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High-Throughput Functional Screening with DNA Nanoswitches

Abstract

Our understanding of underlying disease biology and the investigation and identification
of potential drug targets has been accelerated with advances in sequencing, bioinformatics and
the “omics” paradigm alongside the generation of new and sensitive research tools such as
RNAI, CRISPR, and many others. In parallel, the ability to capture high resolution structures of
molecules, and generate large chemical and biologic libraries to probe potential drug candidates
has grown considerably. However, current approaches for therapeutic screening often limited in
either molecular diversity, or the ability to assay complex modes of drug-target interaction.
High-throughput screening of large chemical libraries can interrogate varied molecular or
phenotypic outputs from FRET to genetic reporters. However, libraries cannot be combined
without information loss, they must be massively parallelized using plate-based methods,
limiting the number of compounds that can be screened. Nucleotide-encoded chemical or
biologic libraries (such as those used in phage, yeast, ribosome, and mRNA display) can
generate immense libraries of multiple different potential binder types that can mimic the
diversity found in nature. Still, screening of these libraries is often limited to simple binding
assays, which can make it difficult to select for compounds based on their functional properties.
Thus, with current approaches in drug discovery, it can be challenging to find binders against
targets with non-enzymatic or complex functions, or with allosteric or enhancing capabilities.

To overcome some of these limitations and create a “best of both worlds” approach



screening assay, we have developed Nanoswitch-display, a method incorporating both a
nucleotide encoded nanobody library by mRNA-display, and DNA Nanoswitches, a simple DNA
device that can measure multiplexes of biomolecules that are functionally consequential. Using
the SARS-CoV-2 spike protein and its receptor, ACE2, we first validated our methodology and
constructed a nanobody mRNA-display library compatible with DNA nanoswitches. We
generated and validated high affinity single target binders against the SARS-CoV-2 Beta variant
receptor binding domain of the spike protein. We next used Nanoswitch-display to screen for
nanobodies that directly or allosterically enhanced the spike:ACE2 interaction. Nb1, discovered
from our screen, dramatically increased both the biochemical affinity of the interaction, and
infectivity of spike-pseudovirus in cells. This work shows the potential of a nanoswitch display
assay to generate multi-targeting or functionally specific nanobodies as potential future
therapeutics and opens the door for broader use of nanoswitches and encoded libraries as a

screening platform.
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Chapter 1. Introduction

A Brief History of drug discovery and its governing paradigms

The fundamental paradigm of drug discovery is one of understanding the molecular
interactions that underly an aberrant biological function, and the design or assaying of
therapeutic interventions that correct it. This idea was first touched upon by the chemist Emil
Fischer’s “lock and key” model, who postulated in the late 19" century that enzymes
functioned by binding to their substrates specifically'2. John Newport Langley and Paul
Ehrlich expounded on this idea and established the foundations of drug discovery by
conceptualizing the receptor theory of drug action®*. They proposed that specific “receptive
substances” contained binding sites recognized uniquely by certain molecules to carry out
functions, and that molecules introduced as drugs could alter this physiology for therapeutic
effect®4. Langley demonstrated this theory in animal models by modulating their physiology
with various chemical agents®. In a model of animal heart rate, he experimented by increasing
heart rate with atropine, observing that another chemical pilocarpine could block its activity.
Additionally, he observed the effects of nicotine and adrenaline on peripheral neural
excitation®. Langley had demonstrated agonist and antagonist activities of chemical agents for
the first time. Ehrlich’s work demonstrated that systematic and iterative approaches to
chemical synthesis, functional testing, and modification was an approach to produce effective
drugs with the development of the first successful antibiotic treatment for syphilis, in 19094,
However, in this earlier era of therapeutics research, the tools to both interrogate the molecular
foundations of disease, and to design and test drug molecules still lacked considerably. Without
rational approaches and a deeper understanding of physiology and disease, fortuity was often a

main driver of both progress or disaster in drug development. This was exemplified by the



accidental discovery of penicillin, the first broad spectrum and highly effective antibiotic, by
Alexander Fleming in 1928°, or that of the calamitous use of thalidomide for nausea in
pregnancy, which caused thousands of severe birth defects®. However, advancements in
biological research tools uncovered new insights into disease processes that could be exploited
therapeutically, and developments in synthetic chemistry and biochemistry expanded the
armament available to test and develop into new drugs, ushering in the modern paradigm of
drug discovery later in the 20™ century.

Modern drug development was spurred by innovations in several areas of scientific
inquiry. Advances in structural biology through techniques like x-ray crystallography, nuclear
magnetic resonance, and electron microscopy brought detailed structural information, relaying
the structure-function relationships of the molecular machinery underpinning cellular functions
and the design and refinement of better prospective therapeutics by revealing their binding
mechanisms’2. Developments in molecular biology techniques allowed the precise
manipulation, expression, and reading/writing of genes, genetic information, and cell signaling.
SiRNA, CRISPR, and recombinant DNA technologies have engendered systematic approaches
to study cell signaling networks, elucidating new targets, the creation of new cell and animal
models of human diseases, and allowed the production of novel products sourced from nature:
biologic drugs therapeutically repurposed such as antibodies, proteins, and peptides®. Finally,
the “omics” revolution, begun by advances in DNA sequencing and computing, but soon
expanded to the proteome, transcriptome, metabolome, and more, allowed the interrogation
and analysis of large data sets from cells and human populations, and even to simulate or
biochemical structures/interactions in silico "1°. All of these technical and methodological

advances had borne a modern, rational approach to early-stage therapeutic investigation: The



assaying of chemical or biological libraries against a specific drug target, molecular event, or
cellular process, and the subsequent discovery and iterative optimization/evolution of putative

hits by measuring a specific output or change to generate new therapeutic candidates.

A Summary of Two Current Approaches and Their Advantages and Limitations

To discovery effective therapeutics there is a need to test tens of thousands, or even billions of
drug molecules against a target in a primary drug screen for hits. Targeted drug discovery
today is commonly approached in two overarching methods, High Throughput Screening, and
Nucleotide/DNA encoded library screening. In High Throughput Screening (HTS), A single
molecule or compound can be screened against a diverse choice of targets or functional
outputs. To screen a large library, the process of single target screens is parallelized massively
on plates, and the liquid handling and readout are all manipulated by a robotic system?*. An
advantage of this overall method of screening is the diversity of readouts that can be
incorporated: one can screen a simple binding event, an enzymatic process, biochemical assay,
or fluorescence!'2, Cellular assays can additionally be incorporated, such as proliferation,
genetic, or cell-signaling reporterstt?, This encompasses the measurement of a wide diversity
of potential mechanisms, functions, or druggable phenotypes. However, libraries in HTS are
often limited to chemical libraries, and increasing the library size scales with the need for
higher throughput, more plates, liquid handling and material use, making HTS an expensive
endeavor and one limited to large academic and pharmaceutical institutions*'-*3, because
fundamentally chemical structures in the library normally lack encoding/decoding functionality
and cannot be combined without losing individual drug-effect information. Therefore, larger

HTS libraries require more wells, more plates, and more material and processing capacity.



Thus, while a diverse array of potential drug effects can be measured, the library diversity
achieved by HTS (usually 10°-107 compounds)® fall several of orders magnitude short
compared to the other methodology discussed, nucleotide/DNA encoded libraries. When
screening for mechanistically complex drug targets such as allosteric activators, protein-protein
interaction agonists, or molecular glues, they often lack the properties of conventional or
exemplary drug targets (Enzymatic or kinase function, small interaction surface areas,
functional pockets for binding small molecules) that are typical of past and current chemical
library based HTS approaches??*3, While High Throughput Screening may have the
mechanistic diversity to measure different types of complex drug targets, the lower library size
and diversity achievable when compared to other methods may greatly limit their chance of
successful hit discovery in these modes.

Under the umbrella of DNA/nucleotide encoded library technologies, including in-vitro
display screening, and DNA-encoded chemical libraries, these methodologies have enabled
collections of compounds to be written and read using nucleic acids, chemical
synthesis/polymerase chain reaction, and sequencing. In all techniques, libraries can be pooled
to dramatically enhance diversity and size (without a large increase in the scale and effort in
the screen as in non-encoded libraries used in HTS), allowing library sizes to achieve 10°-10*3
unique molecules'*1%, dramatically larger than currently achievable in HTS plate-based
screening. In the scope of this work, the focus will be on in-vitro display screening, particularly
MRNA-Display (used as the library in all experiments). In-vitro display screening at its core
refers to several types of methodologies that physically link an encoded library of peptides or
polypeptides to its genetic information. The main differences in individual variations of in-

vitro display screening approaches involve the different techniques that physically link these



elements, and the resulting potential diversity of elements that can be created. The different
technological applications of display or encoded screening have led to many peptides, proteins,
antibodies and small molecules in phase I/11/111 clinical trials, over a dozen FDA approvals,
and one of the best-selling drugs of all time (100+ billion in sales from 2014-2019), the TNF-R
inhibitor Adalimumab?!4:16:18.42.43,

The first in-vitro display method, Phage display, was developed by George P. Smith in
1985. With the advent of recombinant DNA technology, PCR, and cloning, Immune
repertoires of antibodies and their extremely high diversity could be reproduced in-vitro4.
Using Phage viruses that infect bacteria, the antibody genes, or any other protein coding gene,
could be cloned into the viral genome, propagated in bacteria, and purified. The resulting
product was a large library of phage viruses displaying copies of the binding protein of choice
on their surface®®. A tagged antigen could then be bound to a surface and exposed to the
library, and over several rounds of probing the library with the antigen, recovery of the bound
fraction, and re-propagation of the selected library, protein or peptide binders with high
specificity and affinity could emerge and be identified from a single pool. This technique
revolutionized drug discovery and has led to discovery and approval of many binding reagents
and biologic drugs with applications in diagnostics, autoimmunity, cancer, and more!4. Recent
advancements in In-vitro display technigues have allowed for increased library diversity,
simplified design, and more quantified selection techniques.

Some examples of these modern developments include yeast display, which in place of
phages use yeast cells to display the binder libraries and allow for sorting by fluorescence or
magnetic activated cell sorting*® and have even integrated simultaneous hypermutation and

affinity maturation of the libraries through the selection process engendering enhanced



selectivity and affinity of binders!’. Similarly powerful, but utilizing only in-vitro components,
Ribosome display and mRNA display constitute the simplest genotype-phenotype linker
components, and thus allow some of the highest library sizes achievable, also enabling usage
and incorporation of alternative amino-acids into proteins and peptides. mRNA display, used
extensively in this work, will be described in more detail.

Direct linkage of polypeptides to their own mRNA was first described by Jack W.
Szostak in 199718, The linchpin of mRNA display is the use of a 3> puromycin labeled DNA
oligo, which is ligated to the mRNA of an in-vitro transcribed cDNA library with randomized
regions (varying from larger antibody fragments, fibronectins, and nanobodies to smaller
structural proteins, linear peptides, and macrocycles)'’'8. Once translated, again using in-vitro
reagents, the puromycin attached to the linker and mRNA, forms a peptide bond with the
polypeptide chain, all of which are trapped in a ribosome that is stalled at the mRNA/DNA
interface of the transcript.*® The mRNA-Polypeptide product can then be reverse translated and
purified to remove secondary structure and non-displayed prodcuts®®. The final product is a
polypeptide library that is covalently linked to its own mRNA, which can be one of the most
diverse sources of potential binders compared to all other in-vitro display or chemical library
methods*®. Thus in-vitro display methods allow the production of high diversity libraries with
different biologic scaffolds of varying size.

While the sheer diversity available to display technologies is an advantage over high-
throughput screening, much of the potential diversity is not necessarily accessible due to the
simpler methods of selection commonly used. Unlike the range of outputs that can be tested in
HTS, Display libraries are often screened against immobilized macromolecules or those in

solution and are simply washed and purified. This often limits the results of display selections



to more mechanistically simple binding or inhibitory interactions. Consequently, there are
mutually exclusive drawbacks to both HTS and Display screening which may currently limit
the potential to develop new drugs against unorthodox targets that require both high diversity
in one-pot, and more complex sampling/testing of biological function. An ideal method for
therapeutic screening would assay complex modes of action, such as activation of specific
downstream pathways or allosteric stabilization of protein conformations, in a multiplexed
single-pot experiment, while maximizing available diversity. Techniques such as these would
make progress to provide the requisite diversity to screen a range of binder sources for
molecules with varied functionalities against an array of targets. One promising avenue and
potential solution that we propose is using a DNA nanotechnology, DNA nanoswitches,
developed by our lab, with the capability to encode and detect multi-body interactions and
functional results, alongside highly diverse mRNA display libraries, to discover biologic

binders with multi-body, enhancer, or allosteric binding mechanisms.



