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Abstract

The COVID-19 pandemic erupted in 2019 and went on to have devastating impacts on global
health and economies. The causative agent of COVID-19 is a novel coronavirus known as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which was found to cause respiratory
illness in humans, with symptoms ranging from mild to life threatening (pneumonia, multi-system
organ failure). Like previous disease-causing coronaviruses, SARS-CoV-2 relies on a spike
glycoprotein to recognize and infect human cells; and antibodies that target the spike protein can
prevent viral entry from occurring, effectively neutralizing the virus. However, viruses possess the
ability to evolve, and previous experience with other coronaviruses has set the precedence for spike
proteins evolving altered antigenic properties and epitopes, permitting escape from neutralizing
antibodies. This thesis represents efforts to respond to the COVID-19 pandemic in real time, as we
sought to first define the antigenic properties and vulnerabilities of the SARS-CoV-2 spike protein,
and then proceed to characterize emerging spike protein mutations and variants, with an emphasis
on spike protein structure, receptor binding, and antibody neutralization. We identified antigenic
and vulnerable regions in the spike protein amino terminal domain and receptor binding domain
and describe heterogenous ways in which antibodies can bind epitopes within these regions. Over
the course of the pandemic, significant mutational drift was observed within these regions. We
found that mutations within the receptor binding domain were modular in nature, and when
combined to represent variant strains of SARS-CoV-2, served to simultaneously prevent
recognition of neutralizing antibodies, and enhance or preserve receptor binding affinity. Analysis
of variant spike proteins showed that there was high architectural conservation across most
variants, with one glaring exception revealing a novel dimers-of-trimers assembly. All variant

spike proteins were antibody evasive, with some exhibiting concerning escape from immunized



and convalescent sera. Structural analyses on the amino terminal and receptor binding domains
of these variants revealed mutational mechanisms underpinning antigenic drift and rationalizing
antibody escape. Finally, we structurally defined an epitope on the spike protein that enables broad
neutralization of several variants, offering hope for the development of broadly effective therapies

to combat variants of SARS-CoV-2.



Lay Summary

The COVID-19 pandemic has had devastating effects on health, economies, and society. The
emergence of SARS-CoV-2 variants poses a threat to vaccines and therapeutic antibodies which
showed initial efficacy. These variants, called "Variants of Concern” or "Variants of Interest,"
show increased infectivity and resistance to antibodies. New variants are continually emerging,
and viral evolution is ongoing. The spike protein in SARS-CoV-2 variants plays a crucial role in
infecting human cells and is targeted by antibodies and vaccines. Spike mutations can enhance
viral infectivity by altering the spike's structure and making it harder for the immune system to
recognize and neutralize. This research aims to understand how antibodies recognize the spike
protein, assess the impact of mutations on spike structure and receptor binding, and identify
vulnerabilities common to all variant spikes. Structural knowledge of variant spikes is crucial for
updating vaccines and designing therapies that can effectively target emerging SARS-CoV-2

variants.
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Chapter 1: Introduction
1.1 Viruses and Respiratory Infections

Viruses have existed for billions of years and have evolved to be able to infect organisms from all
areas of lifel. There are an estimated 10°! virus particles on earth?, belonging to numerous viral
taxa, many of which have yet to be discovered. A staggering amount of these viruses (an estimated
320,000 kinds) are thought to infect mammals®, and around 270 are known to infect humans®.
Since the discovery of viruses, humanity has devoted significant resources and efforts to
understanding and combating disease causing viruses, which enact pathogenic effects through a
variety of mechanisms. Of these viruses, a select group are known to cause respiratory infections
via infection of the lung and other areas of the respiratory tract® (Table 1.1.). Respiratory viruses
are known to cause the common cold — a self-limiting viral illness of the upper respiratory tract,
along with more acute and severe viral infections of the lower respiratory tract and lung
parenchyma, leading to pneumonia. Epidemiological studies from the 20" century suggested
respiratory infections to be the leading cause of common illnesses in humans of all ages across the
world®. Thus, the study and prevention of respiratory viruses has been a key area of investigation

for centuries, with relevance to both basic and clinical sciences.



Table 1.1. Viruses that infect the respiratory system.

Virus Genome Type Genome Size
Rhinovirus Single-stranded RNA, positive sense ~7.2 kilobases
Coronavirus Single-stranded RNA, positive sense ~30 kilobases
Respiratory syncytial virus Single-stranded RNA, negative sense ~15 kilobases
Metapneumovirus Single-stranded RNA, negative sense ~13 kilobases
Adenovirus Double-stranded DNA ~26-45 kilobases
Influenza Single-stranded RNA, negative sense ~13.5 kilobases
Parainfluenza Single-stranded RNA, negative sense ~16 Kkilobases
Bocavirus Single-stranded DNA, negative sense ~5.5 kilobases
Enterovirus Single-stranded RNA, positive sense ~7.5 kilobases
Cytomegalovirus Double-stranded DNA ~235 kilobases
Varicella-zoster virus Double-stranded DNA ~125 kilobases

1.2 Coronaviruses and Zoonotic Potential

Coronaviruses are a group of viruses that belong to the family Coronaviridae, and are large,
enveloped viruses with a positive sense single stranded RNA genome. Four seasonal endemic
coronaviruses are responsible for causing an estimated 10-30% of common colds in humans’
(Table 1.2.), and importantly several coronaviruses are known to circulate in animal reservoirs
with high zoonotic transmission potential. Devastating examples of coronaviral zoonotic events
have been observed in history, with the 2003 severe acute respiratory syndrome coronavirus
(SARS-CoV) pandemic achieving zoonotic transmission from a horseshoe bat reservoir®, and the
Middle East respiratory syndrome coronavirus (MERS) which achieved zoonotic transmission
from dromedary camel reservoirs® and spread to 27 countries since its discovery in 2012. SARS-
CoV and MERS cause a range of clinical symptoms including life threatening viral pneumonia

and respiratory failure.



Table 1.2. Coronaviruses circulating in humans.

Coronavirus name Genus Endemic/Epidemic
NL63 Alphacoronavirus Endemic

229E Alphacoronavirus Endemic

0C43 Betacoronavirus Endemic

HKU1 Betacoronavirus Endemic
SARS-CoV Betacoronavirus Epidemic
MERS-CoV Betacoronavirus Epidemic
SARS-CoV-2 Betacoronavirus Epidemic

1.3 The Coronavirus Replication Cycle and Viral Infection Process

Coronaviruses infect humans through direct entry of the respiratory tract via aerosols and droplets,
or direct contact with virions and subsequent exposure to the respiratory tract. It is generally
accepted that there exists a viral load threshold upon which exposure will lead to productive
infection and symptoms. Infection requires exposure to permissive cells and subsequent viral
replication. Coronavirus particles are enveloped and spherical with a range of 118-140 nm in
size'!. These particles are covered by spike proteins which protrude out 16-21 nm from the viral
envelope and appear as a “crown” or “corona” in Latin, endowing them their name. These spike
proteins are responsible for orchestrating the first step of the coronavirus replication cycle, which
involves host cell recognition and subsequent fusion of host and viral membranes*2. Upon entry of
the viral genome into the host cell cytoplasm, viral gene expression occurs via hijacking of host
cell ribosomes, with the central goal of generating the machinery to replicate the viral RNA
genome and synthesize the structural proteins required to form new virions and package full-length
genomes within these virions prior to viral egress. The viral proteins required for genome
replication are referred to as the “non-structural proteins” (Nsp’s), and found within the first two
thirds of the 5’ end of the viral genome, within two large open reading frames named ORF1a and

ORF1b*, while the proteins required for virion assembly and packaging are referred to as the



“structural proteins” and are found within the last third of the genome, along with the “accessory
proteins” which are thought to play a role in diminishing antiviral responses®®. Correct production
of the non-structural viral proteins involves translational regulation through a ribosomal frameshift
process which generates the polypeptide fragments ppla and pplab from ORFla and ORF1b
respectively®3-18, Specifically, there is a programed -1 ribosomal frameshift at the overlap between
the boundary of these fragments. Once ORF1a and ORF1b have been translated, ppla and pplab
are post translationally modified by proteolytic cleavage via viral cysteine proteases into functional
non-structural proteins*®11%, Replication of the viral genome is mediated by the viral
replication/transcription complex (RTC), which is comprised of non-structural proteins Nsp2-16
and harbours the critical RNA dependent RNA polymerase (RARP) encoded by Nsp1213202,
Transcription of the positive sense viral genome yields negative sense genomic strands which are
then utilized for production of positive sense genomes for viral packaging. Transcription of the
viral genome also occurs in a discontinuous manner, resulting in shorter negative sense segments
known as “subgenomic RNA” (sgRNA)!?22  The mechanism of discontinuous transcription
involves interruption of transcription upon the RTC encountering a “transcription regulatory
sequence” (TRS) which are upstream of most open coding reading frames in the 3’ most third of
the viral genome. Upon interruption of transcription, synthesis of the negative strand RNA is re-
initiated at a leader sequence located at the 5° end of the viral genome, yielding a set of chimeric
negative sense RNA segments. These segments can again be transcribed into positive sense
“subgenomic messenger RNA” (sgmRNA), which are then translated to produce the structural and
accessory proteins encoded in the viral genome!3222%, The structural proteins are comprised of the
nucleocapsid (N), envelope (E), membrane (M), and spike (S) proteins which are all embedded

within the viral membrane. The M,N, and E proteins are involved in biogenesis of viral particles



within the endoplasmic reticulum (ER) to Golgi compartments®24-2%, Specifically, the N protein
binds viral genomic RNA, promoting the packaging of the viral genome within viral
particles'>?"2®, The M protein functions in inducing viral particle formation and is the most
abundant structural protein in the viral membrane!!?°3 and the E protein is comparatively scarce
within the viral envelope and may act as ion channels of unknown importance*!. Fully formed

viral particles are thought to be released from infected cells via exocytosis®32-34,

As mentioned above, coronaviruses rely on their spike proteins to enable the critical step of host
cell recognition and entry, without which viral infection and replication cannot proceed.
Coronavirus spike proteins belong to the family of homotrimeric class I fusion glycoproteins and
are comprised of two general functional regions known as S1 and S2*33!, The S1 region is the
surface accessible portion and is responsible for recognizing host receptors, while the S2 region
contains the machinery required for host and viral membrane fusion to occur. Coronaviruses
recognize several different host receptors (Table 1.3.) and share low sequence conservation within
the S1 region. In contrast, the S2 region plays a role independent of cell recognition and is therefore
highly conserved across coronaviruses'!. A feature of most coronaviral spike proteins is that they
must be proteolytically processed to allow dissociation of the S1 and S2 regions as a prerequisite
for membrane fusion, wherein the S2 region undergoes a dramatic conformational change. The
cleavage sites and host cell proteases responsible for this event vary across coronavirus spike
proteinst!, thus the host cell receptor and protease combinations utilized by coronaviruses likely

have effects at the level of cellular tropism.



Table 1.3 Receptors recognized by various human infecting coronaviruses.

Coronavirus name Receptor

229E Aminopeptidase N

NL63 Angiotensin Converting Enzyme 2
SARS-CoV Angiotensin Converting Enzyme 2
0C43 Sialic acid units

HKU1 Sialic acid units

MERS-CoV Dipeptidyl peptidase 4
SARS-CoV-2 Angiotensin Converting Enzyme 2

1.4 Adaptive Immune Responses to Coronaviruses

Significant efforts to understand how the immune system responds to coronavirus infection have
been made since the emergence of the highly pathogenic coronaviruses SARS-CoV and MERS-
CoV. While the innate immune system recognizes universal pathogen-associated molecular
patterns (PAMPS) - which are not unique to coronaviruses - the adaptive immune system performs
tailored responses against specific coronaviral antigens®. Studies have determined a role for
cellular immunity in limiting but not preventing SARS-CoV and MERS-CoV infection®. The
structural proteins (S, M, E and N) are the main antigens recognized by both CD4 and CD8 T cell
responses, with the majority of reactivity seen against the spike (S) protein®. These cellular
responses against coronavirus structural proteins are long lived and persistent®. Exposure to
MERS-CoV and SARS-CoV have been shown to elicit neutralizing antibody responses which
target the spike protein, highlighting the spike protein as a dominant antigen for effective viral
neutralization®®*’. Neutralizing antibodies against MERS-CoV and SARS-CoV spike proteins
have been shown to be effective in protecting against lethal challenge using mouse models,
demonstrating the vulnerability of spike proteins during coronavirus infections®” %, Detailed
studies have identified most neutralizing epitopes to be within the S1 region of these spike proteins,

with many falling within the portions responsible for receptor binding, implying disruption of host



cell recognition as an important mechanism of neutralization®”*. Several less frequently
recognized epitopes within the S2 regions have been identified as well, suggesting inhibition of

the membrane fusion event as an additional mechanism of neutralization3"°,
1.5 Evolution of Coronaviruses

Viral evolution can be described as an interaction between selective pressures and mutational rate.
The mutational rate of viruses is generally dependent on the fidelity of genome replication.
Typically, RNA viruses have increased mutational frequencies relative to DNA viruses, due to
their reliance on RNA-dependent RNA polymerases (RdRp) which lack proofreading activity*..
While the fidelity of RdRps may be low, it does not approach that of reverse transcriptase enzymes,
which are utilized by retroviruses, and have comparatively higher mutational rates*. Importantly,
coronavirus genomes encode for a 3’-5’ exoribonuclease that provides an RdRp-independent
proofreading activity. This exoribonuclease activity reduces mutation rates introduced by the
RdRp relative to other RNA viruses*'. The discontinuous nature of genome transcription inherent
to coronaviruses poses an additional mutational mechanism. Discontinuous transcription in cells
co-infected with multiple coronavirus species can result in the production of chimeric sgRNA
strands from multiple genomes via “strand switching” by the RdRp*. Thus, mutational
mechanisms in coronaviruses include i) RdRp errors that survive proofreading and ii) the
formation of chimeric sgRNA during discontinuous transcription within co-infected cells. The
development and optimization of genetic sequencing technologies has enabled the tracking of
coronavirus evolution over time, allowing for insight into the relevant selection pressures. Genetic
tracking of various coronaviruses has revealed several areas of genetic diversity, from mutations
in various genes, to the gain and loss of individual genes. These genetic changes are thought to

represent selection pressures in host tropism during zoonosis*. A high rate of mutational plasticity



has been noted in the spike proteins of coronaviruses, thought to be a result of selection pressures
in receptor usage during zoonosis*, and perhaps also due to immune pressures as some mutations

have been noted to evade neutralizing antibodies***’,
1.6 Emergence of a Novel Coronavirus Pandemic in 2019

On December 31, 2019, several related cases of pneumonia in workers at a live animal market
were reported in Wuhan, China. This raised suspicion of a zoonotic event and sequencing efforts
identified the etiological agent of these cases to be a novel coronavirus, initially named 2019-nCoV
and later named SARS-CoV-2. Patients infected with SARS-CoV-2 displayed varied symptoms
consistent with respiratory infections, including cough, fever, sore throat, runny nose, fatigue, and
in severe cases, respiratory distress, pneumonia, multiple organ failure, and death. The disease
caused by SARS-CoV-2 infection is referred to as COVID-19. In the following two months,
SARS-CoV-2 had achieved alarmingly rapid spread to over 90 countries, causing unprecedented
international concern. On March 11, 2020, the world health organization (WHO) declared the
SARS-CoV-2 outbreak a pandemic, calling for international efforts in preventing SARS-CoV-2
transmission, which occurs through exposure to infectious respiratory fluids (droplet and aerosol
products of respiration). SARS-CoV-2 would go on to spread across the entire globe and have
devastating effects on global health, economies, and society*®>*. At the time of writing this thesis

in 2023, analyses suggest a sobering death toll of 6.8 million people due to COVID-19.

Sequencing of SARS-CoV-2 revealed it to contain a genome of around 30 kilobase pairs coding
for 29 proteins, which can be divided into 16 non-structural proteins, 4 structural proteins, and 9
accessory proteins'?, as expected for coronaviruses. Armed with decades worth of knowledge on
coronavirus biology from studying SARS-CoV, MERS-CoV and other coronaviruses, the

international science community immediately began to focus intensely on the spike protein given
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its crucial role in cell entry and its vulnerability to neutralization. The SARS-CoV-2 spike protein
shares ~76% amino acid similarity with that of SARS-CoV, suggesting that SARS-CoV-2 uses the
same receptor: angiotensin converting enzyme 2 (ACE2)*. This was confirmed to be the case by
several studies® ', also finding that like SARS-CoV, SARS-CoV-2 is processed by TMPRRS2%,
Interestingly, a novel furin cleavage site was identified in the SARS-CoV-2 spike protein, enabling
the spike protein to be cleaved during maturation in the golgi system, which seems to be key for
its pathogenesis® and transmission®®. Several mMRNA vaccine platforms were adapted to target the
SARS-CoV-2 spike at record speed, as it represented the top antigen choice for a vaccine

candidate.
1.7 Structural and Functional Techniques for Characterizing Coronavirus Spike Proteins

Structural and functional investigation of coronavirus spike proteins involves several challenges
that must be overcome. Given that coronavirus spike proteins are multidomain homotrimers which
bind receptors and antibodies, there exists a great deal of conformational heterogeneity intrinsic to
the structural study of such complexes. Additionally, these complexes are quite large (>400kDa)
and combined with the high conformational heterogeneity, are not amenable to crystallization or
NMR based structural studies (although such studies can certainly be performed using minimal
subdomains). These spike proteins are membrane embedded, undergo cleavage events, and
spontaneously perform large-scale structural transitions to post-fusion conformations. All of these
factors increase the technical difficulty of structural and biochemical studies on coronavirus spike
proteins. Researchers have developed methods to stabilize these spike proteins in un-cleaved, pre-
fusion, and soluble forms, overcoming these barriers, and facilitating detailed structural and

biophysical experiments®:-53,



The large size, flexibility, and conformational heterogeneity of the SARS-CoV-2 spike protein
makes it a strong candidate for structural investigation via single particle electron microscopy.
Briefly, single particle electron microscopy involves the analysis of biomolecules which have been
deposited onto various surfaces and imaged using transmission electron microscopes. The main
variations in this technique are at the level of specimen preparation, where samples can be stained
with an electron dense material such as uranyl formate (in what is called negative stain electron
microscopy), or unstained and frozen with the biomolecule suspended in vitreous ice (in what is
known as cryo-electron microscopy). Specimens are then subjected to electron bombardment, and
a detector collects electrons that pass through the sample, converting the raw data into images or
movies. These electrons have interacted with the specimen and therefore contain important
information with regards to the coulombic potential of the sample. Due to the high electron
scattering potential of the stain used, negative stain electron microscopy delivers high contrast,
low resolution images or movies of biomolecules, while cryo-electron microscopy delivers low
contrast, high resolution images or movies. Thus, negative stain analysis is fundamentally limited
to resolving structures of biomolecules at low resolution with a general maximum limit of ~20 A,
while cryo-electron microscopy is amenable to atomic resolution analysis of biomolecule
structure. Assuming optimal sample generation and specimen preparation, these images ideally
contain projection images of the biomolecule in question from multiple angles of observation.
Single particle analysis therefore attempts to combine many projections into coherent 3D
reconstructions by selecting, averaging, and assigning angular coordinates to the various particle
projections within these images. This process involves numerous computational tasks (the details
of which are beyond the scope of this introduction) aimed at correcting for movement of particles

due to electron bombardment, aberrations and defocusing of the microscope, and generally many

10



iterative rounds of particle selection, particle averaging, and angular assignments yielding 3D
volumes. We employ both negative stain and cryo-electron microscopy as techniques within this

thesis for generation of low- and high-resolution structural insights respectively.

The main challenge when attempting to study functionality of coronavirus spike proteins within
the context of cell entry and neutralization is one of biosafety. An ideal experiment would require
use of intact and native virions; however, coronaviruses such as SARS-CoV, MERS-CoV, and
SARS-CoV-2 pose a significant health risk to humans and require biosafety level 3 working
conditions, which are not generally readily available to researchers. To overcome this challenge,
researchers utilize a pseudo-virus system that attempts to mimic the critical first infectious step of
cell entry. These systems make use of replication incompetent virus particles that lack an intact
genome but harbour a reporter gene (such as GFP or luciferase) and are adorned with a spike
protein of the researchers choosing. These particles can be administered onto mammalian cells
expressing the relevant receptors, either in the absence or presence of antibodies and or entry
inhibitors, and viral entry can then be quantified as a function of the reporter gene activity after a
certain amount of time. These pseudo-virus systems generally make use of lentivirus, murine
leukemia virus (MLV), or vesicular stomatitis virus (VSV) virions, and facilitate experimentation

under less stringent biosafety level conditions.
1.8 General Architecture of the SARS-CoV-2 Spike Glycoprotein

Cryoelectronic tomography (Cryo-ET) based studies of whole SARS-CoV-2 virions revealed the
viral envelope to contain SARS-CoV-2 spike proteins in both pre and post-fusion states®48, This
finding confirmed that the SARS-CoV-2 spike protein is capable of spontaneous S1-S2
dissociation and transition from the pre to post fusion state independent of ACE2 engagement.

Cryogenic electron microscopy (Cryo-EM) studies using full-length spike proteins®’ revealed
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similar findings, determining the structures of both pre-fusion and post-fusion conformations of
the spike protein (Figure 1.1). The pre-fusion state of viral spike proteins is considered the relevant
antigenic target when considering neutralizing antibody elicitation, as post-fusion conformations
represent a fusion event that has already occurred and do not generally represent a vulnerability of
the virus. Importantly, a Cryo-ET study using SARS-CoV-2 virions that were chemically
inactivated with B-propiolactone revealed most spike proteins to be in the post-fusion state,
cautioning against the use of inactivated SARS-Cov-2 vaccines®. As previously mentioned,
researchers have developed methods to stabilize viral spike proteins in pre-fusion states®!, and
rapid identification of i) stabilizing proline substitutions, ii) replacement of the transmembrane
helices with a T4 foldon trimerization motif, and iii) abrogation of the furin cleavage site enabled
detailed structural and biochemical studies of the SARS-CoV-2 pre-fusion spike protein
ectodomain®>®®, These investigations allowed detailed views of the S1 and S2 regions and enabled
description of the conformational heterogeneity within the spike protein, typical of coronavirus
spike proteins (Figure 1.2). The SARS-CoV-2 S1 region contains the amino terminal domain
(NTD) and the receptor binding domain (RBD). The RBD exists in multiple conformations within
the spike trimer, with its two conformational extremes being dubbed “up” or “down”, referring to
its accessibility and positioning”. The RBD recognizes the host cell receptor ACE2, only when it
is in the “up” conformation’®. Thus, the SARS-CoV-2 spike protein forms a trimeric complex with
multiple possible architectures which can be reduced and simplified for study via pre-fusion

stabilization.
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Protomer 2

Protomer 3 s1

Postfusion S2

Prefusion $2

Figure 1.1. Cryo-EM structures of full length un-stabilized SARS-CoV-2 trimers. (a)
Structure of a prefusion spike trimer in the closed state with all RBDs down (PDB 6XR8). (b)
Same as in (a) but the S1 and S2 regions are shown separately to mimic S1 dissociation. (c)
Structure of the post-fusion S2 region (PDB 6XRA).
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o RBD Up

Side View Top View

Figure 1.2. Cryo-EM structures of the pre-fusion stabilized SARS-CoV-2 spike
ectodomain. (a) Structure of a closed spike trimer ectodomain with all RBDs in the down
position (PDB 6VXX). (b) Structure of an open spike trimer ectodomain with 2 RBDs in the
down position and one in the up position (PDB 6YVB). (c) Superposition of a single protomer
either with the RBD up or down. Domains are annotated within the protomer superposition.

1.9 Structure and Function of Angiotensin Converting Enzyme 2 (ACE2)

ACE?2 is a type | integral membrane carboxypeptidase which functions as the terminal peptidase
in the multi-step processing of angiotensinogen within the renin-angiotensin system’®. The peptide
products generated by ACE2 serve to maintain homeostasis in the renin-angiotensin system, with
a major role in vasoconstriction’2. Interestingly, ACE2 was found to be the critical host receptor
for NL-63"3, SARS-CoV’, and SARS-CoV-2%® coronaviruses. Gene expression studies have

found high levels of ACE2 expression in intestinal enterocytes, renal tubules, gallbladder cells,
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cardiomyocytes, male reproductive cells, placental trophoblasts, ductal cells, ocular cells,
vasculature cells’, and adipose cells®, but low to medium levels of expression within the lung”>7®.
Within the lung, higher apical expression of ACE2 was observed in alveolar epithelial cells
compared to bronchial epithelial cells, implicating the lung parenchyma as the initial site of
infection for respiratory coronaviruses that utilize ACE2’’. Crystallography studies of the
extracellular domain of ACE2 revealed its active site to exist as a cleft between the amino terminal
and carboxy terminal sub-domains’®, and that both NL63 and SARS-CoV spike protein RBDs bind

ACE?2 at the carboxy terminal sub-domain’®8,
1.10 Structural Insights into Receptor Binding by the SARS-CoV-2 Spike Glycoprotein

Crystal structures of the SARS-CoV-2 RBD in complex with ACE28182 revealed a similar binding
interface and mode to that of SARS-CoV, as expected due to high sequence homology between
both viral spike proteins. One notable difference observed between these complexes is the
conformation of RBD loop at the ACE2 binding ridge (Figure 1.3), wherein additional ACE2
contacts are established by SARS-CoV-2, partially rationalizing its near 10-fold increased ACE2

affinity relative to SARS-CoV8#,

The initial crystal structures made use of soluble monomeric ACE2, however the true receptor for
SARS-CoV-2 is the membrane embedded dimeric form of ACE2. Cryo-EM investigations
revealed the complex formed by membrane embedded dimeric ACE2 could interact with one RBD
per ACE2, suggesting that two different spike trimers can engage with a single receptor at once,
but not 2 RBDs from the same trimer® (Figure 1.4). Thus, the SARS-CoV-2 spike protein shares
a largely conserved receptor interaction interface with SARS-CoV and can give rise to multiple

interactions with receptors by virtue of its trimeric nature.
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Figure 1.3. Structural comparison of ACE2 bound SARS-CoV RBD and SARS-CoV-2

RBD complexes. The loops in the ACE2-binding ridge are highlighted for comparison.

Structures were aligned on the RBD portions.



a b SARS-CoV-2 Trimer 1 SARS-CoV-2 Trimer 2

SARS-CoV-2 RBD SARS-CoV-2 RBD

ACE2 protomer 2

Figure 1.4 Structure of the SARS-CoV-2 RBD - dimeric ACE2 complex. (a) Structure of
full-length membrane embedded dimeric ACE2 bound to two RBDs. (b) the open stabilized pre-
fusion spike trimer model (PDB 6YVB) is superposed onto each RBD from (a) to simulate dual
occupancy on dimeric ACE2.

1.11 Thesis goals

The work presented in this thesis spans the very rapid progression and evolution of the first three
years of the COVID-19 pandemic, with the SARS-CoV-2 spike protein as a focal point of study.
The early phase of the pandemic was marked by an urgent need to understand the vulnerabilities
of the SARS-CoV-2 spike protein to neutralization and to develop effective therapies. Thus,
characterizing spike protein vulnerabilities is our central focus in chapter 2 of this thesis. As with
previous coronaviruses, mutational drift within the spike protein was expected and occurred in the

later years of the pandemic. Studies on the effects of these mutations with regards to spike protein
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structure, function, and antigenicity are therefore of high relevance. In chapter 3, we provide a
comprehensive molecular analysis focusing on the effects of mutations present in the spike protein
RBD. In chapter 4, we expand our analyses to variant spike proteins harbouring mutations both
within and outside the RBD and focus on characterizing conserved vulnerabilities shared by these

variant spike proteins.

The goals of this thesis are:

1) To investigate vulnerabilities within the SARS-CoV-2 spike glycoprotein (Chapter 2).

2) To understand the molecular impact of mutations within the SARS-CoV-2 spike RBD
(Chapter 3).

3) To investigate structural, functional, and antigenic differences between emerged SARS-

CoV-2 variant spike proteins, and to identify any conserved vulnerabilities (Chapter 4).
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Chapter 2: Exploration of SARS-CoV-2 Spike Glycoprotein Vulnerabilities
2.1 Introduction

As discussed in chapter 1, coronavirus spike proteins adorn the viral surface and mediate the initial
step of host cell entry during the viral replicative cycle. Due to their accessibility and critical
function, they represent a vulnerability, and previous studies highlight the role of coronavirus spike
proteins as targets for neutralizing antibodies®”®. The SARS-CoV-2 spike protein is thus
considered to be a key vulnerability that can be exploited to neutralize the virus via effective
antibodies. Such antibodies may be naturally elicited by infection, vaccination, or may be
discovered via in vitro approaches such as phage display. In some cases, exposure to a different
virus may elicit antibodies that are capable of reacting with several different viruses, and such
antibodies are deemed ‘“cross-reactive”. Significant efforts were made to understand the
vulnerability and antigenicity of the SARS-CoV-2 spike protein during the initial phase of the
pandemic, by the identification and characterization of cross-reactive antibodies that target the
SARS-CoV-2 spike, mechanistic investigation into SARS-CoV-2 spike directed antibodies, and
antigenic descriptions of the SARS-CoV-2 spike. This chapter contains efforts on these fronts as
we explore vulnerabilities of the SARS-CoV-2 spike protein. We first begin with efforts to identify
and characterize glycan-reactive HIV directed antibodies that cross-react with SARS-CoV-2. We
then proceed to provide structural and mechanistic insight into two potently neutralizing SARS-
CoV-2 directed antibodies, and finally end by providing serological and structural descriptions of
the antigenic sites within the SARS-CoV-2 spike protein using polyclonal antibodies in human

sera.
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2.2 Results and Discussion
2.2.1 Studies on Cross-Reactive, Glycan-Directed anti-HIV antibodies

Viral spike proteins are typically populated by a variable array of host-derived glycans, which
serve multiple functions, including epitope occlusion and immune system evasion8*. Such viral
glycosylation patterns themselves may be sufficiently antigenic to elicit antibody responses and
may even confer viral neutralization when bound. Indeed, there exist multiple broadly neutralizing
antibodies against the HIV spike gp120, whose epitopes involve critical glycan contacts®. The
SARS-CoV-2 spike contains 22 N linked glycosylation sites which are variably glycosylated with
mixtures of Man9GIcNAc2 to Man5GIcNAc2 N-glycans, afucosylated and fucosylated hybrid-
type glycans, along with complex glycans®, suggesting the potential for glyco-epitope mediated
cross reactivity. A study has reported SARS-CoV-2 S glyco-epitope recognition by mannose
directed Fab-dimerized antibodies against HIV gp120%’, confirming that glycosylation mediated
cross-reactivity is possible. We aimed to further investigate such cross-reactivities using a panel
of broadly neutralizing anti-HIV antibodies which recognize glycan and peptide epitopes within

gp120.

