable. Severe contamination (bottom left), caused by numerous factors such as dirty nitrogen.
Water molecules freeze on the grid or are deposited on the grid causing black objects
impenetrable by the electrons. May be suitable for collection if sufficient holes are unobstructed.
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Figure 4.12: Preliminary cryo-EM characterization of T33-51-AA1-YbxF. Before data collection
on the Titan Krios, a small dataset was taken on the FEI TF20 to assess cryo quality of the
sample. A) top, low magnification image of the ice quality of a typical hole used in data
collection. Bottom, hole-level view of grid, particles are clearly visible as dark, square-like
objects. B) 2D classification images of scaffold. C) low-resolution 3D maps coming from cryo
data. Model of the T33-51 core could be loosely fit into density.
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Figure 4.13: Example of Leginon remote data collection session. Using the remote Leginon GUI,
users can track and make changes to their session in real-time. Important parameters such as
magnification, defocus and pixel size are displayed above each image. Top left, low
magnification, grid-level view of the grid. White boxes denote regions where data will be
collected. Bottom left, hole-level view of grid. White boxes denote a 3x3 grid of holes to be used
for collection. Right, high magnification micrograph of the holes selected. Monodisperse
particles are clearly visible throughout the entire hole.
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Figure 4.14: Early processing of AA1 Krios data. Initial processing attempts were complicated
by the severe preferred orientation problem encountered by how my particles were positioned
on the grid. Left, representative 2D classes from the initial rounds of 2D classification on roughly
3 million particles. Right, resulting 3D volume from an ab initio 3D refinement job, viewed from a
screw position to illustrate the flatness caused by the preferred orientation of the particles.
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A)

Figure 4.15: Recovering underrepresented particle orientations. Due to the preferred orientation
of my scaffolds on the grids, early processing efforts were complicated by the lack of
representative views needed for 3D reconstructions. Through iterative rounds of 2D
classification, | was able to extract enough orientations for further refinement. Above shows the
job progress as | start with only two-fold views (A), recover additional, but lower resolution views
(B), and finally extract views of multiple angles of my particles with high enough resolution that
secondary features are visible (C).
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Figure 4.16: Poor 3D Refinement volumes of AA1 Krios data. Following homogeneous and
heterogeneous refinement of particles stemming from our expanded viewset of 2D classes, we
are left with a low resolution, blown-out volume. Rough secondary features are identifiable as
both subunit A and B share the same fold, but high resolution information is smudged from the

averaging of different sequences together.
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Figure 4.17: Orientation issues with AA1 Krios processing. Due to the similarity between the
subunits and the lack of clear density stemming from YbxF to break the symmetry, the
processing programs are failing to distinguish between subunit's A and B and are averaging the
two orientations together. A) Alignment of a subunit B monomer (yellow, PDB: 1NOG) on top of
a trimer of cage core subunit A (blue, PDB: 1WY1). The overlap between subunit structures is
significant with an RMSD difference of only 0.85A as calculated by PYMOL's alignment
protocol**. B) Cartoon representation of our hypothesis of what is occurring. Without YbxF to
break the symmetry, processing algorithms see only the cage core in two possible orientations.
Without the additional features, both orientations are being combined into the same bin,
resulting in an average between the two orientations.
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Figure 4.18: Resulting volumes from particle subtraction. Following our series of masking and
particle subtraction attempts, the “best” resulting 3D volumes were still worse than the maps
obtained before the particle subtraction attempts. Top is looking down the three-fold axis of
symmetry and the bottom images are oriented down the two-fold axis. A) Representative 3D
volume from a homogeneous refinement job on micrographs subtracted with an entire trimeric
subunit B mask. Particle looks tetrahedral but not many distinct features are visible and a lot of
noise is present. B) Both components of the T33-51 cage core were fit into the density. In
dashed boxes to the right are zoomed in orientations showing the models fit into the density.
Neither subunits fit particularly well into the density. Fusion component A (blue) fits a lot better
than the non-fusion component B (yellow), as evidenced by fewer portions of the protein sticking
out from the grey density.
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Figure 4.19: Free, complexed and displayed structure of RNA riboswitch cargo. Above is a
series of structures of the 2GIS riboswitch chosen to be our initial RNA cargo. A) The free
structure of the SAM-I riboswitch with K-turn motif used in binding outlined in the checkered box.
B) Structure of the YbxF RNA-binding protein co-crystallized with a SAM-I riboswitch, with
interacting surface outlined in the checkered box. This particular riboswitch construct has had
the helix distal to the binding surface elongated to aid in crystal formation. C) Design model of
T33-51-AA1-YbxF scaffold looking down the three-fold (top) and two-fold (bottom) axes of
symmetry. RNA cargo is positioned outward, facing away from the scaffold to avoid clashing
with the cage itself or with symmetry-related copies of the cargo. Visual inspection shows the
distinct pore caused by the two-fold axis is occluded by two copies of 2GIS from separate
trimers.
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Figure 4.20: HDV ribozyme-assisted run-off transcription of 2GIS. To generate the RNA cargo
for binding studies with the T33-51-AA1-YbxF cage, | utilized run-off transcription to generate a
RNA fragment containing 2GIS and an HDV ribozyme. A) A cartoon schematic of the
transcription process. The 2GIS gene contains its own T7 promoter. Once the construct is
transcribed, the HDV ribozyme folds and performs a self-cleavage event just upstream of it on
the 5’ end, creating two RNA fragments which can be further purified to isolate your target RNA.
B) A hypothetical gel of the finished transcription reaction. Some amount of misfolded,
uncleaved, or inactive HDV will be present resulting in a full intact construct band (red, top). If
the cleavage reaction is successful, two resulting bands should be present in the gel, a larger
band corresponding to the ~100nt 2GIS target RNA (blue, middle), and a smaller band
corresponding to the smaller ~70nt HDV ribozyme (orange, bottom). C) A representative
acrylamide gel of a post-transcription reaction. All three species discussed in B) are identifiable,
but also some degree of degradation or contamination present.
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In Vitro Run-Off Tx Optimization - 50uL reactions
Reaction Volume 10x | Volume 60nm Volume Volume Volume
number Tx buffer template 6.4mg/ml T7 | 20mM NTPs nanopure
Polymerase water
1 2uL 1.67uL 0.6uL 3uL 12.73uL
2 2uL 1.67uL 1.2uL 3uL 12.13uL
3 2ulL 3.3uL 0.6uL 3uL 11.1uL
4 2uL 3.3uL 1.2uL 3uL 10.5uL
5 2uL 5.0uL 0.6uL 3uL 9.4uL
6 2uL 5.0uL 1.2uL 3uL 8.8uL
7 (control) 2uL 1.0uL PCR 1.2uL 3uL 12.8uL
product

Table 4.5: List of transcription conditions for 2GIS in vitro production. Reactions were run in
50uL reactions for 4 hours at 37°C, with half the reaction being harvested and quenched after 2
hours for PAGE gel analysis.
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Biotinylated FWD primer
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| 2GIS DNA TEMPLATE
&

Methoxy REV pi

PCR Amplification of Template

HiTrap AEX Purification of DNA Template

Agarose Gel Assessment of PCR
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DNA template

Store for use

Denaturing Acrylamide Assessment of Tx HiTrap AEX Purification of RNA Cargo

Figure 4.21: In Vitro RNA Transcription of 2GIS. Final workflow for the in vitro transcription of
RNA riboswitch cargo. First step is a PCR amplification of the DNA and introduction of biotin for
future pulldown by a 5’ forward primer. PCR reaction products analyzed by agarose gel
electrophoresis. Successful reaction products were pooled and purified by anion exchange
chromatography. Elution fractions were pooled, concentrated and used for RNA production. In
vitro transcription reactions were shaken and allowed to proceed for 4 hours before quenching
followed by incubation with streptavidin-conjugated beads. A pulldown was performed to
remove any DNA templates before subsequent purification. RNA cargo was purified by anion
exchange chromatography where fractions were analyzed by denaturing PAGE and
homogeneous fractions were buffer exchanged, concentrated and stored for future binding
studies.
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Table of Melting Conditions

RNA Melting Melting Snap or Slow | Additives? Buffer
concentration | Temperature Duration Cool?
26uM 65 °C 5 minutes Slow, RT No Water
10mins
26uM 65 °C 5 minutes Snap, on Ice No Water
10mins
26uM 90 °C 1 minute Slow, RT No Water
10mins
26uM 90 °C 1 minute Snap, on Ice No Water
10mins
15uM 90 °C 2 minutes Slow, RT Yes, 10mM 10mM
8mins MgCl, HEPES 7.0
15uM 90 °C 2 minutes Slow, RT Yes, 10mM 50mM Tris
8mins MgCl, 8.0
Slow, RT Yes, 5mM 10mM
2uM 95 °C 2 minutes 10mins MgCl,, 5mM HEPES 7.0
SAM
Slow, RT Yes, 5mM 10mM
4uM 95 °C 2 minutes 6mins MgCl,, 5mM HEPES 7.0,
SAM 150mM NaCl
Slow, RT Yes, 5mM 50mM Tris
4uM 95 °C 2 minutes 6mins MgCl,, 5mM 8.0, 150mM
SAM NaCl
Slow, RT 50mM Tris
1uM 85°C 2 minutes 8mins No 8.0, 150mM
NaCl
Slow, RT Yes, 5mM 50mM Tris
1uM 85°C 2 minutes 8mins MgCl, 8.0, 150mM
NaCl
Snap, on Ice 50mM Tris
1uM 85°C 2 minutes 5mins No 8.0, 150mM
NaCl
Snap, on Ice Yes, 5mM 50mM Tris
1uM 85°C 2 minutes 5mins MgCl, 8.0, 150mM
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NaCl
Slow, RT 50mM Tris
1uM 65 °C 10 minutes 5mins No 8.0, 150mM
NaCl
Slow, RT Yes, 5mM 50mM Tris
1uM 65 °C 10 minutes 5mins MgCl, 8.0, 150mM
NaCl
Snap, on Ice 50mM Tris
1uM 65 °C 10 minutes 5mins No 8.0, 150mM
NaCl
Snap, on Ice Yes, 5mM 50mM Tris
1uM 65 °C 10 minutes 5mins MgCl, 8.0, 150mM
NaCl
25mM Tris
1uM 85°C 2 minutes Slow, RT No 7.5, 40mM
10mins NaCl, 5mM
MgCl,
25mM Tris
1TuM 85 °C 2 minutes Snap, on Ice No 7.5, 40mM
5mins NaCl, 5mM
MgCl,
Slow, RT 25mM Tris
1TuM 65 °C 10 minutes 10mins No 7.5, 40mM
NaCl, 5mM
MgCl,
25mM Tris
1uM 65 °C 10 minutes | Snap, on Ice No 7.5, 40mM
5mins NaCl, 5mM
MgCl,
Slow, RT Yes, 5mM 20mM
1uM 85 °C 2 minutes 10mins MgCl, HEPES 7.5,
100mM KOH
Snap, on Ice Yes, 5mM 20mM
1uM 85 °C 2 minutes 5mins MgCl, HEPES 7.5,
100mM KOH
Slow, RT Yes, 5mM 20mM
1uM 65 °C 10 minutes 10mins MgCl, HEPES 7.5,
100mM KOH
Snap, on Ice Yes, 5mM 20mM
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1TuM 65 °C 10 minutes 5mins MgCl, HEPES 7.5,
100mM KOH
Slow, RT Yes, 17.9mM 26mM
1TuM 85 °C 2 minutes 8mins MgCl,, HEPES 7.5,
538uM SAM 53mM KCI

* RT denotes room temperature, ~25°C
** SAM denotes S-AdenosylMethionine

Table 4.6: Summary of RNA refolding conditions tested. To ensure the accurate

three-dimensional structure of our target cargo RNA, proper refolding conditions need to be
identified. Taking protocols from the literature and advice from our collaborators, | tested a wide
range of conditions. RNA was resuspended in various buffers and melted at a range of
temperatures and times, followed by either a slow cooling on the benchtop or snap cooled via
plunging the sample into a bucket of ice. As the RNA was allowed to start refolding, magnesium
ions or SAM ligands were added and the RNA was allowed to continue folding. Various
concentrations were tested as literature has shown better refolding can occur in more dilute
conditions. Folding efficiency of each method was assessed by native PAGE.
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Figure 4.22: 2GIS refolding condition optimization. Representative native gel of RNA samples
after refolding. Before binding experiments can be performed, proper folding of the 2GIS
riboswitch must be accomplished. A wide variety of refolding conditions were tested (Table 4.6)
and assessed by native PAGE. The above gel represents one such series of refolding
experiments. In lane C, is a 100 nucleotide folded RNA from the Guo lab used as a control.
Lane U shows the unmodified RNA, fresh from the purification process. Lanes 1 - 4 represent
various conditions tested. 1) 65°C melt, slow cool. 2) 65°C, snap cool. 3) 90°C, slow cool. 4)
90°C, snap cool. No noticeable difference was observed by native PAGE between the
unmodified 2GIS and the refolded 2GIS lanes.