DNA Nanoswitches and Their Potential as Part as a Novel Display Screening Method
DNA nanoswitches are nanoscale devices that change their topology to report interactions
between molecules of interest. While they were first developed by the Wong Lab to enable
single-molecule force measurements®’ the Wong lab has since extended their functions to
enable gel-based biomolecular interaction analysis?® and high-sensitivity protein detection®®
They are self-assembled using DNA origami approaches, making use of the favorable
structural and chemical properties of DNA, as well as its sequence programmability to create
biomolecular reagents capable of sensing, responding, and reporting changes in their local
environments. Specifically, binding partners are positioned along a long linear sSDNA strand

that is tiled with oligonucleotides and form loops upon association, translating a smaller-scale
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Figure 1.1 Introduction of DNA Nanoswitch Technology. (A) Core DNA nanoswitches are formed from a long, >7kbp
ssDNA backbone derived from M13 bacteriophage. Shorter tiling oligonucleotides are hybridized to the to create a
backbone with interspersed, variable regions called vars. Molecules of interest, such as proteins, other DNA, small
molecules, etc., can be modified with oligos complementary to var regions using common click chemistry or other
methods, and hybridized at desired positions and relative distances, to create the fully formed DNA nanoswitch. (B)
Interactions form in solution, either natively between the components on the nanoswitch or induced by the addition of
other molecules in solution, which induce a change in topology of the nanoswitch, which is then measured by gel
electrophoresis to separate the resulting different topologies of looped (interaction) vs. unlooped (no interaction). Created
with BioRender.com
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Figure 1.2 Map of DNA Nanoswitches. DNA nanoswitches derived from M13 can be characterized by backbone
regions (in green), groups of basic oligonucleotides which tile much of the sSDNA backbone (shown in red blocks,
underneath). The programmable regions, known as variable regions, or vars, span the nanoswitch at equidistant points
relative form one another. These var regions can be programmed with two or more protein or another molecule labeled
complementary oligos which form the full DNA nanoswitch. The relative distance that two variable region interactions
are programmed at controls the relative concentration of the two or more species (closer = higher concentration, further =
lower concentration). Image from Koussa et al., 2015, Nature Methods?.

interaction of proteins, macromolecules, or small molecules into a substantial change of shape
in the DNA nanoswitch backbone. This change in topology allows separation of nanoswitches
with different looped and unlooped configurations by gel electrophoresis (figure 1.1). Simple
binary interactions can be programmed onto the nanoswitch and assayed (with additional
components added in solution to enhance or inhibit binding) (figure 1.1), but unique to this
platform is the ability to attach many components to nanoswitches to encompass and detect
multiple individual interactions (figure 1.3). The hybridization programmability of the nucleic
acid backbone of the nanoswitches enables precise control over pathway components at the
single molecule level, including setting defined stoichiometries and local concentrations (figure
1.2)?°, Alone, they can only be used to assess in low-throughput the ability of compounds or
macromolecules to modulate a biologically relevant process in-vitro. Using DNA
Nanoswitches to reconstitute and measure a multi-component system, functionally simulating

an important cellular signaling interaction or function, alongside a nucleotide encoded display



library, may constitute progress in creating a novel “best of both worlds” approach taking the

advantages of HTS and Display methodologies.

— $SDNA scaffold
Oligonucleotides
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Figure 1.3 Assaying Multibody Interaction with DNA Nanoswitches. Nanoswitches with multiple potential
interaction sites of Digoxigenin, biotin were placed on nanoswitches between a bispecific receptor (anti-dig +
streptavidin 1gG) in solution. Gel electrophoresis was performed and ultimately compared to each possible single
topology created on separate, individual nanoswitches in individual wells to positively identify each position.
Koussa et al., Nature Methods?°

10



Chapter 2. Theorizing, Developing, and Testing a Protocol for mMRNA
Display and Display Using DNA Nanoswitches

Introduction

Considering that many of the current in-vitro display protocols for selection focus nearly
exclusively on discovery of high affinity binders that act as steric blockers or inhibitors, many
of the same design features and protocol conditions used may not be directly applicable to a
display assay looking for mechanistically atypical ones. In thinking of a candidate display
system and library source to use, we considered the pros and cons in each one to maximize
library diversity, limit background, compatibility with nanoswitches, and ability to tune the
selection conditions to ensure success.

While in a phage or yeast display where multiple copies of the library decorate the cell
or virion surface’?%, producing an avidity effect to binding, mMRNA-display encodes only one
copy of genotype and phenotype per library member. However, the available diversity that is
possible in MRNA-Display is several orders of magnitudes higher, and the selection conditions

are more tunable in a purely in-vitro, minimal component display technique. Given the vast

4 . 3
Nanobody mRNA-Display
mMRNA-cDNA-
cDNA Library mMRNA Puro-mRNA mRNA-Nanobody Nanobody
In-Vitro Transcription
Puromycin Linker Ligation
In-Vitro Translation
L Reverse Transcription

Figure 2.1 Basic Steps of Creating a mRNA Display Library of Nanobodies. A cDNA library, in this case encoding
nanobodies, is in-vitro transcribed, and then ligated with a puromycin-labeled, oligo-dA containing DNA-oligo at the RNA 3’
end. The library is then purified, and in-vitro, linking the polypeptide to the mRNA through an amide bond via the puromycin,
and is then oligo-dT purified. In the final step, the library is reverse translated, and a final protein tag purification is performed.
Figure created with BioRender.com
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size difference in the different display library constituents that would make Phage display or
yeast display sterically bulky for both allosteric binder discovery and attachment to
nanoswitches, mMRNA Display was decided as the display modality of choice. Considering the
source of binder scaffold, mMRNA-Display can incorporate a diverse variety of polypeptide
types, from peptides and macrocycles to nanobodies and antibody fragments. Placing an
emphasis on stability and versatility in in-vitro settings, nanobodies were an ideal library
source given their compact size (15kD) while retaining many of the features and abilities of
larger antibody scaffolds to bind proteins with high affinity and selectivity??23. Using a
nanobody library previously designed for yeast-display?®, we decided to re-tool the core
sequences for mMRNA-display to give us a potential diversity of up to 103,

However, contemplation and testing of the selection protocol would also be needed, as
allosteric or multi-body interacting binder’s efficacy may not relate directly to the strength of
the binding interaction, as nanoswitches ultimately measure a secondary binding signal or
interaction event that is modified by the putative binder. There is a need to balance a large and
diverse library with the enrichment ability and stringency of the selection assay used, so that
background is balanced against the likelihood of finding the intended species amongst the
strongest binders that enrich the fastest in a typical selection procedure. To maximize the
likelihood of success, we decided on a two-part selection process, first using a more typical
solution based panning method to enrich all specific binders with low stringency, and then the
DNA nanoswitch display to isolate allosteric/enhancer type binders. This would allow us to
test the most diverse target library and at the same time eliminate background and non-specific
binders. To test this process, we designed a library of known binders of varying affinities from

low to high, along a non-binding sequence to be able to test the selection conditions and

12



measure the changes in recovery in a panning assay. A solution panning assay in in-vitro
display selections use a labeled bait antigen (typically biotin) to bind a library in solution,
which is then captured (via streptavidin beads), washed, and eluted, minimizing capture time
and surface effects of the antigen-library interaction when already bound to the beads.

Building this pseudo-library against a known antigen would allow us to test selection
conditions of buffers, washes, and incubation times to measure the resulting overall and
sequence specific recovery of the pseudo-library after biotin panning. We could then determine
conditions that would balance specific enrichment of binders over the background while
relaxing the stringency as much as possible, lowering the threshold for the potential selection

of nontypical binders.

Results

Construction of a Nanobody mRNA Display Library Compatible with DNA Nanoswitches
The core nanobody sequence, comprising of 9 frameworks and 3 complementarity determining
regions containing the hypervariable sequences (CDR1-CDR3, with three length variants of
7,11,15 amino acids for CDR3), were obtained, constructed, and purified according to
McMahon et al.. We next added by PCR all the necessary sequences for in-vitro assembly of
the library (transcription, ligation, translation, purification, etc.). We tested each step of the
MRNA display procedure (fig 2.2a-c). Using gel-based semi-quantitation, we estimated that for
each standard display library prep, we could yield a library of 300-600 billion nanobodies (data
not shown). To build the option to hybridize the library to the nanoswitches, we used an extra
anti-sense region on the reverse-transcription primer, that would be incorporated into the

cDNA portion of the display nanobody library after reverse-transcription. We tested
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Figure 2.1 Implementation of a mMRNA-Display Library Protocol Compatible with DNA Nanoswitches. (A) PAGE gel

of the 3 full-length mMRNA-Display Nanobody cDNA’s, with each of A,B,and C representing the 7,11,and 15 aa length CDR3
hyper-variable regions. (B) PAGE gels showing successful in-vitro transcription of the cDNA library to mRNA, and
subsequent ligation and purification of the puromycin containing DNA oligo to the mRNA 3’-end. (C) SDS-PAGE gel
showing in-vitro translation, reverse-transcription, and Ni-NTA purification of the mRNA library to produce the fully
displayed nanobodies. To hybridize the library to the nanoswitches, an overhang was incorporated onto the RT primer
complementary variable region D (a modified position between variable region 3-4) (D) Agarose gel demonstrating
successful hybridization of the Nanobody library to the nanoswitch via the complementary region of the reverse transcription

primer.

hybridization of the library to the nanoswitch backbone and confirmed using gel analysis
(fig2.1d). Finally, to ensure that display-nanobody: antigen interactions could be captured on

nanoswitches using gel analysis, we used the same display protocol to construct a “library” of a

Displayed Anti-GFP Nanobody + GFP Nanoswitches:

1 €

by

[ ] \ _ ) ] [——

P i W VRV S — | /

Blank  Nanoswitch Nanoswitch ~ Nanoswitch

Nanoswitch  +Library +GFP +GFP

+Library +Library

+Competitor

Figure 2.2 Nanoswitch Interaction of Displayed Anti-GFP Nanobody and GFP. A display library was created encoded a
single Anti-GFP Nanobody?* alongside GFP, which was oligo labeled and attached to the nanoswitch, and tested against
blank, library only, library + GFP, and library + GFP + free-GFP (+competitor) to confirm the location and specificity of the

bands.
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previously described anti-GFP nanobody?*. We attached the displayed nanobody alongside
GFP on nanoswitches and confirmed a strong and specific interaction could be measured
(fig2.2), and then cut, extracted, and amplified the cDNA encoding the GFP-Nanobody by

PCR (data not shown).

Optimization of Selection Conditions Using a Display Pseudo-library of Anti-RBD
Nanobodies

To test the biotin-panning selection conditions we would use for the first part of a two-part

A Anti-RBD Nanobody Kd (nm) Koff (1/s) Expected Proportion After Panning
mNbé 0.56 0.00064 0.525
Nbé 41 0.087 0.423
Nb24 150 0.35 0.022
Nb8 510 0.33 0.020
Nb2 970 0.99 0.010
Negative Control (Anti-HSA) N/A N/A 0
B Experiment Buffer Conditions | Binding Conditions Capture Wash
1 "High 150mM NaCl, 0.05% |100nM RBD, 10min Ice +| Streptavidin Beads, 3 Washes, Binding
Stringency” Tween, 0.5% BSA 20min RT 5min Ice Buffer (Ice-Cold)
2 “Low - 1 -1 1 Wash, Binding Buffer
Stringency” (Ice-Cold)
3 “Low Stringency,| 50mM NacCl, 0.05% o1 .1 1 Wash, Binding Buffer
Low Salt” Tween, 0.5% BSA (Ice-Cold)
c Panning qPCR Results Experiment 1 Experiment 2 Experiment 3
Negative Control % Recovery 0.007 0.2 0.03
Biotin-RBD 9% Recovery 7.7 21.2 3.9
Enrichment Ratio (RBD/-Control) 1176.3 106.9 123.6
D Panning Sequencing Results (% of Total) Experiment 1 Experiment 2 Experiment 3
mNb6 80.9 53.26 57.52
Nb6 18.3 44.72 38.63
Nb24 0.2 0.39 0.67
Nb8 0.3 0.59 0.99
Nb24 0.3 0.71 1.47
Negative Control (anti-HSA) 0.3 0.33 0.71