To investigate the existence of cross-reactive glyco-epitopes within the SARS-CoV-2 spike, we
subjected a panel of glycan-reactive anti-HIV-1 gpl120 antibodies to an ELISA-based cross-
reactivity screen (Figure 2.1). We selected nine anti-gp120 antibodies whose epitopes have been
shown to involve glycans, along with two anti-gp120 antibodies which recognize the gp120 CD4-
binding site as negative controls (Table 2.1) and assessed the ability of these antibodies to bind
SARS-CoV-2 spike ectodomain. While the CD4-binding site directed antibodies VRCO1 and
VRCO03 were unable to bind the SARS-CoV-2 spike ectodomain, we observed varying degrees of

cross-reactivity for most of the screened glycan-reactive antibodies, the most potent of which were
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2G12, PGT128 and PGT126 (Figure 2.1). Glycan-dependent cross-reactivity of 2G12 with the
SARS-CoV-2 spike has been recently described®’, and as 2G12, PGT128 and PGT126 exhibited

similar levels of cross-reactivity, we selected these antibodies for further investigation.
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Figure 2.1 ELISA screen of glycan directed anti-gp120 antibody cross-reactivities to the
SARS-CoV-2 Spike. Serial dilutions of the indicated mAbs were assessed for SARS-CoV-2 S
protein binding. VRCO1 and VRCO03 target the CD4 binding site within gp120 and are included
here as negative controls. All ELISAs were performed using BSA-based buffers (see methods).

Experiments were done in technical duplicate (n = 2) and results are plotted as points.
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Table 2.1. HIV gp120
reactivity screening.

epitopes recognized by antibodies selected for SARS-CoV-2 S cross

Antibody gp120 epitope Reference

2G12 N-linked glycans in the C2, C3, V4, and C4 domains 88

PGT121 N332-centered oligomannose patch on the V3 loop, | 89!
GDIR motif in V3 loop

PGT126 N332-centered oligomannose patch of the V3 loop, | 8!
GDIR motif in V3 loop

PGT128 V3-glycan, GDIR motif in V3 loop 89,92,93

PGT145 V1-V2 Glycans, residues within C-strand of V1/V2 and | 8%
the C1 region near the base of V1

PG9 V1-V2 Glycans, residues within C strand of V1/V2 95,96

PG16 V1-V2 Glycans, residues within V1-V2 39,95,97

10-1074 V3-glycan, N332 glycosylation dependent, GDIR motif | %°
in V3 loop

35022 Glycan and peptides at the gp120—gp41 interface 100

VRCO1 CD4-binding site 101

VRCO03 CD4-binding site 101

We next sought to determine the neutralization capabilities of these cross-reactive antibodies, via

use of a SARS-CoV-2 S pseudotyped virus entry assay (Figure 2.2). No neutralization capabilities

were detected for 2G12, PGT128, and PGT126 over a wide range of concentrations, demonstrating

these antibodies to be non-neutralizing.
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Figure 2.2. 2G12, PGT128 and PGT126 do not neutralize SARS-CoV-2 S pseudo-typed
virus. (a) HEK293-T cells stably overexpressing ACE-2 were incubated with SARS-CoV-2 S
pseudo-typed virus harbouring a luciferase reporter gene, in the presence of serial dilutions of
the indicated anti-gp120 antibodies. (b) Positive control neutralizing antibody ab8 subjected to
the same assay described in (a) Luciferase activities in cellular lysates were determined 48 hours
post-infection. (RLU: relative luciferase units). Experiments were done in technical triplicate;
error bars indicate standard deviation (n = 3).

To further characterize the cross-reactivity of 2G12, PGT128 and PGT126 with the SARS-CoV-2
spike protein, we assessed the immunoreactivity of these antibodies with the SARS-CoV-2 spike
ectodomain via Western blot (Figure 2.3a). Immunoreactivity was observed for 2G12, PGT128,
and PGT126, while VRCO1 immunoreactivity was not detected, consistent with the results of our
initial ELISA screen. We next aimed to assess the ability of these antibodies to cross-react with
full-length SARS-CoV-2 spike under native conditions. To this end, we performed
immunoprecipitation experiments utilizing lysate generated from cells transiently expressing the
full-length SARS-CoV-2 spike (Figure 2.3b). The full-length SARS-CoV-2 spike was successfully
immunoprecipitated by 2G12, PGT128 and PGT126, but not by VRCO01, implicating these cross-
reactive epitopes to be present in the full-length spike under non-denaturing conditions.

Furthermore, we demonstrate interactions between 2G12, PGT128, and PGT126 but not VRCO01
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and cell-associated full-length SARS-CoV-2 spike via a cell-based ELISA assay (Figure 2.3c)

corroborating our immunoprecipitation results.

20 1.0 05 01

a b IP
g SARS-CoV-2 S Input PGT PGT
Ectodomain (3%) Beads 2G12 126 128 VRCO1

250kDa ' -_‘ ; =
| —
- - — PGT128  1°0kDa > 4 o=
100kDa
75kDa
S S - 50kDa
PGT126
WB: anti-SARS-CoV-2S
C m 2G12
il e o . B PGT128
2G12 mm PGT126
0.4 == VRCO1
o
n
é 0.2
VRCO1 g
0.0
250kDa . L
150kDa _ - = . '0-2 L 1 T L] T L] L T L] T L J; L] T ] L]
100KD. Coomassie
: \ LA S AR S AR S
75kDa s Y
Hg/mi

Figure 2.3. SARS-CoV-2 S binding capabilities of selected cross-reactive anti-gp120
antibodies. (a) Immunoreactivity of selected anti-gp120 antibodies with the SARS-CoV-2 S
ectodomain was assessed via western blot, membranes were probed with the indicated
antibodies prior to detection via HRP-anti-human 1gG. A Coomassie-stained gel is included as
a loading control. (b) Immunoprecipitation (IP) of full-length SARS-CoV-2 S by selected anti-
gp120 antibodies. Lysates generated from HEK293T cells transiently expressing full-length
SARS-CoV-2 S were incubated with the indicated antibodies and subjected to
immunoprecipitation using protein A beads prior to Western blot (WB) analysis with a
commercially available antibody targeting SARS-CoV-2 S. An immunoprecipitation condition
using protein A beads alone is included as a control. Shown is a representative blot from 2
independent experiments. (c) Cell-based ELISA of cell-associated full-length SARS-CoV-2 S
binding by the indicated anti-gp120 antibodies. Assays were carried out on chemically fixed
HEK?293T cells either transfected with plasmid encoding full-length SARS-CoV-2 S, or empty
plasmid (mock). The difference in signal between these conditions is presented. Experiments
were done in technical triplicate; error bars indicate standard deviation (n = 3).
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Having characterized the cross-reactivities of 2G12, PGT128 and PGT126 with the SARS-CoV-2
spike, we proceeded to investigate the potential contribution of glycans in these interactions. We
had observed abolished cross-reactivities when using casein-based blocking buffers (Figure 2.4)
compared to BSA-based blocking buffers (Figure 2.1) in our initial cross-reactivity screens. Given

the high carbohydrate content of casein'®?

, it suggested a possibility that these interactions may be
glycan sensitive. We first assessed these cross-reactive interactions in the presence of methyl a-d-
mannopyranoside, a stabilized mannose analogue, via ELISA (Figure 2.5a). Disruption of cross-
reactivity was observed for all three antibodies with increasing concentrations of methyl a-d-
mannopyranoside, demonstrating the glycan sensitivity of these interactions. We next evaluated
the cross-reactivities exhibited by these antibodies with differentially glycosylated SARS-CoV-2
spike preparations. We expressed SARS-CoV-2 S ectodomain in cells grown either in the presence
or absence of kifunensine, a mannosidase inhibitor which facilitates the production of highly
glycosylated, high mannose glycoproteinsi®®. SDS-PAGE analysis of the resulting purified
proteins revealed SARS-CoV-2 S ectodomain produced in kifunensine treated cells exhibits a
hindered electrophoretic mobility relative to ectodomain produced in untreated cells (Figure 2.5b),
consistent with the higher extent of glycosylation expected with kifunensine treatment. All three
antibodies exhibited increased relative affinities and observed extents of binding with SARS-CoV-
2 S ectodomain produced in cells treated with kifunensine compared to ectodomain produced in
untreated cells (Figure 2.5 c-d), further highlighting the participation of glycans within these cross-

reactive interactions. Taken together, these results implicate 2G12, PGT128 and PGT126 as

targeting cross-reactive glyco-epitopes within the SARS-CoV-2 spike.
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Figure 2.4. ELISA screen of glycan directed anti-gp120 antibody cross-reactivities to the
SARS-CoV-2 Spike using the casein-based buffer. Serial dilutions of the indicated mAbs were
assessed for SARS-CoV-2 S protein binding. VRCO01 and VRCO3 target the CD4 binding site
within gp120 and are included here as negative controls. Ab8 targets the SARS-CoV-2 RBD and
is included as a positive control. All ELISAs were performed using casein-based buffers (see

methods). Experiments were done at least in duplicate and results are plotted as points.
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Figure 2.5. 2G12, PGT128 and PGT126 cross-react with the SARS-CoV-2 Spike in a glycan
dependent manner. (a) SARS-CoV-2 S ectodomain binding by anti-gp120 antibodies in the
presence of methyl a-d-mannopyranoside. Plates were coated with SARS-CoV-2 S ectodomain
and incubated with dilutions of methyl a-d-mannopyranoside along with a constant amount of
the indicated antibodies. Antibody binding was quantified via ELISA. (b) SDS-PAGE analysis
of varying amounts of purified SARS-CoV-2 S ectodomain expressed in cells either in the
presence or absence of kifunensine. (MW: molecular weight ladder). (c —d) ELISA analysis of
anti-gp120 antibody interactions with SARS-CoV-2 S ectodomain expressed in cells either in
the presence (c) or absence of kifunensine (d). Experiments were done in triplicate; error bars
indicate standard deviation (n = 3). Statistical significance was tested by two-way ANOVA with
Dunnett post-test (p > 0.05 [ns, not significant], p < 0.05 [*], p < 0.01 [**], p < 0.001 [**x]).
As the cryo-EM structure of 2G12 bound to the SARS-CoV-2 spike protein has been reported, we

attempted to perform structural studies in hopes of identifying the cross-reactive glyco-epitopes
on the SARS-CoV-2 spike protein recognized by PGT126 and PGT128. We performed negative
stain electron microscopy analyses of spike proteins mixed with excesses of either antibody, both

in IgG and Fab fragment format. We were unable to resolve any classes of spike-mAb complexes
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in 2D or 3D classification analyses (data not shown). Likely the low affinity of these interactions
and possible multiple binding sites on the spike protein preclude structural investigation via low
spike protein occupancy and averaging out of any bound species due to heterogenous positioning,
respectively. Evidence to this first point is available as the cryo-EM analysis of 2G12 bound to the
SARS-CoV-2 spike protein revealed only ~15% of spike protein particles to be bound by 2G12
under a large molar excess of 2G12%7, which can be expected to be of similarly low potency to

PGT126 and PGT128.
2.2.2 Characterization of Potent RBD-Directed SARS-CoV-2 Neutralizing Antibodies

Having exhausted efforts to characterize cross-reactive, non neutralizing epitopes within the
SARS-CoV-2 spike protein, we next shifted our focus to mapping out epitopes recognized by
potent, SARS-CoV-2 directed, neutralizing antibodies. We selected two antibodies which were
identified by our collaborators via phage display technology using libraries from human
sequences: ab8 which is a Vi fragment amenable to dimerization via fusion to an FC region® and
abl, a canonical immunoglobulin G antibody'®. Both antibodies were identified based on their
ability to bind the SARS-CoV-2 Spike protein RBD and compete with receptor binding. We first
performed pseudo-virus neutralization experiments, confirming the potent neutralizing activity of
both antibodies (abl EC50 = 0.4nM, ab8 EC50 = 2nM) (Figure 2.6a). To confirm the receptor
competing nature of these antibodies we performed competition ELISA experiments in 2
complementary formats (Figure 2.6b). First, we preincubated spike proteins with each antibody
before adding increasing amounts of ACE2 and measuring the residual antibody binding levels.
Second, we preincubated spike proteins with ACE2 before adding increasing amounts of each
antibody and measuring the residual ACE2 binding levels. Competition between ACE2 and both

antibodies was observed across each assay format.
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Figure 2.6. Biochemical analysis of SARS-CoV-2 neutralizing antibodies abl and ab8. (a)
Pseudo-virus neutralization assay for Vx-FC ab8 and 1gG abl. (b) Complementary ELISA
analyses of ACE2 competition for spike protein binding with Vu-FC ab8 and 1gG abl.
Experimental schematics are depicted above each assay. Left: Spike proteins were preincubated
with antibodies prior to ACE2 incubation, and the remaining antibody was measured. Right:
spike proteins were preincubated with ACE2 prior to incubation with antibodies, and the
remaining ACE2 was measured. Note “mFC” refers to a mouse FC tag on ACE2. Experiments
were performed in technical triplicate (n=3) and data are shown as points.

To explore structural aspects of SARS-CoV-2 neutralization by ab8, we performed negative stain
electron microscopy analysis of the complex formed between the spike protein ectodomain and
VH ab8 or soluble ACE2 (Figure 2.7). The resultant density maps showed that both V4 ab8 and
ACE2 were bound to the ectodomain in a quaternary conformation in which two of the protomers
in the trimer are in the ‘‘down’’ conformation, with the third one in the *“up’’ conformation (Figure
2.7a-b). One molecule of V4 ab8 was observed bound to each RBD domain (Figure 2.7a). In the
ACE2-S complex, one molecule of ACE2 was bound to the S protein trimer, straddling one “‘up”’
and one ‘‘down’’ RBD region (Figure 2.7b). Superposition of the two density maps reveals that
the binding site of Vu ab8 directly overlaps with the ACE2 one, precluding simultaneous
occupancy on the S protein ectodomain (Figure 2.7¢). To better understand the spatial relationship
between the site of Vy ab8 binding and that of ACE2 binding, we created a molecular model for
ACE2 bound S trimer by aligning the RBD region of the crystal structure of SARS-CoV-2 RBD

bound ACE2 (PDB:6M0J) to the ‘“up’” RBD region in the cryo-EM structure of the trimer (PDB:
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6YVB). Superposition of this chimeric structure with the density map of Vy ab8-bound S protein
trimers reveals that the bound ACE2 has extensive overlap with the space occupied by bound VH
ab8 (Figure 2.7d). The direct spatial overlap between bound Vx ab8 and ACE2 provides a
structural mechanism for the observed competition between ab8 and ACE2 for spike protein

binding.
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Figure 2.7. Electron Microscopic Analysis of the SARS-CoV-2S Protein Ectodomain
Complexed with V1 ab8 (a) Side and top views of the density map of S protein ectodomain
(shown in gray) in complex with Vyab8. The density that we associate with the bound
Vu domain is colored red. The open-state structure of the SARS-CoV-2 S protein ectodomain
(PDB: 6VVYB, blue color ribbon) fits well into the map with the exception of the tip of the RBD
from the “up” protomer. There appears to be a slight outward shift in the Vi ab8 complex.

(b) Side and top views of the density map of S protein ectodomain in complex with soluble
human ACE2 domain, with density for bound ACE2 shown in blue. (c) Superposition of the
density maps from (a) and (b). (d) A closer view of the binding site that incorporates the known
atomic model for the structure of the ACE2 complex with the RBD in the “up” conformation,
delineating the regions of contact with the Vy density. A ribbon representation of the RBM distal
loop and the F486 side chain are highlighted in yellow.
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We next performed cryo-electron microscopy studies on the spike protein trimer incubated in the
presence of the Fab fragment of ab1. We were able to obtain low resolution 3D reconstructions of
the spike trimer with 2 RBDs and all 3 RBDs bound by Fab abl (Figure 2.8). In contrast to Vu
ab8, Fab ab1 seems to only bind the RBD in the “up” conformation, and the unbound RBD in the
reconstruction with 2 RBDs bound is in the “down” conformation. Alignment of the ACE2 bound
RBD crystal structure to the “up” RBD bound by abl reveals significant steric incompatibility
between ACE2 and abl binding, providing mechanistic insight into the ACE2 competitive nature

of abl (Figure 2.8).
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Figure 2.8. Electron Microscopic analysis of the SARS-CoV-2 spike protein complexed with
Fab abl. (a) global cryo-electron microscopy reconstructions for spike protein ectodomains
bound with either 2 (top) or 3 (bottom) ab1 Fab fragments (coloured in red). (b) Focused view
of an RBD bound by ab1, incorporating the crystal structure of ACE2 bound RBD (PDB 6M0J).
The atomic model was docked into the reconstruction map in ChimeraX using the fit in map
function.

2.2.3 Serological Analysis of SARS-CoV-2 Reactive Polyclonal Antibodies

With a better understanding of the antigenicity of the SARS-CoV-2 spike protein and the
vulnerability of the RBD, we next aimed to evaluate the ability of human antibody responses to
recognize and neutralize the SARS-CoV-2 spike protein. Sera were collected from a spectrum of

patients with varying COVID-19 infection histories and vaccination statuses (Table 2.2). These

34



sera were subjected to neutralization and binding assays using the spike protein ectodomain, NTD,
and RBD (Figure 2.9). Potent neutralization of WT spike pseudovirus was observed in all COVID-
19 positive or vaccinated samples but not with pre-pandemic sera from uninfected patients
(referred to as negative samples from here on), suggesting limited pre-existing immunity (Figure
2.9a). Negative samples contained spike ectodomain reactive IgG but not IgA or IgM antibodies
(Figure 2.9c), and further analysis of the spike reactive 1gG component from these samples
revealed low recognition of the NTD and RBD domains, with a small increase in NTD recognition
over the RBD (Figure 2.9d). Thus, the spike protein reactive antibodies within the negative sera
are predominantly directed to epitopes outside the NTD and RBD. The COVID19/Vaccinated
samples also predominantly contained spike reactive 1gG antibodies when compared to IgA or
IgM (Figure 2.9e). In contrast to the negative samples, the spike protein reactive 1gG within the
COVID19/Vaccinated samples displayed reactivity to the NTD and RBD, although reactivity to
these regions was significantly lower to overall spike protein reactivity in these samples (Figure
2.9f). The enhanced neutralization potency and recognition of the NTD and RBD by the
COVID19/Vaccinated samples suggested that neutralizing antibodies may preferentially recognize
the NTD and RBD. Indeed, while serum levels of spike ectodomain binding antibodies correlated
poorly with wild-type spike neutralization, strong correlations were observed between NTD and
RBD binding antibody levels and neutralization (Figure 2.10). This finding is in agreement with
several studies conducted over similar time intervals, which corroborate the dominance of

neutralizing epitopes within the NTD and RBD6-108,
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Table 2.2. Patient demographics for donor serum samples.

Sample ID Sample Status Vaccine Immunization to  Serum
Dose Draw Time

PO Vaccine post-COVID19 | 1st 4 Weeks

Pl Vaccine 1st 3 Weeks

P2 Negative n/a n/a

P3 Vaccine 1st 6 Weeks

P4 Negative n/a n/a

P5 Vaccine 1st 1 Week

P6 Vaccine 1st 3 Weeks

P7 Negative n/a n/a

P8 Vaccine post-COVID19 | 1st 9 Weeks

P9 Vaccine post-COVID19 | 1st 7.5 Weeks

P10 Vaccine post-COVID19 | 1st 6.5 Weeks

P11 Vaccine post-COVID19 | 1st 7 Weeks

P12 Vaccine post-COVID19 | 1st 8.5 Weeks

P13 COVID19 n/a n/a (2 Weeks post-infection)

P14a Vaccine 2nd 3 Weeks

P14b Vaccine 2nd 4 Weeks

P16 Negative n/a n/a

P17 Negative n/a n/a

P19 Negative n/a n/a
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Figure 2.9. Serological analysis of antibody responses to the SARS-CoV-2 spike protein
from various donors. (a) Pseudo-virus neutralization curves for pre-pandemic (negative)
samples (left) and samples from COVID19 positive/vaccinated donors (right). Summary EC50
serum dilution values are shown at the far right. Statistical significance was tested by an unpaired
ttest (p <0.0001 [*=*x*x]). (b) ELISA curves assessing 1gG binding of SARS-CoV-2 spike protein
ectodomain, NTD, and RBD from COVID19 positive/vaccinated donors. For neutralization and
binding assays, experiments were performed at least in technical duplicate and are shown as
individual points. (c) ELISA analysis of SARS-CoV-2 spike protein ectodomain binding IgG,
IgA, and IgM at a 1:100 dilution for negative samples. (d) ELISA analysis of SARS-CoV-2
spike protein ectodomain, NTD, and RBD binding IgG at a 1:100 dilution for negative samples.
(e) ELISA analysis of SARS-CoV-2 spike protein ectodomain binding IgG, IgA, and IgM in
COVID19 positive/vaccinated samples. (f) ELISA analysis of SARS-CoV-2 spike protein
ectodomain, NTD, and RBD binding 1gG in COVID19 positive/vaccinated samples. For e and
f, area under the curve (AUC) values were generated from ELISA binding curves. For c- f,
statistical significance was tested using one-way ANOVA with Tukey’s correction for multiple
comparisons. (p > 0.05 [ns, not significant], p < 0.05 [*], p < 0.01 [**], p < 0.001 [**x*], p <
0.0001 [*xxx]).
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Figure 2.10. Correlation between SARS-CoV-2 Spike ectodomain, NTD, and RBD binding
IgG and neutralization potency in sera obtained from COVID19/Vaccinated donors. A
model of the SARS-CoV-2 spike protein with one RBD up (PDB 7DK3) is shown with the NTD
and RBD regions highlighted. Linear correlations between area under the curve (AUC) values
generated from ELISA experiments and pseudo-virus neutralization EC50 values are shown.

2.2.4 Structural Analysis of SARS-CoV-2 Spike Protein-Polyclonal Serum Antibody

Complexes

Given the observed antigenic importance of the NTD and RBD in our analyses, we next aimed to
structurally define vulnerabilities within these regions by studying the complexes formed when
spike ectodomains are incubated with polyclonal antibodies from sera. To accomplish this, we
utilized negative stain epitope mapping (NSEM) which traditionally requires millilitres of sera'®.
Since we initially only had access to low (~100 microliter) volumes of sera per patient, we first
aimed to develop methods to perform NSEM using much smaller volumes of serum. We employed
a microscale affinity approach where we selected 30 microliters of plasma from a convalescent
patient drawn 1 month after a single dose of the Pfizer mMRNA vaccine, purified the IgG component

from this sample using protein A chromatography, and subsequently generated bulk polyclonal
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Fab fragments via papain cleavage. We incubated these Fabs in excess with spike protein
ectodomain (1mg/ml of Fabs to 0.015mg/ml spike protein) along with 5 microliters of Ni-NTA
agarose resin in a final volume of 20 microliters overnight at room temperature. After washing to
remove unbound Fabs, spike protein was eluted directly onto grids for negative stain electron
microscopy analysis. Inspection of the micrographs collected from this sample revealed a low
density of spike proteins with visible Fab particles in the background (Figure 2.11), indicating
dissociation of Fab-spike protein complexes or incomplete resin washing. Nevertheless, we were
able to reconstruct a spike protein trimer class bound by a single Fab fragment from this dataset.
The Fab fragment recognizes the top face of the NTD spike protein trimer, which is in a closed
state with all RBDs in the “down” position. We hypothesised that the low spike protein particle
density would pose an intrinsic limitation to this microscale affinity approach. Therefore, we next
aimed to perform a large-scale experiment and employ size exclusion chromatography to isolate
Fab - spike protein complexes. Given our limited supply of sera, we pooled equal volumes of
samples from all COVID19/Vaccinated patients to a final volume of 620 microliters. We generated
polyclonal Fabs and incubated 1mg/ml of Fabs with 0.6mg/ml of spike ectodomain in a 100-
microliter volume overnight. We then injected this mixture onto a size exclusion column to
separate our free Fab proteins from spike proteins and spike-Fab complexes. Comparison of the
elution profiles between spike protein alone and spike protein incubated with bulk Fabs does not
indicate an appreciable shift (Figure 2.12a), however given the small mass and size change
expected for a Fab fragment (~50kDa) binding the spike protein trimer (~450kDa), this finding
does not necessarily imply failure of spike-Fab complexes to form. Indeed, when measuring spike
protein binding via ELISA it is apparent that spike reactive Fabs are depleted from the free Fab

pool after incubation with spike protein, implying complexation (Figure 2.12b). We analysed the
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putative spike protein-Fab complex fractions by negative stain electron microscopy, obtaining
more densely populated micrographs which are predominantly comprised of spike proteins and a
small amount of free Fab proteins, suggesting complex dissociation after size exclusion
chromatography. 2D classification efforts enabled the visualization of several Fab-spike protein
classes, identifying NTD and RBD directed classes (Figure 2.12c). However, we were unable to
resolve convincing 3D reconstructions for any of these classes, likely due to complex dissociation
and the high level of heterogeneity intrinsic to the exercise of analysing pooled antibodies from
many individual donors. We next obtained 1ml of serum from a quadruple vaccinated donor with
a previous history of COVID-19 infection and proceeded to perform a similar large scale
complexation experiment in hopes that the donor homogeneity and enhanced vaccination status
would be of benefit in our efforts. Indeed, we were able to obtain several 3D reconstructions from
a dataset collected using this sample (Figure 2.13), highlighting both NTD and RBD directed
antibodies. We observed an NTD directed Fab which approached the spike protein from the bottom
face (in contrast to the previous top face NTD binding Fab we identified in the microscale affinity
approach). We additionally observed Fabs which bound to the RBD in the “up” position, either
binding the “up” RBD head on, or at a 45-degree angle of approach. We were able to generate a
3D reconstruction of a spike protein trimer bound simultaneously by both kinds of Fabs on a single

RBD (Figure 2.13).
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Side View

Top View

Figure 2.11. Negative stain electron microscopic analysis of polyclonal Fab — spike
protein complexes isolated via microscale affinity chromatography from a single donor.
(a) Micrograph of the negatively stained specimen. (b) selected 2d classes depicting spike
proteins with additional Fab fragment densities near the NTD. (c) 3D reconstruction of a
closed spike protein trimer bound by a single Fab fragment targeting the top face of the NTD.
A molecular model of the SARS-Cov-2 spike protein in the closed state is docked into the
reconstruction (PDB 7DF3). The atomic model was docked into the reconstruction map in
ChimeraX using the fit in map function.
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Figure 2.12. Biochemical and Negative stain electron microscopic analysis of polyclonal
Fab — spike protein complexes prepared using pooled serum. (a) Size exclusion
chromatogram traces of spike protein alone (orange) and spike protein — polyclonal Fab mixture
(blue). The peak corresponding to free Fab fragments and immune complexes are annotated. (b)
ELISA analysis of spike protein reactivity in bulk polyclonal Fabs before incubation with spike
protein and in the free Fab fragment fraction after incubation with spike protein and size
exclusion chromatography (SEC). The assay was performed in technical triplicate (n=3) and is
shown as individual points. (c) Representative negative stain micrograph and selected 2D class
averages from electron microscopic analysis of the immune complexes isolated. Fab fragment
densities are highlighted and annotated based on the putative domain recognized.
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Figure 2.13. Negative stain electron microscopic analysis of polyclonal Fab — spike protein
complexes prepared from a single donor. Side view and top views for each unique 3D
reconstruction are shown, with representative 2D class averages below. Annotation of the
antigenic regions recognized by Fab fragments in each reconstruction is provided at the top.
Molecular models of spike proteins in various conformations are docked into each
reconstruction (NTD bottom face reconstruction: open trimer with one RBD up and 2 down,
PDB 6VYB, all others: open trimer with 3 RBDs up, PDB 7A98). The atomic models were
docked into the reconstruction map in ChimeraX using the fit in map function.

Encouraged by our NSEM results we next sought to perform cryo-electron microscopy to better
visualize the interactions made by polyclonal Fabs and the spike protein. To this end we
concentrated the complexes formed from the single donor experiment and performed cryo-EM
analysis (Figure 2.14). We first obtained a spike protein map imposing C3 symmetry, with the goal
of performing symmetry expansion and focused 3D classification. Our initial map reached a global
resolution of 2.66 A, although it is clear that features of the RBD and NTD are poorly defined,
likely due to the inherent flexibility of these regions and the averaging of multiple conformations.