133



A) B)

2GIS RNA-Only SEC 1.2 4\3
150 2
2 1004
E
! -
g 50 +
2
3
0 L 1 Il 1 Il 1
0 5 10 15 20 25
Elution Volume (mL)
L]
C) D)
250

T33-51-AA1-YbxF Apo SEC 150 =

40 + 100 | BN

75 —

a4 50
2
E 7 -
§ 20 +
8 P
2

ol J\ "l e ———

0 5 10 15 20 25 10

Elution Volume (mL)

Figure 4.23: RNA and apo scaffold controls. Before mixing experiments, | wanted to verify the
elution profiles of both the apo AA1 scaffold and 2GIS RNA on the particular column | would be

performing the binding experiments on.
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Figure 4.24: RNA-Scaffold binding experiments. To test interactions between the AA1 designed
imaging scaffold and the 2GIS RNA cargo, mixing was performed and association was
monitored by observing a peak shift of the A260 signal in the SEC chromatograph on a
Superose 6 Increase column. A) A 2:1 stoichiometric mixture of RNA:Scaffold was tried at first.
No signal was observed for the cage or cage-RNA as all information was obscured by the high
A260 signal. B) A 1:1 stoichiometric mixture of RNA:Scaffold was next tried. As with the 2:1
experiment, no clear peak indicating association is observed. A slight void peak and shoulder is
evident indicating some degree of aggregation is occurring. C,D) When low ratios of
RNA:Scaffold is tried, no noticable shift in the A260 absorbance profile is seen. Some
aggregation is observed in these lower concentrations, as evidenced by a larger molecular
weight species. E) Fractions corresponding to these sooner-elution bumps were run in duplicate
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on a Native PAGE gel where one set was stained with a toluidine blue RNA due (left gel slice)
and the other set of fractions were stained with coomassie brilliant blue protein dye (right gel
slice). High molecular weight bands thought to correspond to the T33-51-AA1-YbxF scaffold are
seen in the protein-stained gel, but signal for the bound RNA is not seen in the same location on
the native gel in the RNA-stained portion (checkered box). F) Negative stain EM micrographs
from the same small bump showed sparse particles and other aggregates. Clustering of the
scaffold was also observed.
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Figure 4.25: Analysis of post-spin SEC mixing experiments. To try to better resolve the
RNA-scaffold complex peak, excess free RNA was removed by centrifugation of the mixture
using a 100kDa concentrator tube. A) Resulting post-spin SEC chromatogram. Large free RNA
peak is still seen. Aggregation is observed by presence of a void peak, followed by a large
molecular weight shoulder early in the elution profile. B) Zoom in of the void peak and shoulder.
C) Coomassie-stained native PAGE of the small bump shows a faint signal that is thought to
correspond to aggregated T33-51-AA1-YbxF (yellow box). Scaffold standard from the original
purification is seen in the last lane, some heterogeneity is observed. D) Toluidine blue-stained
fractions from the same peak show no evidence of RNA signal (yellow box). Free RNA from the
major peak seen in A) was run as a control. Some degree of heterogeneity or degradation is

also observed.
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CHAPTER FIVE: Design and Characterization of RNA Imaging Scaffold

Using Fragment-Based Interface Algorithms

5.1: Background and Significance

The Need for RNA Scaffolds

The field of RNA structural biology has made great strides in recent years, in particular with
several striking structures having been solved to moderate resolution in recent years with
cryo-EM'2. A more thorough description of some of the advances can be found in Chapter 4.1
of this dissertation. Briefly however, | want to emphasize the importance of the work still to be
done. First, a search of the EMBD shows how very little RNA structures have been deposited by
cryo-EM (Figure 5.1)3. Of the almost 18,000 total structures solved by cryo-EM, only four are of
RNA-only samples that have reached high resolution. Second, a lot of the popular RNA’s being
investigated are the larger targets like riboswitches, segments of viral genomes- the low
hanging fruit, or have been heavily engineered so as to not make them appealing targets for
robust applications. This leaves the vast majority of biological RNA molecules unreachable by
current methods of cryo-EM structure determination*®. To complicate matters further, unlike
protein prediction methods, which has been a maturing field dating back to the work of Pauling
and colleagues, RNA structure prediction methods have lagged behind”". This is partially due
the fact that RNA molecules are able to adopt multiple different conformations while folding,
many of which are of comparable energy, leading to these molecules often getting stuck in
kinetic traps which cause the algorithms to improperly predict the true structures'*'*. On top of
this, much of the three-dimensional structure of RNA is governed by long-range interactions

between nucleotides far in sequence space, which can be problematic for algorithms that focus
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on local interactions'"". | believe that the scaffold-based imaging technology developed in the

Yeates lab can still be leveraged to solve this complex problem®2°,

Challenges with Helical Fusion

Probably the most well known secondary structural element in proteins is that of the alpha-helix.
One might remember from undergraduate biochemistry that the basic motif of the helix consists
of amino acids arranged in a helical fashion with 3.6 residues per helix turn and is stabilized by
directional interactions between backbone carbonyl and amino groups?®'. Additionally, it has
been known for some time that the rigidity of these helices is greatly influenced by their amino
acid compositions?. Because of this, alpha helices are often modeled as cylinders, and are
thought to be these solid objects with little sway. Experimental evidence coming from the realm
of protein design directly contracts these assumptions. An analysis of cryo-EM structures shows
that regions of proteins that exhibit high degrees of motion suffer tremendously in terms of
resolution, and it is often domains that contain substantial alpha helices that display these stark
motions?*?*. We have directly observed this phenomenon with our own work regarding the
design of imaging scaffolds for cryo-EM analysis'®'%%. As shown in Figure 5.2, when fused to
the scaffold core, the alpha-helical fusion to the DARPIn exhibits a wide range of motion, limiting
the ability to achieve atomic detail. To directly combat this, Castells-Graells et al. introduced
stabilizing mutations that were able to greatly improve the resolution of docked cargo®. A
plethora of strategies have been employed over the years, a lot involving the addition of
cross-linkers or stabilizing agents?. However, | believe that in order to achieve a rigid imaging
scaffold capable of achieving atomic-level resolution, we must abandon the alpha-helical fusion

approach to protein design in favor of methods that have proven to be more successful®’.
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Recent Advances in Interface Design

Recent computational advances have shown tremendous potential as another avenue for
designing RNA imaging scaffolds. While early work tended to focus on metrics like buried
surface area in designing new interfaces, this caused a lot of unintended consequences from
the lack of specificity, leading to aggregation and low success rates?®**. Since then, much
research has been done into the nature of protein-protein interfaces and those lessons have
been applied to new versions of these prediction packages with significant results®'=3. Even
more recently, advances in artificial intelligence and machine learning algorithms have been
applied to both the protein folding and protein design problems**. Concurrently,
fragment-based methods developed in the Yeates lab have successfully demonstrated the

creation of new symmetric macromolecular assemblies®®*.

5.2: Results and Discussion

nstruct Design - Dockin
To begin this new project's designs, a search of the PDB was done to identify suitable building
blocks to use for our scaffold. We chose to use a simpler geometry - dihedral, specifically D3,
than previous scaffolds as there are a vastly more dihedral structures in the PDB than structures
of tetrahedral geometry or higher, and one of this projects goals was to alleviate the added
complication of using a synthetic cage core in favor of assemblies found in nature that could be
adapted to our purposes of being imaging scaffolds. The focus on the PDB search was to focus
on thermophilic structures that could be expressed in E. coli because this would give us a robust
and stable set of building blocks to start with. In addition the the thermophilic D3 protein’s that
will serve as the scaffold’s core, two RNA-binding proteins, referred to in the design scheme as

the C1 component as they lack any symmetry, were chosen as the second building block in the
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scaffold that will be responsible for binding and orienting our RNA cargo for imaging. The RNA
binding proteins are YbxF (PDB: 3V7E), the same binder used in the helical fusion designs, and
U1A (PDB:1NU4), an RNA-binding protein widely used in structural biology studies as a
chaperone to aid in crystallization. Following identification of design components, a modified
python program was used to perform Nanohedra-style docking procedures to match interface
fragments seen in nature to that of fragments on the surface of each of my design
components®=’. A list of the dihedral assemblies docked are listed in Table 5.1. The 36
identified D3 assembles were docked against the two C1 RNA-binding protein which resulted in
an output of the top 5 docked poses for each pair that | visually inspected for steric clashing and
suitable designability (Figure 5.3A) before moving forward with the interface residue redesign
that will allow the two components to associate when expressed. As part of the visual
inspection, we wanted to confirm that the displayed cargo would not be clashing with either the
scaffold or with symmetry-related copies of themselves so we generated a framework of dummy
atoms were created to represent a series of positions of major parts of bound RNA molecules
from a few reported structures (Figure 5.3B). Examples of bad designs that suffered from
significant clashing or component overlap is shown in Figure 5.4. After filtering down the

docking results, 27 poses passed the eye check.