Figure 2.3 Results of Testing Selection Conditions in RBD Biotin Panning Against Anti-RBD Display Nanobody Pseudolibrary. (A)
List of nanobody sequences, affinities, off-rates, and calculated proportion after selection combined into the Anti-RBD display
nanobody pseudolibrary. (B) The specifications and conditions of buffers, binding conditions, capture, and washes for the three
different selection strategies tested in the biotin panning. (C) gPCR results of the three experiments and the % recovery in the
biotin-RBD, negative control conditions, and the enrichment ratio of the experiment to negative control. (D) Sequencing results
comparing the three experiments and the percent of each nanobody sequence out of the total.
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nanoswitch screen, we combined several previously annotated nanobodies shown to bind to the
SARS-CoV-2 Spike Receptor Binding Domain (RBD)? alongside a non-binding control (anti-
Human Serum Albumin)?? into a pseudo-library to be displayed by the same mRNA-display
procedure. The selected nanobodies had a range of affinities from <1nM to ~1uM K (Figure
2.3a). We designed three different procedures for selection, the first one using a previously
described protocol for biotin-panning selection of high affinity nanobodies?®. We figured due
to the aggressive washing scheme, we would test this procedure as a “high-stringency”
condition (figure 2.3b, row 1), and further test two modifications, lower salt, and fewer, gentler
washes, to see if we could lower the stringency (figure 2.3b, row 2 and 3). To monitor the
background binding of sequences nonspecifically to protein, bead surfaces, tubes, etc.,
alongside the panning of the biotin-RBD we included a parallel panning condition against
biotinylated GFP. To observe the results of the selection on a bulk and per-sequence basis, we
designed primers for gPCR and submitted cDNA from the selection for Next-Generation
Sequencing (NGS). Between the three experiments, 1 had the highest enrichment ratio, but a
low overall recovery, while experiment 2 had a higher overall recovery but still maintained an
enrichment ratio over 100 (figure 2.3c). experiment 3 had an intermediate enrichment ratio but
possibly due to the low salt, had the lowest recovery (figure 2.3c). On a per sequence basis via
NGS, the proportion of sequences was overall dominated by the highest affinity sequences,
notably mNb6, but experiment 2 resulted in the greatest proportion of other sequences,
showing that the reduced washes resulted in greater recovery of sequences around 40-100nM
Ka (figure 2.3d). Both the qPCR and sequencing results confirm that firstly, the standard
conditions used in in-vitro display panning assays are extremely stringent, and that slight

alterations in the selection protocol can relax the stringency while maintaining specificity.
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Pseudo-library display + RBD Nanoswitch Gel Electrophoresis and Sequencing

Looped o Image Intensity Fold Change +/- RBD Looped Band
A SE 1.9
Sequence Normalized Fold Change +/- RBD Looped Band
\ i mNb6 2.7
Unlooped — - Nb6 1.3
: % % Nb24 1.1
; B Nb8 1.1
S— r Nb2 1.0
Negative Control 1.0

Library -RBD  Library +RBD

Figure 2.4 Anti-RBD Display Nanobody Pseudo-Library and RBD on Nanoswitches. Pseudo-library of anti-RBD
nanobodies created for figure 2.2 was modified with nanoswitch complementary RT primer for nanoswitch attachment
alongside RBD and run on a gel. The Image intensity of the looped band in nanoswitches without RBD attachment was
compared to intensity on nanoswitches with RBD, confirming visual identification of the looped band corresponding to
the library-nanobody interaction with RBD, at 1.9 fold above the background. The looped bands were then excised,
extracted, and submitted for NGS, and each the fold change of each sequence in the looped nanoswitches +/- the RBD
was normalized to the negative control sequence and calculated.

Testing the Anti-RBD Nanobody Display Pseudo-library on DNA Nanoswitches

We next tested the results of gel-analysis, and extraction and sequencing of nanoswitches
labeled with the pseudo-library and RBD. The first simple test to see positive enrichment was
simply to compare the visual enrichment of the DNA stain used in different conditions in the
presence and absence of the RBD on nanoswitches. Nearly 2-fold enrichment of the looped
band was seen against the controls without RBD and with RBD and excess competitor RBD
(figure 2.4). When the looped bands for nanoswitches +/- RBD were cut and sequenced, the
fold change in each sequence was observed and mNb6 saw over 2-fold change, while the other
sequences had only slight enrichments or remained the same when normalized to the change in
the negative control sequence (figure 2.4), suggesting that the change in visual enrichment was

in large part due to the change in the highest affinity sequence.
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Methods

Nanobody mRNA-Display Library Construction

The core nanobody cDNA sequences, including framework and variable regions, were
constructed by overlap extension PCR and purified (McMahon et al.,2018, appendix
supplemental protocol) for each of the three loop length variant CDR3 sequences (CDR3A,
CDR3B, CDR3C). To adapt the library for mRNA display, two additional steps of overlap
extension PCR and purification were used to add necessary sequences for in-vitro
transcription/translation and purification. Firstly, starting cDNAs were amplified with
Kruse_N_FLAG_70 and Kruse_C2HIS_LYS 1 70 short by Q5 DNA Polymerase (New
England Biolabs), concentrated by ethanol precipitation, and run on 1.5% low-melting-point
agarose gel (Invitrogen) at 85V for 3.5 hr. The gel was stained in SYBR gold (Invitrogen)
and the 400-450bp bands were cut and extracted with the Qiaquick gel extraction kit
(Qiagen). Secondly, the gel-extracted cDNA’s were amplified with NO_medium and
C2HIS_LYS_2 primers by Q5 Polymerase and purified with SPRIselect (Beckman Coulter)
at 0.7x SPRI:PCR volume ratios. The final, correct PCR product sizes (550-650bp) was

confirmed by gel-electrophoresis.

Generation of Displayed-Nanobody Libraries

MRNA-Display protocol for nanobodies was adapted from an established protocol (Doshi et
al., 2014). The Nanobody mRNA-Display cDNA library was transcribed to mMRNA using the
Megascript T7 in-Vitro Transcription Kit (Invitrogen). 500ng of cDNA was transcribed for
each CDR3A/CDR3B/CDR3C library in a 50uL reaction O/N at 37C. Leftover cDNA was

digested by DNAsel (Invitrogen), and mRNA purified by Megaclear columns (Invitrogen),
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and quantitated by UV absorbance. 60ug of each mRNA library was pooled for puromycin-
labeled DNA linker ligation using T4 RNA Ligase | (New England Biolabs, NEB). In one
300uL ligation, linker and splint oligonucleotides were added at a final concentration of
2.7uM, with 1x T4 RNA Ligase Buffer (NEB), 1ImM ATP, 600 units of murine RNAse
inhibitor (NEB), 12.5% v/v of 50% PEG8000 (NEB), and 150 units of T4 RNA Ligase I, at
37C for 45min. Excess oligo and un-ligated mRNA was removed first by Megaclear
(Invitrogen) and then by oligo-dT pulldown (Magnetic MRNA lIsolation kit, NEB). Puro-
MRNA was in-vitro translated by PUREXxpress In-Vitro Protein Synthesis Kit (NEB)
according to manufacturer’s protocol using 2-3ug puro-mRNA per standard 25uL reaction at
37C for 1.5hr. The reaction was stopped on ice immediately for 10 minutes. Next, 2.5uL of
1M MgCl2 and 12.5uL of 2M KCI were added, and the reaction was incubated at R/T for
30min, and then incubated O/N at -20C for puromycin-mediated mRNA-protein fusion.
mRNA-protein fusion was first purified from unfused, free protein by another round of
Oligo-dT purification (NEB). Reverse Transcription of the mRNA was next performed using
the Superscript 111 First-Strand Synthesis System (Invitrogen). The oligo-dT purified
substrate was added with either 2uM final Rtprimer_nosub (for solution panning mRNA-
display) or Rtprimer VarD (for Nanoswitch display) with 1mM final dNTP’s, and incubated
at 65C for 5min, and was then placed on ice for 2min. The reaction was then mixed with
enzyme buffer containing 1x RT buffer, 10mM MgClz, 20mM DTT, 40 units/reaction
RNAse Out (Invitrogen), and 200 units/reaction Superscript 11 RT enzyme (invtitrogen), and
incubated at 50C for 1hr, and heat inactivated at 70C for 15min. Finally, to remove free
MRNAJ/cDNA, the RT reaction mixture was purified with Ni-NTA Sepharose beads (Cytiva),

and desalted with 0.5mL, 7K MWCO Zeba desalting columns (Thermo Scientific). The
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fully purified display nanobody library was semi-quantitated using a standard curve of
MRNA/cDNA run on a 4-20% SDS-PAGE gel (Biorad) for 1hr at 150V, and stained and

imaged with SYBR gold nucleic acid stain (Invitrogen).

Generation, Testing, and analysis of Anti-RBD Nanobody Display Pseudo-Library
Experiments

cDNA’s to Specified nanobody sequences binding to the RBD or control®?® (figure 2.2a)
were purchased and adapted by PCR to have all mRNA display functionality. In the final
PCR, they were mixed in equivalent amounts, and the displayed pseudo-library was
generated using the identical protocol above. To ensure the nanobody pseudo-library was
matched to the buffer condition tested, aliquots were desalted into the indicated low or
normal salt buffer. For the “Low” or “High” stringency panning test, approximately 1-10nM
of library was in the indicated buffer was mixed with 100nM RBD at the listed
specifications (figure 2.2b), and then incubated, combined with Streptavidin magnetic beads,
and washed according to the different conditions specified. The “Low Stringency Low Salt”
condition used the same incubation, capture, and wash steps with the indicated low salt
buffer (figure 2.2b). Negative controls used equivalent conditions and library with the
addition of biotinylated GFP instead of biotinylated RBD. All samples were eluted at 75C
for 5min, and the supernatant collected. % recovery of the sample was estimated by qPCR
analysis, where primers for all library members were designed and used to determine the
threshold cycle (Ci) value in each sample as well as the starting library. The percentage
recovery was determined by the delta C: in the different panning samples against the starting

library, and the enrichment was determined by taking the difference in % recoveries
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amongst the samples and negative controls in each condition (figure 2.2c). For the
sequencing, sequencing primers encompassing the 3 CDR regions were designed for paired-
end read NGS. Samples were prepared and then submitted to the CCIB DNA Core Facility
at Massachusetts General Hospital (Cambridge, MA) for sequencing. For analysis of the
sequencing data, the paired ends were paired, matched, and then counted to their respective
nanobody to generate percentages for each nanobody out of the total counts in each

condition.

DNA Nanoswitch Analysis of RBD and Anti-RBD Pseudo Library Interaction

Base DNA nanoswitches were constructed according to Koussa et al.?° to tile backbone regions
and unused variable regions. RBD was modified with an NHS-ester modified oligonucleotide
complementary to nanowitch variable region 7 (Var7), while the library contained a
complementary stretch to variable region D (VarD, a modifed positon between var3-var4)
(figure 1.2) in the reverse transcription primer. Control nanoswitches were made using the
library alongside a bridging oligo hybridizing to both VarD and Var7 at approximately 0.75nM
(to get 1:1 bridged:unbridged, for an approximate 1:1 relative intensity in the gel-
electrophoresis). Approximately 5nM of library and var7-RBD was hybridized and incubated
with 1nM nanoswitch for 2hr. To test the specificity of the looping, an aliquot of the same
nanoswitches were coincubated with an excess of unlabeled RBD (1uM) to compete open the
loops. The samples were then diluted to 0.25nM and run on a 1% agarose gel pre-stained with
fluorescent DNA-intercalating dye. The image was collected on a gel imager. To collect the
looped bands, the gel was illuminated on a blue-light trans-illuminator while the control

nanoswitch served as a visual guide to cut a section corresponding to the looped fraction. Gel
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extraction of the DNA was performed, and samples were prepared and then submitted to the
CCIB DNA Core Facility at Massachusetts General Hospital (Cambridge, MA) for NG-
sequencing. The sequences were paired and counted as before to determine the relative
fractional counts of each nanobody in each looped fraction for the different nanoswitch gel

conditions.