In contrast, the core S2 region of the spike protein is clearly visualized at high resolution (Figure
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2.14c), demonstrating the dominance of this region during particle alignment. For 3D
classification, we employed spherical masks covering either the RBD or the NTD regions (Figure
4e). We were unsuccessful at identifying any NTD bound classes, and we could only identify a
single putative RBD bound class (Figure 4f-e). This class appears to have density corresponding
to the variable regions of a Fab fragment bound to an RBD in the “down” position, although density
for this region is relatively weak compared to the S2 core of the spike. Local refinement of this
region did not appreciably improve the weak density and low resolution at this interface.
Additional in-depth data processing methods will be required to confidently identify and visualize

the numerous Fab-spike protein classes within this sample via cryo-EM.
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Figure 2.14. Cryo-electron microscopic analysis of polyclonal Fab — spike protein

complexes prepared from a single donor. (a) Representative cryo-electron micrograph of the

sample, selected 2D class averages corresponding to spike protein particles, and gold-standard

Fourier shell correlation (GSFSC) resolution estimate of resulting global reconstruction

presented in (b). (b) top and side views of resulting reconstruction with imposed C3 symmetry.

The atomic model of SARS-CoV-2 S trimer in a closed state (PDB 7DF3) is fit within the

map. (c) map quality and resolution within the S2 core. Residues 946-1024 from the model in

b) are presented along with the experimentally determined map for a single protomer. (d-e)

map and masks used for focused classification on symmetry expanded particles. A map

covering a single RBD region (brown) and NTD region (green) were selected. (f) 3D

reconstruction of a putative Fab-spike protein complex after 3D classification using an RBD

mask. (g) Focused view of the putative Fab-RBD region. The RBD from the model in b) is

shown in orange, along with corresponding RBD density from (f), and an atomic model for a

generic Fab fragment coloured in blue (PDB 7FAB) is fit into the putative Fab density from

(f). The atomic models were docked into the reconstruction maps in ChimeraX using the fit in

map function.
In this chapter we have explored both neutralizing and non-neutralizing antibodies which bind the
SARS-CoV-2 spike protein. Our analysis on glycan-reactive anti-gp120 antibodies underscores
the potential for cross-reactive antibodies to bind but not neutralize SARS-CoV-2. Our results
suggest that glycans on the SARS-CoV-2 spike protein do not represent an isolated vulnerability
in general, although combined glycan-protein features may comprise important neutralizing
epitopes for some SARS-CoV-2 directed antibodies. We have provided structural insights to the
mechanism of receptor competition by 2 potent RBD directed neutralizing antibodies, highlighting
differences in RBD positioning requirements for antibody binding. Our serological analysis
revealed strong correlations between the level of NTD and RBD directed polyclonal antibodies,
suggesting the presence of important neutralizing epitopes within these regions. Finally, we have
developed methods to structurally characterize polyclonal Fab fragments bound to spike proteins,
further confirming the antigenicity of the NTD and RBD. We found that patient derived polyclonal
antibodies recognize the NTD and RBD at multiple sites, highlighting the vulnerability of these

domains. Importantly, we observed some recurrent structural features of spike protein directed

polyclonal Fabs across our experiments using different sera (see the bottom face NTD targeting
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Fab reconstruction in Figure 2.13 and the 2D class average in Figure 2.12 for example). This
demonstrates the existence of public antibody responses targeting the NTD and RBD across
individuals, at the level of antigen recognition. Overall, the data presented in this chapter contribute
to a growing body of evidence demonstrating that neutralizing antibodies target the NTD and RBD

at multiple sites and in multiple conformations!?¢-108:110-113

2.3 Methods

2.3.1 Cell culture and DNA constructs

Expi293 cells were purchased from Thermo Fisher Scientific (Cat# A14527) and cultured in
Expi293 expression medium, according to the manufacturer's specifications. HEK293T cells
(ATCC CRL-3216) were a kind gift from Dr. Annie Vogel Ciernia. HEK293T-ACE?2 cells were
obtained from BEI resources (NR-52511). HEK293T and HEK293T-ACE?2 cells were cultured at
37 °C, 5% CO2 in Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 100 U/mL of penicillin—streptomycin. The codon-optimized SARS-CoV-
2 2P S protein ectodomain construct (GenBank: YP_009724390.1) was C-terminally tagged with
8xHis and a twin Strep-tag and cloned into the mammalian expression vector pcDNA 3.1 (Synbio).
The full-length SARS-CoV-2 S construct, pTwist-EFlalpha-SARS-CoV-2-S-2xStrep-IRES-Puro
was a gift from Dr. Nevan Krogan. The SARS-CoV-2 hexapro construct was a kind gift from Jason

McLellan.

C-terminal 7x his tagged NTD (amino acids 1-305) and RBD (amino acids 319-541) constructs
were PCR amplified from full-length spike ORFs. NTD constructs were cloned into pcDNA 3.1

using Nhel and Mssl restriction enzyme cloning, while the RBD constructs were introduced in
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frame to the mu phosphatase signal sequence and incorporated within pcDNAS3.1 via Gibson

assembly (NEBuilder HiFi DNA Assembly Cloning Kit, New England Biolabs).

2.3.2 Monoclonal Antibodies

All anti-gp120 IgG antibodies were obtained through the NIH AIDS Reagent Program, Division
of AIDS, NIAID, NIH: Anti-HIV-1 gp120 Monoclonal (2G12) from Polymun Scientific, Anti-
HIV-1 gp120 Monoclonal (PG9) from IAVI (cat# 12,149), Anti-HIV-1 gp120 Monoclonal (PG16)
from 1AVI, Anti-HIV-1 gp120 Monoclonal (PGT121) from IAVI (cat# 12,343), Anti-HIV-1
gp120 Monoclonal (PGT128) from IAVI (cat# 13,352), Anti-HIV-1 gp120 Monoclonal (PGT145)
from IAVI (cat# 12,703), Cat# 12,586 Anti-HIV-1 gp41/gp120 Monoclonal (35022), from Drs.
Jinghe Huang and Mark Connors, Anti-HIV-1 gp120 Monoclonal (10-1075) from Dr. Michel C.
Nussenzweig (cat# 12,477), Anti-HIV-1 gp120 Monoclonal (VRCO1), from Dr. John Mascola
(cat# 12,033), Anti-HIV-1 gp120 Monoclonal (VRCO03), from Dr. John Mascola (cat# 12,032).

ab8 and ab1 constructs were a gift from Dr. Dimiter S. Dimitrov.

2.3.3 Protein expression and purification

To express the SARS-CoV-2 2P S ectodomain, or the SARS-CoV-2 Hexapro ectodomain, NTD,
and RBD constructs, Expi293 cells were transfected at a density of 3 x 106 cells/ml using linear
polyethylenimine (PEI) (Polysciences). For Kifunensine treatment, cultures were treated with 5
uM Kifunensine 3 h post-transfection. At 24 h post-transfection, cultures were supplemented with
2.2 mM valproic acid. The supernatant was harvested by centrifugation after 5 days, filtered and
loaded onto a 5 mL HisTrap Excel column (Cytiva). The column was washed with buffer (20 mM
Tris pH 8.0, 500 mM NacCl, 20 mM imidazole) and the protein was eluted with buffer (20 mM Tris

pH 8.0, 500 mM NaCl, 500 mM imidazole). Purified protein was concentrated and loaded onto a

48



Superose 6 column (Cytiva) equilibrated with GF buffer (20 mM Tris pH 8.0 and 150 mM NacCl).
Peak fractions were pooled, concentrated and flash frozen. Freestyle293 cells were used to express

the SARS-CoV-2 2P S ectodomain for the ab8-spike protein negative stain studies.

For purification of the RBD and NTD constructs, the supernatant was harvested after 7 days of
expression and incubated with 300 pL of Ni-NTA resin (Qiagen) at 4 °C overnight. The resin was
washed three times with 5 mL of PBS, then three times with 5 mL of PBS supplemented with
20 mM of imidazole. Proteins were eluted in PBS containing 300 mM of imidazole and then buffer
exchanged into PBS and concentrated to 5-10 mg/mL (Amicon Ultra 10 kDa cut off, Millipore

Sigma) before flash freezing and storage at —80 °C.

2.3.4 Enzyme-linked immunosorbent assay (ELISA)

For cross-reactive antibody binding studies, 100 pl of SARS-CoV-2 2P S protein preparations
were coated onto 96-well MaxiSorp plates at 1 pg/ml in PBS overnight at 4 °C. All washing steps
were performed 5 times with PBS +0.05% Tween 20 (PBS-T). After washing, wells were either
incubated with BSA-based blocking buffer (PBS-T + 2% BSA) or Casein-based blocking buffer
(TBS +0.05% Tween 20 + 1% Casein) for 1 h at room temperature. After washing, wells were
incubated with dilutions of primary antibodies in either BSA-based blocking buffer or Casein-
based blocking buffer for 2 h at room temperature. After washing, wells were incubated with goat
anti-human IgG (Jackson ImmunoResearch) at a 1:10,000 dilution in either BSA-based blocking
buffer or Casein blocking buffer, for 1 h at room temperature. After washing, the substrate solution
(Pierce 1-Step) was used for colour development according to the manufacturer's specifications.
Optical density at 450 nm was read on a Varioskan Lux plate reader (Thermo Fisher Scientific).

The same protocol was conducted for methyl a-d-mannopyranoside competition assays, keeping
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the concentration of the indicated primary antibodies at 5 pg/ml while including dilutions of

methyl a-d-mannopyranoside as indicated.

For ACE2-antibody competition studies, wells were coated as stated above using the SARS-CoV-
2 hexapro ectodomain and either antibodies or ACE2-mFC (Sino Biological) was incubated in
PBST+1% BSA for 1hr at room temperature before washing, then incubation with ACE2-mFC or
antibodies occurred in PBST+1% BSA for 1 hr at room temperature. After washing, either goat
anti-human 1gG (Jackson ImmunoResearch) or Goat Anti-Mouse IgG Fc Secondary Antibody,
HRP (Invitrogen) in PBS-T + 0.5% BSA buffer was added for 1 h at room temperature. After

washing signal was developed as above.

For polyclonal antibody binding analyses, wells were coated as above using the SARS-CoV-2
hexapro ectodomain and NTDs, and RBDs were coated onto wells at 2 pg/mL in PBS + 1% casein
overnight at 4 °C., All washing steps were performed 3 times with PBS + 0.05% Tween 20 (PBS-
T). After washing, wells were incubated with blocking buffer (PBS-T + 1% casein) for 1 h at room
temperature. After washing, wells were incubated with dilutions of sera in PBS-T + 1% Casein
buffer for 1 h at room temperature. After washing, wells were incubated with goat anti-human IgG,
IgM, or IgA (Jackson ImmunoResearch) at a 1:8000 dilution in PBS-T + 1% casein buffer for 1 h

at room temperature. After washing, signal was developed as above.

2.3.5 Western blotting

Either purified or unpurified SARS-CoV-2 2P spike ectodomain was subjected to SDS-PAGE and
transferred onto nitrocellulose membranes prior to blocking in TBS +0.05% Tween 20 (TBS-
T)+2% BSA for 1 h at room temperature. Membranes were then incubated with the indicated

anti-gp120 antibodies at 2 pg/ml in TBS-T+2% BSA overnight at 4 °C. After washing,
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membranes were incubated with goat anti-human 1gG (Jackson ImmunoResearch) at a 1:5,000
dilution in TBS-T+2% BSA for 1 h at room temperature. After washing, membranes were

visualized using SuperSignal chemiluminescent substrate (Thermo Fisher Scientific).

2.3.6 Cell-based ELISA

HEK293T cells were seeded in 96 well plates and transfected with either a plasmid encoding the
full-length SARS-CoV-2 spike (pLVX-EFlalpha-SARS-CoV-2-S-2xStrep-IRES-Puro) or mock
plasmid (pcDNA3.1) using branched PEI (Sigma). Media was switched 24 h post-transfection. At
48 h post-transfection, cells were washed 5 times with PBS prior to fixation with 4%
paraformaldehyde in media for 30 min at 4 °C. All further washing steps were performed 5 times
with PBS +0.05% Tween 20 (PBS-T). Cells were washed prior to blocking in blocking buffer
(PBS-T +2% BSA) for 1 h at room temperature. After washing, cells were incubated with dilutions
of primary antibodies in blocking buffer for 2 h at room temperature. After washing, cells were
incubated with goat anti-human IgG (Jackson ImmunoResearch) at a 1:5,000 dilution in blocking
buffer for 1 h at room temperature. After washing, substrate solution (Pierce 1-Step) was used for
colour development according to the manufacturer's specifications. Optical density at 450 nm was
read on a Varioskan Lux plate reader (Thermo Fisher Scientific). The difference in signals between

cells transfected with full-length spike and mock plasmid was calculated.

2.3.7 Immunoprecipitations

Immunoprecipitations were performed using the Dynabeads immunoprecipitation kit (Invitrogen).
100 pL of Dynabeads was incubated with 10 pg of either PGT126, PGT128, 2G12, VRCO01, or
PBS + 0.05% Tween 20 (PBS-T) as a beads-only control for 30 min at room temperature. Cellular

lysates were generated from HEK-293 T cells transiently expressing full-length SARS-CoV-2
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spike (transfections as described for cell-based ELISA). Cells were solubilized in ice-cold 20 mM
Tris—HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA and 1% Triton X-100 with 1 mM PMSF added
fresh, and further disrupted via sonication. Lysates were then centrifuged at 12,000 g for 2 min
and the supernatant was retrieved for immunoprecipitation input. After washing 3 times with 1 ml
of PBS-T, antibody-bead complexes were incubated with lysate for 1 h at room temperature on a
rocking platform. Beads were washed 3 times with PBS-T and bound proteins were eluted directly
into 4 x Laemmli buffer with 10% dithiothreitol and boiled. The samples were then subjected to
Western blot analysis and detected using an anti-SARS-CoV-2 spike glycoprotein antibody

(Abcam-ab27504) or an anti-strep tag antibody (Bio-Rad—MCA2489).
2.3.8 Pseudo-virus Neutralization Assay

SARS-CoV-2 S pseudotyped retroviral particles were produced in HEK293T. Briefly, a lentiviral
packaging system was utilized in combination with plasmids encoding the full-length SARS-CoV-
2 spike, along with a transfer plasmid encoding luciferase and GFP as a dual reporter gene.
Pseudoviruses were harvested 60 h after transfection, filtered with 0.45 um PES filters, and frozen.
For cell-entry and neutralization assays, HEK293T-ACE?2 cells were seeded in 96 well plates at
50,000 cells per well. The next day, pseudoviral preparations were incubated with dilutions of the
indicated antibodies, serum, or media alone for 1 h at 37 °C prior to addition to cells and incubation
for 48 h. Cells were then lysed and luciferase activity assessed using the ONE-Glo™ EX
Luciferase Assay System (Promega) according to the manufacturer's specifications. Detection of
relative luciferase units was carried out using a Varioskan Lux plate reader (Thermo Fisher
Scientific). Percent neutralization was calculated relative to signals obtained in the presence of the

virus alone for each experiment.
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2.3.9 Negative Stain Electron Microscopy for the SARS-CoV-2 Spike-ab8 complex

Purified S protein ectodomain (0.04 mg/ml) was mixed with VH ab8 (0.02 mg/ml) and incubated
on ice for 10 mins. The mixtures (4.8 ul) were applied to 300-mesh copper grids coated with
continuous ultrathin carbon. Grids were plasma cleaned using an H2/02 gas mixture for 15sin a
Solarus plasma cleaner (Gatan Inc.) prior to adding the sample. Samples were allowed to adsorb
for 30 s before blotting away excess liquid, followed by a brief wash with MilliQ H20. Grids were
stained by three successive applications of 2% (w/v) uranyl formate (20 s, 20 s, 60 s). Grids were
imaged using a 200 kV Glacios transmission electron microscope (ThermoFisher Scientific)
equipped with a Falcon3 camera operated in linear mode. Using EPU automated acquisition

software (ThermoFisher Scientific), 15-frame movies were collected at 92,000x magnification.

Motion correction and CTF estimation were performed in RELION (3.1). Particles were picked
by crYOLO (1.7.4) with pre-trained model for negative stain data. After extraction, particles were
imported to cryoSPARC live (v2.15.1) and subjected to 2D classification and 3D heterogeneous
classification. Final density maps were obtained by 3D homogeneous refinement. Figures were

prepared using UCSF Chimera.

2.3.10 Cryogenic Electron Microscopy for the SARS-CoV-2 Spike-abl complex

SARS-CoV-2 spike hexapro ectodomain preparations were deposited on grids at a concentration
of 2.25 mg/ml. Complexes were prepared by incubating spike protein with Fab abl at a 1:8 molar
ratio (spike trimer to ab1) for 20 minutes on ice prior to centrifugation at 14,0009 for 10 minutes.
Grids were plasma cleaned using an H2/0O2 gas mixture for 15 s in a Solarus Il Plasma Cleaner
(Gatan) before 1.8 pl of protein suspension was applied to the surface of the grid. Using a Vitrobot

Mark 1V (Thermo Fisher Scientific), the sample was applied to UltrAuFoil Holey Gold 300 mesh
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grids at a chamber temperature of 10°C with a relative humidity level of 100%, and then vitrified
in liquid ethane after blotting for 12 s with a blot force of —10. All cryo-EM grids were screened
using a 200-kV Glacios (Thermo Fisher Scientific) TEM equipped with a Falcon4 direct electron
detector followed by high-resolution data collection on a 300-kV Titan Krios G4 (Thermo Fisher
Scientific) TEM equipped with a Falcon4 direct electron detector in electron event registration

(EER) mode.

Data processing was performed in cryoSPARC v.2.15 and v.3.0.1. Motion correction in patch
mode, CTF estimation in patch mode, reference-free particle picking, and particle extraction were
performed on-the-fly in cryoSPARC. After preprocessing, particles were subjected to 2D
classification and 3D heterogeneous classification. The consensus maps were obtained by 3D

homogeneous refinement. Structural analyses and figure generation were performed in ChimeraX.
2.3.11 Generation of Polyclonal Fab Fragments

First bulk 1gG was isolated from sera as follows: sera was dilutied 5 times in PBS before incubation
with Protein A Agarose (Thermo Fisher) for 1 hour at room temperature. After washing the resin
with 5 column volumes (CVs) of PBS IgG was eluted batchwise with 100mM Glycine pH 3.5
immediately into 1/10™ of the elution volume of 1M Tris pH 8.0. Papin-agarose (Sigma) was then
added to the IgG fractions and the mixture was supplemented to 10mM EDTA and 10mM L-
Cystine. After incubation at 37 degrees overnight, the reaction was centrifuged to remove the
papain-agarose. The supernatant was then added to Protein A agarose resin and allowed to incubate
for 20 minutes to an hour at room temperature before the flow through was collected and the resin
washed with 3 CVs. The wash and flow through fractions were pooled and Fabs were concentrated
(Amicon Ultra 10 kDa cut off, Millipore Sigma) before storage at 4 degrees Celsius in 0.02%

sodium azide.
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2.3.12 Microscale Affinity Pulldowns of SARS-CoV-2 Spike Immune Complexes

20 microliters of Fab fragments at 1mg/ml were incubated with spike hexapro ectodomain at
15micrograms/ml along with 5 microliters of NiNTA-agarose (Qiagen) overnight at room
temperature. The incubation was added to microcentrifuge tubes and spun down. The resin was
washed with 500 microliters of PBS twice. Immune complexes were eluted in 5 microliters of PBS
+250mM Imidazole. The specimen was immediately negatively stained and data was collected as

described for the s-ab8 complex.

2.3.13 Size Exclusion Chromatography Purification of Immune Complexes

For the Fab fragments generated from pooled samples, 60 micrograms of spike hexapro
ectodomain was incubated with 1mg of Fabs in 100 microliters of PBS overnight at room
temperature. For the Fab fragments generated from a single donor, 60 micrograms of spike hexapro
ectodomain was incubated with 3mg of Fabs in 300 microliters of PBS overnight at room
temperature. Size exclusion chromatography was performed using a Superose 6 Increase column
(Cytiva) in PBS. Immune complexes were pooled and negatively stained and imaged as described
above. For the Cryo-EM dataset, immune complexes were concentrated to 1.2mg/ml (Amicon
Ultra 10 kDa cut off, Millipore Sigma) and deposited onto glow discharged Cu 200 R1.2/1.3 grids
as described above. Data collection was performed on a 300-kV Titan Krios G4 (Thermo Fisher
Scientific) TEM equipped with a Falcon4 direct electron detector in electron event registration

(EER) mode.

2.3.14 Image Processing for Negative Stain Immune Complex Datasets

Data processing was performed in CryoSPARC v4.0.1. Patch motoion correction was performed,

constant CTF values were output upon movie import. For the microscale affinity dataset, 449
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particles were manually picked and used to generate templates for template picking. After several
rounds of 2D classification, particles were selected for ab-inito reconstruction and subsequent
homogenous refinement. For the pooled sample immune complexes isolated via size exclusion
chromatography, blob picking was used, followed by 2D classification to generate templates for
subsequent template picking. Several rounds of 2D classification on selected particles were then
performed. For the immune complexes generated from a single donor and isolated via size
exclusion chromatography, blob picking was employed followed by several rounds of 2D
classification, ab-inito reconstructions, and either homogenous or heterogenous classification.
Structural analyses, including docking of protein models within experimental maps using the “fit

in map” function was performed in ChimeraX.
2.3.15 Image Processing for Cryo-EM Immune Complex Datasets

Data processing was performed in CryoSPARC v4.0.1. Patch motion correction was performed,
followed by patch CTF estimation. Blob picking was employed followed by 2D classification,
after which selected particles were subjected to ab-inito reconstruction, followed by heterogenous
refinement with C3 symmetry imposed. Select classes were then subjected to homogenous
refinement with C3 symmetry imposed. The class reaching high resolution (2.66 A) in the core
was then subjected to symmetry expansion, followed by multiple rounds of 3D classification using
various spherical masks. The class showing putative Fab density was selected for homogenous
reconstruction. Structural analyses, including docking of protein models within experimental maps

using the “fit in map” function was performed in ChimeraX.
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Chapter 3: Molecular Analysis of SARS-CoV-2 Spike Protein RBD Mutations
3.1 Introduction

As demonstrated in chapter 2, the SARS-CoV-2 spike protein RBD is an important antigenic target
for neutralizing antibodies. In addition to harbouring neutralizing epitopes, the RBD itself plays a
critical role in the viral replicative cycle as it is responsible for recognition of the receptor ACE2.
As discussed in chapter 1, the exact molecular details of this interaction have been described
through Xray crystallography studies®'-#2, and cryo-EM studies® revealing an intricate network of
interactions involving multiple residues which have been collectively dubbed the receptor binding
motif (RBM) within the RBD. The structural details of the SARS-CoV-2 RBD in complex with
ACE2 and several neutralizing antibodies permit an understanding of the role of RBD residues
with regards to ACE2 binding and neutralizing epitope recognition. This adds crucial context in
the monitoring of emergent variants of SARS-CoV-2 which harbour mutations within the spike
protein RBD. Starting in late 2020, the world saw the emergence of several SARS-CoV-2 variants,
such as the Alpha (B.1.1.7, first observed in the United Kingdom), Beta (B.1.351, first observed
in South Africa), Gamma (P.1, first observed in Brazil), and Epsilon (B.1.427 and B.1.429, first
observed in California) variants, which were identified by the CDC as either variants of concern
(VoCs) or variants interest (Vols) based on enhanced transmissibility and infectivity. These
variants harboured RBD mutations, many of which fell within the RBM and several neutralizing
epitopes, and which were conserved across several variants. This chapter aims to provide a
molecular analysis of the effect of emergent RBD mutations on spike protein structure, ACE2
binding, and antibody recognition. The results of these efforts will be presented in the form of two
manuscripts, in chronological order of publication as we responded to emerging RBD mutations

in real time.
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3.2 Results and Discussion
3.2.1 Studies on the N501Y Mutant Spike Protein

In December 2020, new variants of SARS-CoV-2 carrying several mutations in the spike protein
were documented in the UK and South Africa''*, and were named “Alpha” and “Beta” variants
respectively. Early epidemiological and clinical findings have indicated that these variants show
increased transmissibility in the population!®. Despite being phylogenetically distinct, a common
feature of both the UK and South African variants is the mutation of residue 501 in the RBD from
Asn to Tyr (N501Y). X-ray crystallography and Cryo-EM structural studies have identified N501
as a key residue in the spike protein at the interface between RBD and ACE2 that is involved in
critical contacts with several ACE2 residues®! . Studies carried out in a mouse model*® and via
deep mutational scanning®'’ before the identification of the new UK variant suggested that
mutations of residue 501 could be linked to increased receptor binding and infectivity.
Understanding the impact of N501Y on antibody neutralization, ACE2 binding, and viral entry is

therefore of fundamental interest in the efforts to prevent the spread of COVID-19.
3.2.1.1 Visualization of Y501 in contact with ACE2

To understand the structural effects of the N501Y mutation on ACE2 binding, we expressed and
purified spike (S) protein ectodomains with and without the N501Y mutation and conducted
microscopy studies on the ACE2-spike complexes. A cryo-EM structure of the spike protein
ectodomain with the N501Y mutation was obtained at an average resolution of approximately 2.8
A. The structure shows no significant global changes in secondary or quaternary structure as a

result of the mutation when compared to the previously published structure of the spike protein
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ectodomain with an Asn residue at position 501 (referred to here as the “unmutated” form (Figure

3.1).

Figure 3.1. Superposition of the structure of the N501Y spike protein ectodomains (light

orange) with the previously published structure of the unmutated construct (blue; PDB ID

6XKL).
Cryo-EM structural analysis of the complex formed between the N501Y spike protein ectodomain
and the ACEZ2 receptor ectodomain provides a detailed glimpse of both the overall structure of the
receptor and the binding interface between the RBD and ACE2 (Figure 3.2). The ACE2 receptor
is bound to the “up” position of the RBD (Figure 3.2a). The overall structure of the complex was
determined at a global resolution of 2.9 A. Local refinement of the RBD-ACE?2 interface improves
the local resolution at the binding interface to approximately 3.3 A (Figure 3.2b), resulting in

unambiguous delineation of the Y501 side chain and other residues in the vicinity (Figure 3.2c).

The overall structure at the binding site is almost identical to that of the unmutated version (Figure
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3.2d) with the exception of local rearrangements that result in the aromatic ring of Y501 being
accommodated in a cavity that is sandwiched between Y41 and K353 of the ACE2 receptor (Figure
3.2e). Y501 in the spike protein and Y41 in the ACE2 receptor form a perpendicular y-shaped n—

7 stacking interaction'?®,
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Figure 3.2. Structure of the SARS-CoV-2 N501Y mutant spike protein ectodomain bound
to the ACE2 ectodomain. (a) Density map for the overall complex at the end of global structure
refinement. The 3 spike protein protomers are colored in cyan, purple, and yellow, with the
density for the strongly and weakly bound ACEZ2 proteins in pale red and green, respectively.
(b) Improved density map at the contact zone between the receptor binding domain (RBD) and
the strongly bound ACE2 protein ectodomain. (c) Visualization of density at the contact zone
for Y501 in the RBD and residues Y41 and K353 in ACE2. (d). Ribbon diagram with
superposition of the unmutated and N501Y RBD-ACE2 complex (PDB ID 7KMB). (e)
Zoomed-in view of the interface, showing a superposition of the structures of unmutated and
N501Y mutant spike proteins in complex with ACE2. The carbon atoms of residues in the
N501Y mutant and ACEZ2 in our structure are colored in cyan and pale red, respectively, while
those in the structure of the complex between unmutated spike protein and ACE2 are in light

gray.
Potent neutralization of SARS-CoV-2 has been achieved with a number of antibodies, including 2
recently reported examples, Vy Fc ab8 and IgG ab1l, both derived from a large human library of
antibody sequences and introduced in chapter 2. We compared the efficiencies of these 2
antibodies, as well as the ACE2 receptor ectodomain, to bind spike proteins with and without the
N501Y mutation. We also determined the relative efficiency of neutralization of pseudoviruses

expressing either the N501Y mutant or unmutated form of the spike protein.