The last step before moving forward with interface sequence design is to develop a construct
scheme. A design component we decided to engineer into the assemblies is the addition of a
flexible linker between the two termini of the scaffold subunits. The idea here is not to use a rigid
linker to hold one particular component in place, but rather to keep both components in close
proximity to each other in solution, therefore lowering the overall entropy and improving the
thermodynamic favorability for interface association. Additionally, a hexahistidine and HA tag
were added to separate components of the scaffold to enable affinity purification and aid in

downstream complex analysis. A summary of the analysis results is shown in Table 5.2.
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Interface Redesign - Rosetta

To begin, the pdb files corresponding to selected docked poses were fed into the SymDesign
pipeline for sequence redesign®. To accomplish the interface residue, two separate protocols
were implemented to increase the output sequence diversity. The first protocol is called “Rosetta
structure_backbone” which was Rosetta’s original sequence design algorithm and tends to favor
more hydrophobic, less natural interfaces®. The second protocol, HBNet, is a new software
edition to the Rosetta Commons suite and is designed to generate hydrogen bond networks
between amino acids along an interface®. This protocol has been shown to provide binding
specificity, increase protein folding and solubility by creating interfaces that better emulate
nature. After successfully running both protocols on my 27 poses, only 13 successfully passed
SymDesign’s internal designability checks, but this still resulted in 468 unique sequences for
curation. To select a reasonable number of sequences for experimental characterization, | used
prior knowledge about interfaces as well as an exhaustive literature search to identify key
parameters we thought might be important for a successful interface design. Table 5.3 is taken
from Janin et al. and displays the statistics about interfaces seen in nature that was used to
guide my selection®. The important interface metrics | chose to focus my efforts on were: shape
complementarity, buried unsatisfied hydrogen bond density, interface area, and the percent area
hydrophobic. High shape complementarity maximizes the contact surface area between
interacting proteins, allowing for more extensive non-covalent interactions such as hydrogen
bonds, van der Waals forces, and hydrophobic interactions*. This results in stronger and more
stable protein complexes. Having a low hydrogen bond density is important as natural proteins
rarely have unsatisfied hydrogen bonds. Total interface area was an important metric because
since we are dealing with such small proteins (YbxF is 8.3kDa and U1A is ~12kDa), we want to
select for interfaces with higher total surface area to provide enough binding energy to form a

stable complex. Finally, for this project we leaned towards interfaces with a slightly lower
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hydrophobic surface area because in our previous endeavors we found that when we leaned
too heavily into this parameter, we were left with poor interfaces that lacked specificity to drive
binding. Of the 468 sequences resulting from Rosetta redesign, 25 were chosen for the pilot
screen. A list of the sequence names, abbreviations, and protocol used is shown in Table 5.4
and four representative designs are shown in Figure 5.5. For initial biochemical characterization,
constructs were created without the flexible serine-glycine linker as we wanted to determine
whether both of the scaffold components were soluble and stable after the mutations were
introduced and if both components were fused from the beginning, it may not be clear if one
component isn’t folded properly or associating with the other component, or if the stability of one
component is pulling the other along. Sequences were submitted to Twist Bioscience for

synthesis and cloning into pET28a plasmids.

Biochemical Characterization

Plasmids containing my scaffold constructs were cloned into E. coli BL21 gold (DE3) cells for
protein production. Expression test cultures were grown in 96-well plates in LB or TB media
supplemented with 50ug/mL of kanamycin and expressed at either 37°C for 4 hours or 18°C
overnight. Cells were lysed by sonication and expression and solubility levels were assessed by
criterion SDS-PAGE gels. A Table of component and assembly molecular weights are shown in
Table 5.5. Unfortunately for a vast majority of designs, either no expression or solubility was
observed. For several designs, low expression of one subunit, the D3 component, was evident.
But for no design, was the C1 RNA-binding component was observed (Figure 5.6). While
96-well screens often serve the purpose of a rapid readout of many protein constructs, a
negative result at this stage does not necessarily mean the design is a failure. It is the case that
cultures sometimes behave differently when grown in such small volumes, compared to when

they are grown at a liter-scale or larger. Before making a judgment call about the designs, | grew
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up each design in 50mL and 1L cultures of TB and purified them by NiNTA. Upon analysis of the

purification by SDS-PAGE, | was left with the same results (Figure 5.7).

These results sparked me into looking into the designs a little more closely, particularly at the C1
RNA-binding components, and why none of them expressed or were soluble. To focus my
efforts, | first began by looking at one particular design, MA0OO3-1nu4_2brx_1_0_hbnet_0081
(abbreviated design C1), as it was one of the designs that showed significant expression in the
scaffold core component, but no expression in the RNA-binding component (Figure 5.8A,B).
Analysis of the mutations introduced into U1A shows that almost 20% of the entire protein had
been mutated over the course of our redesign (Figure 5.8C). This could very well explain why
we were seeing no soluble yield of this component. Changing so many residues could very well
be affecting how this protein is folding. | tested this by running the sequences through AlphaFold
to see if the mutations we introduced are predicted to affect the structure™. Figure 5.9 shows
analysis of the AlphaFold job run for design C1. As seen from the alignment (Figure 5.9A) and
IDDT scores (Figure 5.9B), the mutations introduced are not predicted to affect the global
structure of UTA. The failure to associate with the D3 scaffold core must be down to the identity

and chemical properties of the amino acids and not the folding process of the protein.

Interface R ign - MPNN

Around the time that | was getting the results described above, a new machine-learning
algorithm, Protein MPNN, was released that had been demonstrated to greatly improve the
solubility of proteins compared to traditional design methods*?. Starting from the same set of
docked poses as was done with the Rosetta-based interface design, | fed all 27 PDB files into
the new SymDesign-MPNN pipeline. Of the 27 manually-inspected poses, the same 13 passed
the internal clashing checks and were green lit for interface redesign. Using MPNN'’s improved

machine learning models, 9 sequences per pose were designed resulting in a total of 117
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unique protein sequences for curation. The same interface criteria as described previously
(buried surface area, interface hydrophobicity percent, buried unsatisfied hydrogen bonds,
shape complementarity, etc) to narrow the list down to 17 sequences for biochemical
characterization. A full list of the sequences and properties of the designs is found in Table 5.6.
Interestingly, of the 13 unique poses, our selection criteria was only pulling out sequences
stemming from the same five D3 components - 1ej2, 1v9l, 1vmd, 1vlh, and 4i4z - which were the
same components who showed at least some degree of expression and solubility in the
previous round of designs, possibly hunting that these proteins are more amenable to mutation
that the others chosen. For this round of testing, | opted to order the designs with their
poly-serine-glycine linkers, in hopes that the more robust D3 component might force the less
soluble C1 component to be happy in the same way we utilize solubility tags like MBP.
Constructs were assembled such that the correct termini could be linked and tagged for

purification, and cloned by Twist Biosciences.

Biochemical Characterization

The plasmids containing my designs were cloned into E. coli BL21 gold (DE3) cells for protein
production. This time around | decided to skip the small scale expression and spend the time to
test each construct at a 1 liter scale right off the bat. Cells were seeded with overnight cultures
and grown in TB media supplemented with 50ug/mL of kanamycin and grown at 37°C until
ODgq reached ~0.8. Protein expression was induced by addition of 1TmM IPTG and grown
overnight at 18°C before being pelleted by centrifugation. Cells were lysed, purified by NiNTA
affinity chromatography and assessed by SDS-PAGE. Of the 17 constructs tested, one,
MPNN5-Link, seemed to show the most promise as indicated by a single band on the gel
around the correct molecular weight of ~32kDa (Figure 5.10A) which eluted as a sharp peak as
visualized by size exclusion chromatography (Figure 5.10B). Around this time | came to the

realization that as the current stage | had no means of assessing whether the two components
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were truly interacting via their designed interface or if they were both free floating in solution
tethered to each other by this flexible linker. To create a rapid way to test my design hypothesis,
| used PCR to add TEV-cleavage sites in the middle of the poly-sg linkers. That way | can take
purified protein, cleave it, and run the resulting mixture back over a gel filtration column to test
whether the two components are associating. | performed the mutations, grew new TEV-linked
versions of MPNNS5 and performed the digestion experiments. To my dismay, after incubation of
my scaffold with TEV, | saw an appearance of a small peak around where U1A by itself elutes
on our Superose 6 Increase column (Figure 5.11). Running both peaks on an SDS-PAGE
confirmed by hypothesis - the secondary peak corresponds to the U1A RNA-binding component
alone (Figure 5.11D). The larger peak, when analyzed on the gel shows only a single species,
which is significantly smaller than the fully-linked construct and is closer to the 19 kDa of the D3

component alone.

Concluding Remarks

Unfortunately as with a vast majority of design projects, it is all about the number of sequences
tested and sometimes required brute forcing your way to an answer. While ultimately we were
unable to develop an imaging scaffold based on fragment-based design of naturally-occurring
components, a few insights can be gleaned from these experiments to be built upon in the

future.

| attribute much of the lack of success | was seeing in this project’s designs to the low number of
starting components. At the onset of the project, we started with 36 thermophilic D3 assemblies
and two RNA-binding proteins, all of which got reduced to 13 clash-free poses after input into
SymDesign. In all the rounds of interface design, the majority of sequences came from a
combination of 4-5 D3 cores. This inherently limits the number of possible designs that could

come out of this exercise. Future design effort should expand the number of design components
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considered, both for the cores and the RNA-binding proteins. We chose D3 because there is a
plethora of structures to choose from, and our choice of 36 was somewhat arbitrary at the start.
If | were to perform the docking again, | would increase this pool of candidates first. Additionally,
other symmetries could be explored, from other dihedral assemblies - like the D2 aldolase used
in Yao et al?®® - to those of higher order (D4, D6, etc.). It has been shown with various other
scaffolds that symmetry plays an important role in achieving high resolution reconstructions'®%,
Our choice of RNA-binding proteins also limited the number of successful designs, and was one
of convenience. | chose to start with two known proteins, but there are far more to choose from.
A parallel project | was also working on was utilizing RNA-binding peptide segments to try to
develop an imaging scaffold*®. A more thorough dive into the literature on these types of

biomolecules may provide more options to create designs from.

While it was clear that MPNN was able to produce designs that expressed better, it ultimately
failed to produce successful designs in my case. This might not be totally surprising considering
the limited number of poses we started with; design projects often begin with thousands or
tens-of-thousands of sequences/poses®**"42. Additionally, while protein MPNN is a great tool for
protein design, its purpose was to help make proteins more soluble and increase their yield by
making them more stable. In this aim, it was successful by dramatically increasing the solubility
of at least one component of the scaffold. Future design efforts should rely on machine learning
models like protein MPNN over traditional methods like those in Rosetta; Al will be a powerful

tool in the future of protein design and we are only at the beginning.

Finally, while science never ends, one's funding and time in graduate school does. This project

was developed towards the end of my PhD training and as such, there are many more avenues

of exploration still available for future researchers.
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5.3: Materials and Methods

Computational Docking of Natural Assemblies

A modified python program of the Nanohedra docking program described in Laniado et al. and
Meador et al. (https://github.com/nanohedra/nanohedra)®*” was run between 36
naturally-occurring D3 thermophilic protein assemblies and two RNA-binding proteins, U1A
(PDB: 1NU4) and YbxF (PDB: 3V7E). A brief description of Nanohedra is as follows. As an
input, the algorithm takes two symmetric oligomers (C, D, etc.), oligomers A and B. The surface
of oligomer A is subdivided into three amino acid residue fragments. These fragments are then
searched against a library fragments and fragment pairs mined from the PBD of known
interfaces seen in nature. Matching fragments then aligned to the surface of oligomer A such
that it is now decorated with “ghost fragments” from natural interfaces. These ghost fragments
are then used to guide docking and pose generation between oligomers A and B, where metrics
are generated and subsequently analyzed and curated. The modification done to Nanohedra
involves the capability of docking a symmetric oligomer against a non-symmetric protein (C1)
since the RNA-binding proteins lack symmetry. The program outputs the five highest scoring
poses. Some of the metrics influencing the score of each pose are the number of fragment
pairs, R.M.S.D. overlap between fragments, and C-alpha backbone clashes between
components. Manual curation of poses involved checking for potential clashes between
symmetrically related copies of the RNA-binding proteins or the resulting RNA cargo when

displayed in PyMOL*,

Computational Interface Redesign

The following is in regards to the Rosetta-based interface design. 27 PDB files corresponding to

the selected D3-C1 docked poses were moved to a separate directory for interface redesign
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protocols. Using the SymDesign environment, two Rosetta design protocols were used to
generate new sequences, Structutre_background (command: python $SymDesign
interface_design --symmetry D3:{D3}{C1} --directory /input/pdb/pose/directory
--structure_background) and HBNet (command: python $SymDesign interface_design
--symmetry D3:{D3}{C1} --directory /input/pdb/pose/directory --hbnet). Of the 27 selected poses,
only 13 passed the internal SymDesign metric checks, but still was able to produce 468 unique
protein sequences. Using information about interfaces in the literature, 25 sequences were
chosen for biochemical characterization. Analysis of each component’s termini was conducted
to allow addition of tag’s and linkers downstream. Genes were ordered and cloned from Twist

Biosciences into pET28a plasmids for protein production.