Statement of Contributions
All experiments done in this chapter were completed by the author, with extensive help in
experimental planning and discussion of results by Wong lab post-doctoral researcher Clinton

Hansen

Discussion

Our primary goal was to lay the groundwork for a future nanoswitch screening platform by
successfully integrating a mRNA-display library, and testing and measuring how changes in
selection conditions would affect the stringency and noise in the resulting recovery. The
findings here show successful implementation of a protocol to produce a highly diverse library
and incorporate it onto nanoswitches. The ability to design, visualize, and recover a specific
and strong interaction on the nanoswitches was also demonstrated. To implement a two-part
screen, we designed an oligo-library of annotated binders and non-binders to optimize the
conditions of selection to maximize recovery and minimize noise in the first stage of the
screen, solution biotin panning. This also validated that the g°PCR and sequencing methods
worked and would give future screening efforts a bulk measurement of enrichment and

recovery to gauge screen success and per-sequence, individual measurements to be able to
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parse potential hits. Lastly, we demonstrated that we could take the same library and anneal
them to nanoswitches with the same components for selection, and positively detect both a

visual interaction and confirm enrichment of specific high affinity sequences.
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Chapter 3. De-Novo Screening of the Nanobody Display Library Against

SARS-CoV-2 Beta Variant Receptor Binding Domain

Introduction

Having validated the basic protocol to create the libraries and optimized biotin panning and
nanoswitch selection conditions, it was next important to validate both the library diversity and
conditions in a real screen from the starting naive library. We decided first to do a de-novo
screen in a bi-molecular interaction target, as there would be controls and comparator binders
that we could measure against the discoveries from our own selection. Since we had not
performed more than a few rounds of display and selection successively, it was important to
screen for new binders against a known target to again ensure our metrics for enrichment were
making accurate and predictive measurements on the overall recovery of the screen and
importantly, distinguishing between different potential types of binders, their affinities, or
other features that would be important to be accurate for a screen of enhancer/allosteric
binders. Following up on the work against the SARS-CoV-2 Receptor Binding Domain, we
decided to screen our libraries against an RBD variant, the Beta variant (B.1.351). In several
rounds of screening, we enriched and eventually reached a plateau in the recovery that was
nearly identical to the enrichments achieved in the pseudo-screen. We next tested several
different conditions to compare the sequencing results between them to see if there were
sequences with a potential diversity of binding epitopes and affinities. Finally, we used an
orthogonal assay to measure the affinities, and tested the resulting library and individual
nanobodies on nanoswitches to measure loop formation and potential for neutralization of the

Beta-RBD-ACE?2 interaction.
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Results

mMRNA Display for Nanobodies Against Beta-RBD Reveals an Array of Binders with a
Diverse Affinity Arrange and Binding Mechanism

Using the protocol for Display and selection we established previously, we preformed the
screen for nanobodies against the Beta-variant RBD using biotin solution panning. Over 7

rounds of iterative panning and display, the enrichment peaked rapidly between rounds 4-6 and

A Nanobody Display Biopanning Selection Against Beta-RBD: qPCR
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0 4
Round 2 Round 3 Round 4 Round 5 Round 6 Round 7

B Round 4 Round 5 Round 6 Round 7
Nb_B1 0.46 2.90 5.93 8.55
Nb_B2 0.33 1.56 2.63 3.71
Nb_B3 0.13 0.76 1.66 2.56
Nb_B4 0.11 0.75 1.21 2.07
Nb_B5 0.11 0.63 1.25 1.98
Nb_B6 0.13 0.77 1.37 1.97
Nb_B7 0.20 0.88 1.22 1.59
Nb_B8 0.25 0.97 1.19 1.42
Nb_B9 0.15 0.64 1.10 1.12
Nb_B10 0.14 0.52 0.88 1.11
Nb_B11 0.13 0.49 0.76 1.05
Nb_B12 0.07 0.44 0.70 1.00
Nb_B13 0.18 0.62 0.88 0.92

Figure 3.1 qPCR and Sequencing Results of the Nanobody mRNA Display Screen against Beta-RBD. (A)
graph of the total recovery of the panning conditions (biotin-Beta-RBD in black, and the negative control, biotin-
GFP, in grey) determined by qPCR. (B) Sequencing Results of selection rounds 4 to 7 showing the top sequences
and their percent of the total, all near or exceeding 1% of the total counts at the final round.
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reached a plateau at round 7 (figure 3.1a). Interestingly, the amount of positive enrichment (the
fold recovery of the beta-RBD panning over the negative control) at round 6-7 was nearly
identical to the enrichment we saw in the pseudo-screen, around 100 fold. We sequenced
rounds 4-7 by NGS and saw several top sequences potentially accounting for much of the

growth in enrichment over the screening rounds (figure 3.1b). However, the simple percentage
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Figure 3.2 Modification of Panning Conditions and Antigens in Round 7 of the mRNA-Display Nanobody Screen Against B
RBD. 3 different conditions/epitopes were screened, sequenced, and the top hits compared against the identical round 7 lib
using the standard conditions against Beta-RBD. In each graph, the sequencing results indicating the % of each top hit nanc
in the alternate condition is in the Y-axis, compared to the results of the same nanobodies in the original round 7 screen in t
axis. At top left, Wt-RBD is used as the antigen instead of Beta-RBD. At top right, the full Beta-Spike Trimer is used instead ¢
RBD. At bottom left, an additional 3 washes with a duration of 30 min each was used with excess unlabeled Beta-RBD in sol
in the wash buffer. Bottom right shows the ratios comparing the different selection conditions to the original in each of the

sequences.
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of an individual sequence out of the whole does not necessarily predict the affinity, specificity,
or binding mechanism of the nanobodies. To give some insight into the potential diversity of
the top binders in the library, we expressed the round 7 library and screened different
conditions, variants, and domains of the spike-protein/RBD. Comparing the sequence results to
the original round 7 selection, large changes in the proportions of individual sequences would
suggest variable affinities, binding epitopes, and specificities. Varying between the Wt-RBD,
the full Beta-Spike Trimer, and extensive washes with unlabeled RBD In solution showed that
many top nanobody hits varied dramatically to the original panning selection conditions (figure
3.2). Some hits, like B4 and B6, may show selectivity toward the Beta-RBD (figure 3.2).
Additionally, B4 and B2 may bind to an epitope that is sterically hindered when the RBD is
within the full Spike-Trimer, while B5 and B6 may show some preference to binding the trimer
(figure 3.2). When looking for nanobodies that have the longest binding lifetimes (by adding in

washes with an excess of unlabeled Beta-RBD), B13, B6, B5, and B2 showed the largest
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Figure 3.3 Nanoswitch Gel-Electrophoresis Results of the Round 7 Nanobody mRNA-Display Library and
Beta-RBD. Gel-Electrophoresis results of nanoswitches with only the likrary added (far left), showing the two
bands formed by the presence and absence of the display library, with the library and RBD added (middle left),
showing the same two bands plus the band formed by the loop between library nanobodies and RBD, and with
all components plus excess, unlabeled RBD in solution, showing the specificity of the looped band interaction.
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changes respectively, while B1 showed little change, and B4 and B3 dropped (figure 3.2). We
also assessed qualitatively if the display library selected form round 7 could form loops on
nanoswitches, which we confirmed they could (figure 3.3), showing in another manner that the
library contains a proportion of long-loved binders to the Beta-RBD. While not intended to be
conclusive, testing the different conditions shows that the many of the top hits are potentially
binding uniquely, and gives us rationale to select sequences to test individually for their

neutralizing capability and affinity.

Mechanism and Affinity Determination of Nanobodies
We next cloned nanobodies B1-B6 and B13 into bacterial expression vectors and tandem

purified monomeric nanobody by Ni-NTA and size-exclusion chromatography. We
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Figure 3.4 Nanoswitch Assay Testing Neutralization of RBD-AE2 Interaction by Selected Nanobodies. (A)
Diagram of the RBD-ACE2 Neutralization Assay. Figure created by BioRender.com. (B) Results of the
Neutralization assay, with the baseline level of looping in the no nanobody ¢control) control normalized to 1, the

image intensities of each looped band with the selected nanobody and the resulting fraction of looped signal
compared to it.

28



encountered some chromatography abnormalities with B2, with a low yield of purification
caused by aggregation and column binding (elution near the end of the column volume). We
tested the ability of the isolated nanobodies to neutralize the RBD-ACE?2 interaction by
designing a neutralization assay on nanoswitches forming RBD-ACE?2 loops. A saturating
concentration (>1uM) of nanobody was added in solution with the nanoswitch and then the
amount of looping was compared to the amount at baseline, with no nanobody. Neutralizing
nanobodies would disrupt the RBD-ACE?2 interaction and reduce loop formation (figure 3.4a).
Through this assay we found that B5 and B6 were potentially strong neutralizers (~4x
reduction in looping signal), while B1 and B13 were moderate neutralizers (~2x reduction in
signal), and B2-B4 were slightly or non-neutralizing (figure 3.4b).

However, in this context, the nanobodies could still bind to an epitope on the RBD that
did not sterically or allosterically block the loop formation, so we followed up on the
nanoswitch neutralization assay with an orthogonal assay to measure the equilibrium affinities
of the nanobody to the RBD alone, via Microscale-Thermophoresis (MST). MST is an affinity
determination method that measures diffusion induced changes in fluorescence over time as a
temperature gradient is created by an IR laser irradiation of a section of a solution filled
capillary?’. Fluorescently labeled molecules that are larger or differently charged will show a
change in the diffusion recovery (the fluorescence signal over time) because of an interaction
with a second, unlabeled protein. This change in fluorescent signal over time is directly related
to the concentration of the second species, and thus the affinity of the interaction at equilibrium
can then be determined when a dilution series in multiple capillaries of one unlabeled species is
incubated and measured with the fluorescently labeled species?’. We first validated MST in our

own hands by fluorophore labeling the Wt-RBD and determining the affinities of a nanobody
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Figure 3.5 Determining affinities of Anti-RBD Nanobodies by Microscale Thermophoresis (MST). (A) Two
representative curves and their fits of MST experiments with Nb_B1 and Nb_B5 with fluorescently labeled RBD. 3
independent replicates were performed and fit to estimate the Kadand the confidence. (B) Chart of the values of Kq and
confidence for all nanobodies determined by MST, with at least 3 independent replicates performed in each.

from our control pseudo-screen (mNb6). We confirmed the subnanomolar affinity that was
published? by MST (data not shown). With the exception of Nb_B3, which did not appear to
have any MST signal (implying it may not bind to the RBD), we were able to determine with
confidence the equilibrium affinities of the nanobodies to the Beta-RBD (figure3.5a,b).Using
an orthogonal method helped confirm that the predictions made by the sequencing were
reasonable, and the determinations made by nanoswitches were also accurate. Since MST is an
equilibrium measurement, the determined affinities do not include kinetics, and doesn’t give
the ability to match our sequencing predictions exactly (which the selection pressure of the

panning conditions are largely on longer binding lifetime, the off-rate or Kofr).
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Methods

Biotin Solution-Panning Nanobody mRNA Display Screening Against SARS-CoV-2
Beta-RBD

Naive Nanobody mRNA-display libraries were made and purified according to previously
described methods. In the solution panning step, in a 100uL final volume, 50nM biotinylated
SARS-CoV-2 BetaRBD protein (Acro Bosystems) was added with Nanobody display library at
a volume equivalent to approximately 10%'-10*2 nanobodies, then 0.5% BSA and buffer
containing 150mM NaCl and 50mM Tris HCI pH7.5 to 100uL. The panning reaction was
incubated on ice for 10min, and then at RT for 20min. To block and equilibrate the streptavidin
T1 magnetic beads (Invitrogen), 48uL of the beads mix was washed 3x in 500uL of panning
buffer 3 (50mM Tris-HCI pH7.5, 150mM NaCl, 0.5% BSA) , incubated for 30min on rotation
at 4C, and then washed 3x in panning buffer 4 (50mM Tris-HCI pH7.5, 150mM NaCl, 0.5%
BSA, 0.05% Tween-20). To pull down the bound display nanobodies, the blocked bead mix
was immobilized via magnet, and the panning solution was added, solubilized, and incubated on
ice for 5min. The mixture was again immobilized to the magnet, and the flow-through was
drawn off. To elute, the beads were solubilized in an equivalent volume and eluted at 72C for
5min, immobilized, and collected. To prepare the selected fraction for the next cycle of panning,
the eluted sample was amplified using Q5 polymerase (NEB) with C_2HIS 49bp and
N_0_52bp primers, purified by SPRI (Beckman Coulter), and quantitated by UV Spectroscopy.
As a negative control in subsequent rounds, an additional parallel solution panning condition
was used with biotinylated GFP protein (Sino Biological) under identical conditions. Samples
were prepared for gPCR and PCR as previously described in figure 3.1. For the expanded

panning conditions detailed in figure 3.2, wt-RBD and Trimer were panned under identical
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conditions and library compared to the beta-RBD. For the high stringency selection, the same
materials were used but after the bead capture, 3x 30min each washes were added with the
buffer containing an excess of unlabeled RBD. Samples were submitted for sequencing as
described, and analysis was performed by comparing the percent of total counts for each

sequence in the different conditions described vs. the original beta-RBD condition.