3.2.1.2 The N501Y mutation confers increased ACE2 binding affinity

To test the influence of the N501Y mutation on ACE2 binding, we used a luciferase reporter to
measure the infectivity of pseudotyped viruses presenting N501Y or unmutated spike proteins for
cells overexpressing ACE2 (Figure 3.3). The higher relative luminescence unit (RLU) intensity
from cells infected by the N501Y mutant compared to control viruses expressing the unmutated
form suggests that the N501Y mutation may result in increased infectivity, assuming equal
incorporation of spike proteins within the pseudotyped particles utilized. This finding is in
agreement with a recent report demonstrating increased cell entry of pseudoviral particles

incorporating the N501Y and D614G mutations relative to D614G alone!!®. To investigate whether
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the N501Y mutation increases the binding strength of the SARS-CoV-2 spike to ACE2, we
measured the binding parameters between ACE2 and either unmutated or N501Y spike protein
ectodomain trimers via biolayer interferometry (BLI). This revealed that the N501Y mutation
confers a modest increase in affinity for ACE2, mainly driven by a reduction in the dissociation
rate constant (kofr) (Figure 3.3). Notably, several studies have demonstrated that the N501Y
mutation confers much larger increases (3- to 16-fold) in ACE2 binding affinity when using
minimal RBD constructs'?®?2, We also measured the efficiency of exogenously added soluble
ACE2-mFc proteins to neutralize unmutated and N501Y pseudoviruses via preincubation prior to
cell infection (Figure 3.3b). The comparison of neutralization profiles shows that the 1Csq for
neutralization of the N501Y mutant is lower, suggesting that full-length spikes bearing the N501Y
mutation bind ACE2-mFc to a higher extent. Taken together, these 3 results are consistent with
the hypothesis that the greater infectivity of the N501Y mutant stems from improved binding to

ACE2.
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Figure 3.3. Analysis of ACE2 interactions with N501Y and unmutated spike. (a) Analysis
of cell entry of N501Y or unmutated SARS-CoV-2 S pseudotyped viral particles. N501Y or
unmutated SARS-CoV-2 S pseudotyped virus was normalized for p24 levels and incubated with
HEK293T-ACE?2 cells for 48 h prior to cell lysis and luciferase activity quantification. (RLU:
relative luminescent units). (b) Analysis of N501Y or unmutated SARS-CoV-2 S pseudotyped
virus neutralization by soluble ACE2-mFC. The ICso of soluble ACE2-mFC neutralization is
0.066 pg/ml (95% CI 0.026—0.17 pg/ml) for unmutated pseudotyped virus, and 0.0074 pg/ml
(95% CI < 0.043 pg/ml; lower bound not accurately determined) for N501Y pseudotyped virus.
(c and d) Biolayer interferometry analysis of immobilized ACE2 binding by increasing
concentrations of either N501Y (a) or unmutated (b) spike ectodomain. Shown is the extent of
binding as determined by shift in wavelength (nm: nanometers). Biophysical parameters
(Kb, Kon, koff) are shown as mean = standard deviation.
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3.2.1.3 N501Y has minimal effects on the binding and potency of 2 neutralizing antibodies

with RBD epitopes

Next, we tested the effect of the N501Y mutation on the relative strengths of binding and
neutralization potency of Vn Fc ab8 and IgG abl (Figure 3.4). ELISA analysis of 1gG abl and
VH Fc ab8 interactions with unmutated or N501Y spike ectodomains demonstrates that the N501Y
mutation has no significant effect on Vn Fc ab8 binding but results in a slightly higher ECso for
IgG abl (Figure 3.4a). Second, competition experiments establish that 1gG abl more efficiently
prevents ACE2 binding of the unmutated ectodomain compared to the N501Y mutant (Figure
3.4c), while Vy Fc ab8 prevents ACE2 binding of unmutated and N501Y mutant spike proteins to
similar extents (Figure 3.4d). Consistent with these measurements, neutralization experiments
carried out with V4 Fc ab8 show that it can neutralize the N501Y mutant with a potency similar
to that of the unmutated form, while 1gG ab1 exhibits a slightly diminished neutralization potency
for the N501Y mutant relative to pseudo-viruses expressing the unmutated form (Figure 3.4b).
Overall, binding and neutralization analyses show that the N501Y mutation results in enhanced
ACE2 binding, minimal effects on the binding and potency of Vu Fc ab8, and a small reduction in

the binding and potency of IgG abl.
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Figure 3.4. Analysis of V1 Fc ab8 and 1gG abl interactions with N501Y and unmutated
spike. (a) ELISA analysis of antibody interactions with either N501Y or unmutated spike
ectodomain. (b) N501Y or unmutated SARS-CoV-2 S pseudotyped virus neutralization by either
VH Fc ab8 or 1gG abl. (C and D) ELISA analysis of N501Y or unmutated SARS-CoV-2 spike
ectodomain binding by soluble ACE2-mFc in the presence of serial dilutions of either (c) 19G
abl or (d) VH Fc ab8. ELISA experiments were done at least in duplicate while neutralization

experiments were performed twice at least in duplicate, and the average values are shown. Error
bars denote the standard error of the mean (SEM).

3.2.1.4 Neutralizing antibodies bind N501Y spikes in different conformational states

To understand the effects of these antibodies at a structural level, we next determined cryo-EM
structures of the complexes formed by V4 ab8 (variable domain of the bivalent fusion construct
VH FC Ab8) and Fab ab1l (the antigen binding fragment of IgG abl) with the N501Y mutant spike
protein ectodomain. Cryo-EM structural analysis of the complex formed between V4 ab8 and the
N501Y spike protein ectodomain shows a single dominant conformation with 2 Vy ab8 fragments

bound to RBDs in the down conformation and weak density for the other RBD, which is flexible
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and primarily in the up position (Figure 3.5a). This architecture is similar to the negative stain
electron microscopic analysis performed on the unmutated spike in chapter 2. The global average
resolution of the map is approximately 2.8 A, with lower local resolution in the RBD regions, but
local refinement yields maps of the Vi ab8—RBD interface at a resolution of approximately 3 A
(Figure 3.5b). Cryo-EM density maps unambiguously show the location of residue 501 in the
N501Y mutant spike protein ectodomains (Figure 3.5c). The interface between the RBD and
Vh ab8 is well defined, with key interactions at the interface mediated by residues in the stretch
between V483 and S494, along with a few other interactions contributed by non-contiguous RBD
residues (Figure 3.5 d-e)). Residue 501 of the spike protein RBD is at the periphery of the footprint
of Vu ab8 and shows no evidence of interactions with the antibody. The presence of the mutation

thus appears not to influence interactions between the RBD and V+ ab8.
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Figure 3.5. Structure of V1 ab8 bound to the N501Y mutant spike protein trimer. (a)
Atomic model for the structure of the complex of Vy ab8 (blue) with the N501Y mutant spike
protein ectodomain (gray). The structure has 2 receptor binding domains (RBDs) in the down
position with well-resolved densities for the bound V+ ab8. The third RBD is in the up position.
(b) Cryo-electron microscopy density map after local refinement with fitted coordinates for the
contact zone between the RBD and V4 ab8. (c) Density map in the region near 501 for the
N501Y mutant spike protein ectodomain showing density for residues Q498, Y501, and Y505.
(d and e) Close-up views of the contact zone between the RBD region and ACE2 highlighting
residues involved.
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Similar cryo-EM analyses of the complex between the mutated spike protein and Fab abl show
that in contrast to the VVy ab8 complex, Fab abl binding involves either 2 or 3 RBDs, all being in
the up position, similar to the architectures resolved in chapter 2 using unmutated spike protein.
(Figure 3.6a-b). Local refinement of the RBD-Fab abl interface improves the resolution to
approximately 3 A, enabling unambiguous placement of Y501 as well as the residues involved in
the contact between the RBD and Fab ab1 (Figure 4.6¢-d). Residue 501 is at the periphery of the
Fab abl footprint, with Ser 30 of Fab abl in a position to interact with this residue (Figure 4.6e-f).
The N501Y mutation would thus be expected to have a small effect on the antibody binding
epitope. Together, the cryo-EM structures are fully consistent with the studies presented in Figure
3.4 that show a small but significant effect of the N501Y mutation on Fab abl binding and

neutralization, but with no measurable effects on V4 ab8 binding or neutralization.
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Figure 3.6. Structure of Fab abl bound to the N501Y mutant spike protein trimer.

(@ and b) Atomic models for the 2 predominant conformations of the spike protein (gray)
observed with Fab abl (blue) bound to either 2 (a) or 3 (b) receptor binding domains (RBDs) in
the up position. (c) Cryo-electron microscopy density map after local refinement with fitted
coordinates for the contact zone between the RBD and Fab abl. (d) Density map in the region
near 501 for the N501Y mutant spike protein ectodomain showing density for residues Q498,
Y501, and Y505 in the spike protein and a loop in Fab ab1 that includes S30, the residue closest
to Y501. (e and f) Close-up views of the contact zone between the RBD region and ACE2
highlighting residues involved.
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Our studies with the N501Y mutant are consistent with the expectation that the rapid spread of
VOC202012/01 variant of SARS-CoV-2 is likely due to the virus being more infectious. While
there can be multiple origins for the increased infectivity, our biochemical studies suggest that the
N501Y mutation results in increased ACE2 binding efficiency. Our structural studies establish the
molecular basis underpinning the observed increase in ACE2 binding efficiency conferred by the
N501Y mutation. Competition assays with a strongly neutralizing antibody show that it competes
for binding with the spike trimer—ACE2 interaction in a concentration-dependent manner. Our
results suggest that despite the higher infectivity of SARS-CoV-2 viruses carrying the N501Y
mutation, the availability of the extended epitope surface on the RBD enables effective

neutralization by Vy ab8 and Fab ab1l.
3.2.2 Studies on RBD mutations within the D614G background

The emergence of the N501Y mutation in several SARS-CoV-2 variants was followed shortly by
several other RBD mutations, which all shared the globally dominant D614G mutation outside of
the RBD (figure 3.7). We now shift the focus to the mutational effects of these RBD mutations,
within the background of the D614G mutation. By early 2021, genomic surveillance efforts
tracking the global spread of SARS-CoV-2 had identified the emergence and rapid spread of
several variants. These variants are designated as having evidence demonstrating increased
transmissibility, increased disease severity, and/or a significant impact on diagnostics, treatments,
and vaccines!?-1%, Figure 3.7b-c shows the S protein mutations present in each of the emergent
variants, with the majority of common mutations found within the RBD. Additionally, three of the
four VoC RBD mutations (L452R, E484K, and N501Y) are located within the receptor binding
motif (RBM), which comprises the interaction interface between the S protein and ACE2. The one

RBD mutation occurring outside of the RBM, K417N/T, additionally exhibits ambiguity in
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mutation, with the P.1 strain mutated to threonine (K417T) and the B.1.351 strain mutated to
asparagine (K417N) (Figure 3.7b). We sought to understand the individual and combinatorial
contributions that each of these common VoC/Vol RBD mutations has on enhancing aspects of

viral fitness such as receptor binding and antibody evasion.

Using 11 S proteins with different complements of mutations (Figure 3.7d), we systematically
dissect the contributions of RBD mutations toward increasing ACE2 affinity and evading
neutralizing antibodies using Cryo-EM structural analyses and assays that measure ACE2 and
antibody binding. We also constructed spike proteins harbouring combinations of RBD mutations
that had not been observed at the time, to explore the properties of variants that in some cases,

later emerged after the time of experimentation.
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Figure 3.7. The global prevalence of SARS-CoV-2 VoC/Vol RBD mutations and their
locations within the S protein. (a) Global occurrences of each VoC/VVol RBD mutation over
time, computed using the sum of clinical isolate entries each month deposited into the GISAID
database (https://www.gisaid.org/). (b) Summary of the RBD mutations present in each variant.
(c) SARS-CoV-2 spike glycoprotein amino acid open reading frame (ORF) with variant
mutations indicated. An expanded portion of the RBD is provided to highlight the common RBD
mutations between the variants. Relevant features are indicated: SP, signal peptide; NTD, N-
terminal domain; RBD, receptor binding domain; RBM, receptor binding motif; FP, fusion
peptide; HR1, heptad repeat 1; HR2, heptad repeat 2; TM, transmembrane domain; CT,
cytoplasm domain. (d) Summary of the SARS-CoV-2 spike glycoprotein constructs used in this
study. VoC/Vol RBD mutations were expressed in isolation, in naturally occurring
combinations, and in novel combinations to assess the relative individual and combinatorial
effects of these mutations. All constructs contain the D614G mutation as background, and this
was defined as the wild-type construct throughout the study.
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3.2.2.1 The N501Y, E484K, and L452R mutations drive increased S protein-ACE2 binding

affinity

To investigate the effects of VoC/Vol RBD mutations on ACE2 binding, we expressed and
purified recombinant spike ectodomain proteins bearing RBD mutations in isolation and
combination, which we used in biolayer interferometry (BLI) experiments (Figure 3.8a-b).
Compared with wild-type (D614G), spikes harboring combinations of RBD mutations found in
circulating variants exhibited increased ACE2 binding affinities. The individual addition of
N501Y, E484K, or L452R mutations increased ACE2 binding affinity, and the increased affinity
conferred by the N501Y and E484K mutations in isolation was preserved in combination in the
D614G + N501Y + E484K construct, yielding the highest affinity ACE2 binder. Mutations at the
417 position (K417N/T) decreased the affinity for ACE2 both in isolation (D614G + K417N/T)
and when introduced into the D614G + N501Y + E484K construct. Interestingly, the K417N
mutation reduced ACEZ2 affinity to a greater extent than the K417T mutation (both in isolation and
when combined with D614G + N510Y + E484K). Taken together, these results demonstrate that
the amalgamation of spike RBD mutations present in circulating VoC/Vols enables increased
ACE2 affinity, which is driven mainly by N501Y (B.1.1.7), L452R (B.1.427/B.1.429), and the

combinatorial effect of both N501Y and E484K (P.1, B.1.351, and VOC 202102/02).
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Figure 3.8. Complete sets of VoC/Vol RBD mutations increase S protein trimer-ACE2
binding affinity. (a) Affinity (Kd) measurements for VoC/Vol RBD mutant S protein-ACE2
binding as measured by biolayer interferometry (BLI). (b) Relative fold change differences in S
protein-ACE?2 affinity (Kd) relative to D614G alone. (c-h) Structures of VoC/Vol spike-ACE2
complexes characterized in this study. Shown for each complex studied are density maps for the
overall complex at the end of global structure refinements, improved focused density maps at
the ACE2-RBD contact zones, and visualization of densities at mutational positions within each
variant spike. Densities at sites harboring mutations are highlighted with red text.
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3.2.2.2 Mutational effects on ACE2 binding are mediated by subtle side-chain

rearrangements at the S protein-ACE?2 interface

To understand the structural effects of the various VoC/VVol RBD mutations on ACE2 binding, we
conducted cryo-EM studies on unbound spike trimers and ACE2-spike complexes (Figure 3.8c-
h). Resulting structures were obtained at average resolutions of ~2.3-3 A. The apo- and ACE2-
complexed S protein structures show no significant global changes in secondary or quaternary
structure as a result of the various mutations compared with D614G (Figure 3.9). However,
focused refinement of the S protein-ACE?2 interface revealed side-chain rearrangements that may

account for the observed differences in binding affinity as outlined below.

Figure 3.9. Superposition of all mutant ectodomain structures characterized in this study.
Gray: D614G, Red: D614G + N501Y, Green: D614G + N501Y + E484K, Blue: D614G +
N501Y + E484K + K417N, Yellow: D614G + N501Y + E484K + K417T, Cyan: D614G +
L452R
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D614G + N501Y

The cryo-EM structure of ACE2 bound to the D614G + N501Y mutant spike (Figures 3.10b
and 3.11b) shows the same features at the RBD-ACE?2 interface as in the structure of the N501Y-
ACE2 complex in the absence of the D614G mutation. Y501 in the spike protein and Y41 in the
ACE2 receptor engage in a perpendicularly shaped m-m stacking interaction. Additionally,
superposition of the RBD in all RBD-ACE2 structures reveals a ~2.4 A displacement of an ACE2
helix distal to the RBD binding helix compared with complexes with N and Y at residue 501

reflecting the impact of this change (Figure 3.11c).
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D614G + N501Y + E484K

D614G + E484K + N501Y + K417T D614G + L452R

Figure 3.10. CryoEM structures of wild-type and VoC RBD-ACE2 interfaces (A-F)
Zoomed-in views of the RBD-ACE2 binding interfaces for the six S protein-ACE2
structures. Focused refinement of the RBD-ACE?2 interface reveals distinct S protein and ACE2
side-chain rotamer arrangements for the various variants. Mutated residues are labeled in red,
and adjacent residues of interest are highlighted within ovals. ACE2 residues are labeled in blue,
while RBD residues are labeled in black. Hydrogen bonds and electrostatic interactions are
shown as yellow and red dotted lines, respectively. Oxygen and nitrogen heteroatoms are colored
in red and blue, respectively
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Figure 3.11. Structural effects of the N501Y mutation on RBD-ACE2 complexes. (a)
Zoomed in view of position 501 and adjacent residues at the D614G RBD-ACE?2 interface. (b)
Zoomed in view of position 501 and adjacent residues at the D614G, N501Y RBD-ACE2
interface. (c) Superposition of the RBD in the RBD-ACE2 structures from all complexes
reported in this study. Cyan and grey models correspond to structures harboring N at position
501, all other models correspond to structures harboring Y and position 501. Movement of the
ACE?2 helix distal to the RBD binding interface is highlighted with arrows.
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D614G + N501Y + E484K

Analysis of the D614G + N501Y + E484K mutant spike in complex with ACE2 reveals local
rearrangements resulting in unambiguous rotamer placement of both H34 within ACE2 and Q493
within the spike RBD (Figure 3.10c, Figure 3.12c)). The resulting H34 rotamer yields space that
accommodates an alternative Q493 rotamer closer to ACE?2 relative to the D614G spike, allowing
it to be positioned within hydrogen-bonding distance of the main chain carbonyl of H34.
Additionally, the positioning of K31 within ACEZ2 is shifted relative to the D614G spike, adopting
a position within pi-cation bonding distance to Y489 within the RBD (Figure 3.12c). K484 extends
parallel to the RBD-ACE?2 plane of interaction, likely because of electronic repulsion from K31,
and adopts a position ~7.5 A from E35. These subtle changes in intermolecular interactions
enabled upon H34 repositioning suggest a basis for the enhanced ACEZ2 affinity observed for the

D614G + N501Y + E484K mutant spike relative to D614G + N501Y.

80



P Spike pro
[D614G, N501Y]

< \ 2 28
ike proﬁj 2 45? Spi O:p eir

[D614G, N501Y, E484K, K417T] [D614G, L452

Figure 3.12. Analysis of RBD-ACE?2 interactions. (a — f) Zoomed in views of residue H34
within ACEZ2, residue Q493 within the RBD, and adjacent residues at the RBD-ACE2 interface
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for all complexes studied. Mutated residues are highlighted in red. Hydrogen bonds are shown
as dotted yellow lines, electrostatic interactions are shown as red dotted lines.

D614G + N501Y + E484K + K417T/N

The mutation of K417 to T or N resulted in loss of the K417-D30 salt bridge within the ACE2-
spike complex, providing a basis for the decreased ACE2 binding affinities conferred by these two
mutations (Figure 3.10d-e, Figure 3.12d-e). In contrast to the D614G + N501Y + E484K-ACE2
complex, H34 rotamer placement is ambiguous within these complexes, with the predominant
densities corresponding to H34 facing toward the K484 interface. Additionally, Q493 adopts a

rotamer that faces away from ACE2, and K31 is positioned to face both H34 and Q493.

D614G + L452R

Structural comparison of D614G-ACE2 and D614G + L452R-ACE2 complexes reveals no
significant changes at the RBD-ACE2 interface (Figure 3.10f, Figure 3.12f), indicating that the
enhanced ACE2 affinity afforded by L452R is not due to modulation of direct ACE2 contacts. In
contrast to L452, the side chain of R452 extends farther away from the RBD core (Figure 3.12f)
and is better exposed to solvent, suggesting that R452 may enhance the solvation of the RBD in
the up position. In addition to solvation effects, the L452R substitution introduces a positive charge
at position 452 that may increase the electrostatic complementarity between the RBD and
ACE2. Figure 3.13 shows the increase in electropositivity at position 452 upon L452R
substitution, with position 452 approximately 13 A away from the highly electronegative site on

ACE?2 centered at E35. Thus, in contrast to the local rearrangements observed at the RBD-ACE?2
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interface for the N501Y, E484K, and K417N/T mutations, the binding effect of the L452R

mutation is likely mediated by solvation and/or electrostatic complementarity effects.
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Figure 3.13. L452R enhances electrostatic complementarity between ACE2 and the SARS-
CoV-2 RBD. (a) Superposition of D614G (blue) and D614G +L452R (white) RBD-ACE2
interfaces. (b) Left: Electrostatic surface representations of CryoEM structures of wild-type
(D614G) and L452R RBD-ACE2 complexes. Right: Electrostatic surface representation of
ACE2, wild-type (D614G) RBD and L452R RBD in isolation. The RBD binding interface on
ACE?2 is outlined in black and arrows for orientation are provided for both ACE2 and RBD
surface representations.
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3.2.2.3 Mutations E484K, L452R, and K417N/T facilitate decreased antibody binding.

We next sought to evaluate the effect of VoC/Vol RBD mutations on antibody binding. We
selected a panel of previously reported antibodies that cover the four distinct anti-RBD antibody
classes!® (Table 3.1, Figure 3.14a) and an ultrapotent antibody, S2M11, that uniquely binds two
neighboring RBDs*” Antibody binding was quantified via enzyme-linked immunosorbent assay
(ELISA) (Figure 3.14b). As expected, class 3 (S309) and class 4 (CR3022) antibodies, whose
footprints did not span VoC/Vol mutations, exhibited relatively unchanged binding across all
variant spikes (Figure 3.14b). Mutations at position 417 of the S protein to either N or T abolished
or significantly reduced ab1'® (class 1 like) binding, demonstrating the importance of K417 within
the molecular epitope of abl. Similarly, the E484K mutation resulted in loss of binding to ab8%
(class 2) and S2M11, highlighting the critical nature of E484 within the epitopes of these
antibodies. L452 sits peripherally within the footprint of S2M11, and mutation of this residue to
R452 reduced but did not abolish its binding, possibly via steric or charge-mediated effects or by
allosteric modulation of direct contacts. Taken together, these results suggest the escape of
antibody binding from the four major anti-RBD classes is primarily mediated by modulation of

direct contacts at mutational sites.
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Table 3.1. Antibody class definitions and categorization of the antibodies in the present study.

RBDs.

Antibody Antibody Class Description Antibodies in the Present
Class Study
1 Neutralizing antibodies that block ACE2 abl
and bind only to ‘up’ RBDs.
ACE2-blocking neutralizing antibodies
2 that bind both up and ‘down’ RBDs and | ab8
can contact adjacent RBDs.
Neutralizing antibodies that bind outside
3 the ACEZ2 site and recognize both up and | S309
down RBDs.
Previously described antibodies that do
4 not block ACE2 and bind only to up | CR3022
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Figure 3.14. Monoclonal antibody binding against SARS-CoV-2 S proteins containing
VoC/Vol RBD mutations. (a) Mapping of Abl, Ab8, CR3022, S309, and S2M11 antibody
footprints onto SARS-CoV-2 trimers and RBDs. Direct amino acid contacts for each individual
antibody footprint are highlighted separately. (b) Area under the curve (AUC) fold changes in
ELISA binding assays relative to D614G alone for Abl, Ab8, CR3022, S309, and S2M11.
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3.2.2.4 Novel RBD mutant combinations preserve but do not enhance effects on ACE2

affinities and antibody binding

Having determined that all full complements of VoC/Vol RBD mutations result in increased ACE2
binding and various extents of antibody evasion, we aimed to assess the functional effects of novel
RBD mutational combinations that at the time had not yet been reported but represent
combinations of mutations already observed. Variants harbouring N501Y exhibit a spectrum of
additional RBD mutations (B.1.1.7: N501Y; VOC 202102/02: E484K, N501Y; B.1.351: E484K,
N501Y, K417N; and P.1: E484K, N501Y, K417T), while variants containing L452R
(B.1.427/B.1.429) seemingly exclude N501Y, K417N/T, and E484K mutations, although the
Kappa (B.1.617.1) variant which emerged later during the pandemic, contained the E484Q co-
mutation with L452R in its spike protein. In order to assess if such patterns of evolution are due to
incompatibility of these mutations, we constructed and expressed recombinant spike ectodomains
combining L452R with the full complement of either B.1.351 or P.1 RBD mutations and evaluated
ACE2 and antibody binding of these mutants (Figure 3.15). Neither of these novel combinations
conferred enhanced ACE?2 affinities compared with B.1.351 and P.1 RBD mutant spikes. Notably,
both novel combinatorial mutants still exhibited enhanced ACE2 binding compared with wild-
type (Figure 3.15b). The addition of L452R to both constructs preserved the antibody-evasive
properties for K417N/T against abl and E484K against both ab8 and S2M11 (Figure 3.15c¢). These
results indicate that although the L452R mutation is not mutually exclusive with the complement
of RBD mutations in B.1.351 and P.1 variants with regard to reduction of neutralizing antibody
binding, the increase in ACE2 binding affinity conferred by the L452R mutation in isolation

(Figure 3.8a-b) is absent when combined with B.1.351 and P.1 RBD mutations.
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Figure 3.15. ACE2 and antibody binding to next-generation combinatorial VoC RBD
mutations. (a) Affinity (Kd) measurements as measured by biolayer interferometry (BLI). (b)
Relative fold change differences in S protein - ACE2 affinity (Kd) relative to D614G alone. (c)
Area under the curve (AUC) fold changes in ELISA binding assays relative to D614G alone for

abl, ab8, CR3022, S309, S2M11.
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3.2.3 General Observations

This work dissected the relative roles of circulating VoC/Vol RBD mutations with regard to both
ACE?2 affinity and antibody binding (Figure 3.16). Our results demonstrated that individual
mutations may be classified as resulting in (1) increased RBD-ACE?2 affinity (N501Y), (2) reduced
ACE?2 affinity and reduced antibody binding (K417N/T), or (3) a simultaneous increase in ACE2
affinity and reduced antibody binding (E484K, L452R). These individual effects are preserved
when mutations are combined to reflect full complements of VoC/Vol RBD mutations,
demonstrating their modular nature. Furthermore, these results suggested that RBD evolution
follows a trajectory aimed at simultaneous enhancement of receptor affinity and reduction of
neutralizing antibody binding. Although our analyses did not reveal the N501Y mutation to be
highly antibody evasive, its presence within the footprint of several neutralizing antibodies may
have implications for antibody escape (Figure 3.17a-d), although it has been suggested that main
antibody evasive impact of the N501Y mutation is one of competition, whereby receptor binding
is favoured over antibody binding due to increased ACE2 affinity*?%. It is noteworthy that all VoCs
containing K417N/T mutations also contain the N501Y and E484K mutations. Given that
K417N/T mutations serve to diminish antibody binding at a cost to ACE2 affinity, the conditional
presence of ACE2 affinity enhancing mutations may represent a compensatory mutational
mechanism. Consistent with this hypothesis, analysis of deposited spike sequences in the GISAID
database deposited between January 2020 and May 2021 reveals that K417N/T mutations did not
occur independently of N501Y and E484K mutations (Figure 3.18). In contrast, K417N/T
mutations were not a prerequisite for the occurrence of mutations that increase ACE2 affinity
(N501Y) or simultaneously increase ACE2 affinity and decrease antibody binding (E484K,

L452R) (Figure 3.18).
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Figure 3.16. Qualitative two-dimensional (2D) plot describing pre-omicron VoC RBD
mutational effects on ACE2 and antibody binding. The mutations are grouped into three
colour categories: orange, mutations that decrease ACE2 affinity and antibody binding; pink,
mutations that increase ACE2 affinity and do not significantly affect antibody binding; and red,
mutations that increase ACE2 affinity and decrease antibody binding.
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Figure 3.17. Analysis of RBD mutations in PDB entries of SARS-CoV-2 spike or RBD
complexes with antibody fragments isolated from convalescent patients. See Table 3.2 for
PDB entries included in this analysis. (a) Structural overlap of all antibodies selected on the
SARSCoV-2 RBD. Mutational positions within the RBD are highlighted. (b) Frequency of each
of the RBD positions that are mutated in VoCs within the footprints of selected antibody-
spike/RBD structures. (c) Proportional analysis of distinct variant RBD positional compositions
within the footprints of selected antibody-spike/RBD structures. (d) Analysis of the overlap
between the mutational composition of various VoCs and distinct variant RBD positional
compositions within the footprints of selected antibody-spike/RBD structures. Footprints
including at least one position mutated within a given VoC are highlighted in red and depicted
as slices graphically. Table 3.2 lists the antibodies and PDB entries selected.
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Figure 3.18. Analysis of co-mutational prevalence at positions 417, 452, 484, and 501 within
the SARS-Cov-2 Spike. Data from the GISAID sequence databank was analyzed for mutational
prevalence between January 2020 and May 2021 at the indicated residue combinations.