The following is in regards to the MPNN-based interface design. The same 27 pose PDB files
used in the Rosetta-based designs were used in this second round of protein design. The new
sequences were generated in the SymDesign environment that has been adapted to
incorporate MPNN machine learning algorithms, 117 unique sequences were generated
(command: python $SymDesign interface-design -d /input/pdb/pose/directory --structures
--temperatures 0.1 0.2 0.5 --number-of-trajectories 3 --sym-entry 161 --symmetry D3:{D3}C1}
--no-evolution-constraint --preprocessed). Using the same criteria as the Rosetta-based
designs, 17 new sequences were chosen for biochemical analysis. Genes encoding the

constructs were ordered and cloned from Twist Biosciences into pET28a plasmids.

Biochemical Characterization

Plasmids containing our designs were transformed into BL21 Gold(DE3) E. coli strains for
protein production. Small scale expression screens were carried out in 1TmL cultures at either
37°C or 18°C following the protocol outlined in Knaust et al*® in LB media supplemented with

50ug/mL kanamycin. Larger volume cultures were either grown in 50mL or 1L volumes of TB
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supplemented with 50ug/mL kanamycin and grown to saturation at 37°C before lowering the
temperature to 18°C. A final concentration of 0.5mM IPTG was added and protein production
was allowed to continue overnight. Cells were harvested by centrifugation and resuspended in
lysis buffer (60mM Tris 8.0, 250mM NaCl, 20mM Imidazole) at a ratio of ~3-4mL of buffer per
gram of cell pellet. Cells were lysed by 2-3 passages through an Elmusiflex until cell disruption
was complete. Proteins were purified either by gravity column chromatography using
NiNTA-conjugated resin or using a 5SmL GE HiTrap and eluted with a linear gradient. Resulting

fractions were analyzed by SDS-PAGE and native PAGE.

Negative Stain Electron Microscopy

5uL of 0.05mg/mL purified cages were deposited on a formvar supported carbon film on
300-mesh copper grid that has been negatively glow discharged for 30secs. The excessive
sample was blotted away with filter paper after 1 minute, washed twice with nanopure water and
stained with 2% uranyl acetate for 30 sec. Grids were allowed to air dry before being imaged at
room temperature with FEI Tecnai T12, FEI Tecnai TF20 and Talos F200C electron

microscopes.
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12.75% PN MW EMDB depositions: 17,349

in total

EMDB depositions: 2,212
protein/nucleic acid complex

EMDB depositions: 3
protein-free RNA at 4 A or better

Figure 5.1: Number of solved RNA structures by cryo-EM. Figure adapted from Ma et al.
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Point for helix bending

Figure 5.2: Analysis of helix flexibility in imaging scaffolds. To explain the stark drop-off in
resolution observed at the periphery of the fused DARPIn in terms of the helix flexibility, the
design backbone was relaxed degrees of freedom of the helix were sampled in real space. The
output files were aligned in relation to the scaffold core, allowing for the motion of the fused
domain to be observed. Figure adapted from Castell-Graells et al. (unpublished).
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List of D3 Scaffold Components and Description

PDB Identifier

Protein Description

1ej2 Methanobacterium thermoautotrophicum nicotinamide
mononucleotide adenylyltransferase

10d6 Phosphopantetheine adenylyltransferase from Thermus
thermophilus

1odk Purine nucleoside phosphorylase from Thermus
thermophilus

1t57 Protein MTH1675 from Methanobacterium
thermoautotrophicum

1twl Inorganic pyrophosphatase from Pyrococcus furiosus

1via 2-Keto-3-Deoxygluconate Kinase from Thermus
thermophilus

1vol L-glutamate dehydrogenase from Pyrobaculum
islandicum

1vgg Conserved hypothetical protein TTHA1091 from
Thermus thermophilus

1vlh Phosphopantetheine adenylyltransferase (TM0741)
from Thermotoga maritima

1vig Ferritin (TM1128) from Thermotoga maritima

1vmd Methylglyoxal synthase (TM1185) from Thermotoga
maritima

1vrg Propionyl-CoA carboxylase, beta subunit (TM0716)
from Thermotoga maritima

1wo8 Methylglyoxal synthase from Thermus thermophilus

Twvqg Conserved hypothetical protein PAE2307 from
Pyrobaculum aerophilum

1wz8 Probable Enoyl-CoA Dehydratase from Thermus
thermophilus

1xqi NDP kinase from Pyrobaculum aerophilum

1xx7 Hypothetical protein from Pyrococcus furiosus

2af7 Gamma-carboxymuconolactone decarboxylase from
Methanobacterium thermoautotrophicum

2brx UMP Kinase from Pyrococcus furiosus
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2bty Acetylglutamate kinase from Thermotoga maritima

2cwq Conserved protein TTHAQ727 from Thermus
thermophilus

2d16 PH1918 protein from Pyrococcus horikoshii OT3

2ef4 Arginase from Thermus thermophilus

2eis Acyl-CoA hydrolase-like protein, TT1379, from Thermus
thermophilus

2i10 Nicotinate Phosphoribosyltransferase from

Thermoplasma acidophilum

2yyb TTHA1606 from Thermus thermophilus HB8

3aog Glutamate dehydrogenase (GdhB) from Thermus
thermophilus

3bey protein 027018 from Methanobacterium

thermoautotrophicum

3fcy Acetyl Xylan Esterase 1 from Thermoanaerobacterium

3pzl agmatine ureohydrolase of Thermoplasma volcanium

3946 Inorganic pyrophosphatase from Thermococcus
thioreducens

3t3w probable enoyl-COA hydratase from Mycobacterium
thermoresistibile

3ug3 Alpha-L-arabinofuranosidase from Thermotoga
maritima

3ubb GlpG

4i4z 1,4-dihydroxy-2-naphthoyl-coenzyme A synthase
(MenB)

4jyl Enoyl-CoA hydratase from Thermoplasma volcanium

Table 5.1: List of Nature D3 assemblies used for docking. To begin design work, design
components were chosen by an advance search through the PDB. The search parameters
included things such as D3 assembly state, soluble expression in E. coli, and large enough size
to be useful as an imaging scaffold core. All proteins chosen were originally from thermophilic
organisms as they tend to be more stable, since they evolved to exist in environmental
extremes, and better starting points from a design standpoint.
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A)

Three-fold
symmetric
view

Two-fold
symmetric
view

Figure 5.3: Visual inspection of docking results. After our python program finished its docking
procedures, visual inspection of the top 5 scoring hits was performed to ensure no clashing is
occurring and that all assemblies make sense. A) Expanded assembly of one particular docking
combination between the D3 (PDB: 1EJ2) and C1 U1A (PDB: 1NU4). B) Composite of multiple
docking outputs. The D3 scaffold core chains are shown in cyan, and the various docked poses
of the U1A are shown in green, salmon, magenta and yellow respectively. Dummy atoms
representing potential bound RNA orientations are shown as balls.

159



A) B)

Figure 5.4: Examples of bad docking poses. Only a small subset of the docked poses will be
suitable to design into imaging scaffolds. The ones that fail in the design stage typically fail due
to clashes between protein subunits, or between RNA cargo. A) An example of a design that
failed due to subunit clashes. The D3 scaffold core is shown in green. In cyan, is one C1 RNA
binding protein docked onto the cage core. The orientation of docking places one C1 protein at
the three-fold interface of the D3 component, which will cause clashes with the two
symmetry-related components when the full design is expressed. B) An example of a design
that failed due to RNA clashes. The hypothetical RNA cargo is depicted with the blue balls. One
RNA-binding protein is shown in cyan docked to the D3 cage core (green). When fully
expressed and loaded with RNA, the cargo will clash with the RNA-binding protein on the
adjacent, symmetry-related scaffold chain.
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Design_Name
Tnud_1vrg_1_0
Tnud_1vrg_1_1
Tnud_1vrg_1_2
1Tnud_2af7_1_0
Tnu4_2af7_1_1
Tnud_2aff_1_3
Tnud_2af7_1_4
1nud 3bey 1.0
1Tnu4_3bey 1_3
1Tnud_3bey 1_4
Tnud_1v9l_1_0
1nud_2efd_1_0
1nud_2efd 1 1
Tnud_4jyl_1_0
Tnud_4jyl_1_2
Tnud_2brx_1_0
Tnud_3t3w_1_2
1nud_nidz_1_0
Tnud_nidz_1_2
1nud_1wvg_1_0
Tnud_tej2_1_1
Tnud_2yyb_1_1
1nud_2yyb_1_4
Tnuéd_todk_1_4
Tnud_1vmd_1_1
Thud_1vmd_1_2
Tnud 1vmd_1_3
Tnud_1vmd_1_4
Tnud_1vig_1_4
Tnud_2bty 1_3
Tnud_2ewg_1_1
1nud_2eowg_ 1_2
1nud_2cwqg_1_4
Tnud_1xx7_1_4
Tnud_2eis_1_0
1nud_2eis 1 1
1nud_2eis_1_2
Tnud_2eis_1_3
Tnud_2eis_1_4

D3 PDB
Tvrg_1
Tvrg_1
Tvrg_1
2af7_1
2af7_1
2af7_1
2af7_1
3bey 1
3bey_1
3bey_1
vaI_1
2efd_1
2efd_1
4jyl 1
Ajyl_1
2brx_1
3t3w_1
ni4z_1
nidz_1
Twvg_1
1ej2
2yyb 1
2yyb_1
Todk_1
1vmd_1
1vmd_1
Avmd_1
Tvmd_1
1vig_1
2bty_1
2cwg_1
2owg_1
2cwq_1
1xx7_2
2eis_1
2eis_1
2eis_1
2eis_1
Zeis_1

U1A PDB
nud
Tnu4
1nud
1nud
Tnu4
Tnud
1nud
Inu4
Tnu4
1nud
Tnud
Tnud
1nud
Tnud
Tnu4
1nud
Tnud
Tnu4
1nud
nud
Tnu4
1nud
1nu4
Tnu4
1nud
1nud
1nu4
Tnu4
1nud
Tnu4
Tnud
1nud
Tnud
Tnud
1nud
1nu4
Tnu4
1nud
Tnud

D3 Chain Aligned

OO0 ®» 0> M>0F>FPOTEME>MOODOMOM>O0O0TTTO 007D >R

Termini Type
U1A_C:D3_N
U1A_C:D3_N
U1A C:D3_N
U1A_C:D3_N
N/A

U1A_G:D3_N
N/A

U1A_C:D3 N
U1A_G:D3 N
U1A_G:D3_N
U1A_C:D3_N
U1A_C:D3_N
U1A C=D3_N
U1A_C:D3_N
U1A_G:D3_N
U1A_C:D3_N
U1A_C:D3_N
U1A_C:D3 N
U1A_G:D3_N
U1A_C:D3_N
N/A

U1A_C=D3_N
N/A

U1A_C:D3_N
U1A_G:D3_N
U1A_C:D3_N
U1A_C:D3 N
U1A_G:D3 N
N/A

N/A

NfA

U1A C=D3_N
N/A

U1A_G:D3 N
U1A_C:D3_N
U1A_C:D3 N
U1A_C:D32 N
U1A_G:D3_N
U1A_C:D3_N

Termini Distance
9.7
9.7
10.1
18.3
MNIA
54
MN/A
9.2
18.9
13.1
19.2
20
16.7
19.9
14.3
11.8
16.4
16.6
19.6
15.6
MNIA