Nanoswitch Gel-Electrophoresis of Beta-RBD and Pre-Panned Nanobody Libraries

Nanoswitches were constructed as previously described?, this time containing the nanobody
display library from round 7 of the pre-panning screen and the Var7 oligo-labeled beta-RBD.
Control nanoswitches, control lanes, and gel running conditions were identical to previously

described.

Cloning, Expression, and Purification of Nanobodies

Nanobody sequences containing C-terminal glycine-serine linker, poly-lysine labeling site, and
hexa-histidine tag were synthesized as a gene block (Integrated DNA Technologies). PCR
primers NbEXP_Freal and NbExp_R_Lys were used to amplify the sequence and add the 5’
Ncol and 3’ Xhol restriction sites. The resulting PCR reaction was size (>300bp) purified by
SPRI (Beckman Coulter) at a 0.7X SPRI:PCR volume ratio. Purified cDNA was then double
digested by Ncol/Xhol (NEB) at 37C for 30min, and then the sample was heat inactivated at
80C for 30min. The digestion was confirmed by gel electrophoresis on 4-20% TBE-PAGE
(Invitrogen). Digested cDNA was then ligated into a pET-26b(+) (Novagen) using T4 DNA
Ligase (Invitrogen) at a 1:3 vector:insert molar ratio at RT for 20min, and heat inactivated at

65C for 10min. The vector was then transformed into BL21(DE3) competent E.coli (NEB)
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according to the manufacturers protocol and selected on kanamycin plates. Positive colonies
were picked and sequenced, and confirmed colonies were subcultured overnight at 37Cin 10mL
in LB-kanamycin broth shaking at 200rpm. 10mL of subculture was added to 500mL of LB-
Kanamycin and grown out for 2hr at 37C shaking at 200rpm to induce periplasmic nanobody
expression, IPTG was added to the culture at ImM final concentration and incubated at 25C
O/N shaking at 200rpm. The cells were harvested and pelleted at 3500g for 10min. 12.5mL of
TES (200mM Tris-HCI pH7.5/1mM EDTA/0.5M Sucrose) was added to resolubilize the pellet
and incubated at RT for 45min. To induce Osmolysis, 25mL of ddH20 was added, rapidly mixed
and incubated at RT for 45min. To isolate the periplasmic fraction, the lysate was
ultracentrifuged at 20,000g at 4C for 20min. To saturate the EDTA and equilibrate the
periplasmic isolate for Ni-NTA purification (Ni-NTA High Performance Sepharose, Cytiva),
Quenching buffer was added to bring the solution to final concentrations of 20mM MgClz,
300mM NaCl, 75mM Imidazole, and 0.05% Tween-20. Nanobodies were eluted in EDTA and
desalted with 2mL 7K MWCO Zeba desalting columns (Thermo Scientific) to PBS. For initial
functional assays using nanoswitches, Ni-NTA purified nanobodies were used. For MST, Ni-
NTA nanobodies were further purified by size-exclusion chromatography on a superdex S75
10/300GL (Cytiva). Nanobody was quantitated with a280 UV spectroscopy and purity was

confirmed on denaturing 4-20% SDS-PAGE (Biorad).

Nanoswitch Beta-RBD/ACE?2 Neutralization Assay for Nanobodies
Nanoswitches were constructed as previously described (chapter 2), but with the library
substituted for ACE2 at VVarD (ACE2 at VarD and Beta-RBD at VVar7). RBD:ACE2 loops were

allowed to form over 1-2hr at room temperature in the control, or co-incubated with the listed
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purified nanobodies at a saturating concentration of 1uM. The nanoswitches were run
according to previously described conditions and then imaged with fluorescent DNA stain.
Using ImageJ analysis software, the loop control band image density and standardized to 1was
compared to the looped image intensities of the nanoswitch lanes with nanobodies, and the

fraction bound was calculated as the fraction decrease from the control.

Determination of Binding Affinity by Microscale Thermophoresis (MST)

Beta-RBD was labeled 1:1.2 with lysine specific labeling NHS-alexa-fluor-647 dye, purified,
and labeling ratio was confirmed by nanodrop to be between 1-1.5 dye:protein molecules.
Stock concentrations of nanobodies ranging from 1-10uM were diluted 1:1 fold in buffer
containing 30-50nM labeled beta-RBD. The samples were incubated for 30min, loaded into
MST capillaries, and analyzed under standard MST conditions in a Nanotemper Monolith
NT.115. At least 3 independent experiments were conducted for each nanobody, and Kq and Kq

confidence were fit and determined by the native MST software.

Statement of Contributions

In addition to the author, experiments done using the nanoswitch-nanobody neutralization tests
(figure 3.4) in this chapter were contributed by Wong lab post-doctoral researcher Clinton
Hansen. Additionally, extensive help in experimental planning and discussion of results was

also contributed by Dr. Hansen
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Discussion

In our first de-novo screen for nanobody binders from a mRNA-Display library against the
SARS-CoV-2 Beta-RBD, we found several top-hit nanobody sequences with a range of
affinities from low to high ( ~5-200nM Ka) and a diversity of potential binding epitopes and
capacity to neutralize the RBD-ACE?2 interaction. The values for the overall recovery and
enrichment in these selections matched surprisingly close to the values in the pseudo-screen in
chapter 1, showing that our predictions were robust. With the results of chapter 2, we have
thoroughly evaluated and confirmed the diversity of the library and the panning selection
procedure to generate a diverse array of potential hits. We have also validated in a real
selection the ability of the gPCR/sequencing metrics to determine assay noise, enrichment,
diversity, and ultimately, overall success. With the library and the first part of our two-part
screen fleshed out, we could move to the next step of developing our overall vision for

screening on nanoswitches and implement a full proof of principle experiment.

35



Chapter 4. Discovery of a SARS-CoV-2 Infectivity enhancing Nanobody
using FIND-seq

Introduction
Having integrated a diverse library successfully into nanoswitches and laid groundwork for a
full proof of principle test of nanoswitch screening, we have envisioned FIND-seq (Functional
Interaction-Based Nanoswitch Discovery) for de-novo discovery of nanobodies with
traditionally difficult to discover mechanisms of action (such as allosteric modulation or multi-
body enhancement) (figure 4.1).

Having demonstrated within the same receptor-ligand system of SARS-CoV-2
Spike/RBD and ACE-2 the generation of direct binders, we wanted to use the addition of the
FIND-seq screen to directly screen for potential allosteric or direct enhancers body binders of

Spike-Trimer and ACEZ2. In this case, an allosteric modulator or direct enhancer would

| Functional Interaction Based Nanoswtich Discovery (FIND) Platform

Incorporate Targets on FIND-Seq: Link DNA- Gel Electrophoresis, Analyze Looped Vs. Unlooped
nanoswitches barcoded extraction, Enrichment
w compounds to nanoswitches and sequencing

Protein 1 Protein 2

DT DG Tssd AT ATNDP Lo DDA
DNA Nanoswitch Scaffold

|

Figure 4.1 lllustration of FIND-seq Platform. Nanoswitches with a drug-target pair or complex of interest are incorporated
onto nanoswitches. The library is then incorporated onto the nanoswitch by hybridization of a complementary region and interact
in solution to equilibrium forming interactions amongst the targets and between the targets and library members on each
nanoswitch. The nanoswitch library is then separated via agarose gel-electrophoresis, and the looped (+interaction) and unlooped
(-interaction) are cut, extracted, and sequenced by NGS separately. For each member of the library, the looped enrichment is
calculated by dividing the percent out of the total for each sequence in the looped vs. unlooped fractions. Potential protein-protein
interaction enhancing (either direct or via allosteric mechanism), can be identified by their high looped enrichments. Created
with BioRender.com

¢
Looped Enrichment

scmce S0 S (5 )

Potential allosteric
or enhancer hits

36



increase the affinity of Spike to ACE2 on a molecular level and would consequently increase
the infectivity of the virus in a cellular model. We postulate that there are multiple potential
resulting mechanisms of action that could arise from nanobodies discovered in the screen. One
could select an allosteric modulator acting a distal site on the spike protein could stabilize a
high-affinity ACE2 binding conformation of spike or a nanobody that could act as a direct
molecular staple to prevent dissociation of the two components once already formed. These
could be equally likely to selected without a priori knowledge of the underlying structures or
molecular dynamics. The nanoswitch selection assay we propose would measure the resulting
loops formed as a function of the activity of library members, so there is a potential advantage
for this and all screens in that they are mechanistically agnostic as to what can be pulled from
the library (allowing a diversity of potential binders and mechanisms to be selected).

While not of direct therapeutic potential, the nanoswitch assay could serve as an
unbiased screening tool for allosteric or direct sites on Spike and/or ACE2 that modify or
underlie Antibody-Dependent Enhancement (ADE), a phenomenon that has been seen in
patients severely ill with COVID-19%8. The spike protein is a large and highly dynamic protein,
with each of the three RBD’s present in one spike Ectodomain trimer sampling “open” and
“closed” conformations?®. These conformational dynamics shield the RBD’s from neutralizing
antibodies while closed, and then allow engagement to ACE2 as it opens?®. The wild-type
(wuhan-hu-1) sequence of the spike protein may also be considered in the “sweet-spot” range
of affinity to ACE2%%-%2, in which a 10-100nM Kg interaction, while strong, can still be
enhanced by mutation or alteration of conformational dynamics. This is evidenced by the
increasing affinity in the spike protein to ACE2 through the evolution of SARS-CoV-2 from

wild type to omicron variants between 2020 to the present3,
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In this chapter, we demonstrate the discovery of nanobody Nb1 using the FIND-seq
assay, a mechanistically novel nanobody that binds and enhances the interaction of the Trimer

to ACE2, and furthermore increases the infectivity of SARS-CoV-2 pseudo-virus.

Results

FIND-Seq Selection of Spike-ACE2 Enhancer Nanobodies

In a similar fashion to chapters 2 and 3, we began the screening process by enriching the naive
mRNA-display nanobody library by biotin solution panning, with a key difference being the

pre-incubation of the biotinylated, pre-fusion stabilized, wild-type spike-trimer with moderate
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Figure 4.2 Panning Pre-Screen Results of the Spike-Trimer-ACE2 Selections over 7 Rounds. Selection of the
library against biotin-Spike and ACE2 (blue), and the negative control (biotin-GFP, orange).
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excess of non-biotinylated human-ACE2, before the addition of the display library. The pre-
formation and use of excess non-biotinylated ACE2 would bias selection against nanobodies
that would not disrupt the spike-ACE2 interaction, and towards nanobodies that potentially

bind and stabilize the interaction interface, or the “active” conformations of the individual

complex members, because the ACE2 concentrations relative to spike is saturated above its Ka.

While the selection was considerably noisier than in the bi-molecular screen against the

RBD, the multi-body spike-ACE2 panning resulted in ~5x enrichment above the background

(figure 4.1). We next took the pre-enriched libraries from round 6 and annealed them to Spike-

ACEZ2 containing nanoswitches. In three independent gel-run experiments, we co-incubated all

components on the nanoswitches to allow loops to form, performed gel electrophoresis

alongside looped/unlooped size controls, and separately extracted the looped and unlooped

fractions of the nanoswitches (figure 4.2a).
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Figure 4.3 Spike-ACE2 FIND-Seq Assay and Results. (A) Gel-Electrophoresis of the nanoswitches containing the library,
spike-trimer, and ACE2, alongside a control. (B) NGS Results of the three independent Gel runs. Nanobody sequences were
aligned and counted in the looped and unlopped fraction. Looped enrichment was calculated for each nanobody sequence by

dividing the counts in the looped over the unlooped fractions. The sequence counts and the standard deviation were then

plotted against the distribution of looped enrichment for the top 300 sequences counted by frequency entered from round 6

onto the nanoswitches to determine the top hit, Nb1.