Our described effects on ACE2 binding and antibody evasion imparted by VoC/Vol RBD
mutations are in agreement with other reports!?0121:129-134 "\ujth the exception of the enhanced
ACE?2 affinity conferred by E484K. Several studies have reported conflicting data surrounding the
effect of E484K on ACE2 binding, where both decreased*>*" and increased!?!%® affinities are
observed. A variety of biophysical techniques, spike protein domains, and ACE2 constructs were
used across these studies, which could account for the contrasting results. Most important, the
E484K mutation was among several mutations selected via in vitro evolution to affinity-mature
the RBD for enhanced ACE2 binding®3®, demonstrating a clear role for increasing ACE2 binding

affinity.
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This study highlighted the potential for antibody evasion by VoC RBD mutations via antibody
binding assays using a panel of monoclonal antibodies. To estimate the potential effect of VoC
RBD mutations on RBD binding by naturally acquired antibodies during SARS-CoV-2 infection,
we selected PDB entries of SARS-CoV-2 spike or RBD complexes with antibody fragments
isolated from convalescent patients (Table 3.2). Using these structural data, we evaluated the
frequency of positions corresponding to RBD mutations in VoC/Vols within the footprint of 27
selected antibodies. The majority of deposited human-derived neutralizing antibodies bound the
RBD with footprints spanning at least one of the positions corresponding to RBD mutation in
VoC/Vols (Figure 3.17b). Of these antibodies, the majority interacted with more than one position
corresponding to RBD mutations in VoC/Vols (Figure 3.17c). Of these variants, B.1.351, P.1, and
VOC 202102/02 possessed mutations that were collectively recognized by the majority of the
antibodies selected and suggested that these variants could exhibit the greatest RBD-directed

antibody escape during human infection (Figure 3.17d).
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Table 3.2. Antibodies and PDB entries for antibody-RBD complexes selected for analysis in figure

3.17.
Antibody PDB References
CB6 7C01 Shi et al. Nature 2020 [140]
b38 7BZ5 | Wuetal. Science 2020 [111]
P2B-2F6 Fab | 7BWJ | Ju et al. Nature 2020 [141]
EY6A 6ZER | Zhou et al. Nature Structure and Molecular Biology 2020 [112]
COVA2-39 7JMP | Wu et al. Cell Reports 2020 [142]
COVA2-04 7JMO | Wu et al. Cell Reports 2020 [142]
CCi12.1 6XC2 | Yuan et al. Science 2020 [137]
CC12.3 6XC4 | Yuan et al. Science 2020 [137]
CVv30 6XE1l Hurlburt et al. Nature Communications 2020[143]
Fab 2-4 6XEY | Liu et al. Nature 2020 [144]
S2H13 7IV2 Piccoli et al. Cell 2020 [107]
S2A4 7JVA | Piccoli et al. Cell 2020 [107]
S2H14 7JX3 Piccoli et al. Cell 2020 [107]
S2X35 7JX3 Piccoli et al. Cell 2020 [107]
910-30 7KS9 Banach et al. Cell Reports 2021 [145]
C102 7K8M | Barnes et al. Nature 2020 [106]
C105 6XCM | Barnes et al. Cell 2020 [146]
Cl44 7K90 Barnes et al. Nature 2020 [106]
C121 7K8X | Barnes et al. Nature 2020 [106]
C002 7K8S Barnes et al. Nature 2020 [106]
C135 7K8Z Barnes et al. Nature 2020 [106]
C110 7K8V | Barnes et al. Nature 2020 [106]
C104 7K8U | Barnes et al. Nature 2020 [106]
C119 7TK8W | Barnes et al. Nature 2020 [106]
bd23 7BYR | Cao et al. Cell 2020 [147]
COVA2-39 7JMP | Wu et al. Cell Reports 2020 [142]
CT-P59 7CM4 | Kim et al. Nature Communications 2021 [113]
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We additionally generated novel combinations of RBD mutations by introducing L452R into
B.1.351 and P.1 constructs. Although these mutational combinations enabled enhanced ACE2
binding compared with wild-type spikes, the increase in ACE2 binding affinity conferred by the
L452R mutation in isolation was not preserved. We demonstrated that these novel constructs
retained antibody-evasive properties when tested for antibody binding using a panel of monoclonal
antibodies. Although there are many factors governing viral evolution, these results suggested that
the independent evolution of L452R-bearing spikes and N501Y-, K417N/T-, and E484K-bearing
spikes may be explained by a lack of synergistic increase in ACE2 binding upon combination of

these mutations.

The cryo-EM structures of all five VoC/Vol RBD-mutated spike trimers, both in isolation and in
complex with ACE2, provided insights regarding the molecular basis for observed changes in
ACE?2 affinities. The combination of enhanced intermolecular interactions due to the concomitant
repositioning of H34 and Q493 in the D614G + N501Y + E484K-ACE2 complex provided a
structural rationale for the increased ACE2 binding affinity relative to the D614G + N501Y spike.
Although hydrogen bonding with Y453 is possible in both H34 rotamers (Figure 3.11), the
dominant rotamer positioning of H34 in the D614G + N501Y + E484K-ACE2 complex enables it
to participate in additional favourable intermolecular interactions with Y453 (hydrogen bond +
OH/n) and L455 (CH/xn), yielding estimated interaction energies of —10.29 and —2.75 kcal/mol,
respectively**®. The mechanism of H34 rotamer stabilization in response to the E484K mutation
is unclear, although the repositioning of Q493 in this structure permits the formation of an
intermolecular hydrogen bond with the main chain carbonyl of H34. This is in contrast to all other
structures of spike protein-ACE2 complexes in which Q493 is positioned in close proximity to the

main chain RBD carbonyls of F490 and L492 and is well poised to participate in intramolecular
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hydrogen bonds (Figure 3.12). Finally, the positioning of K31 within pi-cation bonding distance
to Y489 in this structure suggested an additional intermolecular interaction that may enhance
ACE?2 affinity (Figure 3.12c). It should be noted that although the intermolecular K31-E484 salt
bridge was lost upon inclusion of the E484K mutation, this electrostatic interaction is likely
intramolecularly distributed between ACE2 residues E35 and K31, thus limiting the contribution
of the K31-E484 interaction with regard to ACE2-RBD binding. The positioning of H34 away
from residue 484 in all RBD-ACE?2 crystal structures reported (PDB: 6M0J, PDB: 6VW1, and
PDB: 7NXC) agrees with our assessment that this represents the more energetically favourable
rotamer with regard to the stability of the RBD-ACE2 complex. This structural basis is consistent
with previous reports implicating H34 as a major contributor to the SARS-CoV-2 RBD-ACE?2
interaction'*® and reports demonstrating the H34A mutation in ACE2 enhances SARS-CoV-2
spike binding!®%°, This is likely due to closer positioning and flexibility of RBD residues such
as Q493. Studies have suggested that the E484K mutation may enhance ACE2 binding via
increasing electrostatic complementarity between ACE2 and the RBD 3%15! and the structures
reported here are consistent with that hypothesis. The combination of the L452R mutation with
either Beta or Gamma variant RBD mutations (D614G + N501Y + E484K + K417N/T) did not
further increase ACE2 affinity. This may be explained by electrostatic complementarity effects;
namely, E484K already introduces complementary electropositivity near the electronegative site
on ACEZ2 (centered at residues E35 and K31), so the addition of further electropositivity at the
more distal L452 position (by the addition of L452R) likely does not additionally enhance the S
protein-ACE?2 electrostatic complementarity. The structural basis for the observed discrepancies

in ACE2 binding between the K417T and K417N mutations is unclear.
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As L452 is distal to the ACE2-RBD interface, it has been previously suggested that the L452R
mutation may increase ACE2 affinity via allosteric modulation of the residues promoting the RBD-

ACE? interaction®®? or via electrostatic effects!®?

. We did not observe any allosteric changes in
our structures; rather we highlighted the enhanced RBD-ACE?2 electrostatic complementarity and
potentially increased RBD solvation as explanations for the increased ACE2 affinity conferred by
R452. Protein-protein interaction studies have predicted that long-range electrostatic
complementarity plays a role in determining complex association rates*>*. Therefore, the increased
electrostatic complementarity between ACE2 and the RBD due to R452 may enhance ACE2
affinity by increasing the probability of forming favourable RBD-ACE2 binding orientations. The

increased solvation and electrostatic complementarity explanations are not mutually exclusive and

may contribute to increased ACE?2 affinity in combination.
3.3 Methods
3.3.1 Cloning, expression, and purification of recombinant spike protein constructs

Mutations were introduced to the SARS-CoV-2 hexapro ectodomain construct by site-directed
mutagenesis (Q5 Site-Directed Mutagenesis Kit, New England Biolabs). Successful subcloning
and mutation were confirmed by Sanger sequencing (Genewiz). Spike proteins were expressed

and purified as described in section 2.3.3.
3.3.2 Antibody Production

ab8, abl and CR3022 were a gift from Drs. Dimitrov and Li. Plasmids encoding light and heavy
chains for Fab S309 and S2M11 were synthesized (Synbio). Heavy chains were designed to
incorporate a C terminal 6x histidine tag. Expi293 cells were transfected at a density of 3 x 1076

cellssmL using linear polyethylenimine (Polysciences Cat# 23966-1). 24-hours following

98



transfection, media was supplemented with 2.2 mM valproic acid and expression carried out for
3-5 days at 37°C, 8% CO2. The supernatant was harvested by centrifugation and filtered through
a 0.22 uM filter prior to loading onto a 5 mL HisTrap excel column (Cytiva). The column was
washed for 20 CVs with wash buffer (20 mM Tris pH 8.0, 500 mM NacCl), 5 CVs of wash buffer
supplemented with 20 mM imidazole and the protein eluted with elution buffer (20 mM Tris pH
8.0, 500 mM NacCl, 500 mM imidazole). Elution fractions containing the protein were pooled and
concentrated (Amicon Ultra 10 kDa cut off, Millipore Sigma) for gel filtration. Gel filtration was
conducted using a Superose 6 10/300 GL column (Cytiva) pre-equilibrated with GF buffer (20
mM Tris pH 8.0, 150 mM NaCl). Peak fractions corresponding to soluble protein were pooled and
concentrated to 8 - 20 mg/mL (Amicon Ultra 10 kDa cut off, Millipore Sigma). Protein samples

were stored at 4°C until use.

3.3.3 Pseudo-virus Neutralization Assay

Assays were performed as described in section 2.3.8.

3.3.4 Enzyme-linked immunosorbent assay (ELISA)

Competition ELISAs were performed as described in section 2.3.4. For antibody binding studies
100 pl of wild-type or VoC RBD mutant SARS-CoV-2 S protein preparations were coated onto
96-well MaxiSorp™ plates at 2 ug/ml in PBS overnight at 4°C. All washing steps were performed
5 times with PBS + 0.05% Tween 20 (PBS-T). After washing, wells were either incubated with
blocking buffer (PBS-T + 2% BSA) for 1 hr at room temperature. After washing, wells were
incubated with dilutions of primary antibodies in PBS-T + 0.5% BSA buffer for 1 hr at room
temperature. After washing, wells were incubated with goat anti-human 1gG (Jackson

ImmunoResearch) at a 1:8,000 dilution in PBS-T + 0.5% BSA buffer for 1 hr at room temperature.
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After washing, the substrate solution (Pierce™ 1-Step™) was used for colour development
according to the manufacturer's specifications. Optical density at 450 nm was read on a Varioskan

Lux plate reader (Thermo Fisher Scientific).

3.3.5 Biolayer interferometry (BLI)

The binding kinetics of SARS-CoV-2 trimers and human ACE2 was analyzed with the biolayer
interferometer BLItz (ForteBio). Protein-A biosensors (ForteBio, 18-5010) were coated with
ACE2-mFc (40 pg/ml) for 2 min and incubated in DPBS (pH = 7.4) to establish baselines. For the
N501Y mutation study, concentrations of 100 nM, 200 nM, and 400 nM spike trimers were used
for association for 2 min followed by dissociation in DPBS for 5 min. For the RBD mutation in
the D614G background study, concentrations of 125, 250, 500 and 1000 nM spike trimers were
used. The association (kon) and dissociation (koff) rates were derived from the sensorgram fitting

and used to calculate the binding equilibrium constant (Kp).

3.3.6 Cryo-EM sample preparation and data collection

S-protein samples were prepared at 2.25 mg/mL, with and without the addition of ACE2 (~1:1.25
S-protein trimer:ACE2 molar ratio) (New England Biolabs). For ab8 and ab1 complexes the same
spike concentration was used but with a 1:9 and 1:8 molar ratio to ab8 and abl respectively.
Vitrified samples of S-protein constructs with and without ACE2/antibody were prepared by first
glow discharging Quantifoil R1.2/1.3 300 mesh holey carbon copper grids for 1 minute using a
Pelco easiGlow glow discharge unit (Ted Pella, Redding CA) and then applying 1.8 puL of protein
suspension to the surface of the grid. Grids were blotted (12 sec, blot force -10) and plunge frozen
into liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific) at a temperature of 10°C

and a humidity level of 100%. All cryo-EM samples were imaged using a 300 kV Titan Krios G4
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transmission electron microscope (ThermoFisher Scientific) equipped with a Falcon4 direct

electron detector in electron event registration (EER) mode.

3.3.7 Cryo-EM Image Processing

In general, all data processing was performed in cryoSPARC v.2.15 or v.3.0.1 unless stated
otherwise. Motion correction in patch mode, CTF estimation in patch mode, reference-free particle
picking and particle extraction were performed on-the-fly in cryoSPARC. After preprocessing,
particles were subjected to 2D classification and/or 3D heterogeneous classification. Final 3D
refinement was done with per particle CTF estimation and aberration correction. For complexes
of spike protein ectodomain and human ACEZ2, focused refinements were performed with a soft
mask covering single RBD and its bound ACE2. Local refinements with a soft mask covering a
single RBD and its bound VH ab8 or ACE2 resulted in improvement of the binding interfaces. C3
symmetry expanded particles were used for local refinement of RBD and its bound Fab abl.

Global resolution and focused resolution were according to the gold-standard FSC.

3.3.8 Model Building and Refinement

Coordinates of PDB 6WGJ and 7CH5 were used as initial models to build the VH ab8 and Fab
ab1, respectively. Individual domains of SARS-CoV-2 HexaPro S trimer (PDB ID 6XKL) were
docked into cryo-EM density using UCSF Chimera v.1.15 . Initial models were first refined against
sharpened locally refined maps, followed by iterative rounds of refinement against consensus map
in Coot v.0.9.3 and Phenix v.1.19. For models of complex of spike protein ectodomain and human
ACE2, the RBD-ACE2 subcomplex was built using coordinates of PDB code 7MJN as an initial
model and refined against focused refinement maps. Then it was docked into global refinement

maps together with individual domains of spike protein. Glycans were added at N-linked
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glycosylation sites in Coot. Model validation was performed using MolProbity. Structural analyses

and figure generation were performed in ChimeraX.
3.3.9 Analysis of convalescent patient antibody footprints

PDB entries of SARS-CoV-2 spike or RBD complexes with antibody fragments isolated from
convalescent patients were selected. Antibody footprints were determined by consulting respective

depositing studies along with analysis of protein-protein contacts using PDBsum*®®.
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Chapter 4: Structure, Receptor Engagement, and Antibody Neutralization of Variant SARS-

CoV-2 Spike Proteins
4.1 Introduction

Since 2020 there have been many variants of SARS-CoV-2 that have emerged, with a select few
that have managed to achieve global domination (Figure 4.1). Many of these variants exhibit
enhanced infectivity and transmissibility, achieving global spread!?1:130-132.136,152.153,156-158 " anq
have been designated variants of concern (VoCs) or variants of interest (Vols) by the WHO. Each
of these variants possesses defining mutations within their spike glycoproteins. In chapter 3 we
provided a comprehensive analysis of mutations falling within the RBD, finding overall a balance
between increasing ACE2 binding affinity and enabling antibody evasion. However, variant spike
proteins harbour numerous mutations in addition to those within the RBD. Importantly, all major
variants possess mutations within the NTD, a site of antigenic significance as revealed in chapter
2 and by several major studies'®"1%, Therefore, in this chapter we aim to evaluate the impact of
the totality of mutations within each variant spike protein on structure, function in ACE2 binding,
and recognition by antibodies. Given the mutational variation observed in SARS-CoV-2 variant
spike proteins, we additionally aim to identify any conserved epitopes that may confer broad

neutralization of circulating variants.
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Figure 4.1. Timeline of SARS-CoV-2 variants. (a) Global frequencies for SARS-CoV-2
variant sequences deposited in the GISAID database. (b) Chronological timeline of SARS-CoV-
2 variant emergence. Experiments in this chapter were all completed by June 2022 and do not
include variants that emerged after.

4.2 Results and Discussion
4.2.1 Studies on “First Generation” Variant Spike Proteins

This chapter will take a chronological approach to characterizing variant spike proteins as we
responded to groups of emerging variants in real time. We will first group our efforts to
characterize the “first generation” variant spike proteins (those that emerged between 2020-2021)
(Figure 4.1, Figure 4.2) before proceeding to the Omicron generation spike proteins which began

emerging in late 2021 and into 2022 (Figure 4.1).
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Figure 4.2. Spike protein mutations present within selected “first generation” variants
studied in this chapter. Relevant features are indicated: SP, signal peptide; NTD, N-terminal
domain; RBD, receptor binding domain; RBM, receptor binding motif; FP, fusion peptide; HR1,
heptad repeat 1; HR2, heptad repeat 2; TM, transmembrane domain; CT, cytoplasm domain.
RBD mutations are coloured.

4.2.1.1 Receptor Binding by Variant Spike Proteins

To investigate the ACE2 binding potential of SARS-CoV-2 variant spikes, recombinant S protein
ectodomains bearing variant spike mutations were used in biolayer interferometry (BLI)
experiments. While the Kappa spike protein showed comparable ACE2 binding compared to the
D614G spike protein, all other mutant spikes exhibited modest increases in ACE2 binding (Figure
4.3a). In chapter 3 the impact of RBD mutations on ACE2 binding affinity was evaluated, allowing
the identification of enhancing and reducing mutations, which acted in a modular fashion when
combined to represent variant spike proteins. When ranking the relative increases in ACE2 binding

for variant spike proteins bearing full complements of mutations and spike proteins harbouring
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only RBD mutations, there is agreement in the relative ranking (Figure 4.3a), further
demonstrating the modular nature of these mutations. The structural basis for the impacts of these
mutations on ACE2 binding are explored in chapter 3 and will not be considered here. However,
the Kappa variant RBD contains the E484Q mutation, and the Delta variant contains the T478K
mutation, neither of which were included in our previous studies as these variants had not emerged
at the time. To understand the impact of these mutations on ACE2 binding we performed cryo-EM

investigations of the Kappa and Delta variant spike proteins in complex with ACE2.

The focus-refined atomic structure of the Kappa variant S protein in complex with ACE2 reveals
limited structural changes at the RBD-ACE?2 interface (Figure 4.3b). The Kappa variant E484Q
mutation results in the loss of an electrostatic interaction between residue E484 and residue K31
within ACE2, likely resulting in a weaker interaction at this site. However, the enhanced
electrostatic complementarity afforded by the accompanying L452R mutation, seen in chapter 3
and in the Epsilon variant (Figure 4.3a), likely presents a compensatory mutation accounting for
the lost E484-K31 interaction (Figure 4.3c). The combination of these two opposing mutations,
one diminishing ACE2 affinity (E484Q), and the other increasing ACE2 binding (L452R), is
consistent with the unchanged overall affinity of the Kappa S protein—~ACE2 binding interaction
(Figure 4.3a). Precedence for compensatory mutations towards increasing ACE2 affinity while

decreasing antibody binding was shown in chapter 3.

As was seen for the Kappa variant, the Delta variant S protein—~ACE2 complex focus-refined cryo-
EM structure also reveals limited sidechain rearrangement at the RBD-ACE2 interface (Figure
4.3b). The Delta variant lacks the E484Q substitution which preserves the E484—K31 electrostatic

interaction, while the L452R mutation likely increases ACE2 binding by enhancing electrostatic
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complementarity as previously described. Further, the Delta variant lysine substitution at position
478 (T478K) extends its positively charged sidechain towards an electronegative region on ACE2
(centred at position E87) (Figure 4.3c). Therefore, the combination of enhanced electrostatic
complementarity afforded by the L452R and T478K Delta variant substitutions likely accounts for

the moderate increase in ACE2 affinity (Figure 4.3a).

Overall, our analysis of these SARS-CoV-2 variant spike proteins revealed either marginally
enhanced or unchanged ACE2 binding affinities compared to the ancestral Wild-Type D614G
spike protein. Thus, it is unlikely that ACE2 binding affinity alone represents the sole critical
selection pressure for evolution of these variant spike proteins. It is likely that there exists a
required ACE2 binding affinity threshold that must be at least preserved as SARS-CoV-2
undergoes mutational drift. The presence of both ACE2 affinity enhancing and reducing mutations
in variant spike proteins (Beta, Gamma, Kappa) further substantiates the notion of compensatory
mutations that balance ACE2 binding with other aspects of spike protein fitness such as immune

gvasion.
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Figure 4.3. Analysis of ACE2 binding by SARS-Cov-2 variant spike proteins. (a) Fold
increases in ACE2 binding affinities for different spike proteins compared to unmutated D614G
spike measured via biolayer interferometry (BLI). Fold changes for variant spike proteins
harbouring full sets of mutations (top) are compared with those from chapter 3 which
incorporated only RBD mutations (bottom). Fold changes and comparison between these groups
are tabulated on the right. (b) The global and focus-refined cryo-EM structures for the Kappa
and Delta variant S proteins in complex with ACE2. (c) Electrostatic surface potentials for the
wild-type, Kappa and Delta S protein—~ACE2 complexes.

4.2.1.2 Antibody binding and Neutralization of Variant Spike Proteins

We next aimed to assess the antibody evasive properties of the selected variant spike proteins. We
performed antibody binding and neutralisation studies using recombinant variant spike
ectodomains and variant pseudo-typed viruses respectively. First, a panel of previously
characterised monoclonal antibodies targeting epitopes in the spike RBD or NTD were
assessed!04105110127.137.144159 (Figyre 4.4a). S309 and CR3022 are RBD binding, cross-reactive
SARS-CoV-1 directed antibodies. While S309 cross-neutralizes SARS-CoV-2'%°, CR3022 binds
but does not neutralize the SARS-CoV-2 spike protein®®163 Both S309 and CR3022 bind the
SARS-CoV-2 spike protein in regions that do not span any variant mutations. Accordingly,
CR3022 exhibited relatively unchanged binding across the variant spike proteins tested, and S309
bound and neutralized all variant pseudo-types tested although a modest reduction in binding and
neutralization of the Kappa and Delta variants was observed (Figure 4.4b). In chapter 3 we
characterized the mutational sensitivity of abl, ab8, and S2M11 to spikes bearing only RBD
mutations corresponding to those found in the Alpha, Beta, Gamma, and Epsilon variants, and the
current analysis of antibody evasion using spikes bearing full sets of mutations (Figure 4.4b) is
consistent with our previous studies: (1) The N501Y mutation within the Alpha variant reduces
but does not abolish the neutralization potency of abl, while dramatic loss of abl activity is seen

in Beta and Gamma variants due to mutation of K417 to N or T, respectively; (2) The E484K
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mutation abrogates ab8 and S2M11 activity in the Beta and Gamma variants; and (3) the L452R
mutation reduces but does not abrogate activity of S2M11 in the Epsilon variant spike. Total escape
of ab8 was achieved by the E484Q-bearing kappa spike protein, drawing similarity to the effect of
the E484K mutation within the Beta and Gamma variants. In contrast to the complete loss of
S2M11 activity for the E484K-bearing Beta and Gamma variants, binding and neutralisation of
S2M11 was attenuated but not abolished by the E484Q mutation within the Kappa variant,
suggesting tolerance for Q but not K at position 484. Despite falling within the footprint of ab1l,
the T478K mutation within the Delta variant does not result in antibody escape, suggesting

accommodation of this mutation by ab1.

Evasion of NTD-directed antibodies was observed in cases when mutations were either within, or
adjacent to, antibody footprints (Figure 4.4b). The W152C substitution within the Epsilon NTD is
inside the footprints of 4A8 and 4-8, and both antibodies escaped by this variant spike. The Beta
NTD contains a deletion (A242-245) which spans the 4-8 footprint, along with the R261l
substitution spanning both 4A8 and 4-8 footprints, leading to escape from both antibodies. The
footprint of 4A8 and 4-8 spans a deleted site within the Alpha NTD (A144-145) leading to escape.
The Kappa variant spike harbours the E154K mutation which falls within the 4-8 footprint and
evaded both 4-8 and 4A8. The Delta spike contains the R158G mutation which falls within both
NTD directed antibody footprints, along with the deletion of E156, a residue within the 4A8
footprint, and accordingly both antibodies were completely evaded by the Delta spike protein. The
Gamma spike protein uniquely retained susceptibility to both NTD directed antibodies, likely due
to the absence of any NTD mutations falling directly within antibody footprints. Overall, these
direct and allosteric mutational effects are consistent with other structural findings on NTD

rearrangement within these variants'®4-1%” and demonstrate their antibody evasive properties.
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Having characterized monoclonal antibody evasion by variant spikes, we extended our analysis to
include polyclonal antibody escape from human sera. We utilized serum from the cohort
introduced in chapter 2, comparing the ability of these sera to neutralize variant and Wild-Type
(D614G) pseudo-typed viruses. We observed various effects on neutralization escape when sera
samples were assayed using variant spike pseudo-typed viruses, obtaining overall statistically
significant decreases in neutralization efficacy for the Beta, Gamma, and Delta variants relative to

Wild-Type (Figure 4.4c).
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Figure 4.4. Alpha, Beta, Gamma, Epsilon, Kappa, and Delta S proteins exhibit differences
in monoclonal and polyclonal antibody escape. (a) Antibody-binding footprints for
monoclonal antibodies included in the study. Variant S protein mutations falling within each
footprint are highlighted. (b) Fold-changes in antibody binding (top) and pseudovirus
neutralization EC50s (bottom) for each variant spike relative to wild-type (D614G). Antibody
binding was quantified by ELISA. (c) Log-fold EC50 dilutions of patient sera when neutralizing
wild-type and variant spike pseudovirus. Statistical significance was tested via the Wilcoxon
matched pairs test (*p <0.05, ns, not significant)

These results confirm the antibody evasive nature of SARS-CoV-2 spike protein mutations within
the RBD and NTD. While escape of monoclonal antibodies was striking in many cases, variant
spike proteins generally displayed milder extents of escape from polyclonal sera. This is likely due
to the enhanced epitope coverage afforded by multiple antibodies present in these samples and

suggests the potential for broadly neutralizing antibodies against multiple variants.
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4.2.1.3 Overall architecture of variant spike proteins

Having demonstrated mutational effects on antibody evasion and receptor engagement, we next
sought to characterize the structural impacts of variant S protein mutations. To this aim,
ectodomains bearing variant spike mutations were used for cryo-EM structural studies. Global 3D
reconstructions were obtained at resolutions ranging from (2.25-3.16 A) (Figure 4.5), yielding
open trimers with one RBD in the up conformation and 2 RBDs in the down conformation for
Alpha, Beta, Gamma, and Epsilon spike proteins, while the Delta spike protein was resolved with
1 RBD down and weak density for the remaining 2 RBDs, potentially due to averaging of these
domains in both up and down states. The resolutions within the NTD and RBD regions were
insufficient for accurate visualization of mutational impacts within these domains, likely due to
high degrees of conformational heterogeneity. Unexpectedly, we observed a “head-to-head dimer
of trimers” architecture for the Kappa variant spike protein (Figure 4.5). This dimer is mediated
by RBD-RBD contacts between two S protein trimers, with one trimer offset at a 12° angle. This
angle is a result of slightly asymmetric binding at each RBD-RBD contact. As the intrinsic ability
to form such dimers has never been observed for any previous SARS-CoV-2 spike protein or any
other coronavirus spike protein to our knowledge, we focused our structural efforts on resolving

the interface of this unique assembly.
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Figure 4.5. Cryo-EM structures of Alpha, Beta, Gamma, Epsilon, Delta and Kappa spike
glycoproteins. Global cryo-EM maps and models for the Alpha (2.56 A), Beta (2.56 A), Gamma
(2.25 A), Epsilon (2.4 A), Kappa (2.25 A) and Delta (3.16 A) variant S proteins. Mutational
positions are indicated and labeled in red. Mutations that could not be modelled are placed at
the nearest modelled residue.

4.2.1.4 Structural Studies on the Kappa Variant Spike Assembly

Focused refinement of the dimer-of-trimers interaction interface reveals an extensive binding
interface involving all six RBDs (Figure 4.6). Each RBD interacts with two RBDs in the opposite
trimer via two distinct interfaces, henceforth referred to as RBD1 and RBD2 (Figure 4.6 c-d).
Interactions stabilising the RBD1 interface are primarily mediated by van der Waals interactions
and hydrophobic contacts between residues across this interface. Additionally, homo- asparagine-
asparagine and glutamine-glutamine hydrogen bonds at positions 440 and 506, respectively, and a
backbone carbonyl oxygen—amide hydrogen bond between residues 372 and 445 further contribute

to the RBD1 interface (Figure 4.6c).

The second RBD-RBD interface (RBD2), comprises multiple doubly-hydrogen bonded residues,
between residues N487-N450 and between residues N450-Y489/N487 (Fig4.6¢c-d). Additionally,

two homo- glutamine-glutamine hydrogen bonds are present between residues Q493-Q493 and
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Q484-Q484 from each trimer. This latter interaction at position 484 is of particular interest as it is
uniquely mutated from glutamic acid to glutamine (E484Q) in the Kappa variant. Given this unique
substitution and the unique dimer-of-trimers phenotype seen only for the Kappa variant spike (and
not for Alpha, Beta, Gamma, Epsilon and various RBD-mutated spike trimers), we identified

position 484 as likely being crucial for S protein dimerization.