NIA
19.2
13.5
18.1
19.9
17.1

N/A

N/A

N/A

N/A
19.2
16.4
17.5
15.4
17.8
182

Termini Type
NIA

MNA

MNIA

N/A
D3_C:U1A_N
MN/A
D3_C:U1A_N
NIA

N/A

NIA

NIA

MNIA

N/A

NIA

MNIA
D3_C:U1A_N
NIA

NIA

MNIA

NIA
D3_C:U1A_N
MNIA
D3_C:U1A_N
NIA
D3_C:U1A_N
N/A

NIA

NIA
D3_C:U1A_N
D3_C:U1A_N
D3_C:U1A_N
N/A
D3_C:U1A_N
D3_C:U1A_N
N/A

NIA
D3_CuU1A_N
MNIA

D3 _C:U1A N

Termini Distanc # Fragments

N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
N/A

N/A
N/A

N/A

4.8
16.4
18.9
14.5
18.5
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Output %core Calpha Clashes Symmetry Clashes

12.25
12.21
11.35
10.94
8.03
8.99
B.46
10.81
841
B8.28
10.66
10.34
10.29
10.29
7.64
9.78
9.56
949
7.64
9.13
8.71
B8.64
7.81
8.57
B8.47
7.09
7

6.8
B8.43
8.39
8.38
B8.17
7.1
7.5
7.3
6.96
B6.65
585
5.55

0

O 0 0 0 0000000 =0 N0 g2 aN0Oo 0 =0 =2 00000 20 N0 N=s 200

No Obvious
Mo Obvious
No Obvious
No Obvious
Clashes

No Obvious
No Obvious
No Obvious
Mo Obvious
Potential Stercs on inner side
No Qbvious
Mo Obvious
No Obvious

Cargo Clashes

No room for cargo
No room for cargo
No room for cargo
Potential clashes
Potential clashes

No Qbvious Clashes
No Cbvious Clashes
Potential clashes
Potential clashes
Clashes

No obvious Clashes
Potential clashes

Potential clashes

Patential Clashes subunits on othe Potential clashes
Potential Clashes subunits on othe Potential clashes

No Obvious
No Obvious

No obvious Clashes
Potential clashes

Potential Clashes subunits on othe Potential Clashes

Potential Clashes subunits on othe Potential Clashes

No Qbvious
No Obvious
No Obvious
No Obvious
Paotential Clashes
Mo Obvious
No Obvious
No Obvious
MNo Obvious
No Obvious
No Obvious
No Obvious
MNo Obvious
No Obvious
MNo Obvious
No Obvious
No Qbvious
No Obvious
No Obvious
No Obvious

Potential Clashes
No obvious Clashes
Potential Clashes
No obvious Clashes
Potential Clashes
Potential Clashes
Potential Clashes
No obvious Clashes
Clashes with cage
Mo Obvious Clashes
No Obvious Clashes
No obvious Clashes
No obvious Clashes
No obvious Clashes
Cargo Clashes
Potential Clashes
No obvious Clashes
No obvious Clashes
Mo obvious Clashes

No obvious Clashes

Design Rating

Table 5.2: Designability of docked poses. The output from the D3-C1 docking combinations

were visually checked and summarized in the above table. Special consideration was given to

which component termini could be used for purification tags and which could be utilized for the

flexible linker.
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Table 2. Properties of profein—protein interfaces

Homodimers"
Protein—protein Weak Crystal

Parameter complexes® Bahadur Dey dimers®  packing®
Number in dataset T0 122 276 19 188
BSA (AY 1910 3900 3700 1620 570, 1510

(5.D.) (760) (2200 (2160)  (670) (520)
Amino acids per interface a7 104 100 50 48
BSA (A® per amino acid 34 38 37 32 32
Composition (BSA %)

Non-polar 58 65 65 62 58

Neutral polar 28 23 22 25 25

Charped 14 12 13 13 17
Atomic packing

fou (buried atoms %) 34 36 35 28 21

Ly packing index 42 45 43 34 32

8. complementarity score  (-69 0-70 0-63
R, propensity score® 0-9 4.3 21 -5 —11
Chain segments’ 56 34 32 58 63
H bonds

#yyy (number per 10 19 18 7 5

interface) )

BSA per bond (A% 190 210 209 230 280
Warer molecules®

Number per interface 20 44 23

Number per 1000 A* 10 11 15

Bridging H bonds G 13 6
Residue conservation”

% in core 55 60 40

s in core and rim 0-65 and 0-80 0-63 and 0-77 0-98 and 0-99

“Data from Chakrabarti & Janin (2002) on a subset of the complexes of Lo Conte ef a/. (1999).

*Data from Bahadur e @/ (2003); the set of Dey e /. (unpublished data) was derived from the PiQSi
database (Lévy, 2007) as described in the text.

“Homodimers described in PiQQSi (Lévy, 2007) as being in equilibrium with the monomer, based on the

literature.

“Pairwise interfaces in crystals of monomeric proteins. The first mean BSA value and the 5.D, are for the
1320 interfaces in the 152 crystal forms analyzed by Janin & Rodier (1995). All other numbers are for 188
interfaces with BSA =800 A” that were selected among those 1320 interfaces by Bahadur e o/ (2004).

“Score obtained by summing over the whole interface the propensity of individual residues to occur at the
interface of homodimers (Bahadur ef af 2004).

‘Number of polypeptide segments per 1000 A% of BSA. A separate dataset of 204 structures has been

used for protein—protein complexes (Pal & o/ 2007).

¥Data from Rodier ef /. (2005).
"Mean values in subsets that comprise 52 protein components of the complexes (excluding anti-
gen—antibody complexes), 121 homodimers and 102 monomeric proteins in crystal contacts. 5 is the mean

Shannon entropy in alipned sequences. Data from Guharoy & Chakrabart (2005).

Table 5.3: List of natural protein-protein interface parameters. Table taken from Janin et al*®.
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Table of Chosen Designs and Design Protocol - First Round

Design Name

Abbreviation

D3 Component

C1 Component

Design Protocol

MAOO01-1nu4_1ej2_1_ A1 1ej2 ula HBNet
1_hbnet_0182
MAO009-1nu4_2cwq_1 A2 2cwq ula Structure_backbone
_2 SB_0005
MAO017-1nu4_1vmd_1 A3 1vmd ula Structure_backbone
_3_SB_0007
MAOQO2-1nu4_1ej2_1_ B1 1ej2 ula Structure_backbone
1_SB_0009
MAO010-1nu4_2cwq_1 B2 2cwq ula Structure_backbone
_2 SB_0012
MAO018-3v7e_1vlh_1_ B3 1vlh YbxF HBNet
3_hbnet_0077
MAOO3-1nu4_2brx_1_ C1 2brx ula HBNet
0_hbnet_0081
MAO11-1nu4_2cwq_1 Cc2 2cwq ula HBNet
_2 hbnet_0015
MAO019-3v7e_1vlh_1_ C3 1vlh YbxF HBNet
3_hbnet_0100
MAO004-1nu4_2brx_1_ D1 2brx ula HBNet
0_hbnet 0194
MAO12-1nu4_2cwq_1 D2 2cwq ula Structure_backbone
_4 SB_0016
MAO020-3v7e_1vlh_1_ D3 1vlh YbxF HBNet
3 _hbnet_0057
MAO005-1nu4_2brx_1_ E1 2brx ula HBNet
0_hbnet_0147
MAO13-1nu4_2cwq_1 E2 2cwq ula Structure_backbone
_4 SB_0009
MA021-3v7e_3aog_1 E3 3aog YbxF HBNet
_3 _hbnet_0023
MAO006-1nu4_2brx_1_ F1 2brx ula Structure_backbone
0_SB_0005
MAO14-1nu4_2cwq_1 F2 2cwq ula Structure_backbone

_4_SB_0012
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3_hbnet_0095

MAO023-3v7e_4idz_1_ F3 4i4z YbxF HBNet
2_hbnet_0045
MAOQO7-1nu4_2brx_1 0 G1 2brx ula Structure_backbone
_SB_0015
MAO15-1nu4_2cwq_1 G2 2cwq ula Structure_backbone
_4 SB 0013
MAO24-3v7e_4i4z_1_ G3 4i4z YbxF Structure_backbone
2_SB_0005
MAO008-1nu4_2cwq_1 H1 2cwq ula Structure_backbone
_1.SB_0015
MAO016-1nu4_1vmd_1 H2 1vmd ula HBNet
_3 _hbnet_0033
MAO025-3v7e 4idz_1_ H3 4idz YbxF HBNet

Table 5.4: List of chosen designs and protocols used. The output of the two Rosetta interface
redesign protocols resulted in 468 unique protein sequences. These were pruned down to 25

sequences for biochemical characterization.
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4i4z

1vhl

Figure 5.5: Representative D3-C1 full design assemblies. Expanded assemblies for four unique
design poses are displayed along with their corresponding PDB cores. The D3 scaffold core is
shown in green and the C1 RNA-binding proteins are shown in cyans. Highlighted in magenta
are residues involved in RNA ligand binding.
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Table of Component and Assembly Mass

Design Abbreviation D3 MW (kDa) C1 MW (kDa) Full Assembly MW (kDa)
A1 21.2 11.8 198
A2 13.31 12.30 153.66
A3 19.12 12.75 191.22
B1 21 11.9 197.4
B2 13.38 12.30 154.08
B3 18.22 9.42 165.84
C1 2418 12.4 219.48
C2 13.30 12.25 153.3
C3 18.22 9.41 165.78
D1 25.02 12.24 223.56
D2 13.47 12.42 155.34
D3 18.22 9.46 166.08
E1 25.25 12.288 225.18
E2 13.51 12.43 155.64
E3 46.73 9.68 338.46
F1 25.04 12.41 2247
F2 13.55 12.38 155.58
F3 30.67 9.74 242.46
G1 25.21 12.38 225.54
G2 13.60 12.40 156
G3 30.84 9.73 243.42
H1 13.51 12.42 155.58
H2 18.98 12.53 189.06
H3 30.65 9.59 241.44
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Table 5.5: Table of component and assembly masses. The molecular weights of each of the
design components are listed next to their abbreviated moniker (Table 5.4). A total of 6 copies of
each D3 and C1 component assemble into the complete design assembily.
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Figure 5.6: D3-C1 imaging scaffold design expression tests. To test so many constructs for
expression and solubility, 96-well cultures were used to test growth media and expression
temperature. A) Cultures grown and expressed in LB media. B) Cultures grown and expressed
in TB media. On the gel there are two lanes that correspond to each design. The first lane is
where 37°C expression was tested, the second lane corresponds to 18°C. Overall, designs

preferred expression at lower temperature.
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Figure 5.7: Large scale growths of Rosetta D3-C1 designs. Designs were grown at 1 liter scale
and tested for solubility. A representative gel image is shown in this figure. The same trend seen
with the small scale expression cultures is seen in these larger ones. If any expression or
solubility was seen, it was only of the D3 component (colored boxes). In no case were bands for
a soluble C1 component observed. Lane markers are as follows: molecular weight (MW),
Insoluble (), Soluble (S), Wash (W), and Elution (E).
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Analysis of Design C1 Sequence Mutations
Design Number of Total Number
Component Mutations of Residues % of Protein
Introduced Mutated
2brx (D3) 20 218 9.17%
U1A (C1) 18 91 19.78%