After NGS, we calculated the looped enrichment by dividing the number of counts for
each sequence in the looped over the unlooped fraction as well as the standard deviation of the
enrichment in the independent replicates (figure 4.2b). After plotting the sequence counts and
standard deviation against the looped enrichment for the top 300 sequences, a clear and strong
top hit stood out, which we named Nb1, with low variance and a looped enrichment
approaching 3. To confirm the finding of Nb1 as an outlier, we performed an additional
experiment with 3 lanes each of nanoswitches with spike, ACE2, and the library, and then
nanoswitches without spike but with ACE2 and the library. We calculated the looped
enrichment in the nanoswitch lanes with and without spike by designing Nb1 specific qPCR
primers. By this orthogonal measurement, we calculated the nb1 looped enrichment at 2.71 +
0.44, matching closely the estimated by sequencing (data not shown). These results added an
additional layer of control by controlling for any Nb1 that may coincidently run in the looped
fraction in a non-enhancing manner. We next decided to follow up on Nb1 and other selected

nanobodies individually.
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Nbl is a potent Enhancer of the Spike-ACE?2 Interaction

Nb1 was expressed and alongside the next three top ranking nanobodies (Nb2-Nb4), which
showed small to no enrichment in the looped fraction. Similar to the neutralization
experimental setup in chapter 3 figure 3.4, we tested enhancement capability of nanobodies
added in solution to spike-ACE2 containing nanoswitches (figure 4.3a). Using the baseline
looping in the spike-trimer nanoswitch with matched buffer only for normalization, we
calculated the fold change in looping signal with the addition of nanobodies Nb1-Nb4 and a
commercial neutralizing nanobody as a negative control (figure 4.3b). The neutralizing

nanobody reduced the signal as expected, and nanobodies Nb2, Nb3, and Nb4 showed little to
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Figure 4.4 Nanoswitch Spike-ACE2 Looping Assay. (A) Diagram of the setup of the assay, where spike-ACE2
nanoswitches are incubated with nanobody, and run and imaged on a gel to compare to the amount of baseline looping.
Created with BioRender.com. (B) results of the assay showing the relative changes in intensity normalized to the looped
signal with no nanobody added, for a commercially purchased neutralizing nanobody, and nanobodies nb1-nb4. (C)
Nanoswitch assay using spike S1, or the RBD instead of the full-spike-trimer, normalized to the amount of looping in the
original spike-trimer nanoswitch with buffer only
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no enhancement, but nb1 showed a dramatic >10 fold increase in the amount of looping (figure
4.3b). We next performed the same assay with smaller constituent components of the spike
protein first using the Spike S1 monomeric fragment, then the RBD, each with ACE2 to
compare the activity of the same neutralizing nanobody or Nb1. The amount of looping in the
S1/RBD nanoswitches was also normalized to the looping in the trimer nanoswitches in figure
4.3a, showing the differences in baseline loop formation (figure 4.3c). The addition of Nbl
also increased the amount of looping between S1/RBD and ACEZ2, but given the much higher
baseline of looping may have saturated, appearing, less dramatic (figure 4.3c). Because Nb1
appears to enhance the smaller constituent fragments of the spike trimer, it implies strongly
that the epitope of interaction for nb1 lies closely to the RBD-ACE?2 interface.

We next examined the concentration-looping effect by measuring the ECso of loop
enhancement, and the nanobody’s effect on the lifetime of the Spike-ACE2 interaction. The

ECso was measured using a dose response curve in wells of a nanoswitch gel: nb1 was a potent
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Figure 4.5 ECso and Lifetime Measurements of Nanobody Nb1 on Spike-ACE2 Interaction. (A) A dose response curve of
nbl was tested on Trimer/RBD and ACE2 nanoswitches to establish the ECso for enhancement of the interaction. (B). Using
RBD-ACE2 nanoswitches with either wild-type (reference) or the Alpha variant, an excess of free, unlabeled RBD was added in
solution to compete open the loops in the absence/presence of Nb1. Time-points were loaded into wells for gel-electrophoresis
and the lifetime was determined from the dissociation curve of loop opening over the time-course

42



activator of RBD/trimer interaction with an ECso = 15nM in the timer and 2.6nM in the RBD
(figure 4.4a). The effect on the dissociation by Nb1 on RBD-ACE2 was also determined using
RBD-ACE2 nanoswitches and excess, free-RBD in solution with and without Nb1. Time-
points over the lifetime of the loop opening were tested to determine the average lifetimes and
the effect of Nb1 (figure 4.4b). For both the wild-type RBD (reference) and Alpha variant RBD
(B.1.1.7), the average lifetime was dramatically extended from minutes to >1 day in the wild-

type, to >1 week in Alpha (figure 4.4). From these results, we revealed the potential
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Figure 4.6 Orthogonal Methods Assaying Nb1:ACE2:Spike Interaction and Enhancement Mechanism. (A) Size-
Exclusion FPLC and follow-up SDS-PAGE gel run on Nb1:ACE2:RBD run in 1:1:1.2 molar ratios confirming co-elution of
the multi-body complex. (B) Pulldown experiments using biotinylated bait and fluorescently labeled prey with and without
1uM Nb1. In the first panel, biotinylated spike-trimer is incubated with ACE2 labeled with a488 with/without nb1, and washed
with excess, unlabeled RBD with/without nb1 in the wash buffer, and then eluted off the beads. In the second panel,
biotinylated ACE?2 is incubated with RBD labeled with a647 with/without nb1, and washed with excess, unlabeled RBD
with/without nb1 in the wash buffer and then eluted off the beads. Samples were semi-denatured with SDS and run on SDS-
PAGE gel and imaged with 488/647. (C) non-denaturing gel-shift assay of ACE2:RBD:Nb1, and all single and double

combinations of proteins.
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mechanism of Nb1 activity. Nb1 appeared to bind to a heterogenous epitope formed by the pre-
complexed Spike-ACEZ2, greatly preventing dissociation.

Following the nanoswitch-based experiments, we used orthogonal experiments to
continue to examine the Nb1:Spike:ACE2 interaction and underlying mechanism. Size-
Exclusion FPLC of nb1:ACE2:Spike-Trimer in nearly equimolar (1.2:1:1) ratio showed that
almost all of the proteins formed a complex and co-eluted (figure 4.5a). In a series of pulldown
experiments, we used biotin and fluorescent labels on bait and prey proteins in two
combinations to test the effect of nb1 on the recovery of the fluorescent specie. With both
Trimer/ACE2, and ACE2/RBD labeled with fluorescent dye or biotin, nb1 prevented
dissociation of the fluorescent prey and resulted in a higher fraction of total prey captured
(figure 4.5b). When the same conditions are tested with only the non-biotinylated, fluorescent
ACE2 or RBD, with and without Nb1, no bound signal is detected in the wash/elution,
confirming that there are no nonspecific or unintended interactions occurring (figure 4.5b data
not shown). These results agree with the conclusions from nanoswitch loop-lifetime
experiments (figure 4.4b), showing significantly slower dissociation. Finally, we performed a
native gel-shift with ACE2:RBD:Nb1 and all single and double combinations of protein, where
we saw complex formation only in the triple combination of ACE2:RBD:Nb1 (figure 4.5c).
RBD:ACE2, Nb1:RBD, and ACE2:RBD likely did not show as complexed in the gel because
weak or fast lifetime interactions tend not to survive the gel-electrophoresis. These results also
agree with the conclusions in figure 4.3c and 4.4b, all evidencing that Nb1 has weak affinity to
unbound Trimer/S1/RBD and ACEZ2, and instead binds with the highest affinity to the already

complexed proteins, strongly enhancing the interaction by preventing dissociation.
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Nb1 Potently Enhances Infectivity in a Spike Pseudo-typed Cellular Assay

The final and most important series of experiments to explore the effect and mechanism of Nbl

and validate the capability of FIND-seq to successfully screen for functionally active binders

was to determine the phenotypic effect in a cellular assay measuring changes in infectivity of

spike-protein entry-dependent viruses. The nanobodies Nb1-Nb4 were tested for concentration-

infectivity effect in a spike protein pseudo-typed virus carrying a luciferase reporter gene. A

given volumeltiter of pseudo-virus would infect and express luciferase and the luminescence
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signal could be quantitated. In a concentration dependent manner, a neutralizing
antibody/nanobody would be expected to block infection and reduce the signal. In our rather
unique case, an enhancer binder would be expected to increase infectivity and the subsequent
luminesce signal (figure 4.6a). In a preliminary test, nanobody nbl, a potent molecular
enhancer of spike-ACE2 association, also potently enhanced infectivity (figure 4.6b, top left).
Nb2, a weak or non-enhancer, initially appeared to enhance infectivity but higher doses proved
to paradoxically reduce signal, which we discovered to be cytotoxicity (figure 4.6a, top right),
either as a consequence of the protein itself or contamination of cytotoxic components from
E.coli purification. We confirmed by cellular viability assay that Nb1, Nb3, and Nb4 did not

affect cell viability (data not shown) at these concentrations. Nb2 may indeed be a slight or
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Figure 4.8 Spike-Pseudovirus Infectivity Assay Confirms potent Nb1 Enhancer activity. Nbl potently
enhances wild-type SARS-CoV-2 spike pseudo-typed lentivirus with an ECso~ 93nM, while nb4, with little to no
predicted activity in the nanoswitch assay, shows little activity. The negative control neutralizing nanobody (Neu),
behaves as expected to potently inhibit infection
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moderate molecular enhancer of Spike-ACE2, but we could not pursue further experiments due
to the cell-Kkilling effect. Nb3 may be an impotent enhancer, but we could not test higher
concentrations of protein without aggregation.

To determine an accurate ECsoin Nb1 and add additional controls for confidence in the
assay, we decided to continue the infectivity assay with 3 nanobodies; Nb1, the enhancer, Nb4,
predicted to have little to no activity in the nanoswitch assay and showing little initial
infectivity enhancement, and a commercially available neutralizing nanobody as a negative
control (figure 4.7). Nb1 has potent enhancing activity (ECso of approximately 90nM, figure
4.7), while Nb4, which we predicted to have no activity, was confirmed to be inactive (figure
4.7). The commercial neutralizing nanobody behaved as expected to inhibit infection and
luciferase expression (figure 4.7). Given the evidence in figure 4.3-4.5, as well as the

confirmation of cellular activity of Nb1 to enhance pseudo-virus infection, we propose that

Potential Mechanism of Action for Nb1 Enhancement

Trimer:ACE2
Interaction
Forms Epitope

Greatly Reduced
Dissociation

Trimer  ACE2

ACE2
Nanobody Dependent Enhancement

—p Increased apparent affinity and
Spike- Nb1 increased apparent viral infectivity

Trimer

Figure 4.9 Proposed Nb1 Mechanism of Action. Given the evidence that the all constituent fragments of the spike
protein have enhanced affinity in the presence of Nb1, that Nb1 prevents the dissociation of RBD:ACEZ2, and that Nb1
shows little affinity to unbound RBD or ACE2, we propose that Nb1’s potential mectanism is through recognition of
a interaction specific epitope of RBD and/or ACEZ2, and prevention of dissociation, acting as a nanobody dependent
enhancer of affinity and infectivity.
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Nb1 binds in a conformationally specific epitope in the present in either RBD, ACE2, or across
both, after the pre-formation of complex, and acts as a “molecular staple” to prevent
dissociation of RBD:ACE2 from each other, stabilizing the interaction and dramatically

extending the life-time of the association (figure 4.8).

Methods
Biotin Solution-Panning Nanobody mRNA Display Pre-Screening Against SARS-
CoV-2 Spike Trimer/ACE2

In the solution panning step, in a 100uL final volume of the same panning buffer used in
previous experiments (150mM NaCl, 50mM Tris-pH7.5, 0.05% Tween-20),50nM biotinylated
WT SARS-CoV-2 S protein (Acro Bosystems) was pre-inubated with 400nM Human ACE2
(Sino Biological) at RT for 5min. Nanobody display library was next added at a volume
equivalent to approximately 10'1-10*? nanobodies, then 0.5% BSA and buffer to 100uL. The
panning reaction was incubated on ice for 10min, and then at RT for 20min. To block and
equilibrate the streptavidin T1 magnetic beads (Invitrogen), 48uL of the beads mix was washed
3x in 500uL of panning buffer 3 (50mM Tris-HCI pH7.5, 150mM NaCl, 0.5% BSA), incubated
for 30min on rotation at 4C, and then washed 3x in panning buffer 4 (50mM Tris-HCI pH7.5,
150mM NaCl, 0.5% BSA, 0.05% Tween-20). To pull down the bound display nanobodies, the
blocked bead mix was immobilized via magnet, and the panning solution was added,
solubilized, and incubated on ice for 5min. The mixture was again immobilized to the magnet,
and the flow-through was drawn off. To elute, the beads were solubilized in an equivalent
volume and eluted at 72C for 5min, immobilized, and collected. To prepare the selected fraction

for the next cycle of panning, the eluted sample was amplified using Q5 polymerase (NEB) with
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C_2HIS _49bp and N_0_52bp primers, purified by SPRI (Beckman Coulter), and quantitated by
UV Spectroscopy. As a negative control in subsequent rounds, an additional parallel solution
panning condition was used with biotinylated GFP protein (Sino Biological) under identical
conditions. To measure the percentage recovery in each condition of the rounds noted in figure
4.1 (rounds 4-7), the C: value was determined by qPCR in the samples eluted after panning and
the nanobody library without panning, and the percentage was calculated from the difference of

the values.