.S Protein 2
\_RBD2

b Focused Refinement

S Protein 2
RBD 1 Footprint |
1 A

S Protein 1 (58

Figure 4.6. The Kappa variant S protein exhibits a novel dimer-of-trimers phenotype. (a)
Side view of the global cryo-EM density map of the Kappa variant dimer-of-trimers complex.
One trimer (S Protein 1, bottom) is displayed in various shades of blue, and the other trimer in
grayscale (S Protein 2, top). (b) Focus-refined cryo-EM density map and fitted atomic model at
the dimerisation interface. (c) Detailed view of the molecular interface between two RBDs in
the grayscale trimer (top) and a single RBD in the blue shaded trimer (bottom). For amino acids
involved in inter-residue hydrogen bonding, the backbone and sidechain atoms are displayed.
Hydrogen bonds are indicated by yellow dashed lines. (d) The top-down view of the region in
panel ¢ is shown. The binding footprints of RBD1 and RBD?2 are indicated by complementary
shading and displaying the sidechain atoms of footprint residues.
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Having identified that residue identity at position 484 likely affects head-to-head S protein
oligomerization, we aimed to further probe the chemical properties at 484 that mediate this
dimerisation. A focused view of the Q484-Q484 hydrogen bond (Figure 4.7a) shows the bond to
be sandwiched by proximal bulky F490 aromatic sidechains. We therefore hypothesised that
charge neutrality at position 484 (as seen in the Q484, but not E484 or the recently emerged K484
S proteins) may be sufficient to reduce charge—charge repulsion at this site and therefore allow
dimerisation. To test this, we performed site-directed mutagenesis to substitute an alanine at
position 484 (Q484A) in the Kappa S protein, purified the trimer, and performed structural studies.
The cryo-EM reconstruction of Q484A spikes revealed no evidence of dimer-of-trimer assemblies,
consistent with our previous results for wild-type and other variant of concern (VoC) spikes
(Figure 4.7b). We next hypothesised that the homo-glutamine hydrogen bond conferred by the
Q484 sidechain provided an additional contact critical for dimer formation. Accordingly, we
introduced the amino acid isoleucine at position 484, which possesses a branched aliphatic
sidechain capable of providing hydrophobic packing contacts. The cryo-EM reconstruction
yielded a dimer-of-trimers phenotype for the Kappa + Q4841 S protein variant, yet, with a reduced
number of picked particles comprising the dimer class (46%), relative to the original Kappa variant
with Q484 (74%) (Figure 4.7b-c). The Kappa and Kappa + Q4841 dimer-of-trimers are structurally
very similar, with RMSD values of 0.262 A and 0.705 A for the global and focus-refined atomic
models, respectively. The oligomerization state of S proteins harbouring charged residues at 484
(E484, K484), along with the Q484A and Q4841 mutations demonstrate that abrogation of charge
at position 484 is necessary but not sufficient to permit dimerisation. Rather, a combination of
charge neutralisation and additional contacts enabled by sidechains at position 484 is required for

S protein dimerisation.
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An analysis of the electrostatic surface potential at position 484 of the RBD reveals a unique
property of the Kappa variant that may explain its propensity to dimerise. Figure 4.7d shows that
the wild-type/Alpha/Delta variants and the Beta/Gamma variants may be binned into
electronegative and electropositive surfaces at position 484, respectively, which would result in
charge—charge repulsion if these variant S proteins were to dimerise in the same manner as the
Kappa variant. The Kappa variant uniquely has an absence of charge at position 484 in its S
protein, as reflected in the neutral surface potential shown in Figure 4.7d, consistent with its

distinguishing ability to form head-to-head dimers.
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Figure 4.7. Impact of residue identity at position 484 on S protein oligomerization.
(a) Detailed view of the Kappa (B.1.617.1) dimer-of-trimers cryo-EM density map and fitted
model at the Q484-Q484 interaction site. The hydrogen bond formed between Q484 residues
located in different S ectodomain trimers (S protein 2 RBD 2 in black, and S protein 1 RBD 1
in cyan) is indicated with a yellow dashed line. (b) Cryo-EM density maps for the
Kappa + Q484A and Kappa + Q4841 mutated S proteins. (¢) Summary table of the proportion of
dimerised particles in S proteins harbouring mutations at position 484. Asterisks indicate
structures reported in chapter 3. (d) E484, K484, and Q484 RBD electrostatic surface potentials
highlighting the surface potentials at position 484. The E484 surface potential was generated
using the wild-type (D614G)+ ACE2 focus-refined atomic model from chapter 3. The K484
surface potential was generated using the D614G +N501Y + E484K focus-refined atomic
model from chapter 3. The Q484 surface potential was generated using the Kappa + ACE2
focus-refined atomic model.
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Our synthetic mutation of Q4841 in the Kappa variant background, which also resulted in
dimerisation, suggests that the SARS-CoV-2 S protein may be a single amino acid substitution
away from exhibiting this dimer-of-trimers phenotype. However, an analysis of mutational
frequency at position 484 in globally deposited sequences reveals that only E484, K484 and Q484
S protein genotypes have ever been present at >1% of total deposited sequences, suggesting limited
mutational flexibility at this position (Figure 4.8). We found this head-to-head dimerisation to be
concentration-dependent, with no evidence of dimerisation in experiments conducted at
<0.05 mg/mL during negative-stain electron microscopy (Figure 4.9). Thus, we hypothesise that
if local spike concentrations reach high enough concentrations to dimerise at any point during the
SARS-CoV-2 cell entry, replication and packaging events, this dimerisation phenomenon could
have biological implications. When considering membrane-embedded S protein dimerisation,
cryo-electron tomography results®>% suggest that the S protein adopts angles relative to the viral
membrane that would be incompatible with intra-virion S protein dimerisation, therefore if
dimerisation were to take place in physiological and membrane-embedded contexts, it would likely

be limited to between viral particles (inter-virion).

Frequencies (colored by genotype at S pos 484)

100%
BO%
60%
0%

20%

Sept 2020 Oct 2020 Nov 2020 Dec 2020 Jan 2021 Feb 2021 Mar 2021 Apr 2021 May 2021 Jun 2021 2021 Aug 2021

Figure 4.8. Amino acid frequency at position 484 in global sequence deposits for the SARS-
CoV-2 spike protein. Residue frequency was derived from the Global Initiative on Sharing Avian
Influenza Data (GISAID) database between September 2020 and August 2021.

119



10 nm
e——

Figure 4.9. The Kappa (B.1.617.1) variant S protein ectodomain reveals no dimerization
under negative stain electron microscopy conditions. (a) Two representative micrographs
selected from the total dataset (1467 micrographs) for the Kappa (B.1.617.1) variant S protein
ectodomain. (b) All 2D class averages derived from the micrographs as represented in (a). (¢) The
ten most highly populated 2D class averages from (b).
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While future studies will be required to assess the potential biological relevance — if any — of the
reported dimerisation of spike trimers, we speculate here on some mechanisms by which dimerised
S proteins could theoretically result in increased or decreased viral fitness. Firstly, head-to-head S
protein dimerisation buries much of the antibody-accessible surface area of the RBD (the
predominant target of neutralising antibodies) and could shield this otherwise vulnerable
neutralisation site'®’. Secondly, dimerised spikes - in the same manner as reported for the Kappa
variant - would be unable to engage the ACE2 receptor and therefore not be able to enter host cells
through the ACE2-dependent cell-entry pathway. These first two competing mechanisms resulting
in increased and decreased viral fitness, respectively, could favour a spike protein with a finely
tuned balance of dimerisation potential to both mask neutralising epitopes, but also to readily
dissociate and permit engagement of ACE2. To this second point, we verified that the Kappa S
protein dimer-of-trimers complex is labile enough to still permit ACE2 binding through our
experimental derivation of the ACE2 bound structure. We saw no evidence of S protein dimer-of-
trimer formation in our cryo-EM images upon introducing a modest excess of ACE2 (~1:1.25 S
protein trimer : ACE2 molar ratio), despite an identical S protein concentration which resulted in
the dimer-of-trimers reconstruction. Interestingly, two recent publications have independently
described potent neutralising nanobodies with propensities to induce S protein dimers'®316°, While
the exact mode of neutralisation for these nanobodies remains unclear, this may suggest that S
protein dimerisation has negative impacts on viral fitness. Further studies to elucidate the
biological implications, if any, of this dimerisation phenomenon are therefore highly relevant in

the rapidly evolving SARS-CoV-2 variant landscape.
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4.2.2 Studies on the Omicron Lineage Spike Proteins

The studies up to this point have characterized the “first generation” variant spike proteins (Alpha,
Beta, Gamma, Epsilon, Kappa, Delta). We now move to our efforts on the Omicron variant sub-
lineages (BA.1 and BA.2) and their spike proteins. Sub-lineages will be addressed in chronological
order of emergence, presented in the adapted form of 2 consecutive manuscripts. In the first
manuscript the term Omicron is used to designate the initial BA.1 sub-lineage as no other sub-

lineages had emerged at the time.
4.2.2.1 Studies of the Omicron (BA.1) Spike Protein

The Omicron (B.1.1.529) variant of SARS-CoV-2, first reported in November 2021, was quickly
identified as a variant of concern with the potential to spread rapidly across the world. This concern
was heightened because the Omicron variant quickly began circulating even among doubly

vaccinated individuals.

The Omicron variant has 37 mutations (Figure 4.10a) in the spike protein relative to the initial
Wuhan-Hu-1 strain, with 15 of them present in the RBD*". In comparison, the Delta variant, which
was the predominant SARS-CoV-2 lineage until the emergence of Omicron, has only seven
mutations in the spike protein relative to the Wuhan-Hu-1 strain, with only two mutations falling
within its RBD. Of the Delta spike protein mutations, two [T478K (Thr*®—Lys) in the RBD and
D614G (Asp®4—Gly) at the C terminus of S1] are shared with the Omicron strain. Analysis of the
sequence of the Omicron genome suggests that it was not derived from any of the variants
circulating at the time and may have had a different origin'®. Currently, the two most likely
hypotheses surrounding the origins of the Omicron variant are zoonotic transmission from a mouse

adapted SARS-CoV-2 lineage!’?, and evolution within immunocompromised individuals'’173,
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Cryo-EM structural analysis of the Omicron spike protein ectodomain shows that the overall
organization of the trimer is similar to that observed for the ancestral strain and all earlier variants
besides kappa (Figure 4.10b). The RBD in one of the protomers (protomer 1) is well-resolved and
is in the down position, whereas the other two RBDs are less well-resolved because they are
flexible relative to the rest of the spike protein polypeptide. Similarly, the amino terminal domain
(NTD) is poorly resolved, reflecting the dynamic and flexible nature of this domain. The mutations
in the Omicron variant spike protein are distributed both on the surface and the interior of the spike
protein (Figure 4.10c), including the NTD and RBD regions. The mutations in the RBD are
predominantly distributed on one face of the domain (Figure 4.10d), which spans regions that bind

ACE?2 as well as those that form epitopes for numerous neutralizing antibodies’.
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Figure 4.10. Cryo-EM structure of the Omicron spike protein. (a) A schematic diagram
illustrating the domain arrangement of the spike protein. Mutations present in the Omicron
variant spike protein are labeled. RBM, receptor binding motif. (b) Cryo-EM map of the
Omicron spike protein at 2.79-A resolution. Protomers are colored in different shades of
purple. (c) Cryo-EM structure of Omicron spike protein indicating the locations of modeled

mutations on one protomer. (d) The Omicron spike protein RBD shown in two orthogonal
orientations with Ca positions of the mutated residues shown as red spheres.

The Omicron variant shares RBD mutations with previous variants of concern [K417N
(Lys*"—Asn), T478K, and N501Y (Asn®*—Tyr)]. As shown in chapter 3, the N501Y and K417N
mutations impart increased and decreased ACE2 binding affinities, respectively, and these
mutational effects preserve the same general impact on ACE2 affinity when present in isolation or
in combination with other RBD mutations. However, the Omicron RBD contains additional

mutations, most of which have been shown to decrease receptor binding in a high-throughput
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assay'’, with the exception of G339D (Gly**°—Asp), N440K (Asn*®—Lys), S447N
(Ser**’— Asn), and Q498R (GIn*®— Arg)*"1*, To measure the impact of Omicron spike protein
mutations on human ACE2 binding affinity, we performed surface plasmon resonance (SPR)
studies and compared the resulting apparent binding affinities (Kp,app) to wild-type and Delta spike
proteins (Figure 4.11). “Wild type” is used in this work to refer to the ancestral Wuhan-Hu-1 strain
with the addition of the D614G mutation. Although the Omicron spike protein exhibits a
measurable increase in apparent affinity for ACE2 relative to the wild-type spike protein, the
apparent ACE2 affinity is similar for both the Delta and Omicron variants (Figure 4.11d). Despite
harboring several RBD mutations that decrease ACE2 binding, the preservation of overall ACE2
binding affinity for the Omicron spike protein suggests there are compensatory mutations that
restore higher affinity for ACE2, similar to those explored in chapter 3. Such mutational effects

should be possible to visualize in a high-resolution structure of the spike protein~ACE2 complex.
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Figure 4.11. SPR analysis of the wild-type, Delta, and Omicron spike protein affinities
for human ACE2. (ato c) Representative traces of single-cycle kinetic analyses of spike
protein—~ACE2 binding. The raw data (black) is fit (red) to a model using a 1:1 binding
stoichiometry from which apparent dissociation constants were derived. The curves were
obtained by injecting 6.25, 31.25, 62.5, 125, and 250 nM of each spike protein in successive
cycles. RU, response units; WT, wild type. (d) Quantitation of apparent dissociation
constants (Kp,app) for the wild-type, Delta, and Omicron spike protein—ACE2 interactions.
The standard deviation obtained from at least three technical replicates is shown. Horizontal
dotted lines are plotted for mutants carrying only K417N (top) or N501Y and E484K
(Glu**—Lys; bottom) mutations to demonstrate the range of this assay. A Tukey’s multiple
comparisons test was performed on the wild-type, Delta, and Omicron binding affinities
(*P < 0.05; ns, not significant). A table highlighting the fold changes in Kp app for the Delta
and Omicron spike protein—ACE2 interactions relative to wild type is shown.
Cryo-EM structural analysis of the human ACE2-Omicron spike protein complex shows strong
density for ACE2 bound to the RBD of one of the protomers in the up position (Figure 4.12a).
Weaker density is observed for a second bound ACEZ2, suggesting partial occupancy of a second
RBD under our experimental conditions. We focus on the structure of the ACE2-spike protein
interface in the most strongly bound ACE2 molecule. Focused refinement of the RBD-ACE2
region resulted in a density map with a resolution of 2.66 A at the spike protein-ACE2 interface
(Figure 4.12b), allowing the visualization of side chains involved in the interface (Figure 4.12c).
In Figure 4.12d-f, we compare the key interactions at this interface in the Omicron variant with
corresponding interactions for the Delta variant. In the Delta variant-ACE2 complex, there are

hydrogen bonds formed by residues Q493 and Q498 on the spike protein with residues E35 (E,

Glu) and Q42, respectively, on ACE2 (Figure 4.12d). In the Omicron variant, three mutations are
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observed in this stretch: Q493R (GIn**®—Arg), G496S (Gly**®*—Ser), and Q498R. Residue R493
replaces the hydrogen bond to ACE2 residue E35 with a new salt bridge, whereas residue R498
forms a new salt bridge with ACE2 residue D38 while maintaining a hydrogen bond interaction
with ACE2 residue Q42. RBD residue S496 adds a new interaction at the interface by forming a
hydrogen bond with ACE2 residue K353 (Figure 4.12d). Additionally, the mutated residue Y501
in the Omicron RBD makes m-stacking interactions with Y41 in ACE2, as previously seen in the

Alpha (B.1.1.7), Beta (B.1.351), and Gamma (P.1) variants and in chapter 3.

These new interactions are offset by the loss of a key salt bridge between spike protein residue
K417 and ACE2 residue D30 that is present in the Delta variant (Figure 4.12f). In isolation, the
K417N mutant displays reduced ACE2 binding affinity (Figure 4.11d and as discussed in chapter
3), but our findings suggest that the new mutations in the Omicron interface have a compensatory
effect on the strength of ACE2 binding, providing an explanation for the similar ACE2 binding

affinities that are observed (Figure 4.11).
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Figure 4.12. Cryo-EM structure of the Omicron spike protein~ACE2 complex.

(a) Cryo-EM map of the Omicron spike protein in complex with human ACE2 at 2.45-A
resolution after global refinement. The three protomers are colored in different shades of
purple, and the density for bound ACEZ2 is colored in blue. (b) Cryo-EM map of the Omicron
spike protein RBD in complex with ACE2 at 2.66-A resolution after focused refinement.
The boxed area indicates the region highlighted in (c). (c) Cryo-EM density mesh at the
Omicron spike protein RBD—ACE2 interface, with fitted atomic model. Yellow and red
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dashed lines represent new hydrogen bonds and ionic interactions, respectively. (dto f)
Comparison of the RBD-ACE2 interface between the Omicron (top) and Delta (bottom)
variants. Compared with the Delta variant, new interactions are formed as a result of the
mutations Q493R, G496S, and Q498R (d) and local structural changes owing to the N501Y
and Y505H (Tyr*®—His) mutations (€) present in the Omicron variant. The salt bridge
between Delta RBD K417 and ACE2 D30 that is present in the Delta variant spike protein
but lost in the Omicron variant is highlighted in (). Yellow and red dashed lines represent
hydrogen bonds and ionic interactions, respectively.
We next investigated the effects of Omicron mutations on neutralization by (i) a selection of
monoclonal antibodies, (ii) sera obtained from 30 doubly vaccinated individuals with no prior
history of COVID-19 infection, and (iii) sera obtained from a set of 68 unvaccinated convalescent
patients who recovered from infection with either the Alpha, Gamma, or Delta variants. (A
summary of patient demographics is in tables 4.1 and 4.2). We performed neutralization
experiments using pseudoviruses that incorporate the wild-type, Delta variant, or Omicron variant
spike proteins and compared the ability of these pseudovirions to evade antibodies. We compare
evasion relative to the Delta variant, given that the Omicron variant rapidly supplanted the Delta

variant in global prevalence, and to wild-type SARS-CoV-2, given that most SARS-CoV-2

vaccine immunogens at the time were based on this sequence.

We used a panel of neutralizing monoclonal antibodies that include four RBD-directed antibodies
(abl, ab8, S309, and S2M11) and two NTD-directed antibodies (4-8 and 4A8) to investigate the
impact of Omicron RBD and NTD mutations on monoclonal antibody escape. In contrast to wild-
type SARS-CoV-2 and the Alpha (B.1.1.7), Gamma (P.1), Kappa (B.1.617.1), and Delta
(B.1.617.2) variants studied earlier in this chapter, the Omicron variant could not be completely
neutralized at maximum concentrations of five of the six antibodies tested (Figure 4.13a). The loss
of neutralizing activity for both the NTD-directed antibodies (4-8 and 4A8) against Omicron is

likely due to the A144-145 deletion, which falls within the footprint of both of these antibodies
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(Figure 4.13b). The escape from RBD-directed antibodies S2M11, ab8, and abl is likely due to
the numerous Omicron mutations that lie within their respective footprints (Figure 4.13b). By
contrast, S309 (the precursor to the clinical monoclonal antibody sotrovimab for treatment of
COVID-19) was able to fully neutralize the Omicron variant, consistent with previous reports that
show retained binding and neutralization capacity of S309 despite a mild decrease in potency’>
177 Given that that the only differences between S309 and sotrovimab are within the FC region
(which was engineered for enhanced FC receptor binding in sotrovimab), this result suggests that
sotrovimab will likely retain efficacy against the Omicron variant. The unusually high number of
mutations in the Omicron variant spike protein thus appear to confer broad antibody escape relative

to previously emerged variants of SARS-CoV-2.
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Table 4.1. Summary of doubly vaccinated donor demographics

Days between |Days between
Sample ID Sex Age (Years) 1st dose and Ist dose and 2nd

serum collection [dose
81101 M 72 93 21
81102 F 85 98 17
81103 M 80 97 25
81106 F 63 107 17
81107 F 58 166 62
81108 F 67 154 27
81109 F 82 107 22
81110 F 50 197 153
81111 F 31 113 19
Q81112 F 33 148 39
81113 F 33 162 121
81114 F 37 136 33
81115 M 31 98 21
81116 F 35 156 112
81117 F 30 159 117
81201 F 54 93 15
81202 F 74 83 21
81203 F 31 86 16
81204 F 31 144 46
82101 M 57 133 21
82102 M 89 96 14
82103 M 73 88 23
82104 M 70 74 15
82105 F 89 81 15
83001 M 62 88 20
83002 F 43 97 22
84001 F 60 75 16
84003 F 52 79 15
84004 M 65 85 21
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Table 4.2 Summary of convalescent donor demographics

Sample ID {?;ficz:ri]rt]g Sex Age (Years) ([j)r?x post infection to serum
B117-1 B.1.1.7 F 38 25
B117-10 B.1.1.7 M 53 15
B117-11 B.1.1.7 M 47 16
B117-13 B.1.1.7 M 59 17
B117-14 B.1.1.7 F 42 16
B117-15 B.1.1.7 F 37 29
B117-16 B.1.1.7 F 38 20
B117-17 B.1.1.7 M 49 19
B117-18 B.1.1.7 M 57 16
B117-19 B.1.1.7 M 34 o4
B117-22 B.1.1.7 F 13 58
B117-23 B.1.1.7 M 50 17
B117-24 B.1.1.7 M 53 36
B117-25 B.1.1.7 M 30 21
B117-27 B.1.1.7 F 28 23
B117-3 B.1.1.7 M 55 15
B117-32 B.1.1.7 M 31 42
B117-36 B.1.1.7 M 50 21
B117-4 B.1.1.7 M A7 20
B117-45 B.1.1.7 M 35 27
B117-47 B.1.1.7 M 37 15
B117-5 B.1.1.7 M 18 22
B117-53 B.1.1.7 F 31 38
B117-55 B.1.1.7 F 68 59
B117-6 B.1.1.7 M 43 22
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B117-7 B.1.1.7 M 16 16
B117-8 B.1.1.7 F 38 21
B1617-100 |AY.25 F 34 33
B1617-101 |B.1.617.2 |F 54 18
B1617-104 |AY.25 F 22 36
B1617-105 |B.1.617.2 |F 28 32
B1617-109 |AY.27 F 28 46
B1617-111 |AY.27 M 67 21
B1617-113 |AY.27 F 26 19
B1617-2 B.1.617.2 37 27
B1617-35 |B.1.617.2 |F 31 17
B1617-40 |B.1.617.2 |F 79 115
B1617-51 |B.1.617.2 |F 25 S7
B1617-52 |B.1.617.2 |F 16 14
B1617-55 |[B.1.617.2 |F 27 29
B1617-57 |B.1.617.2 |F 36 27
B1617-60 |B.1.617.2 |F 60 22
B1617-61 |B.1.617.2 M 31 25
B1617-62 |B.1.617.2 |F 44 20
B1617-66 |[B.1.617.2 |F 22 14
B1617-69 |[B.1.617.2 M 28 40
B1617-70 |B.1.617.2 |F 25 37
B1617-74 |B.1.617.2 M 50 20
B1617-83 |AY.25 F 40 15
B1617-84 |AY.27 M 36 39
B1617-85 |AY.25 F 19 17
B1617-88 |AY.25 F 21 24
B1617-92  |AY.25 F 39 26
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B1617-96  |AY.27 M 25 37
B1617-97 |AY.25 M 47 42
P1-10 P.1 M 38 23
P1-11 P.1 F 35 44
P1-12 P.1 F 24 37
P1-13 P.1 M o6 32
P1-2 P.1 M 35 21
P1-24 P.1 M 49 29
P1-26 P.1 F 21 18
P1-3 P.1 F 14 26
P1-30 P.1 F 95 25
P1-37 P.1 F 32 62
P1-38 P.1 F 27 60
P1-6 P.1 n/a 29 25
P1-7 P.1 M 28 31
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Figure 4.13. Monoclonal antibodies and vaccinated and convalescent patient-derived
sera exhibit decreased Omicron neutralization potency. (a) Maximum neutralization
achieved by the indicated monoclonal antibodies against wild-type and Omicron
pseudoviruses (n = 3 technical replicates). Error bars denote standard deviation of the mean.
(b) Antibody binding footprints for the monoclonal antibodies tested in this study. Omicron
spike protein mutations that fall within each antibody footprint are labeled. (¢) Log-fold 50%
effective concentration (EC50) dilutions for vaccinated and convalescent patient sera for
either wild-type (WT) versus Omicron variant pseudoviruses (top) or Delta versus Omicron
variant pseudoviruses (bottom). (d) As in (c) but with a breakdown of the convalescent
patients into previous infection with Delta, Alpha, or Gamma variants of concern. A pairwise
statistical significance test was performed using the Wilcoxon matched pairs test (*P < 0.05;
**P <0.01; ***P <0.001; ****P <(0.0001). The fold change in the geometric mean between
the two groups is shown in red at the top of each plot.
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Sera from either vaccinated or convalescent donors exhibited potent neutralization of wild-type
pseudoviruses; sera from convalescent patients displayed, on average, a 6.3% decrease in ability to
neutralize the Omicron variant relative to wild type (Figure 4.13c, top). Sera from the vaccinated
cohort also displayed reduced neutralization ability (4.4x decrease on average) with a wider
variation driven by some individuals that showed greater loss of neutralization ability against
Omicron. The comparison of change in neutralization potential between the Delta and Omicron
variants is perhaps more relevant given the previous worldwide dominance of the Delta variant.
Sera from convalescent patients shows an even greater drop in neutralization potency relative to
the Delta variant (8.2x decrease), whereas the vaccinated group also shows reduction in potency,

although to a lesser extent (3.4x decrease) (Figure 4.13c, bottom).

A finer analysis of the unvaccinated convalescent cohort stratified into those who recovered from
infection with either the Delta, Alpha, or Gamma variants (Figure 4.13d) highlights the reduction
in neutralization potency against the Omicron variant relative to the Delta variant in all
populations, with especially notable drops for patients who recovered from infection with the

earlier Alpha and Delta variants.

The large number of mutations on the surface of the spike protein, including the immunodominant
RBD, would be expected to help the virus escape antibodies elicited by vaccination or prior
infection. It is interesting that the Omicron variant evolved to retain its ability to bind ACE2
efficiently despite these extensive mutations. The cryo-EM structure of the spike protein—ACE2
complex provides a structural rationale for how this is achieved: Interactions involving the new
mutations in the Omicron variant at residues 493, 496, 498, and 501 appear to restore ACE2
binding efficiency that would be lost as a result of other mutations such as K417N. The Omicron

variant thus appears to have evolved to selectively balance an increase in escape from
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neutralization with its ability to interact efficiently with ACE2, consistent with the findings
described in chapter 3. The increase in antibody evasion and the retention of strong interactions at
the ACE?2 interface are thus factors that likely contribute to the increase in transmissibility of the

Omicron variant.
4.2.2.2 Studies on the Omicron BA.2 Spike Protein

Having characterized the initial BA.1 Omicron variant we now shift focus to the BA.2 sub-lineage
spike protein. Initially, five sub-lineages of Omicron were identified as BA.1, BA.2, BA.3, BA 4,
and BA.5. Lineages BA.1 and BA.1.1—a further sub-lineage of BA.1 that differs only by an
additional R346K mutation in the spike (S) protein—comprised the vast majority of Omicron
infections in late 2021 (Figure 4.14a)'7°. In early 2022, however, BA.2 infections began increasing
and displacing the BA.1 lineages, with BA.2 constituting the majority of SARS-CoV-2 infections
by March. The S protein mutational profile of sub-lineage BA.3 resembles the BA.1 mutational
profile most closely, yet this variant never exceeded 1% of global SARS-CoV-2 infections at the
time of study. The BA.4 and BA.5 sub-lineages share identical S protein mutations, which differ
from the BA.2 S protein by only a few mutations (A69/70, L452R, and F486V), with these lineages
combining to comprise less than 20% of global infections by the end of May 2022 (Figure 4.14a).
BA.2 shares many S protein mutations with BA.1 with the exception of a number of unique
mutations in the receptor-binding domain (RBD) and amino-terminal domain (NTD) (Figure
4.14b). Given the functional importance of the RBD and NTD in receptor engagement and their
susceptibility to vaccine-elicited neutralizing antibodies, we sought to understand the molecular

consequences of BA.2 S protein mutations within these two domains.
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Figure 4.14. Global prevalence and S protein mutations of the Omicron sub-lineages. (a)
Global prevalence of Omicron sub-lineages BA.1, BA.1.1, and BA.2 from November 2021 to
March 2022. Only Omicron sub-lineages surpassing 1% global frequency are displayed.
Sequence data were downloaded from the Global Initiative on Sharing All Influenza Data
(GISAID) and graphed as weekly prevalence. (b) SARS-CoV-2 spike (S) protein amino acid
sequence boxplots for the wild-type (D614G), BA.1/BA.1.1, and BA.2 Omicron sub-lineages.
The BA.1.1 lineage is identical to BA.1 with the exception of an additional R346K mutation.
NTD, N-terminal domain; RBD, receptor-binding domain; RBM, receptor-binding motif.

(c) Cryo-EM-derived atomic model of the BA.2 S glycoprotein. Each S protein protomer is
colored in different shades of blue. The locations of modeled amino acid mutations are shown
as spheres on one protomer. BA.1-, BA.1.1-, and BA.2-specific mutations are colored in
magenta, light magenta, and purple, respectively. Shared mutations across BA.1, BA.1.1, and
BA.2 sub-lineages are colored in gray.
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cryo-EM structural analysis of the BA.2 S protein ectodomain (Figure 4.14c) reveals preserved
overall architecture compared with the wild-type S, BA.1 S, and other previously emerged SARS-
CoV-2 variant S structures besides the Kappa variant which was described earlier in this chapter.
Similar to our observations for the BA.1 S trimer, the RBD of a single protomer within the BA.2
trimer is well resolved in the up position, with poor densities for the other 2 RBDs demonstrating
flexibility of these regions relative to the rest of the trimer. This suggests a dynamic nature of the

BA.2 RBD.

The unique BA.1 G496S mutation, which is the sole differentiating mutation between BA.1 and
BA.2 within the receptor-binding motif, added a new hydrogen bonding interaction with human
ACE2 (hACE2) residue K353 (Figure 4.12). We measured the affinity of the BA.2 S protein
ectodomain or RBD binding to hACE2 using three different surface plasmon resonance
approaches: (1) measurement of binding of dimeric hACE2 to immobilized WT, BA.1, and BA.2
RBDs (Figure 4.15a); (2) measurement of binding of WT, BA.1, and BA.2 RBDs to immobilized
dimeric hACE2 (Figure 4.15b); and (3) measurement of binding of WT, BA.1, and BA.2 S protein
ectodomains to immobilized dimeric hACE2 (Figure 4.15c). Collectively, these measurements
reveal increased binding affinity of the BA.2 S protein to hACEZ2 relative to WT and is comparable

to the increased binding affinity observed for BA.1.
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Figure 4.15. Binding affinity and cryo-EM structure of the Omicron BA.2 S protein-human
ACE2 complex. (a) Surface plasmon resonance experiments measuring dimeric human ACE2
(hACE2) binding to immobilized wild-type (WT), BA.1, and BA.2 RBDs, performed in
technical triplicates. Summary data are shown at the top with representative surface plasmon
resonance (SPR)-binding curves (colored solid line), and fitted 1:1 binding models (black
dashed line) are shown on bottom. (b) As in (a) but measuring WT, BA.1, and BA.2 RBDs
binding to immobilized dimeric hACE2, performed in at least technical quadruplicates. (c) As
in (a) but measuring WT, BA.1, and BA.2 ectodomains binding to immobilized dimeric hACE2,
performed in at least technical duplicates. The WT and BA.1 data in (c) were taken from figure
4.11d. Pairwise statistical significance test was performed using a one-way ANOVA test (*p <
0.05; #xp < 0.01; *x*p < 0.001; ***xxp < 0.0001, ns, not significant).