Figure 5.8: Analysis of mutations to design C1. The best behaving core was design C1
(MAOO3-1nu4_2brx_1_0_hbnet_0081), so it was chosen for further analysis. The redesign down
to the D3 scaffold core was fairly mild with only ~10% of its amino acids being changed. The
redesign of U1A was much more drastic with almost 1/5th of the entire protein being changed.
Larger proteins are able to accommodate more changes than smaller ones, potentially
explaining the discrepancy in expression and solubility observed.
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Figure 5.9: AlphaFold analysis of design C1. The sequence for both the D3 and C1 components
were run through AlphaFold to determine if the mutations introduced are predicted to affect the
three-dimensional structure of the designs. Shown in this figure is analysis on the U1A
RNA-binding component. A) Overlay of the U1A structure (PDB: 1nu4, green) matches well with
the predicted structure from AlphaFold (cyan). B) The Local Distance Difference Test (IDDT)
metric is a measure of the local distance differences between atoms in the model and is used as
a metric of assessing prediction outputs*'. The IDDT plot shows a good prediction of the

structure, indicating that the mutations we introduced do not affect the global fold of U1A to any
significant degree.
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List of D3-C1-Linked Designs Chosen

D3 C1 Linker Scaffold
Design Name Abbreviation | Component | Component Identity Chain Size
(MW)

1nu4_1ej2 1. 1
MPNN-0008-By-E MPNN1-Link 1ej2 U1A $ggsggsyag 31.30 kDa
ye_Link
Tnu4_2brx_1_0_
MPNN-0008-By-E MPNN2-Link 2brx U1A ggsggs 26.81 kDa
ye_Link
1Tnu4_2cwq_1 2
MPNN-0007-By-E MPNN3-Link 2cwq U1A ggsggsgsg 26.83 kDa
ye
1nu4_2cwq_1 2
MPNN-0006-By-E MPNN4-Link 2cwq U1A ggsggsgsg 26.89 kDa
ye Link
1Tnu4_1vmd_1 3
MPNN-0008-By-E MPNNS5-Link 1vmd U1A ggsggsggsg 31.5kDa
ye_Link
3v7e_1ej2_1_1_M
PNN-0009-Link MPNNG-Link 1ej2 YbxF ggsggsag 33.69 kDa
3v7e_4i4z_1_3 M
PNN-0006-Link MPNN7-Link 4i4z YbxF ggsggsg 40.76 kDa
1nu4_1vol_1_0_M
PNN-0005_Link MPNN8-Link 1vol U1A ggsggsggs 59.45 kDa
3v7e_1vih_1_3_ M
PNN-0002_Link MPNNO9-Link 1vih YbxF ggsggsggs 28.88 kDa
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1nu4_1ej2_1 000
5-Link MPNN10-Link 1ej2 U1A ggsggsgg 32.49 kDa

1nu4_1ej2_1_000
9-Link MPNN11-Link 1ej2 U1A ggsggsgg 32.68 kDa

1nu4_1ej2_1_000
3-Link-For-Compa | MPNN12-Link 1ej2 U1A ggsggsgg 32.6 kDa

re

Tnu4_1vmd_1_3_
0010-Link MPNN13-Link 1vmd U1A ggsggsggs 32.5 kDa

3v7e_1vih_1. 3 0
004-Link MPNN14-Link 1vih YbxF ggsggsggs 29.04 kDa

3v7e_1vih_1. 3 0
005-Link MPNN15-Link 1vih YbxF ggsggsggs 29.11 kDa

3v7e_4i4z_1_3 0
010-Link MPNN16-Link 4i4z YbxF ggsggsgg 40.79 kDa

3v7e 4i4z 1 3 0
009-Link MPNN17-Link 4i4z YbxF ggsggsgg 40.88 kDa

Table 5.6: List of MPNN selected designs. Of the 117 unique sequences that resulted from the
MPNN interface redesign protocol, 17 were selected for biochemical characterization.
Abbreviations for each design are given and are referred to as such in the main text of this
chapter.
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Figure 5.10: Biochemical characterization of MPNN5. The best preforming design from the pool
of 17 MPNN-redesigned sequences was MPNN5, which expressed as a single, homogeneous
band under NiNTA, as visualized by SDS-PAGE (A), and eluted as a monodisperse peak under
SEC (B).
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Figure 5.11: TEV Digestion of MPNN5-Link. In order to confirm that the two components of my
scaffold are indeed associating, | PCR cloned TEV-digestion sites into the flexible linkers,
purified the constructs, incubated them with TEV, and then repurified the mixture over SEC. A)
The SEC profile for the U1A protein by itself. The RNA-binding protein elutes with a peak
~24mL on a Superose 6 Increase column (red box). B) The peak corresponding to U1A alone
was run on an SDS-PAGE to see where our control migrates. Bands corresponding to U1A
show a homogeneous sample of approximately the correct molecular weight of ~12 kDa (red
box). As a second control, the D3 component of the MPNNS5 scaffold (PDB: 1VMD) was also
purified as a control and is shown to run around its molecular weight of approximately 19 kDa
(yellow box). C) After incubation of the construct with TEV protease, the mixture was re-run over
the Superose 6 Increase column and two peaks were observed (checkered boxes). D)
SDS-PAGE analysis of each peak shows that upon TEV digestion, the construct dissociated into
its constituent parts and failed to associate with each other under SEC (checkered boxes).
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APPENDIX ONE: AlphaFold-Assisted Structure Determination of a
Bacterial Protein of Unknown Function Using X-ray and Electron

Crystallography
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AlphaFold-Assisted Structure Determination of a Bacterial Protein of

Unknown Function Using X-ray and Electron Crystallography

Justin E. Miller, Matthew P. Agdanowski, Joshua L. Dolinsky, Michael R. Sawaya, Duilio

Cascio, Jose A. Rodriguez, Todd O. Yeates

Keywords
Electron diffraction, protein structure prediction, bacterial proteins, molecular replacement
Abbreviations
MIR — multiple isomorphous replacement
Micro-ED — micro electron diffraction
Cryo-EM - cryo electron microscopy
LLG - log likelihood gain
pLDDT - per-residue model confidence score

RMSD - root mean square deviation

Macromolecular crystallography generally requires the recovery of missing phase

information from diffraction data to reconstruct an electron density map of the crystallized

molecule. Most recent structures have been solved using molecular replacement as a phasing

method, requiring an a priori structure that is closely related to the target protein to serve as a

search model; when no such search model exists, molecular replacement is not possible. New

advances in computational machine learning methods, however, have resulted in major

advances in protein structure predictions from sequence information. Methods that generate

predicted structural models of sufficient accuracy provide a powerful approach to molecular
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replacement. Taking advantage of these advances, we applied AlphaFold predictions to enable
structure determination of a bacterial protein of unknown function (UniprotKB Q63NT7, NCBI
locus BPSS0212), based on diffraction data that had evaded phasing attempts by MIR and
anomalous scattering methods. Using both X-ray and micro-electron (microED) diffraction data,
we were able to solve the structure of the main fragment of the protein using a predicted model
of that domain as a starting point. The use of predicted structural models importantly expands
the promise of electron diffraction, where structure determination relies critically on molecular

replacement.

Introduction

New variations on traditional x-ray crystallography are expanding the power of

diffraction methods for macromolecular structure determination '-°. Two ongoing developments
are notable for their potential scope. First, recent algorithmic advances in protein structure
prediction have made it possible, in many cases, to generate three-dimensional models that are
accurate enough for molecular replacement protocols ®°. Such cases ultimately allow for an
experimental structure to be elucidated, without the need for experimental phasing (i.e. heavy
atom or anomalous approaches), and without prior experimental knowledge of a similar protein
structure. Second, on the side of experimental advance, electron-based diffraction is attracting
attention as a potential approach suitable for very small crystals '°. These two lines of
exploration intersect. Heavy atom and anomalous scattering methods of phasing do not transfer
readily to electron diffraction, elevating the importance of molecular replacement for that
method, including with predicted models. More case studies are needed to demonstrate the

utility, and the challenges, of these new structure determination approaches.

The subject of the present study is a bacterial protein of unknown structure and function,

UniprotKB Q63NT7. It was chosen for structural investigation based on its unusual genomic
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presentation. The tendency of the protein family PFO08898 (proteins containing the domain:
DUF1843) to be encoded as repeated paralogs within individual operons suggested that it might
form part of a larger self-assembling protein complex, as proposed in an earlier bioinformatics
study " (Figure 1A), but no structural data was available. Biochemical and structural studies
were therefore undertaken to investigate the structure of this protein domain and to evaluate
whether it might form a larger self-assembling complex. Difficulties in obtaining large crystals led
to expanded efforts, including structure determination from small crystals by electron diffraction,

and molecular replacement using predicted models.

Results

3.1 Protein Expression and Purification

The Q63NT7 protein from species Burkholderia pseudomallei is 212 amino acids long (MW
22.5kDa). It contains two predicted domains: an N-terminal domain of unknown function
(14.5kDa) (DUF1842), and the aforementioned C-terminal domain (DUF1843, 5.4kDa) which
tends to appear in multiple paralogous copies within individual bacterial operons. We ordered
sequences encoding the Q63NT7 sequence with C-terminal 6xHistidine tags. We expressed the
protein recombinantly in BL21 (DE3) E. coli cells (Supplemental Table S1). Biochemical
characterization of this protein suggested the protein is monodisperse and likely monomeric in

solution (Figure 2A).

3.2 Protein Crystallization and Crystal Forms

Encouraged by the purity of our protein sample, we attempted to solve the structure
crystallographically. Q63NT7 presented a challenge for obtaining large, well-ordered crystals.
This led us to explore multiple distinct crystal forms with the goal of improving diffraction
quality and, as discussed later, to attempt to visualize a substantial region of the protein that

could not be resolved in density maps.
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Initial crystallization trials yielded abundant needles across many crystallization conditions, but
attempts to obtain X-ray diffraction data were unsuccessful. We also observed inconsistent
crystal formation across our replicated crystal trays. Even so, we were ultimately (after
approximately 6-months) able to optimize these conditions and grow larger rectangular shaped
crystals that diffracted beyond 3A on a synchrotron microfocus beamline (Figure 2B). We
collected datasets on these crystals, which we refer to as form 1. Diffraction data indexing
revealed the space group as P2, (Supplemental Table S5). The highest resolution resulted from

data collected on a single crystal specimen.

In parallel with efforts to phase data from form 1 crystals, we sought to achieve higher quality
diffraction from Q63NT7 crystals. Anticipating that needle-shaped crystals might be especially
suitable for micro-electron diffraction (Micro-ED) methods owing to their limited thickness, we
used an electron microscope to investigate the order and diffraction quality of needle-shaped
microcrystals that grew in showers in some of our drops). We first pipetted those drops onto
formvar carbon electron microscopy grids, stained them with uranyl acetate and imaged them.
The crystallinity of our sample was evident by the appearance of lattice lines in the sample
(Supplemental Data Figure 1). We next investigated the diffraction quality of these crystals when
frozen, so we proceeded to freeze microcrystals from similar conditions for cryo- EM Micro-ED.
These microcrystals typically diffracted to 3 A resolution in an electron microscope operating in
diffraction mode (see Methods) (Figure 2B, bottom panel). We collected diffraction datasets
from four microcrystals. The crystal unit cell dimensions were non-isomorphous with form 1
crystals (Supplemental Table S5), so we refer to these as form 2 crystals. Unfortunately, the
crystals which appeared to be ribbon-shaped at high magnification suffered from preferred
orientation problems. We were unable to collect diffraction at high tilt angles, and therefore

achieved only 59% completeness in a merged diffraction data set. Furthermore, it was difficult to
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confidently assign a space group due to a substantial missing cone of reflections (Figure 3). The
quality of the individual datasets was poor, partly owing to weaker signal (e.g. unsatisfactory R
sym values) from some specimens, merging multiple datasets did not substantially improve data
quality, but improved completeness slightly. We therefore elected to proceed using a dataset
obtained from merging diffraction from four crystals; unfortunately, since the regions of
reciprocal space missing from distinct data sets were largely overlapping, the final dataset was
only complete to 59%. Owing to the lack of data along the ¢* axis, systematic absences were
difficult to discern from missing data, and determining the number of 2, screw axes was initially
unclear. Attempts at molecular replacement with the form 2 electron diffraction data in space
groups 16, 17, 18, and 19 ultimately confirmed that P2,2,2, was correct for form 2 microcrystals

based on a much higher LLG value.