Nanoswitch Display Screening for SARS-CoV-2 S Trimer/ACE2 Enhancer
Nanobodies

Linearized, ssSDNA nanoswitch scaffolds were tiled with backbone oligonucleotides as
previously described (Koussa et al., 2015, Halvorsen et al.,2011). To bind the protein
components of the nanoswitch, biotinylated oligos were added to Varx. To aid loop survival
during gel-electrophoresis, we designed a system to trap looped interactions of weak molecular
interactions specifically and covalently. Trans-cyclo-octene (TCO) modified nucleotides are
incorporated into the variable region oligonucleotides near each of the interactions (in this case
the spike protein and ACE2) After incubation of the nanoswitches to equilibrium (typically
15min-2hour), a bi-tetrazine small molecule is added that reacts via click chemistry to each of
the TCO groups. To lock the nanoswitches that are looped closed, a concentration series is
tested and optimized in nanoswitches containing both the interacting pair and without any
molecules, to determine the concentration of bi-tetrazine in solution that maximizes trapped,
looped nanoswitches without spurious, background looping of naked nanoswitches (this

concentration is optimized for every new protein pair for nanoswitch screening). cross-linking
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oligos were hybridized to covalently link Spike-Trimer/ACEZ2 after interaction.. 10nM
nanoswitch stocks were then purified by Amersham MicroSpin S-400 HR columns (Cytiva)
according to manufacturer’s instructions. To hybridize the library, during the reverse
transcription step of the mRNA-display procedure (described above), a primer containing a
region anti-sense to varD was incorporated into the cDNA. To prepare the full library for the
nanoswitch display screen, 7.5uL of the nanoswitch stock (0.2nM final Concentration), 21uL of
the nanobody-display library, 1.5uL of 10% BSA (0.5% Final), and 0.3uL of 1M MgCl2 (10mM
Final) and was incubated at RT overnight. To bind the Spike and ACE2 proteins, Human ACE2
(Sino Biological) was first modified with NHS-peg-Var7 and hybridized to the nanoswitch at 2x
(1.5uL) concentration to the nanoswitch at RT for 30min, and 1.5uL of biotinylated WT SARS-
CoV-2 S protein (Acro Biosystems), prebound with streptavidin, was incubated at RT for 1.5hr.
To covalently latch the nanoswitches for the gel-running step, 12uL of the mix was first
incubated with 3uL of diluted cross-linking agent as a positive control to visually guide the
proceeding gel-extraction step (the loops formed are far above the visual limit of detection to
guide the gel-extraction from this control well to the wells used for screening). For the wells
used for the selection and gel-extraction, 12uL was mixed 3uL of standard concentration of
cross-linking agent and incubated at RT for 15min. For each mix, 15uL of 0.5x TBE (Tris/Boric
Acid/EDTA, Biorad) and 2x gel loading dye (NEB) was added, mixed, and loaded 10uL/well.
For the gel-running step, a 60mL, 1% Agarose, 0.5x TBE gel was cast with 2.4uL of SYBR
gold nucleic acid gel stain (Invitrogen) and run at RT with 0.5x TBE buffer at 200 volts for
30min. For the gel-extraction step, the gel was post-stained for 30min in 1x SYBR gold stain
(Invitrogen) and was placed on a blue light transilluminator. Using the positive control as a

guide, the bands corresponding to the Spike:ACE2 induced loop and the unlooped (no
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interaction) fraction were cut out. cDNA from each of the bands were recovered by
electroelution using the 6-8KDa MWCO Mini FlexTube kit (IBI Scientific). The samples were

eluted and then prepared for sequencing by PCR or analysis by gPCR.

Dye/Biotin Labeling of Proteins

GFP protein (Sino Biological) used for negative controls was biotinyated with sulfo-NHS-
biotin at a 1:40 protein:NHS-biotin molar ratio at RT for 30min. Excess biotin was removed
with Zeba dye and biotin removal columns (Thermo Scientific) and was tested for
biotinylation with Streptavidin T1 Dynabeads (Invitrogen). For labeling of SARS-CoV-2
RBD (Sino Biological) with Alexa fluor 647 (invitrogen, RBD was reacted with alexa647-
NHS-ester at a 1:1.2 protein:dye molar ratio supplemented with 1M HCOs- (to increase
lysine net positive charge by increasing solution pH, for improved labeling reaction
efficiency) at RT for 3hr, and excess dye was removed with Zeba dye and biotin removal
columns (Thermo Scientific). Labeled protein was quantitated and coefficient of labelling
was determined by absorbance at 280nm/647nm. For labelling of Human ACE2 (Sino
Biological) with Alexa fluor 488 (Invitrogen), an identical procedure was used with a 1:50

protein:dye ratio.

Biotin-Streptavidin Co-Precipitation Pulldown Experiments With Nb1l

Bait and prey pairs of biotinylated SARS-Cov-2 S Trimer (Acro Biosystems) +Alexa Fluor
488 labeled (Alexa-Fluor 488 NHS ester, Invitrogen) ACE2 (Sino Biological) and biotinylated
ACE2 (Sino Biological) + Alexa fluor 647 labeled (Alexa-Fluor 647 NHS ester, Invitrogen)

SARS-CoV-2 Receptor Binding Domain (Sino Biological) were combined in the
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presence/absence of Nb1 to test for enhancement of binding. 50nM the biotinylated Trimer and
62.5nM 488-ACE2 were combined in PBS-TB (PBS + 0.05% Tween, + 1mg/mL BSA) +/-
1uM of Nb1 and incubated at RT for 30min. Streptavidin T1 Dynabeads (Invitrogen) were
washed and incubated in PBS-TB at RT for 30min. Samples were added to the beads, mixed,
and incubated on rotation at RT for 10min. Beads were then washed 3x in PBS-TB buffer with
500nM SARS-CoV-2 RBD (Sino Biological) +/- 1uM Nb1 on rotation at RT for 10min each.
The sample was then eluted in an equivalent volume at 72C for 5min in 1X Lammeli sample
buffer (Biorad) with 20% BME. In both conditions, samples before pulldown, flow-through,
washes, and elution were heated at 95C for 5min, run for 15 minutes at 200V on a 4-20% SDS-
PAGE gel (Biorad) and imaged using 488 filters. For the second bait and prey pair of
biotinlylated ACE2 and 647-RBD, all experimental conditions and buffers were identical with

exception to the starting concentrations, at 100nM and 125nM respectively.

SARS-CoV-2 Spike Pseudovirus Infectivity Experiments

To test for increased infectivity of the selected nanobodies, 50uL of vehicle or nanobody at the
given concentrated was first mixed with 25uL (diluted from 10uL of stock) of SARS-CoV-2
WT s-protein pseudotyped luciferase lentivirus (Cellecta) in complete growth media
(DMEM,10% FBS,1% Pen-Strep) in to 96 well plates and incubated at 37C for 1hr. 25uL of
ACE2-HEK?293 cells in complete growth media was added to each well and incubated at 37C
for 48hr. Infectivity was measured as a function of observed luminescence signal from

luciferase expression using the Bright-Glo kit (Promega) ina luminometer plate reader.
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Statement of Contributions

In addition to the author, Hans Bergal, a graduate student in the Wong lab helped extensively
to write code and give feedback on the analysis of sequencing results in figure 4.2.
Experiments using ACE2-Spike nanoswitches and SEC to interrogate Nb1 activity and
mechanism (figure 4.3-4.4, parts of figure 4.5) were contributed significantly by Wong lab
post-doctoral researcher Clinton Hansen. Sylvie Bernier, a senior scientist at the Wyss
Institute, collaborated with us on the pseudovirus experiments with nanobodies in figures 4.6-
4.7. Additionally, extensive help in experimental planning and discussion of results was also

contributed by Dr. Hansen
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Discussion

These results in cellular experiments confirm that that nanobodies discovered in the FIND-seq
assay, which we confirmed to biochemically enhance the interaction of a viral/human receptor
ligand pair, also importantly demonstrate the expected cellular/phenotypic effect. We have
further validated our primary pre-selection and nanoswitch selection protocols, as well as the
sequencing results to predict allosteric/enhancer hits by enrichment in the looped fraction. By
using both nanoswitch-based assays alongside orthogonal methods such as SEC-FPLC, Gel-
shift, and pull-downs, confirm that individual nanobody activity can be rapidly and
quantitatively followed up. Importantly, the experiments of chapter 4 show that in our first
proof of principle experiment using all in-vitro display, nanoswitch, and protein components
we can select functionally active nanobodies. Moreso, the discovery of Nb1 may constitute the
first demonstration and validation of a single nanobody domain having multi-body binding

properties.

54



Chapter 5. Discussion

While great technological and scientific strides have been made in the functional
screening of small molecules by HTS-based assays and with genetically encoded peptide and
protein-based binders by display, there are still restraints which make the discovery of novel
therapeutics difficult, costly, and time intensive. The paradigm in drug discovery may largely be
shifting to one focused on targeting and effecting cellular-signaling and networks of biological
interactions rather than on pinpointing discrete activities of individual enzymes, kinases, etc.34.
However, this will demand bigger libraries, bigger datasets, higher throughput, and better
simulation/recapitulation of pathways and biological components of interactions that underlie

diseases34. New screening approaches are needed to advance these new drug candidates. This is

Future Directions: A Nanoswitch Screening Platform

mRNA Display gx;&;g%‘::i?e Disease Relevant Targets:
Libraries of Biologics Libraries + Immune Inhibitory/Activation (MHC, CD28, PD1,
CTLA4, CD3, etc.)
e Ty m“"‘-. + Growth Factor, Cytokine, Hormone Receptors
Wm,'}; 2R . (RTK's, GPCR’s, Interleukins)
:;L,;:Z + Oncogenic Kinases, GTPase’s, Phosphatases,
Pt B Y and accessory regulatory proteins

"\m«

 Antibody Fragment Nanobody E3 Ligases and desired targets of degradation |

Library Target Target 2

NP LA AN NP AT
DNA Nanoswitch Screen Hits
Protein-Protein Allosteric Molecular
Interaction Modulators Modulators Glues
Strengthen existing Stabilize specific Creates novel
interactions conformations interactions

Figure 5.1 Future Directions of a Nanoswitch Drug Screening Platform. With the modularity of nanoswitches based
on the flexible properties of DNA, and the completion of a proof of principle effort of novel enhancer discovery using
mRNA-display and nanoswitches, we can imagine multiple different libraries and screening targets of interest being used
for future drug discovery efforts. mMRNA-display Vs. DNA-encoded small molecule libraries would allow screening of
multiple extracellular and intracellular targets, including cell-surface receptor systems important in cancer, and
autoimmunity and metabolism, and cell internal signaling targets involved in protein homeostasis, allosteric or PPI
modulators of kinases, phosphatases, transcription factors amongst many others.
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particularly true in the world of biologic drugs where there is almost limitless diversity and
flexibility in what can be created but limited ways to screen them for higher-order functions to
target multi-body complexes or to bind allosterically. Biologics ascribed with these types of
activities would be first in class or more specific therapeutic candidates targeting GPCR’s,
immune regulatory and inflammatory pathways, and metabolic signaling proteins for a multitude
of disease indications including diabetes, immunopathologies, and auto-immune disorders3®-38,
We envisioned using nanoswitches within FIND-seq as a method which can screen and select
mechanistically novel biologics with functional attributes, which is a feature not necessarily
available to traditional in-vitro display methodologies, and can improve the diversity and
throughput compared to HTS.

With the simplicity and modularity of building nanoswitch-based libraries and targets
given the programable nature of nucleic acids, we can imagine many ways to build novel modes
of screening (figure 5.1). To further enhance diversity, different types of library sources for in-
vitro display, such as antibody variable fragments (Vn or VL), single chain variable fragments
(Vu+VL), Fibronectin Type-I11 domains, peptides, and libraries with additional capabilities for
non-coding amino acids could be used. To open new target spaces (as biologic display libraries
are often limited in a therapeutic fashion to targeting of extracellular proteins, receptors,
domains, etc.), DNA encoded chemical libraries utilized with nanoswitch screening could also be
applied as a primary hit discovery platform for protein-protein interaction or allosteric
modulators and novel molecular glues. These libraries could be directed against important
protein-protein interactions involved in oncogenesis; transcription factor dimerization and
function in c-myc/max, restoring or modulating p53 function, inhibiting phosphatase or GTPase

activity, and blocking anti-apoptotic pathways in the Bcl-2 family proteins®. One could further
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imagine interaction or allosteric modulation of signaling pathways involved in protein
degradation and homeostasis to restore lost function underlying amyloidosis in amyloid-beta or
alpha-synuclein driven protein aggregation diseases*. Additionally, finding new molecular glue-
like compounds from nanoswitch screens could engender new potential therapeutic areas in
targeted protein degradation, targeting transcription factor function, and others cellular processes
that are currently difficult to screen against.*' The results described in this work further open new
avenues to envision nanoswitches as a broader screening platform of a diversity of DNA-
encoded library types for many therapeutically important but difficult to target cellular
interactions/functions. Below, three potential future applications of nanoswitches will be

expounded on in detail.