(d) Focus-refined cryo-EM density map and fitted atomic model of the BA.2 RBD in complex
with hACE2 at 2.8 A. (e) Aligned atomic models of hACE2 bound to BA.1 and BA.2 RBDs.
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The BA.1 RBD (PDB: 7T9L) and complexed hACE2 atomic models are shown in magenta and
dark blue, respectively. The BA.2 RBD and complexed hACE2 atomic models are shown in
purple and light blue, respectively. (f) Atomic model of the BA.1 S protein-hACE2 complex,
focused on residue S496. The hydrogen bonding interaction between BA.1 S protein residue
S496 and hACE?2 residue K353 is indicated by an orange dashed line. (g) As in (f) but for the
BA.2 S protein-hACE2 complex, focused on residue G496.

To visualize the structural impacts of BA.2 RBD mutations on hACE2 binding, we performed
cryo-EM analysis of the BA.2 S protein in complex with hACE2 (Figure 4.15d). Structural
alignment of BA.1 and BA.2 RBD-hACE2 complexes demonstrates a high degree of structural
similarity across both the RBDs and hACE2 molecules (0.97 A root-mean-square
deviation; Figure 4.15e). Seven mutations distinguish the BA.1 and BA.2 RBDs—BA.1 contains
S371L, G446S, and G496S mutations and BA.2 contains S371F, T376A, D405N, and R408S
mutations—yet only the G496S mutation makes differential interactions with hACE2 residues
between these two sub-lineages (Figure 4.15f-g). The S496G revertant mutation present in the
BA.2 receptor-binding motif (RBM) no longer makes a hydrogen bonding interaction that is
present in the BA.1 RBD-hACE2 complex. However, the loss of this hydrogen bonding interaction
in the BA.2 variant S does not impart a measurable difference in overall hAACE2 binding (Figure
4.15a-c); therefore, we conclude that similar to BA.1, the numerous mutations within the BA.2 S

protein enable enhanced hACE2 affinity relative to the WT S protein.

Given the suggestion that the Omicron variant originated within mice and achieved zoonosis*™, it
is noteworthy that the BA.1 and BA.2 S proteins uniquely exhibit a significant increase in binding
affinity for mouse ACE2 (mACE2) compared with previous SARS-CoV-2 lineages!’5178,
Additionally, increased cell entry relative to WT was observed in authentic BA.1 virus infecting
cells overexpressing mMACE2'"°. Mouse-adapted SARS-CoV-2, generated by the serial passaging

of the virus in mice, reproducibly (across multiple studies) selected for mutations at positions Q493
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and Q49818 \which are mutated sites in the BA.1 and BA.2 Omicron sub-lineages. We first
confirmed the enhanced binding of mMACE2 by the BA.1 and BA.2 ectodomains via ELISA,
showing similar enhancements of mMACE2 binding by both BA.1 and BA.2 relative to WT (Figure
4.16). To provide a structural basis for the increased mACE2 affinity exhibited by both the BA.1
and BA.2 Omicron variants, we solved cryo-EM structures of their S proteins in complex with the
ectodomain of mACE2 (Figure 4.17a-c). mACE2 is observed to be similarly positioned in its
binding of the BA.1 and BA.2 RBDs compared with hACE2 (Figure 4.17a-c). Focused refinement
of the BA.1- and BA.2-mACE2 regions was possible, resulting in 2.8 and 2.7 A local
reconstructions, respectively, and allowing for side-chain placement at the RBD-mACE2
interfaces. As shown for the hACE2 structures, the BA.1- and BA.2-mACE?2 focused refinements
exhibit a high degree of structural similarity relative to one another (0.87 A root-mean-square
deviation), with identical side-chain interactions made at the RBD-mACE?2 interface. In the BA.1
and BA.2 RBD-hACE2-bound structures, the sole differentiating mutation at this interface is the
BA.1-specific G496S mutation, which makes a hydrogen bonding interaction with hACE2 residue
K353. In mACEZ2, position 353 is a histidine residue that is not positioned to hydrogen bond with
S496 (>4.8 A distance) in BA.1, thus the BA.1-specific G496S mutation does not distinguish the
BA.1 and BA.2 variants at the mACE2 interface as it did in hACE2. Our analysis proceeds with
the higher-resolution BA.2-mACE?2 focus-refined structure, with direct parallels possible for the

BA.1-mACE2 structure.
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Figure 4.16. ELISA analysis of mouse ACEZ2 binding by various spike protein ectodomains.
Monomeric mouse ACE2 (residues 1-615) was coated onto wells and serial dilutions of spike
proteins were titrated to assess binding. Experiments were performed in technical triplicate
(n=3) and are shown as points.
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Figure 4.17. Cryo-EM structure of the Omicron BA.2 S protein-mouse ACE2 complex. (a)
Cryo-EM density map of BA.2 S protein in complex with mouse ACE2 at 2.5 A. Mouse ACE2
is shown in green, and protomers of the BA.2 S protein are shown in shades of purple.

(b) Focus-refined cryo-EM density map and fitted atomic model of the BA.2 RBD-mouse ACE2
(MACE2) complex at 2.7 A. (c) Aligned atomic models of the BA.1 and BA.2 RBD-mACE2
complexes. The BA.1 RBD and complexed hACE2 atomic models are shown in magenta and
dark green, respectively. The BA.2 RBD and complexed hACE2 atomic models are shown in
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purple and light green, respectively. (d) Atomic model of the BA.2 RBD-mACE2 complex,

focused on residues Y501 and H505.

(e) As in (d) but focused on residue R493.

(f) Atomic model of the WT RBD-hACEZ2, focused on residues N501 and Y505.

(9) As in (h) but focused on residue Q493.

(h) Atomic model of mMACE2 from the perspective of a binding RBD. Black labels are mACE2

residues, and gray labels denote the interacting residues in a bound RBD. Gold labels denote the

interacting residues in a bound RBD that are mutated in the BA.1 and BA.2 Omicron sub-

lineages.
MACE2 has a high degree of overall amino acid sequence homology with hACE2 (82% identity),
with lower sequence homology (73% identity) at the RBD-interaction interface comprising ACE2
amino acid residues 18-46, 78-91, 324-358, and 392-394!%2, There are two sites within the
Omicron RBD-mACE?2 interface that differ relative to the Omicron RBD-hACE?2 interface. The
first site (Figure 4.17d) involves residue H353 in mACE2 (K353 in hACE2) forming n-n stacking
and hydrogen bonding interactions with Omicron-mutated RBD residues Y501 and H505,
respectively. Both of these interactions are not possible in the WT RBD, which harbors N501 and
Y505 residues at these positions (Figure 4.17f). Site two (Figure 4.17e) involves Omicron-mutated
residue R493 forming a hydrogen bonding interaction with residue N31 of mACE2 (K31 in
hACE2). Across these two sites, we see that non-conserved ACE2 residues between hACE2 and
MACE2 (H353, N31, Q34) are complemented by mutated residues in the Omicron variants,
providing us with the conclusion that the mutations Q493R, N501Y, and Y505H engage non-
conserved ACE?2 residues unique to mACEZ2, rationalizing the enhanced binding of mMACE2 by

the Omicron variant S proteins (Figure 4.17h).

Given that the vast majority of mutational differences between the BA.1 and BA.2 S proteins are
within the immunogenic NTD and RBD regions, we sought to probe the antigenic differences
between these proteins. We first assessed antibody binding of WT, BA.1, and BA.2 S proteins via
ELISA using a small panel of RBD- and NTD-directed antibodies (Figure 4.18a). BA.1 and BA.2
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S proteins exhibited similarly decreased binding by all antibodies compared with the WT S protein,
with a pronounced decrease in BA.2 S binding by S309 compared with BA.1. S309 is the precursor
to the clinical monoclonal antibody sotrovimab, which is the only FDA-approved monoclonal
antibody that retained neutralization capability for the BA.1 variant. Both BA.1 and BA.2 share
N440K and G339D mutations, which are within the S309 epitope, while the sub-lineages are
differentiated by S371L (BA.1) and S371F (BA.2) mutations in an alpha helix close to the N343
glycan, an important feature of the S309 epitope®®°. A recent study showed that the S371F mutation
alone was sufficient to decrease the neutralization potency of S309 by 20-fold, suggesting that this

distal mutation may disrupt the S309-binding epitope via allosteric mutational mechanisms*€2,

Superposition of WT, BA.1, and BA.2 RBDs reveals no prominent structural changes that could
account for this finding, although a shift in the antigenic surface of these domains is evident upon
mapping BA.1- and BA.2-specific mutations (Figure 4.18c-d). There is a distinct shift from the
location of two BA.1-specific RBD mutations to three BA.2-specific RBD mutations, which are

located within the footprints of different patient-derived antibodies.
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Figure 4.18. Antigenic shift of the BA.2 S protein. (a) Percentage of binding of monoclonal
antibodies against the BA.1 and BA.2 S proteins relative to WT as assessed by ELISA,
performed in technical triplicates. (b) Antibody epitopes with the side chains of contacted
residues within the RBD or NTD shown and colored. BA.1- and BA.2-mutated residues are
labeled within the antibody epitopes in magenta and purple, respectively, with shared mutations
labeled in gray. (c) Alignment of WT, BA.1, and BA.2 RBDs, with shared, BA.1-specific, and
BA.2-specific mutations labeled in gray, magenta, and purple, respectively. (d) Alignment of
select patient-derived RBD-directed antibodies on the RBD. CB6, PDB: 7CO01,
REGN10933/REGN10987, PDB: 6XDG; CV2-75, PDB: 7M31; CR3022, PDB: 6YLA. (e)
Side-by side comparison of WT (PDB: 7KRS), BA.1 (PDB: 7TNW), and BA.2 NTDs with a
focused view on the structural rearrangement of the 67-79 loop and N1 antigenic loop. (f)
Alignment of deposited patient-derived NTD-directed antibody atomic models. The labels of
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antibodies that make intermolecular contacts with the N1 and/or 67-79 loop are colored in
orange and/or underlined in green, respectively. The NTD is shown in gray with its N1 loop
highlighted in orange and the 67—79 loop in green. (g) Schematic and BA.2/BA.1 antibody-
binding ratio for domain-enriched (ectodomain, NTD, or RBD) BA.1-convalescent polyclonal
sera. Serum was pooled from 18 BA.1-convalescent patients (16 breakthrough cases and 2
infections in non-vaccinated patients) prior to incubation with either BA.1 ectodomain, NTD, or
RBD to enrich domain-specific BA.1-convalescent antibodies. The samples were washed prior
to quantification of IgG binding by ELISA and plotting of the BA.2/BA.1 ratio of domain-
specific antibody binding. Data are derived from serum from 18 pooled BA.1-convalescent
patients, and the ELISA assays were performed in technical duplicates.

To assess structural differences within the flexible NTD region, we performed focused refinement
on the NTD of the BA.2 S protein and were able to resolve a structure at 2.9 A. In contrast to the
RBD, inspection of the WT, BA.1, and BA.2 NTDs reveals a structural reordering of the
immunodominant N1 loop within the BA.2 NTD (Figure 4.18e). While the N1 region is adjacent
to the loop formed by residues 67—-79 within the WT and BA.1 NTDs, the BA.2 N1 region is
located between both ends of the 67-79 loop as a beta strand within an anti-parallel beta sheet,
resembling a “threading” of the BA.2 N1 region within the 67—79 loop. Given the inability of
proline to contribute favorable hydrogen bonding contacts within beta sheets!®, the structural
rearrangement and ordering of the BA.2 N1 region is likely driven by the loss of two proline
residues due to the BA.2-specific deletion of residues 24-26. This structural threading of the N1
loop is a distinguishing feature of the BA.2 variant and is significant given the inclusion of the N1
loop within the “NTD neutralization supersite”—designated for the propensity of patient-derived
neutralizing antibodies to bind this location'®®. Figure 4.18f shows a comparison of PDB-deposited
structures of patient-derived NTD binding antibodies aligned to a single NTD. From this
alignment, one can see that a significant portion of NTD-binding antibodies contact the N1 and

67-79 loops, which are rearranged in the BA.2 NTD.
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We hypothesized that the mutational changes in the antigenic surface of the RBD along with the
structural reordering of the NTD represent an antigenic drift between the BA.1 and BA.2 S
proteins. To test this, we purified BA.1 S ectodomain-, RBD-, and NTD-specific polyclonal
antibodies from patients with a history of BA.1 infection and assessed the ability of the
immunoglobulin G (IgG) component of these preparations to bind the BA.2 S ectodomain via
ELISA (Figure 4.18g). The 1gG component of all three polyclonal antibody preparations bound
the BA.2 S ectodomain to a lower extent than BA.1. Interestingly, the disparity between BA.2 and
BA.1 S ectodomain binding was greater for both RBD-specific antibodies (~40% decrease in
BA.2 S binding) and NTD-specific antibodies (~60% decrease in BA.2 S binding) relative to
whole S ectodomain-specific antibodies (~20% decrease in BA.2 S binding). This result suggests
that antibodies targeting the BA.1 RBD and NTD are particularly sensitive to mutations within the
BA.2 S protein, demonstrating an antigenic drift between BA.1 and BA.2 lineages that is driven

by S protein RBD and NTD mutations.

To further characterize the antigenic differences between BA.1 and BA.2 spike proteins we
measured the ability of antibodies in patient derived sera from 205 individuals to neutralize
pseudoviruses harboring either the wild-type (WT), BA.1, or BA.2 spike proteins. Patients were
stratified into different exposure groups by vaccination and infection history, with identification

of infecting lineages verified by sequencing for 91% of infected patients (Figure 4.19a-b).

BA.2 and BA.1 spike pseudotyped viruses displayed similar extents of neutralizing antibody
evasion relative to WT in patients with 2 vaccine doses (BA.1: 4-fold reduction in EC50, BA.2: 3-
fold reduction in EC50), as well as in convalescent patients (BA.1: 5-fold reduction in EC50, BA.2:
4-fold reduction in EC50), and in patients with a single vaccine dose and previous infection (BA.1:

6-fold reduction in EC50, BA.2: 5-fold reduction in EC50) (Figure 4.19c). Similar trends were
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observed when further stratifying each of these groups by identity of infecting variants (Figure
4.19d-e), with the exception of BA.1 convalescent patients with no vaccination history. Sera from
these 2 patients exhibited lower neutralization potencies for WT spike bearing pseudovirus relative
to BA.1 or BA.2, consistent with the large antigenic difference between WT and Omicron lineage

spike proteins.

While sera from patients with two vaccine doses and a breakthrough infection exhibited decreased
potencies for the BA.2 pseudotyped virus relative to WT (3-fold decrease in EC50), no statistically
significant reduction in neutralization of BA.1 pseudotyped virus relative to WT was observed
(Figure 4.19c). Stratification of these patients by the identity of infecting variant revealed a small
decrease (3-fold decrease in EC50) in potency for BA.2, with no statistically significant evasion
observed by BA.1 pseudovirus for sera from patients with Delta breakthrough infections (Figure
4.19f). Sera from patients with two vaccine doses and a breakthrough infection with BA.1
exhibited a statistically significant decrease in neutralization of BA.2 pseudotyped virus relative
to WT (3-fold decrease in EC50), but not for BA.1 relative to WT (Figure 4.19f), consistent with
the generation of a BA.l-specific neutralizing antibody response after BA.1 breakthrough
infection. Importantly, sera from these patients neutralized BA.2 pseudovirus less potently on
average than for BA.1 (3-fold decrease), demonstrating an antigenic difference between these
Omicron sub-lineages, consistent with our structural and biochemical analyses which revealed an

antigenic drift between BA.1 and BA.2 spike proteins.
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Figure 4.19. Antibody evasion and cross neutralization of the Omicron BA.2 spike protein.
(@) Summary table detailing patient demographics for each exposure group category. (b)
Schematic outlining exposure group categories in this study. Average time between each
exposure is shown in days. (c) Pairwise comparisons of log-fold 50% effective concentration
(EC50) dilutions for patient sera for either wild-type (WT), BA.1, or BA.2 variant pseudo-
viruses. Aggregate comparisons for each exposure group are shown in (a) while panels (d-f)
stratify samples by infecting variant for each exposure group. Dashed lines represent the limit
of detection and the number of samples which fell below this limit is denoted beneath each
graph. Fold changes in mean titers are shown with 95% confidence intervals in brackets above
statistical descriptors. Pairwise statistical significance test was performed using the Wilcoxon
matched pairs test (*P < 0.05; **P < 0.01; ***P <0.001; ****P <(0.0001). Statistics were only
calculated for groups with 10 or more samples. Data for the neutralization of WT and BA.1
pseudoviruses by sera from the non BA.1 convalescent COVID-19 patients (n=68) and the
Vaccine 2 Doses patients (n = 29) is taken from a figure 4.13 and compared here in this analysis.

Herein, we have conducted a structural comparison of the spike proteins from the original Omicron
BA.1 sub-lineage and the BA.2 lineage that replaced it. We provide a structural basis for the
acquired ability of BA.1 and BA.2 S proteins to engage mACE2, finding Omicron mutations at
the ACE2-binding site to complement non-conserved residues between hACE2 and mACEZ2. This
finding has implications for potential future zoonotic transmission of these variants into mice
reservoirs. As for BA.1, BA.2 exhibits dramatic escape from monoclonal antibodies through direct
mutational effects within the RBD and allosteric mutational effects within the BA.2 NTD, for
which we determined a structural basis. Finally, our discovery that BA.1 convalescent polyclonal
sera exhibits decreased binding for the BA.2 ectodomain, RBD, and NTD relative to BA.1, and
neutralizes BA.2 pseudo-viruses to a lower extent than BA.1, highlights the antigenic difference
between the BA.1 and BA.2 S proteins. Our overarching finding is that the BA.1 and BA.2 S
proteins do not differ greatly with regards to ACE2 binding (human or mouse) yet are distinguished

by the arrangement of their NTDs, with implications for the evasion of serum antibodies.

4.2.3 Broad neutralization of the SARS-CoV-2 spike protein by an unconventional antibody

fragment
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Having demonstrated various extents of antibody escape due to mutational alterations of SARS-
CoV-2 variant spike protein epitopes, we next sought to map out conserved vulnerabilities that
could potentially enable broad targeting of variant spike proteins. We proceed here with our efforts
to characterize a broadly neutralizing antibody fragment with unconventional properties and

identify its molecular epitope on the SARS-CoV-2 spike protein.

VH abb is a phage-display-derived antibody with the unusual biochemical property of exhibiting
enhanced RBD affinity as a monomeric fragment as compared to a bivalent fusion®® and was
recently shown to exhibit tolerance to several circulating RBD mutations'®, We first confirmed
this anomalous property of ab6, showing that the bivalent Vu-Fc fusion has lower neutralization
potency relative to the monovalent Vi construct in both pseudo-typed and live virus neutralization
assays (Figure 4.20 a,c). Note the enhanced affinity of the bivalent Vu-Fc ab8 fusion relative to
VH ab8 as a typical example of increased affinity due to avidity (Figure 4.20b). We next assessed
VH ab6 neutralization of variant spikes, (Figure 4.21a). Ab6 neutralized all variant spike pseudo-
typed viruses but exhibited 9-26-fold decreased potency for Epsilon, Kappa, and Delta and 4- and

3-fold lower potency for the BA.1 and BA.2 Omicron spikes respectively.
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Figure 4.20. Enhanced potency of Vu ab6 compared to Vn-FC ab6. (a) Pseudoviral
neutralization assay comparing neutralization activity of Vu and Vu-FC ab6. (b) Pseudoviral
neutralization assay comparing neutralization activity of Vy and Vu-FC ab8. (c) Live viral
neutralization assay comparing neutralization activity of Vy and Vu-FC ab6. (d) schematic
highlighting the differences between minimal V4 constructs and VVn-FC constructs, adapted from
Li et al'®. All experiments were performed on the ancestral D614G spike protein/virus. Pseudo-
virus neutralization experiments were performed in technical triplicate (n = 3) and data are
shown as points. Live virus neutralization assay was performed in technical singlicate (n = 1)
and data are shown as points.
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Figure 4.21. Ab6 broadly neutralizes SARS-CoV-2 variants via a largely conserved
molecular epitope. (a) Pseudovirus neutralization of SARS-CoV-2 variants by Vy ab,
performed in at least technical triplicate (n = 3), the mean is plotted. (b) 2.4 A global cryo-EM
density map of Vuab6 bound to wild-type S protein. Density corresponding to S protein
protomers and ab6 are shown in grayscale and blue, respectively. (c) ab6 contact zones. The
RBD and ab6 are shown as a gray surface and colorized cartoon, respectively. The ab6 scaffold
is colored purple and complementarity determining regions (CDRs) of ab6 are colored as
follows: CDR1—red; CDR2—qgreen; CDR3—blue. (d) Footprint of ab6. The sidechains of
footprint residues are shown in purple. (e) Overlap of ab6 and ACE2 binding footprints. The
local refined model of the ab6-RBD interface was superposed with the crystal structure of the
ACE2-RBD complex (PDB: 6M0J). ACEZ2 is shown in red while VH ab6 is shown as in c. The
RBD is depicted as a gray surface. Models were aligned using the RBD. Ovals highlight steric
clashing between ACE2 and VH ab6. (f) Detailed view of clashes made by CDR3 and CDR1 of
Vh ab6 with the N terminal helices of ACE2. (g) SPR-based spike protein competition assay
between ACE2 and V1 ab6. Spike protein was loaded onto an SPR chip surface before buffer or
indicated concentrations of Vy ab6 were injected, followed by injection of ACE2-FC. Relative
response units (RUs) are plotted on the Y axis. (h) (Top) Global frequency of residue identity
within the ab6 footprint in GISAID deposited sequences as of May 1st, 2022. (Bottom) Residue
identity at positions 452 and 493 within SARS-CoV-2 variants and Vu ab6 half-maximal
effective concentrations (EC50) from pseudoviral neutralization assays. (i) Focused view
superpositions of the cryo-EM-derived atomic model of the Epsilon (B.1.429) and wild-type
(D614G) S proteins bound to V4 ab6. Epsilon and wild-type RBDs are colored light and dark
gray respectively, while purple and pink models refer to ab6-WT and ab6-Epsilon, respectively.
The R452 mutation is highlighted in red

We next determined the cryo-EM structure of Vi ab6 bound to the WT spike at 2.57 A, showing
that ab6 binds to the RBD in both the up and down positions, via a unique binding mode (Figure
4.21b). Local refinement of the down RBD bound by V4 ab6 enabled visualization of the ab6-
RBD interface at 3.21 A and revealed that the ab6-RBD interaction is dominated by contacts with
the ab6 beta-sheet scaffold, which wraps around the RBD, extending this large interface to include
its CDR2 and CDR3 loops but leaving the CDR1 loop free (Figure 4.21c). This scaffold-mediated
interaction necessitates a near perpendicular angle of approach for ab6 relative to the RBD, which
likely can only be accommodated by a single Vy within a bivalent fusion construct. Furthermore,
accessibility to the Vy scaffold may be limited within a bivalent fusion construct. Thus, the unusual
angle of approach and dominance of scaffold-mediated contacts may account for the lower potency

of the Vy-Fc ab6 construct relative to Vi ab6.



The ab6 footprint involves multiple RBD residues (Figure 4.21d) and overlaps that of ACE2,
consistent with a mechanism of neutralization via ACE2 competition*®® (Figure 4.21¢). The CDR1
and CDR3 loops of ab6 occupy positions that result in clashes with ACE2 upon superposition with
an ACE2-bound RBD, with the CDR3 region directly competing with the amino terminal helix of
ACE2 for RBD binding contacts, while the CDR1 loop poses a steric clash with the second helix
of ACE2 without making RBD contacts (Figure 4.21f). To confirm the ACE2 competitive nature
of ab6 we employed competition ELISA (Figure 4.22) and competitive SPR experiments (Figure

4.219). Both experiments demonstrate the ability of ab6 to compete with ACE2 for spike protein

binding.
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Figure 4.22. ELISA based ACE2 competition assay. The ability of VH ab6 to compete with
the indicated concentrations of ACE2-FC was assessed via competition ELISA experiments.
Experiments were performed in 3 technical replicates (n=3) which are shown as points.
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Analysis of the ab6 footprint reveals the inclusion of L452 and Q493, consistent with the reduced
potencies against the Epsilon, Delta, and Kappa spikes, which harbor the L452R mutation, along
with the BA.1 and BA.2 Omicron sub-lineages which harbor the Q493R mutation (Figure 4.21d,h).
Genomic sequences from the GISAID database confirm the conserved nature of the ab6 epitope,
highlighting the Q493R mutation to have been the only significantly occurring variation in
circulating variants as of May 1st, 2022. (Figure 4.21h). Analysis of the relative neutralization
potencies of L452R and Q493R containing variants suggests that ab6 exhibits greater sensitivity
to the L452R mutation (Figure 4.21h). To uncover the structural basis for the attenuation of ab6
potency by the L452R mutation, we obtained the cryo-EM structure of the Epsilon spike bound to
ab6. Focused refinement enabled visualization of the ab6-Epsilon spike interface at 3 A, revealing
R452 to extend towards the ab6 scaffold (Figure 4.21i). This orientation places the positively
charged R452 sidechain in close proximity to a hydrophobic portion of ab6, centered around F58.
Thus, the reduced potency observed for R452-containing spikes is likely a result of unfavorable
charge and steric effects. The Q493R mutation places R493 in close proximity to the ab6 CDR3
loop, and accommodation of this mutation may involve similar charge and steric penalties which

give rise to the attenuation in ab6 potency against the BA.1 and BA.2 variant spike proteins.

A comparison of ab6 to several other reported RBD-directed V1 domains highlights the unique
epitope and mechanism of binding exhibited by ab6 (Figure 4.23). While V4 fragments ab8%,
H3' and C5'¥ approach the RBD with more acute angles relative to ab6, C1'% and
n3113'88 both exhibit near perpendicular angles of approach involving some scaffold interactions,
similar to ab6. Although the H3 footprint overlaps significantly with that of ab6, it is completely
escaped by mutations within the beta variant spike protein, unlike ab6. C1 binds an epitope distal
to that of ab6 and the ACE2 binding site, yet is able to compete for ACE2 binding due to steric
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effects, whereas n3113 binds an epitope which overlaps with that of ab6 but is non-competitive
with regards to ACE2 binding. The neutralization breadth of n3113 extends to multiple variants®,
consistent with its epitope overlap to that of ab6. Of note, n3113 was shown to bind exclusively to
the RBD in the up conformation*®® in contrast to ab6 which can recognize both down and up RBD
conformations. Thus, distinguishing features of ab6 include its ability to adopt a near perpendicular
angle of approach relative to the RBD in both up and down conformations via scaffold-mediated

interactions, while also utilizing its CDR regions to compete with ACE2 via steric effects (CDR1)

and direct binding of ACE2 interacting residues on the RBD (CDR3).

Top View

Back View

Figure 4.23. Footprint comparison between ab6 and selected RBD-directed VH domains.
The RBD is depicted as a grey molecular surface and antibodies are depicted as colourized
cartoon models. The following PDB files were utilized: 7VNB (n3113), 70AP (H3 and C1),
7MJI (ab8), 70AO (C5). The RBD model from the ab6-RBD complex is shown for all antibody
complexes for ease of visualization. For superpositions, structures were aligned using the RBD.

Several RBD mutation-resistant antibodies against SARS-CoV-2 have been reported during the
preparation of this thesis!’8%1%2 providing additional context regarding the conserved epitope

we report here. Antibodies DH1047%%? and STE90-C11'° were isolated from convalescent
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patients and SARS2-38%° from immunized mice. All three antibodies are RBD directed and bind
epitopes distal to that of ab6 (Figure 4.24). While STE90-C11 tolerated most circulating RBD
mutations, it exhibited loss of activity against the K417T, K417N, and N501Y mutations*®, which
are present in many VOC/VOI spike proteins. In contrast, SARS2-38 and DH1047 bind highly
conserved epitopes, retaining potency across all VOC/VOI spikes, with DH1407 exhibiting cross-
reactivity with additional sarbecoviruses'®®%2, Vi ab6 is distinguished from these previously
reported antibodies by its unique angle of approach and binding mode involving multiple
Vn scaffold - RBD contacts (Figure 4.21e), along with its small (15 kDa) size. Small antibody
fragments are attractive therapeutic modalities given their enhanced tissue penetration compared
to conventional monoclonal antibodies*®®%. That being said, it should be noted that the half-lives
of small antibody fragments is much shorter than that of traditional IgG molecules due to enhanced
glomerular filtration, although there exist strategies to increase the size and hydrodynamic radius

of such fragments to overcome this issue'®.