Lastly, we continued to optimize the crystallization conditions and identified another condition
that grew well-diffracting needle-shaped crystals suitable for data collection on the synchrotron
micro-focus beamline. We were able to collect a complete dataset from a single

crystal that indexed in P2,2,2,. We refer to this crystal as form 3, since its unit cell dimensions

were distinct from forms 1 and 2 (Supplemental Table S5).

.3 Molecular Replacemen ing AlphaFold M |
Efforts to phase the highest quality dataset (form 1) with experimental techniques did not
lead to immediate success; selenomethionine labeled protein crystals did not diffract, and we
observed no heavy atom signal in the diffraction patterns of crystals soaked in CsCl, or KI.
Inspired by studies that had used AlphaFold models to phase datasets with little a priori
information, we used the software to generate a model of Q63NT7 (Figure 4). AlphaFold
identified two domains in the protein, joined by a long linker. The N-terminal domain was

predicted to fold into a B-barrel composed of 8 antiparallel strands. AlphaFold predicted this
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domain with a high degree of confidence based on per-residue pIDDT scores. The C-terminal
domain was predicted to form a small helical bundle with modest pIDDT confidence metrics.
Applying existing molecular replacement methods to our AlphaFold-based molecular
replacement efforts, we separated the coordinates of the two domains into independent files and

removed extended loop segments, including the long linker between domains (Figure 4).

We used these two files as search models for molecular replacement with the program

Phaser 13 . Remarkably, datasets from all three crystal forms gave solutions that passed
Phaser’s metrics for a correct solution using the N-terminal B-sheet rich domain. The solution
was further validated using a test search model that excluded residue H125; maps phased from
such a molecular replacement model produced positive density at the expected position in an
Fo-Fc difference map (Supplemental Data Figure 2). All three crystals forms identified two
copies of the N-terminal 3-barrel domain in the asymmetric unit (Fig. 5). Form 1 crystals gave a
combined LLG value of 719, Form 2 crystals gave an LLG value of 394, and Form 3 crystals
gave an LLG value of 305. On the contrary, none of the crystals could be phased using the
C-terminal alpha helical domain as a search model using similar program parameters. Given the
small contribution of scattering attributed to this domain because of its small size, these

negative results were not altogether surprising.

We next investigated whether similar structures in the PDB existed, and whether, in retrospect,
they too could have served as search models for molecular replacement with our data. To do
this, we submitted the structure obtained from the form 1 crystal dataset (after molecular
replacement and preliminary refinement) to the DALI server and identified the top five closest
matching protein folds (i.e. those with the highest Z-scores) in the PDB (Supplemental Data
Figure 3) 14 . Interestingly, the structure that was identified as most similar to our own based on

Z-score is an outer membrane protein from Pseudomonas aeruginosa. These attempts did not
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produce plausible packing solutions using form 1 data. We went on to test whether these known
models would produce solutions for the form 2 data with lower completeness, which might lend
itself to incorrect solutions more so than the comparatively better form 1 data. For each of these
trials, Phaser was unable to produce molecular replacement statistics indicative of a correct
solution. LLGs for these trials were all below what would be expected for a correct solution, and
all significantly lower than for the AlphaFold model: 129 (2erv), 57 (2f1v), 25 (4u8u), 112 (4rcl),
and 119 (4bbo). We further tested whether FoldSeek’s 15 search algorithm could be used to
identify other molecular replacement search models, either from the pdb or amongst the vast
number of predicted protein models. Performing molecular replacement using our form 2 data,
the most similar structure identified using FoldSeek’s search from the pdb: 6¢cd8 gave a Phaser
LLG value of only 47. Our finding was that only the AlphaFold model predicted for the DUF1842
B-barrel domain was sufficiently close to the target structure to serve as a successful molecular

replacement input.

3.4 Refinement of Atomic Structures

Because form 1 crystals gave the highest resolution diffraction data (from X-rays), a model for
the B-sheet rich domain was refined against that data and then subsequently used as the
starting point for model refinements in the other crystal forms (X-ray and electron). This strategy
helped to prevent separation of R free and R work , especially in the case of the Micro-ED data,
which suffered from low completeness and poor I/sigma and R Statistics.

Importantly, Phaser statistics for molecular replacement solutions using the refined form 1
crystal structure were much improved over those from AlphaFold predicted models; form 2
datasets gave Phaser LLG values of 624 while form 3 crystal datasets gave a phaser LLG value
of 662 (compared to LLGs of 394 and 305). We therefore adopted those solutions as starting

points for atomic refinements.
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During refinement, we paid close attention to the C-terminal region of resulting density maps to
observe whether density expected for the C-terminal domain would become visible. In all three
forms, large solvent channels were noted adjacent to the C-terminus of the B-barrel domain
(Supplemental Data Figure 4), which would have allowed for possible placement of the small
C-terminal segment. Unfortunately, in all crystal forms, we observed no meaningful positive
density in Fo-Fc difference maps in the regions that would have to be occupied by the
C-terminal domain. We hypothesize this could be due to proteolysis, as we observed
degradation products on SDS-PAGE gels, and subsequently in mass spectra from dissolved
crystalline samples (Supplemental Data Figure 5 &amp; unpublished data). Final refinement for
the form 1 model gave an R factor of 25.1% and R, of 28.7. The form 2 model had an R factor
of 28.4% and R free of 30.7%. The form 3 model had an R factor of 27.3% and R free of 33.3%.
The structure of the N-terminal B-rich domain was strongly conserved across all crystal forms
and asymmetric units; no protein chain from any of the three crystal forms had a backbone
RMSD above 0.6 A compared to any other chain (Figure 5). There was also close agreement
between the refined structures and the AlphaFold prediction. Backbone RMSD values between
the experimental structures and the AlphaFold model were 0.35A for form 1, 0.49A for form 2,

and 0.46A for form 3.

Analyzing the non-crystallographic symmetry of the three crystal forms revealed molecular
packing interfaces that were substantially different. As a result, no biologically relevant
interfaces could be inferred with confidence. One potentially relevant exception is that the form
2 non-crystallographic interface is present as a crystallographic interface in form 3 crystals.

3.4 Structural Analysis

The overall structure of the Q63NT7 protein C-terminal domain forms an 8 stranded antiparallel
B-barrel. Residues 67-77, corresponding to the amino acid sequence: GPPPRRDGSG, did not

appear in any of the three electron density maps, and thus were left out from the structures
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deposited in the pdb. Polar residues are found covering the exterior surface of the B-barrel,
while the interior of the B-barrel is lined with mostly hydrophobic residues, without space for a
channel through the barrel. Residues 88-97 form an unusual hydrophobic extended loop, with a

conserved structure across crystal forms, interacting with strand 4 of the B-barrel.

Discussion and Conclusion

In several cases, microED has proven to be an important tool for structural biologists, enabling
the extraction of high-resolution structural information from tiny crystals that are unusable using
X-ray diffraction. The earliest demonstration of the method on protein crystals was seminal work
on crystals of lysozyme'® . Important early work from Rodriguez and colleagues advanced on
these studies and demonstrated the utility of microED in solving the structures of small
peptides'’. Other work has demonstrated the method’s utility in solving structures of proteins in
cases where structures are already known for proteins that are closely or even distantly related,
including ligand or drug-bound forms of proteins*'®'°. Nevertheless, experimental methods for
phasing MicroED data have been elusive, limiting broader applications of the method. The work
presented in this paper adds to the relatively small number of electron diffraction structures of
novel proteins. Two recent studies have demonstrated success at phasing MicroED data using
structures of distantly-related homologs as search models*®, while, as far as we are aware, the
current study represents the first folded (globular) protein structure solved by MicroED whose
structure could not be approximated in advance by virtue of a recognizably homologous known
structure. We also note that collection of MicroED data was challenged by a strong tendency of
crystals to adopt a preferred orientation on the EM grid, leading to an incomplete dataset, and to
less than ideal statistics. This led to some initial uncertainties in assigning a space group and

subsequent structure determination.
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We also present the structure of a new small protein fold, and the first from protein family
DUF1842. Notably, efforts to obtain structural information on the C-terminal domain from our
maps were unsuccessful. Between the two domains, we note the presence of a ~25 amino acid
long linker predicted to form a loop with low sequence conservation across homologues (Figure
1b). This could contribute to flexibility of the entire C-terminal region of the protein in the context
of the crystal. We also observed several instances of proteolysis in our crystal trays, both with
and without the sterilizing agent sodium azide added to the crystal drops (Figure 5).
Degradation products appear to be composed of prominent fragments of 4-5kDa and 17-19kDa
based on SDS-PAGE (Supplemental Data Figure 4). This could place the cut-site directly N-
terminal to the C-terminal domain, which did not appear in our crystal structures. The tendency
of the protein to undergo proteolysis also lends support to the hypothesis that some part of the
C-terminal region of the protein was missing from all three crystal forms, explaining the absence
of detectable density in all cases. Considering these data, there could still be unaccounted for
scattering from up to ~60 amino acids based on the difference between the estimated molecular
weight of abundant bands visible using SDS-PAGE (Supplemental Data Figure 4) and the
molecular weight of our structures (~12kDa). We take this as possible explanation for higher-

than-typical refinement R-values that we ultimately obtained in all three crystal forms.

Despite our initial predictions, based on genomic patterns, that Q63NT7 might be involved in
oligomerization via its C-terminal domain, we were unable to observe any evidence of
higher-order oligomer formation either in solution or in crystalline form. Our biochemical studies
did not support that the protein of unknown function self-assembles into larger architectures
under the conditions tested. Nonetheless, the appearance of a flexible linker to a terminal
domain that was unresolved by crystallography is reminiscent of studies on bacterial
microcompartment shell proteins®® whose genomic patterns were the impetus for the original

genomic investigation that identified the IPR014994 domain as a target in the current study.
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Whether the architecture of the full protein molecule — i.e. with the small C-terminal domain

intact — might be different remains unclear.

Materials and Methods

Gene Synthesis

Codon-optimized gene sequences were ordered from Integrated DNA Technologies or Twist
Biosciences with overlapping sequences corresponding to flanking regions around the hindlll
and ndel restriction sites in the pET-22b expression vector. Intergenic sequences for two-
component designs were taken from a pETDuet-1 expression plasmid and ordered as a single

gene fragment.