A Nanoswitch Screen for Enhancers of PD-1/PD-L1 Signaling

Immune inhibitory receptor agonists present a rich source of potential drug discovery efforts for
Nanoswitch-based screens for molecular enhancers of protein-protein interactions*. Immune
inhibitory receptor systems such as PD-1, CTLA4, TIM3, TIGIT, LAG3, CD28 control
overlapping and unique aspects of maintaining peripheral tolerance of immune cells**. Discovery
and Interest in this field was dramatically accelerated after the elucidation of the role of PD-1
and CTLA4 in the suppression of regulatory T-cell surveillance as a mechanism of cancer cell
immune dysregulaton3+44and the successful development and demonstration of efficacy of
biologic antibody drugs to antagonize those pathways and treat cancer344. However, while
deployed in the opposite mode, agonists of these and other receptor systems could be promising
therapeutics for all manner of autoimmune diseases and disorders of immune function334445,

Although there are many strategies currently in development and early clinical trial to generate
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Figure 5.2 PD-1/PD-L1 Signaling and Mechanlsm of Potential Therapeutlcs Normal PD-1/PD-L1 shown at far left,
compared to antibody-based agonists that activate the pathway via IgG Fc receptors®. A Bispecific agonist LY 3434172 binds
each PD-1 and PD-L1#. Next, PD-L1 mimics that bind, cluster PD-1, then activate the pathway, such as PD-MP1 or
ImMmTAAI47, At far right, the mechanism of potential PPI enhancer nanobody discovered from a nanoswitch screen that could
directly and positively modulate PD-1/PD-L1 signaling.

agonist antibodies, bi-specific receptors, and modified soluble ligands*44°, Nanoswitch assays
could present novel opportunities to screen for mechanistically unique protein-protein interaction
enhancers of these receptor-ligand systems, including direct molecular staples and allosteric
enhancers. While there are many prospective target receptor-ligand systems of interest in this
space, we will detail the opportunities of a nanoswitch screen in PD-1/PD-L1 signaling pathway.
PD-1 has been identified as an important modulator and “molecular break™ in different.
populations of T lymphocytes®. It is a critical signaling pathway to limit the development of
autoreactivity and maintaining “self” tolerance in peripheral T-cells, as well as preventing
development of pathological autoimmune responses of T-helper and cytotoxic t-cells due to
infection®®. As such, potential PD-1/PD-L1 agonists are in different early development and
clinical stages as potential therapeutics for indications in different autoimmune disorders
including colitis, lupus, rheumatoid arthritis, autoimmune diabetes, immunosuppressants in
preventing transplant rejection, and others*+*8 (figure 5.2). While many current strategies do
exist, most activate PD-1 signaling via exogenous, PD-L1-independent manners such as PD-1
receptor clustering, and Fc-gamma receptors on 1gG antibodies**-#7 (figure 5.2). Potential
therapeutics generated from a nanoswitch screen for PPI enhancers could be allosteric
modulators that stabilize active PD-1/PD-L1 conformations and generate new signals, or

molecular staples that specifically recognize and prevent the dissociation of only the pre-formed
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PD-1/PD-L1 complex. As such these nanobody therapeutics may have differing/unique
therapeutic properties, pharmacology, and indications, as they could uniquely sustain pre-

existing, endogenous PD-1/PD-L1 signals.

A Nanoswitch Screen for Biased Agonists or Allosteric Modulators of GPCR’s

G-protein coupled receptors (GPCRs) are a large group (~800 members) of transmembrane
receptors that detect extracellular signaling molecules and mediate the triggering of an
intracellular response. GPCRs integrate signals from a diverse source of ligands from large
proteins, peptides, small molecules, to photons, and can signal through multiple downstream
pathways, including activation of one of multiple types of G-proteins, -arrestin repressor
molecules, or other scaffold proteins*®. GPCRs are major pharmaceutical targets, but techniques
to find and characterize compounds that alter receptor properties to activate specific downstream
pathways are often limited to cell-based fluorescent or in vitro assays that are resource and time

intense*®. Notably, we can use nanoswitches specifically to screen for allosteric agonists or

DEL GPCR B-Arrestin

G-Protein

B-Arrestin

G-Protein
Nanobody

Figure 5.3 Nanoswitch-Based Screens for biased agonists of GPCR’s. DNA-encoded libraries (DELs) or mRNA-
display libraries could be used to screen GPCR’s for positive interaction with their G-proteins and against interaction with
their B-arrestins.
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antagonists from a DNA-encoded library or a biologic mMRNA-display library of nanobodies or
peptides. Additionally, we can also screen for allosteric agonists that cause the GPCR to bind to
and activate a specific downstream pathway partner, while not activating others, a class of
molecules called biased agonists. For example, to activate signaling through a G-protein, but not
B-arrestin. This can reduce unwanted side-effects, such as receptor internalization through the -
arrestin pathway, which can reduce signaling®. Particularly for small-molecule DNA-encoded
libraries (DEL or DELS), it is difficult to screen directly for mechanistically complex outputs,
such as protein complex formation or allosteric binding, and a nanoswitch screen built with a
small molecule DEL could allow for direct and specific activator/enhancer screening of GPCR’s
with their G protein, conformationally specific nanobodies, and could include the ability to also
measure and avoid selection of B-arrestin binders (figure 5.3).

The GLP-1 GPCR may present as a be attractive as a future target of nanoswitch screen
using DEL’s. the GLP-1 GPCR is activated by the GLP-1 peptide to lower blood glucose and
slow gastric emptying via stimulation of insulin and suppression of glucagon secretion®0. Agonist
peptide drugs like Semaglutide have emerged as effective drugs to treat diabetes and obesity°.
While oral derivatives of the peptides have emerged, most forms of the drug are administered in
daily or weekly injections and are difficult and expensive to manufacture®. A small-molecule
biased agonist of GLP-1 signaling derived from a hit from a nanoswitch screen could have
improved oral bioavailability and efficacy. A cell-based HTS screen measuring activation of
GLP-1 may have greater fidelity towards the mechanism of GLP-1 GPCR signaling than a
nanoswitch-interaction based screen of the receptor, G-protein, and B-arrestin, but could be
uniquely positioned for hit generation due to the ability to functionally screen a DEL that may be

over an several orders of magnitude larger than what is achievable with HTS. As we have shown

60



in this work a process for a functional based nanoswitch screen and then recapitulation of the
mechanism with cellular assays as with Nb1 and SARS-CoV-2, a Nanoswitch screen for GLP-1
or other biased screens of GPCR’s could find an important niche as a high content, hit generating
first approach to be followed up with cell-based HTS assays for hit to lead optimization and

more complete mechanistic validation.

Novel Therapeutics of Oncogene-Tumor Suppressor Interactions in Ras Signaling

Ras proteins are critical regulators of multiple downstream pathways controlling cell growth,
division, and survival such as the RAF/MAPK, PI3K/S6 pathways and others®.. RAS proteins
exist as bivalent switches with “on” and “off” states controlled by the binding of GTP or GDP
respectively®!. While RAS proteins have weak and slow GTP hydrolysis capabilities on their
own, many accessory proteins that interact directly with RAS and its Guanine nucleotide binding
domain influence either the hydrolysis of GTP (via GTPase Activating Proteins, or GAPS), or the
switching of GDP for GTP (via Guanine Nucleotide Exchange Factors, GEFs), that are
influenced by positive upstream, membrane signals (such as Receptor Tyrosine Kinases) or
negative feedback downstream in the nucleus®°2. KRAS, of the RAS superfamily, has been
identified as one of the most commonly mutated and hyperactivated proteins in many different
cancer subtypes®®. Aberrant activity of KRAS in many cancers is often driven by a single point
mutation, G12, a critical residue located in the region specifically formed in the GDP bound
state. Mutations G12C (the vast majority) or G12V or G12D disrupt the nucleotide exchange
cycle from GTP to GDP by blocking hydrolysis®5?, hyperactivating KRAS, its downstream
effectors, and an oncogenic phenotype®2%3. While targeting some of the downstream

RAF/MEK/ERK kinases or upstream RTKSs has had some success in treating KRAS driven
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cancers, KRAS itself was long considered undruggable, particularly because of the picomolar
affinity of RAS proteins for GTP, and the millimolar concentrations of GTP estimated in cells®.
This remained until the development and approval of KRAS®2C specific inhibitors Sotorasib and
Adagrasib®. These inhibitors have demonstrated efficacy and opened a new avenue of targeted
of targeted therapy by binding covalently to the mutated cysteine in the switch-11 GDP binding
pocket and prevent the cycling back to the GTP bound state®?53, They can thus be classified as
KRASGC2C “off” inhibitors, as they are specific to the GDP not the GTP bound state, and
influence the nucleotide exchange cycle (where GAPs are still active to hydrolyze GTP), and
don’t compete directly for GTP binding®>°3. However, as with many monotherapies as
treatments in cancer, many direct KRAS mutations and indirect mutations in the overall pathway
flux or nucleotide exchange cycle pathway proteins have emerged to abrogate KRAS®1C
inhibitor efficacy. Some new therapeutic or combination strategies alongside G12C inhibitors are
in development, such as “on”, or GTP specific inhibitors, inhibition of GDP to GTP exchange by
GEFs (SOS1 inhibitors), or combinations of G12C inhibitors with RTK inhibtors®3. A unique
approach for combination therapy for all KRAS mutants may be unlocked by utilizing
nanoswitches: screening for small molecules positively modulating the GAP-KRAS mutant
interaction.

Several RAS GAPs have been identified with different tissue expression, RAS
specificity, and GTPase stimulating activity, including the GAPs Neurofibromin, RASGAP, and
NGS3°%. NGS3, while possessing weakly stimulating GAP-activity®?, is active in both KRAS
WT and G12 mutants, and its expression levels have been correlated positively to the efficacy of
the KRASCC |nhibitors®3-%5. Additionally, in certain types of cancers, particularly Non-Small

Cell Lung Cancers (NSCL), there has been demonstration of spontaneous, de-novo resistance
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towards KRASC2C inhibitors (inefficacy of the drug without initial response/remission and
reemergence of drug resistant cancer), which is correlated to lower NGS expression®?. Earlier
efforts to find direct small molecular stimulators of certain GAPS (to promote GTP hydrolysis in
mutant RAS proteins to convert them to the GDP-bound, inactive state) such as RASGAP failed,
due to either an intractable lack of RASGAP activity in mutant RAS proteins, or failure to find
hits in an earlier generation of HTS effort5354,

We can conceive of nanoswitches in different setups with the full, GTP-bound KRAS
protein or the catalytic G-domain (where NGS3 and other GAPS interact®), or KRAS with a
hydrolysis resistant GTP derivative, GTPgammas, or fluorescent GTP analogs®® (for a potential
combined detection of interaction plus enzymatic activity) alongside NGS3 and a DEL or
mRNA-display library. Thus, we could screen for small molecules or nanobodies (nanobodies
would not necessarily be direct therapeutics in this case, but for identification of potential
allosteric sites which could inform structure-based screening) that would enhance NGS3-KRAS
mutant interaction, with the potential additional capability to directly measure changes in GTP
hydrolysis as a function of changes in interaction lifetimes. Compounds further developed from
these discoveries could possess single-agent efficacy in KRAS driven cancers or synergize the

activity of current KRAS inhibitors.

Concluding Remarks

Beginning from first principles, we designed a high-diversity mMRNA-display library of
nanobodies that could be integrated on the nanoswitches. We optimized pre-screening conditions
to maximize library recovery without sacrificing high background, and tested nanobody-library

and antigen interactions and recovery of library material in the looped fraction by PCR. The
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diversity of our library was evidenced after we performed de-novo selection of high affinity
nanobodies against the SARS-CoV-2 Beta-Variant RBD with varied binding properties and
showed that the antigen-library could be detected on nanoswitches. We performed a full proof of
principle series of experiments to screen for nanobodies that enhanced the association of SARS-
CoV-2 Spike-protein and ACEZ2, and discovered nbl, characterizing the affinity, mechanism, and
activity in biochemical and cellular models. Lastly, we have imagined several ways to leverage
the modularity of nanoswitch-based screening to open new aspects of screening with different

types of libraries in novel applications.
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