A recent study by a global consortium defined seven RBD binding antibody communities and
showed broadly neutralizing antibodies either bind cryptic epitopes within the inner RBD face
(communities RBD-6, RBD-7), or are non-ACE2 competing antibodies that bind the outer RBD
face (community RBD-5)!%. Ab6 binds the inner RBD face and contacts the RBM, enabling ACE2
competition, drawing similarity to the RBD-4 antibody community, which interestingly was not
shown to contain any broadly neutralizing antibodies. Structural comparison of the ab6 footprint
with a representative RBD-4 antibody (C002)15 reveals an overlapping footprint shared by the
C002 heavy chain and ab6 despite differences in binding modes (Figure 4.24). C002 is derived

from a convalescent patient, suggesting the potential for such an epitope to be recognized by
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natural antibodies. This evidence further supports the potential value of focus on the ab6 binding

epitope for future therapeutic design.
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Figure 4.24. Footprint comparison between ab6 and selected RBD-directed antibodies. The
RBD is depicted as a gray molecular surface and antibodies are depicted as colorized cartoon
models. The following PDB files were utilized: 7LD1 (DH1047), 7B30 (STE90-C11), 7K8T
(C002), 7TMKM (SARS2-38). The RBD model from the ab6-RBD complex is shown for all
antibody complexes for ease of visualization. For superpositions, structures were aligned using

the RBD.
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4.3 Methods

4.3.1 Cloning, expression, and purification of recombinant spike protein constructs

All variant spike protein hexapro genes and full length genes were synthesized and inserted into
pcDNA3.1 (GeneArt Gene Synthesis, Thermo Fisher Scientific). RBD constructs were cloned as
described in section 2.3.1. Human ACE2 (residues 1-615) with a C terminal 7x His tag was
amplified from “hACE2”, (Addgene plasmid # 1786) and cloned into pcDNA3.1 via BstXI and
Xbal restriction enzyme cloning. Mouse ACE2 (residues 1-615) with a C terminal 8x His tag was
amplified from (Addgene Plasmid #158087) and inserted into pcDNA3.1. human ACE2-FC
plasmid was a kind gift from Dr. Zehua Sun. Mutational analysis of the kappa variant spike was
performed using site-directed mutagenesis (Q5 Site-Directed Mutagenesis Kit, New England

Biolabs). Successful cloning was confirmed by Sanger sequencing (Genewiz, Inc.).

All proteins were expressed in Expi293F cells (Thermo Fisher, Cat# A14527) under identical
conditions to sections 2.3.3 and 3.3.1. All spike ectodomains were purified as described in those
sections. All RBDs were purified as described in section 2.2.3 with the exception of the BA.1 RBD
which was purchased from Sino Biological (Cat# 40592-V08H121). For monomeric human ACE2
(residues 1-615) purification, the supernatant was harvested by centrifugation and filtered through
a 0.22-uM filter prior to loading onto a S mL HisTrap excel column (Cytiva). The column was
washed for 20 CVs with wash buffer (20 mM Tris pH 8.0, 500 mM NaCl), 5 CVs of wash buffer
supplemented with 20 mM imidazole, and the protein eluted with elution buffer (20 mM Tris pH
8.0, 500 mM NaCl, 500 mM imidazole). Elution fractions containing the protein were pooled and

concentrated (Amicon Ultra 100 kDa cut off for ectodomain, 10 kDa for monomeric ACE2) before
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gel filtration. Gel filtration was conducted using a Superose 6 10/300 GL column (Cytiva) pre-
equilibrated with GF buffer (20 mM Tris pH 8.0, 150 mM NaCl). Peak fractions corresponding to
soluble protein were pooled and concentrated to 4.5-5.5 mg/mL (Amicon Ultra 100 kDa cut off
for ectodomain, 10kDa for monomeric ACE2). Protein samples were flash-frozen in liquid

nitrogen and stored at —80 °C.

For purification of dimeric human ACE2-FC, the supernatant was harvested after 6 days of
expression and flowed through a gravity column containing over 400 uL of Protein A Plus Agarose
(Thermo Fisher Cat# 22812) once. The column was washed once with 5 mL of PBS before elution
with 0.1 M glycine pH3.5 and immediate neutralization with 1 M Tris pH 8.0. Elutions were
pooled and concentrated using an Amicon Ultra 50 kDa cut-off concentrator before gel filtration.
Gel filtration was conducted using a Superose 6 10/300 GL column (Cytiva) pre-equilibrated with
GF buffer (20 mM Tris pH 8.0, 150 mM NaCl). Peak fractions corresponding to soluble protein
were pooled and concentrated to 2—5 mg/mL (Amicon Ultra 50 kDa cut-0ff). Protein samples were

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

4.3.2 Antibody Production

All antibodies were produced as described in section 3.3.2.

4.3.3 Pseudo-virus Neutralization Assay

Assays were conducted as described in section 2.3.8. In some cases, 384 well formats were

employed and the following amendments were used: HEK293T-ACE2-TMPRSS2 cells (BEI
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Resources cat# NR-55293) were seeded in 384-well plates at 20 000 cells. All other steps were

identical.

4.3.4 Biolayer Interferometry (BLI)

BLI was performed as described in section 3.3.5. Concentrations of 125, 250, 500, and 1000 nM

spike trimers were used.

4.3.5 Surface Plasmon Resonance (SPR)

A Biacore T200 instrument was used for all SPR experiments. All experiments were performed at
25°C, using 10 mM HEPES, 150 mM NaCl, 3 mM EDTA and 0.05% v/v Surfactant P20 as the
SPR running buffer. The surface was regenerated using 10 mM glycine pH 1 for all experiments
which strips all proteins from the SPR chip surface. Fresh protein was immobilized onto the SPR
chip at the beginning of each experimental run. Reference-subtracted curves were fitted to a 1:1
binding model using Biacore evaluation software. Specific details pertaining to each experimental

setup are described below.

ACE2-FC as ligand, RBD as analyte

Human ACE2 attached to a human FC tag (ACE2-FC) was immobilized using the series S protein
A chip in SPR running buffer. Increasing concentrations of RBD protein constructs (6.25 nM,
31.25 nM, 62.5 nM, 125 nM, 250 nM) were flowed over the surface for single cycle kinetic

experiments.
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RBD as ligand, ACE2-FC as analyte

CMD5 chips were functionalized with anti-his tag antibody (abcam Cat# ab18184) using an amine
coupling kit (Cytiva) and used to capture his tagged RBD constructs. Increasing concentrations of
ACE2-FC (2.5 nM, 25 nM, 50 nM, 100 nM, 200 nM) were flowed over the surface for single cycle

kinetic experiments.

ACE2-FC as ligand, spike protein ectodomain as analyte
Human ACE2 attached to a human FC tag (ACE2-FC) was immobilized using the series S protein
A chip in running buffer. Increasing concentrations (6.25 nM, 31.25 nM, 62.5 nM, 125 nM, 250

nM) of spike protein trimers were flowed over the surface for single cycle kinetic experiments.

Competition SPR

CM5 chips were functionalized with monoclonal anti-Strep-Tag antibody (BIO-RAD Cat#
MCA2489) at a concentration of 50 pg/mL for the capture of spike protein ectodomains. After the
capture of D614G hexapro ectodomain, either buffer, 175 nM, or 440 nM of VH ab6 was injected
onto the chip, followed by 500 nM human ACE2-FC. Reference-subtracted curves were utilized
for the qualitative assessment of ACE2 competition. Relative response units (RUs) were
normalized to a value of 0 immediately before ACE2-FC injection for ease of ACE2-FC binding

assessment.

4.3.6 Enzyme-linked immunosorbent assay (ELISA)

Experiments involving monoclonal antibodies and human ACE2 competition were performed as

described in section 3.3.4
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For mouse ACE2 binding experiments, 5 pg/ml of mACE2 was coated on the wells in PBST-2%
casein overnight at 4 degrees Celsius. Washes were performed using PBST. Serial dilutions of
spike protein ectodomains were incubated on the wells for 1 hour at room temperature. After
washing, wells were incubated with a mouse anti-strep tag antibody (BIO-RAD Cat# MCA2489)
at a 1:600 dilution in PBST-2% casein at room temperature for 1 hour. After washing, wells were
incubated at a 1:5,000 dilution with Goat Anti-Mouse IgG Fc Secondary Antibody, HRP
(Invitrogen) in PBS-T + 2% casein buffer for 1 h at room temperature. After washing signal was

developed as described in section 3.3.4.

4.3.7 Authentic SARS-CoV-2 plaque reduction neutralization assay

Neutralization assays were performed using Vero E6 cells (ATCC CRL-1586) that were seeded
24 h prior to the assay in 24-well tissue culture plates at a density of 3 x 105 cells per well.
Antibodies were serially diluted twofold (starting concentration of 4, 10, or 40 ug/mL, depending
on the antibody being tested) and mixed with an equal volume of 30-50 plaque-forming units of
SARS-CoV-2. This results in a final antibody concentration of 2, 5, or 20 ug/mL in the antibody—
virus mixture. The following SARS-CoV-2 strain was used: isolate USA-WA1/2020 (NR-52281,
BEI Resources). The antibody-virus mixture was then incubated at 37 °C in a 5% CO?2 incubator
for 1 h and added to the Vero E6 cell seeded monolayers, in duplicate. Plates were then incubated
for 1 hat 37 °C in a 5% CO2 incubator. Following incubation, an overlay media with 1% agarose-
containing media (2x Minimal Essential Medium, 7.5% bovine albumin serum, 10 mM HEPES,
100 pg/mL penicillin G, and 100 U/mL streptomycin) was added to the monolayers. The plates
were incubated for 48—72 h (depending on the SARS-CoV2 variant) and then cells were fixed with
formaldehyde for 2 h. Following fixation, agar plugs were removed, and cells were stained with

crystal violet. In order to assess the input virus, a viral back-titration was performed using a culture
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medium as a replacement for the antibodies. All assays were performed in the University of

Pittsburgh Regional Biocontainment Laboratory BSL-3 facility.

4.3.8 Antigen Specific Polyclonal antibody purification and ELISA

BA.1 spike ectodomain, RBD, NTD, and irrelevant antibody functionalized resin were prepared
using Pierce NHS-Activated Agarose Slurry according to manufacturer’s instructions. Pooled sera
from BA.1 convalescent patients was diluted by a factor of two in PBS, split into four batches, and
incubated with each resin at 4°C overnight. After washing three times with PBS, antigen specific
polyclonal antibody preparations were eluted from resin using 100 mM Glycine pH 2.5 and
immediately neutralized using 1 M Tris pH 8 buffer. Polyclonal preparations were concentrated

using 10 kDa cut off spin columns (Amicon).

For ELISA, 100 pL of either BA.1 or BA.2 spike protein ectodomain in PBS were coated on 96-
well MaxiSorp plates at 2 pg/mL in PBS overnight. All washing steps were performed three times
with PBS +0.05% Tween 20 (PBS-T). After washing, wells were incubated with blocking buffer
(PBS-T + 1% casein) for 1 h at room temperature. Then polyclonal antibody preparations were
serially diluted in PBS-T + 0.5% casein and incubated in wells for 1 h at room temperature. After
washing, wells were incubated with goat anti-human IgG (Jackson ImmunoResearch) at a 1:5,000
dilution in PBS-T + 1% casein buffer for 1 h at room temperature. After washing, the substrate
solution (Pierce 1-Step) was used for color development according to the manufacturer’s
specifications. Optical density at 450 nm was read on a Varioskan Lux plate reader (Thermo Fisher
Scientific). An identical ELISA was performed using anti-his tag antibody (abcam Cat# ab18184)
as a spike protein loading control. Area under the curve (AUC) was calculated for each experiment

and normalized to the anti-his tag ELISA control for data analysis.

167



4.3.9. Cryo-EM sample preparation and data collection

Samples were prepared and data was collected as described in section 3.3.6. Mouse ACE2 was
used at the same ratio as human ACE2 for complex formation (1:1.25 spike trimer to ACE2). 1:9 S
protein trimer:\VVHab6 molar ratio was used for the ab6 complexes. 1:6.4 S protein trimer: 4A8 Fab

was used for the BA.2-4A8 complex.

4.3.10 Cryo-EM Image Processing

Image processing was performed as described in section 3.3.7. In general, all data processing was
performed in cryoSPARC v.3.2. For B.1.617.1 (Kappa) spike proteins, focused refinements were
performed with a soft mask covering all six RBDs. For the complexes of spike protein ectodomain
and VH ab6, a soft mask covering VH-ab6 and its bound RBD was used in focused refinement.
For apo BA.2 spike protein and complexes of BA.2 spike protein with 4A8, to better resolve the
N-terminal domain or the interface between the N-terminal domain and 4A8, particles were
symmetry expanded after another round of global refinement with C3 symmetry, and then refined
with a soft mask covering a single N-terminal domain or a single N-terminal domain and its bound

4A8.

4.3.11 Model Building and Refinement

For models of spike protein ectodomain alone, the SARS-CoV-2 HexaPro S trimer (PDB 1D
7MJG) was used as an initial model and docked into the map. Then, mutation and manual
adjustment were performed in COOT, followed by iterative rounds of real-space refinement in
COOT and Phenix. For models of spike-ACE2/4A8 complex, the subcomplexes RBD-ACE2 or
NTD-4A8 were built and refined against local refinement maps. The resulting models were then

docked into global refinement maps together with the other individual domains of the spike
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protein. Models were validated using MolProbity. Structural analyses and figure generation were

performed in ChimeraX.
4.3.12 Negative Stain Electron Microscopy

Negative staining and image analysis was performed as described in section 2.3.9. Kappa spike

trimers were used at 0.05mg/ml.
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Chapter 5: Conclusion and Future directions

5.1 General Conclusions and Limitations

5.1.1 General Conclusions

Overall, the work presented in this thesis represents efforts to contribute to the global COVID-19
pandemic response. We identified vulnerable regions within the SARS-CoV-2 spike glycoprotein
as primarily being within the NTD and RBD, determined the molecular impact of mutations within
the SARS-CoV-2 RBD, and characterized variant spike proteins as they emerged in real time,
demonstrating evolution towards both enhanced receptor binding and evasion of neutralizing
antibodies. Structural studies revealed the structural plasticity of the NTD in comparison to the
RBD, which appears to have evolved under more stringent structural constraints to preserve or
enhance receptor binding but still permit antibody evasion. These insights provide the basis for
continued study of this novel pathogen, which continues to exhibit antigenic drift within the spike
glycoprotein to evade antibodies elicited by vaccination, natural infection, or clinical therapeutic
antibodies. Despite the extensive antibody evasion exhibited by some variants, we identified a

conserved epitope that may be exploited for broad neutralization of SARS-CoV-2 variants.

5.1.2 Limitations

We have assessed variant spike proteins for mutational impacts on overall architecture along with
ACE2 and antibody binding, all of which are important but not comprehensive readouts on spike
protein biology. Other critical aspects such as spike protein cleavage and protease preference, route
of cell entry, recognition by cellular immunity, spike protein conformational dynamics (RBD
up/down propensity in particular) have not been assessed and represent important outstanding

areas of investigation. Our analyses make use of trimeric stabilized S protein ectodomain
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constructs, which differ from native S protein trimers by the addition of six stabilizing proline
mutations and the removal of the transmembrane domain, which may confound our analyses by
altering spike protein conformation. Mutations in other viral proteins such as viral proteases and
replication components may additionally contribute to increased viral fitness and have not been
considered in the present work. Our reliance of pseudoviral systems, while permitting us to assay
neutralization of ACE2 dependent cell entry, almost certainly does not recapitulate the full biology
of SARS-CoV-2 cell entry due to the single cycle infectious nature of the experiment, along with
the differing virion morphologies and spike protein densities of lentiviral particles compared to

intact SARS-CoV-2 virions.
5.2 Future Directions
5.2.1 Monitoring of New Variants

SARS-CoV-2 will likely continue to evolve and more variants will emerge as we move into the
endemic phase of this crisis*®’, perhaps drawing some similarity to what has been observed with
other endemic coronaviruses. In fact, at the time of writing this thesis there are several new variants
that have emerged and are on track to achieve global dominance, likely due to enhanced immune
evasion and/or infectivity. Retrospective analyses of antibody mediated neutralization of the
endemic coronavirus 229E from serum collected during the 1980s has revealed a significant loss
of neutralizing activity for subsequent variants that emerged and achieved global dominance 8-17
years later despite being endemic'®®. This was shown to be due to spike protein alterations within
the RBD, and mirrors what is being seen with SARS-CoV-2 lineages'®. Much like how circulating
influenza strains are monitored, the future of our response to SARS-CoV-2 will likely necessitate
continued genomic monitoring of viral sequences and where necessary, functional, structural, and

antigenic studies such as those presented in this thesis. Genomic sequencing represents a critical
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feature of the collective scientific effort to monitor new variants. Rapid sequencing technology
and dedicated centers for viral sequencing, along with deposition of sequencing data into
international databases such as the Global Initiative for Sharing Avian Influenza Data (GISAID)
database, have enabled real-time surveillance of mutational drift and have provided the necessary
motivation for many studies aimed at characterizing mutational features of emerging variants.
Importantly, retrospective analysis of global SARS-CoV-2 sequencing data and confirmed clinical
cases of COVID-19 has revealed a correlation between the rate of non-synonymous spike protein
mutations and the rates of COVID-19 infection'®®. This observation has enabled a priori
determination of infection case “surges” 10-14 days before occurrence as a function of the non-
synonymous viral mutation rate across global viral sequences and provides valuable predictive
insight with regards to preparing for future variants with increased transmissibility and/or
virulence'®®. Continued international sequencing efforts, paired with geographic and
epidemiological inferences based on the location and proportion of different sequences deposited
into databases will allow a robust monitoring system to track new SARS-CoV-2 variants and
identify concerning variants for additional study. Future efforts should attempt to combine
sequencing and geographic data with real-time outcomes data that contains information on patient
demographics and immunization status from health care centers, to enable rapid identification of
variants with clinically significant levels of increased virulence, transmission, and immune

evasion?®,

Of interest is the potential for new variants to achieve additional zoonotic transmission events.
While it might be expected that the transition to endemicity for SARS-CoV-2 will necessitate
lower viral pathogenicity, spillover and evolution in animal reservoirs allows the possibility of

more pathogenic strains to emerge and begin circulating in humans. Our studies on the omicron
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lineage spike proteins revealed the structural basis for their enhanced binding of mouse ACE2 and
allow monitoring of key mutational hotspots in new variants. Given that earth’s total mammal
biomass is dominated by livestock with only a minor contribution from wild animals®®, it is
sensible to monitor livestock for SARS-CoV-2 infection and circulation. However, it should be
noted that studies thus far have found low susceptibility to SARS-CoV-2 infection in both
domesticated cattle?®?, domesticated pigs®®2%, and domesticated chickens?*2%, Alarmingly,
omicron spillover into non-human animals has been reported in white-tailed deer, minks, and
cats.?%29 The acquired ability of SARS-CoV-2 variants to access animal reservoirs allows them
to sample different evolutionary pressures in these organisms, with potential impacts on
“spillback” transmission, which has recently been reported for deer-to-human transmission?®’,
even to the point where variants which previously became extinct in humans have been shown to
circulate at alarming frequencies in deer populations?*®. Continued monitoring of new variants
should therefore involve studies on ACE2 binding tropism across several animal reservoirs
including deer. The structural and functional assays we describe in our study of mouse ACE2

binding can be easily adapted to suit a host of these animal ACE2 constructs, facilitating

monitoring of this important aspect of SARS-CoV-2 evolution.
5.2.2 Developing Strategies for Broad SARS-CoV-2 Neutralization

As evidenced in this thesis, there is significant antigenic drift within the highly immunogenic NTD
and RBD regions of the SARS-CoV-2 spike protein, rendering many neutralizing antibodies
ineffective. Of some comfort is the discovery of several broadly neutralizing antibodies by us and
other groups!®174.18%-192 "and the definition of epitopes recognized by these antibodies provides
the blueprints necessary for future therapy design. It is still unclear if vaccination can elicit a

clinically meaningful level of antibodies which target these broadly neutralizing epitopes. To
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answer this question, future efforts should employ serological studies assessing the ability for
vaccinee and boosted sera to compete with a panel of these broadly neutralizing antibodies for
spike protein binding. The extent of broadly neutralizing antibody competition by different sera
should be correlated with in vitro neutralization assays, and prophylactic serum therapy studies in
humanized mouse SARS-CoV-2 challenge models. Another related avenue of investigation is the
ability to hyperfocus antibody responses to a selection of these broadly neutralizing epitopes within
the SARS-CoV-2 spike protein. Antigens can be rationally engineered to present certain epitopes
at high frequencies and have other epitopes immunologically “masked”. This can be achieved by
selective introduction of N-linked glycosylation sites to provide a “glycan shield” surrounding
unwanted epitopes, while desirable epitopes can be presented via fusion to structural elements of
scaffold proteins®!!. Proof of principle efforts towards leveraging such techniques within the
context of COVID-19 have been recently published, demonstrating the ability to focus antibody
responses on several RBD epitopes in mice using engineered chimeric RBD antigens?'?. It will be
important to build on these results by adapting this technology to focus antibody responses on the
ab6 epitope we defined, along with the growing list of other broadly neutralizing epitopes®’4176.18%-
192 1t should be noted that although antibody mediated immunity is a key component of antiviral
responses, a key limitation of antibodies lies in the potential for inefficient localization and
concentration to the respiratory mucosa within the context of respiratory infections. One potential
strategy to overcome this issue involves delivery of vaccines directly to the respiratory mucosa.
Indeed, studies on immunity to SARS-CoV-2 using bronchoalveolar lavage samples suggest the
need for mucosal vaccine formulations rather than intra-muscular formulations to achieve
meaningful levels of neutralizing antibodies within the respiratory mucosa®3. Such vaccine

formulations have been recently been developed for SARS-CoV-2, and hold great promise?'.
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These intranasal vaccines elicit a substantial level of neutralizing mucosal IgA antibodies. Thus,
future vaccination efforts should aim to both induce and enrich broadly neutralizing antibodies

within the respiratory mucosa.

In addition to achieving broad neutralization via antibody activity, efforts have been made to utilize
receptor decoys as agents of broad neutralization. The use of receptor decoys is motivated by the
principle that spike protein evolution must always preserve receptor binding functionality to ensure
viral survival. These efforts have included using soluble human ACE2 fusion constructs?>2%,
engineering ACE2 constructs to optimize glycosylation?t” or increase the avidity via
trimerization?!8, and the development of affinity maturated, highly potent ACE2 decoys!*0219-221,
It should be noted that initial phase 2 trials using intravenously administered recombinant human
ACE2 to treat COVID-19 failed, likely due to rapid clearance of the recombinant protein which
was shown to have a half-life of ~3 hours, raising a fundamental barrier for therapeutic use??.
However, fusion strategies aimed at tethering the extracellular domain of ACE2 to the FC region
of an 1gG have demonstrated decreased clearance with a half-life of ~30 hours??!. An alternative
strategy to administer receptor decoys is direct inhalation to the respiratory mucosa over
intravenous injection. While the half-life of these decoys will still likely remain on the hour
timescale??!, the localized delivery offers much higher concentrations at the relevant site of SARS-
CoV-2 infection and replication. Future efforts should aim to optimize the pharmacokinetics and
develop inhalable formulations of candidate ACE2 receptor decoys along with various broadly

neutralizing antibody formats.

The significant antigenic changes and antibody escape observed for the omicron lineage spike
proteins described in this thesis and by several other studies!’®222-224 has already caused a level of

concern that warranted efforts to update the formulation of COVID-19 vaccines to include new
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mutant spike proteins??®. However research at this time does not generally support the notion that
antibody responses to variant spike proteins are enhanced in potency or breadth when immunizing
with ancestral spike versus including novel variant spike proteins in vaccine formulations®26-2%,
Of note, a study funded by vaccine developers BioNTech and Pfizer seemed to contradict this
notion showing a small benefit for bivalent vaccines which target both the ancestral and omicron
(BA.4/5 sub-lineage) spike proteins with regards to neutralizing antibody breadth??®. Nevertheless,
these results suggest that immunity to SARS-CoV-2 can and has been imprinted against the
ancestral and early variant spike proteins, to the point that antigenic stimulation with new variant
antigens only elicits responses from a subset of previously activated B cells that are capable of
inter-variant cross-reactivity??®. A key question for future study surrounds methods to elicit new
subsets of variant specific antibodies upon immunization with updated antigens. Central to this
question is the need to structurally describe and differentiate newly elicited variant-specific
antibodies from those which are previously existing and may recognize several antigens perhaps
at lower affinities. The methods developed and utilized for structurally characterizing spike protein
immune complexes in chapter 2 could hold great promise for addressing this aspect of the problem,
enabling structural descriptions of epitope landscapes against several variant spike proteins in
different immunization settings. Once we have achieved an understanding of the epitopes driving
this imprinting of antibody responses, rational engineering of antigens to mask out these epitopes

in subsequent variant specific vaccine formulations may hold great promise in enabling the

elicitation of new and effective variant-specific antibody elicitation.
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5.2.3 Understanding the Cellular Immune Response to Variant Spike Proteins

While we have investigated the antibody evasive nature of emerging SARS-CoV-2 variant spike
proteins, our studies did not consider the cellular arm of the immune system. Immunity mediated
by T cells has been shown to be critical in the clinical outcome after SARS-CoV-2 infection?®, T
cell responses to SARS-CoV-2 infection have been shown to recognize several viral antigens,
including the spike protein, and there have been reports of diminished T cell reactivity towards
variant spike proteins?1-2%3 although these effects are not generally thought to result in significant
escape as seen with antibody mediated immunity?°. However, future variants may arise which are
capable of significant evasion of T cell mediated immunity. Furthermore, it is unclear if there exist
phenotypic subsets of spike protein reactive T cells that are more prone to escape. Future work
should therefore aim to continue monitoring new variant spike proteins for evasion of T cell
responses, while also generating detailed phenotypic data of T cell subsets with retained or
diminished reactivity. Such nuanced data can be obtained via stimulation of peripheral blood
mononuclear cells with spike protein antigens, and subsequent analysis of T cell responses using
activation induced marker (AIM) assays, which enable functional and phenotypic stratification of

antigen specific T cells?®,
5.2.4 Structural Studies of Alternative SARS-CoV-2 Spike-Receptor Complexes

Although the interactions between human and murine ACE2 have been extensively characterized
in the present work, there have been several alternative receptors or attachment factors that have
been described in the literature to interact with the SARS-CoV-2 spike?®, but are not structurally
well understood (Table 5.1). Some of these interactions have been shown to lead to productive cell
entry, while others have not. These interactions range from moderate (mid nanomolar range) to

low (micromolar range) affinity and vary in specificity of the spike protein sub-domains involved.
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Many of these alternative receptors are expressed in extra-pulmonary tissues and could play key
roles in infection of other organ systems, with direct relevance to more chronic post-COVID19
symptomatology, commonly referred to as “long COVID”. Future efforts should leverage single-
particle electron microscopy to characterize the structural basis for these interactions will deepen
our understanding of receptor tropism accessible to SARS-CoV-2, and shed light on structural
requirements for interactions that lead to productive viral entry. Additionally, measurement of
binding using all emerged variant spike proteins will provide insight into additional selection

pressures during spike protein evolution.

178



Table 5.1. Human Host Cell Proteins that Bind the SARS-CoV-2 Spike Protein

Human Host | Spike Protein Binding Spike Protein Productive | Reference
Cell Protein | Dissociation Domains Involved | Cell Entry
Constant/Binding Assay
AXL 882nM/BLI NTD Yes 236
L-SIGN 1.8uM/SPR Glycans across the | No 287
whole spike protein
DCSIGN 11.9uM/SPR Glycans across the | No 287
whole spike protein
CLEC4G 259nM/SPR Glycans within the | n/a 238
RBD and other
regions
KREMEN1 | 19.3nM/Flow Cytometry RBD with minor | Yes 239
contributions  from
NTD and S2
ASGR1 94.8nM/Flow Cytometry RBD with minor | Yes 239
contributions  from
NTD
LDLRAD3 | 293nM/SPR NTD Yes 240
TMEMB30A | 282nM/SPR NTD Yes 240
LRRC15 68.8nM/Flow Cytometry RBD No 241
263nM/ Flow Cytometry 242
104nM/ELISA 243
Neuropilin- | 20.1 uyM /ITC S1 (Furin Cleavage | Yes 244
1 Site Residues)
Integrin 31.8nM/SPR RBD Yes 245
a5p1

5.2.5 Understanding the SARS-CoV-2 Spike Pre-fusion to Post-fusion Transition

Although there is a wealth of structural information pertaining to both the pre-fusion and post-
fusion conformations of the SARS-CoV-2 spike protein, the details of how this dramatic
conformational change occurs is still not fully known. Detailed molecular dynamics simulations
have suggested a plausible conformational trajectory for this event, positing that glycans within
the S2 region provide a “pause” during this transition that enables correct positioning for the spike
protein to embed itself in the host cell membrane upon refolding to the post-fusion state?4.

Preliminary low resolution cryo-electron tomography (cryo-ET) data has been generated on
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SARS-CoV-2 spike harbouring particles incubated with ACE2 containing extracellular vesicles in
the presence of a peptide inhibitor of viral fusion, demonstrating the presence of several distinct
intermediates between pre- and post-fusion states?*’. Future studies should aim to build on these
results, and achieve near atomic resolution descriptions of these intermediates, integrating single
particle cryo-EM and cryo-ET techniques on similar biochemical experiments, both with genetic
ablation of the key S2 glycan sites and with additional glycan site introduction at key positions,
effectively testing the suggested role of these glycans in steering the conformational trajectory
during this major architectural shift. High resolution insight into this process also offers the
blueprint required for structure guided design of fusion inhibitors specific to the SARS-CoV-2

spike protein.
5.3 Concluding Remarks

The unfortunate reality is that SARS-CoV-2 will likely remain circulating within humans for the
foreseeable future. Our efforts, along with those of the collective scientific community, provide
the initial necessary steps for monitoring evolution of this new virus, combating new variants from
a structural and molecular perspective, and hopefully, alleviating the burden of disease and death
due to COVID-19 in the future. As discussed in this final chapter, we are only beginning to
understand this new virus, which we must learn how to co-exist with as it joins the list of viruses

that cause human disease.
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