Protein Expression and Purification

Designs were cloned into pET-22b expression vectors using Gibson assembly. Correct cloning
of gene was verified using Sanger sequencing. Small-scale expression was performed in
BL21(DE3) cells grown in 200 mL of cultures using auto-induction media grown for 24 h at 25 C.
Cells were lysed in 50mm Tris-HCI pH 8.0, 250mm NaCl supplemented with 5 mM
2-mecaptoethanol and EDTA-free protease inhibitor tablets (Thermo Fisher Scientific) using an
Emulsiflex C3 homogenizer and affinity purified using Ni-NTA agarose resin (Thermo Fisher
Scientific) in a gravity flow column. Protein was washed with lysis buffer +100 mM imidazole and
eluted in lysis buffer +500 mM imidazole. Eluted protein was dialyzed against imidazole
overnight at 4 °C. Samples were run on SDS-PAGE to purity before SEC using a Superdex-75
column (Cytiva Life Sciences) attached to an Acta FPLC (Cytiva Life Sciences). Sodium Azide
was then added to SEC elution fractions at a concentration of 0.05% as well as EDTA at a

concentration of 5mM.
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Crystallization

96 well crystal screens were set up using a Mosquito liquid handler (SPT Labtech) in hanging-
drop vapor-diffusion format. Trays were allowed to incubate at 22°C until crystals were
observed. For form 1 crystals, cubic crystals formed after ~6 months in conditions containing
100mM BisTris pH 5.5, 25% PEG 3350 with 20mg/ml of protein. Form 2 crystals formed within
a week in conditions containing 100mM BisTris pH 5.5, 100mM Ammonium Acetate 17% PEG
10,000 with 20 mg/ml protein. Form 3 crystals were grown at a concentration of 100 mg/ml

protein in 100mM TRIS HCI pH 8.5, 150mM MgCl, 12.5% PEG 8000.

X-Ray Data Collection and Processing

X-ray diffraction datasets were collected at the Advanced Photo Source on beamlines NE-CAT
24-1D-C equipped with an EIGER 16M detector and 24-ID-E equipped with Dectris PILATUS
6M-F detector. The XDS software package was used to index diffraction data 21 . Diffraction

data statistics are provided in Supplemental Data Table S5.

Negatively-Stained Transmission Electron Micr EM

Crystal Drops containing crystals were diluted in 5ulL distilled water and mixed using a pipette.
3uL was applied to glow-discharged Formvar/Carbon 300 mesh Cu grids (Ted Pella Inc.) for 60
seconds. Excess sample was wicked using filter paper, and the grid was immediately washed
with distilled water two times. A 2% uranyl acetate solution was applied to the grid then
immediately wicked using filter paper. A final incubation of the grid with 2% uranyl acetate was
performed for 20 seconds and the grid was dried completely using filter paper. Imaging was

performed on Technai T12, and Talos F200C microscopes (Thermo Fisher).
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Micro-ED Data Collection

Crystal drops containing crystals were diluted in 5uL of mother-liquor from the crystal reservoir
and mixed gently with a pipette. 5uL was applied to glow-discharged Quantifoil 300 mesh 2/2
copper grids (Electron Microscopy Sciences) and frozen using a Vitrobot Mark 1V with pre-wet
blotting paper (Thermo Fisher). Seven movies from unique crystals were collected on a Tecnai
TF30 microscope (Thermo Fisher) fitted with a TVIPS TemCam-F416 and a single tilt
cryo-transfer holder (Gatan Inc.) with a maximum employed tilt range of -60° - +60°.
Continuous-rotation Micro-ED data was collected at a rotation rate of 0.085°/s. Diffraction data
was indexed in the XDS software package?' and scaled using XSCALE?' . Diffraction data

statistics are provided in Supplemental Data Table S5.

Molecular Replacement and Structure Refinement

The Phaser program™ was used for molecular replacement. The AlphaFold program 7 was
used to generate molecular replacement search models. After refining this initial AlphaFold
search model on the basis of form 1 diffraction data, we used the refined structure to phase form
2 and form 3 crystals, as it gave the best statistics and resulted in the best electron density
maps. The Coot program?? was used for model building, and refinement was performed using

Phenix?. Atomic refinement statistics are provided in Supplemental Data Table S6.
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Appendix Figure A1:
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- An exposed residue according to the neural network algorithm.
b - A buried residue according to the neural network algorithm.
f - A predicted functional residue (highly conserved and exposed).
s - A predicted structural residue (highly conserved and buried).

X - Insufficient data - the calculation for this site was

performed on less than 10% of the sequences.

Figure 1: Representation of criteria used to select for genes encoding proteins with an elevated
likelihood of self-assembly (including Q63NT7). (A) Graphical representation of the rationale for
structural investigations on Q63NT7, where selection criteria are depicted as a Venn diagram as
in Beeby et al. '". Several representative operons with respective organisms of origin obeying
selection criteria are highlighted on the right. The Q63NT7 encoding gene is depicted by a bold
arrow. DUF1843 containing genes are shown as red arrows, non-homologous genes shown as
white arrows. (B) Consurf graphical representation of per-residue conservation of Q63NT7"2.
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Appendix Figure A2:

Figure 2
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Figure 2: Biochemical characterization of the Q63NT7 protein: (A) SEC and SDS-Page reveal
homogeneity and high purity of the Q63NT7 protein. (B) Form 1 (top) and Form 2 (bottom)
crystals and representative diffraction data collected from an X-ray source or electron
microscope respectively (see Methods).
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Appendix Figure A3:

Figure 3

hkO Plane HOI Plane Okl Plane

Figure 3. Slices through reciprocal space show the missing cone present in MicroED data
collected from 2 crystals. Principal zones are shown to illustrate the missing cone of data due to
preferred orientation of crystals on the grid.
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Appendix Figure A4:

Figure 4
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Figure 4: AlphaFold model of the QB63NT7 protein used as molecular replacement search

model. pIDDT gives a per-residue metric of confidence in model prediction.

199



Appendix Figure A5:

Figure 5

Figure 5. Structural comparison of monomers from three crystal forms: Cartoon representation
of the structure solved from form 1 crystals (pink), form 2 crystals (yellow), and form 3 crystals

(grey).
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Appendix Figure A.S1:

Supplemental Data Figure 1: Negatively stained Q63NT7 crystal visualized on a Talos F200C
electron microscope.
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Appendix Figure A.S2:

Supplemental Data Figure 2: A Micro-ED omit-map confirms the correct molecular
replacement solution when using the AlphaFold search model on form 2 diffraction data.
Histidine 125 was deleted from the search model, and density appears for this residue in an
F.-F. map calculated using model phases. Molecular replacement search model shown as
atomic model, green density corresponds to positive density in F-F.map.
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Appendix Figure A.S3:

Supplemental Data Figure 3: Comparison of the closest identifiable homolog of known
structure (PDB 2erv) with the experimental structure of protein Q63NT7. The 2erv structure is
shown as a cartoon in purple overlayed with the form 1 crystal structure of Q63NT7 (yellow).

203



Appendix Figure A.S4:

Supplemental Data Figure 4: Crystal packing for the form 1 crystal of the Q63NT7 protein
reveals solvent channels at the C-terminus of the p-barrel domain.
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Appendix Figure A.S5:
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Supplemental Data Figure 5: SDS-PAGE analysis of Form 3 crystals reveals prominent
degradation products for the Q63NT7 protein.
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Appendix Table A1:

Supplemental Data Table S1: Macromolecule Production

Source Organism Burkholderia pseudomallei

DNA Source Synthetic

Expression vector Pet 22b (+)

Plasmid Construction method Gibson assembly

Expression host Escherichia coli (BL21 (DE3))

Expression details Autoinduction®

Complete amino-acid sequence of the protein produced:

MSEDLRVGLFPVRYLVGTGLPGAPQLVLDLMVDTVDHSVVGRAAVSQAVSPPLNFHADVWGS
YVFRLGPPPRRDGSGAIVQISLQGNQGGPQSNSMITFYGELLLKGDGKTGVASYRYYSNGSW
HEVENVPVKADPELVPIEPGPVIGQSSMSAIGSAAMYGVAIQSAAASGDLAHMRTLSAYARQQL
ESRDEIAAALSELKAEIAKLESRQHHHHHH
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Appendix Table A2:

Supplemental Data Table S2: Crystallization Form 1 Crystals

Method Hanging drop

Plate type 06 well

Temperature (°C) 20

Protein Concentration 20 mg/ml

Buffer composition of protein 100mM BisTris pH 5.5, 25% PEG 3350
Volume and ratio of drop 2:1

Drop setting SPT LabTech Mosquito

Seeding No
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Appendix Table A3:

Supplemental Data Table S3: Crystallization Form 2 Crystals

Method Hanging drop

Plate type 06 well

Temperature (°C) 20

Protein Concentration 20 mg/ml

Buffer composition of protein 100mM BisTris pH 5.5, 100mM Ammonium

Acetate 17% PEG 10,000

Volume and ratio of drop 2:1
Drop setting SPT LabTech Mosquito
Seeding No
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Appendix Table A4:

Supplemental Data Table S4: Crystallization Form 3 Crystals

Method Hanging drop

Plate type 06 well

Temperature (°C) 20

Protein Concentration 100 mg/ml

Buffer composition of protein 100mM TRIS HCI pH 8.5, 150mM MgCl,
12.5% PEG 8000

Volume and ratio of drop 1:1

Drop setting SPT LabTech Mosquito

Seeding No
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Appendix Table A5

Supplemental Data Table 5: Data Collection and Processing

Crystal Form Form 1 Form 2 Form 3
PDB code 8TOB 8TIN 8TIM
Diffraction source APS 24-ID-C Technai TF30 APS 24-1D-E
Wavelength 1.4586 0.01969 0.97918
Temperature (K) 100 100 100
Detector DECTRIS PILATUS TVIPS DECTRIS EIGER X
6M-F TemCam-F416 (4k x [16M
4k)
Crystal to Detector 200 5280 400
distance (mm)
Total Rotation Range |180 70 70
°)
Rotation per image (°) 0.5 0.85 0.5
Exposure time per 0.25 10 0.5
image (s)
Space group P2, P2,2,2, P2,2,2,
a,b,c (A) 39.5,40.4,78.5 40.6,95.0,101.5 40.11,70.82,94.5
o, B, 7 (°) 90,97.01,90 90,90,90 90,90,90
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Wilson plot (A?)

Mosaicity (°) 0.184 0.356 (2,3,4) 0.176 (0-70)
0.157 (7) 0.188 (140-210)

Resolution Range (A) [77.9-2.1 (2.15-2.10) 35.0-3.0 (3.10-3.02) |47.3-3.00 (3.08-3.00)

Total no. of reflections 45764 39900 13935

No. of unique 25176 4846 5084

reflections

Completeness (%) 89.1 (82.9) 58.8(44.2) 87.9 (88.8)

Redundancy 1.8 11.7 2.74

I/o(l)) 8.9(1.4) 5.6(2.5) 4.4 (2.3)

CC, 99.9 (76.6) 01.2 (14) 97.2 (29.9)

R im. 0.059 (0.701) 0.386 (0.501) 0.272 (1.36)

Overall B factor from [45.7 24.0 56.3
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Appendix Table A6

Supplemental Data Table S6: Refinement Statistics

Resolution range (A)

77.9-2.10 (2.17-2.10)

35.0-3.02 (3.80-3.02)

47.25-3.00 (3.30-3.00)

Completeness (%) 95.0 (90) 58.8 (57) 87.7 (89)
No. of reflections, working set 12543 4581 4562
No. of reflections, test set 1395 242 508
R, o 25.1 (34.3) 28.3 (32.3) 27.4 (32.9)
R i 28.7 (35.0) 30.7 (34.5) 33.3(42.2)
No. of non-H atoms:

Protein 1752 1740 1709

Ions 0 0 0

Ligands 0 0 0

Waters 11 0 0

Total 1763 1740 1709
RMSD Bond Lengths (A) 0.008 0.014 0.011
RMSD Bond Angles (°) 0.95 1.59 1.44
Average B factors (A?):
Protein 50.0 12.35 49.57
Waters 48.7 [N/A (N/A
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Ramachandran Outliers (%) [0 0 0
Ramachandra Favored (%) [96.1 05.7 96.9
[Unmodelled/incomplete residues (%) |7.6 7.6 8.5
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