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ABSTRACT

The COVID-19 pandemic has resulted in over six million deaths worldwide, prompting
extensive research efforts to combat SARS-CoV-2. In contrast, HCoV-229E, the earliest-
identified seasonal coronavirus that has been present for over 50 years and only causes
mild symptoms, receiving comparatively less attention from scientific studies. In this
study, we initially examined the phylogeny of HCoV-229E and selected eight strains to
demonstrate the genetic evolution chronologically. Significant mutations were identified,
particularly in the receptor binding domain (RBD) and N-terminal domain (NTD) of the
HCoV-229E spike protein (S). Moreover, six mutations were found in the N-glycosylation
sequon, indicating variations in glycan profile. We then took P100E strain and Seattle
strain to represent the "old strain™ and the "new strain". A total of 72 point mutations were
observed in the Seattle strain compared to the P10OE sequence. In-silico AAG prediction
suggested destabilizing effects of the mutations, which were later confirmed by negative
staining EM (NSEM) of the Seattle strain, where the number of well-folded S proteins
decreased. N-glycan analysis via LC-MS/MS revealed marked differences in the glycan
composition, with P100E showing a higher abundance of high-mannose type glycans at
N62 and N930, while Seattle exhibited over ¥4 of the complex glycans. We hypothesized
that the structural integrity of the Seattle strain was compromised, leading to the presence
of further processed glycans. To investigate this hypothesis, GlycoSHIELD was used to
quantitatively analyze the glycosylated 3D molecular architectures, providing structurally
and evolutionarily relevant results. In addition, all the current 229E S PDB structures only
display the RBD-all-down state, which prevents the receptor binding. To uncover the
molecular basis of its host recognition, we conducted cryo-electron microscopy (cryo-
EM) analysis of P100E S in complex with human aminopeptidase N (hAPN), revealing a

structure consisting of two 229E spikes adopting an unprecedented RBD-up conformation,
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bound to a hAPN homodimer. To emulate the physiological state, we utilized
GlycoSHIELD again to combine all glycosylation profiles and the cryo-EM-solved
complex structure, constructing a fully glycosylated model anchored on a lipid membrane.
This model provides insights into HCoV-229E virus entry in vivo. The established
workflow serves as an efficient and comprehensive approach to investigate the interplay
between antigenic drift, glycosylation, and molecular structure, with potential application
to other proteins. It also provides a systematic way to probe the possible targets for

broadly neutralizing antibodies (bnAbs).

Keywords : Seasonal coronavirus HCoV-229E, Antigenic drift, N-linked glycosylation,

glycan shielding, Cryo-EM, Python programming
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Chapter 1 INTRODUCTION

1.1 Human coronaviruses (HCoV5s)

Coronaviruses (CoVs) are a diverse group of positive-strand RNA viruses with enveloped
structures. They belong to the Coronavirinae subfamily, which is part of the
Coronaviridae family under the Nidovirales order. CoVs can be classified into four
different genera: alpha, beta, gamma, and delta®. The term "corona" derives from Latin
and means "crown," referring to the distinctive crown-like structures observed on the
virus membrane under an electron microscope?. Apart from infecting various animals,
these viral pathogens are known for their ability to cross species barriers, leading to
outbreaks of respiratory diseases in humans. Since the mid-1960s when the first human
coronaviruses (HCoVs) were discovered, a total of seven distinct HCoVs have been
identified: HCoV-229E (1965), HCoV-OC43 (1967), SARS-CoV (2002), HCoV-NL63
(2004), HCoV-HKU1 (2005), MERS-CoV (2012), and SARS-CoV-2 (2019) . Over the
past two decades, three of these HCoV's have caused global outbreaks, posing significant
threats to human health. The severe acute respiratory syndrome (SARS) outbreak
originated in the Guangdong province of China in 2002 and subsequently spread
worldwide, resulting in over 8,000 reported cases with a mortality rate of 10%

(https://www.cdc.gov/sars/surveillance/absence.html).  Similarly, the Middle East

respiratory syndrome (MERS) outbreak emerged in Saudi Arabia in 2012 and later spread
to other countries in the Middle East, as well as South Korea in East Asia. The MERS
outbreak led to approximately 2,600 reported cases with a mortality rate of 35%

(https://www.who.int/emergencies/disease-outbreak-news/item/2022-DON363). More

recently, SARS-CoV-2, a closely related virus to SARS-CoV, emerged and caused the
coronavirus disease 2019 (COVID-19) pandemic, infecting millions of people worldwide.
Various variants of SARS-CoV-2 continue to emerge. It is worth noting that unlike the

1
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aforementioned HCoVs, which primarily affect the lower respiratory system, the
remaining HCoVs, commonly cause mild upper respiratory tract infections®. While rare
severe pneumonia cases have been reported, most individuals infected with these HCoVs

experience recovery without medical intervention.
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1.2 Structural characteristics of spike (S) protein

The RNA genome of HCoVs encodes four distinct structural proteins: spike (S), envelope
(E), membrane (M), and nucleocapsid (N) proteins. Among these, the entry of HCoVs
into host cells primarily relies on the S protein, which facilitates host attachment and
membrane fusion. The S protein is also the primary target of neutralizing antibodies
produced by the host's immune response®.

The S protein is a trimeric class | fusion protein consisting of three protomers. Each
protomer contains two subunits: S1, responsible for receptor attachment, and S2,
responsible for membrane fusion. The S1 subunit of the S protein can be further divided
into distinct domains, namely the NTD, C-terminal domain (CTD), SD1, and SD2
subdomains®. Both the NTD and CTD can serve as the RBD to recognize the host cell
receptors (Table 1.2-1). Generally, the NTD interacts with sugar-based co-receptors, such
as non-modified 5-N-acetyl neuraminic acid (Neu5Ac) in the case of MERS-CoV S
protein or 9-O-acetylated sialic acid (9-O-Ac-Sia) in the case of HCoV-HKUL S protein.
On the other hand, the CTD interacts with protein-based receptors, such as angiotensin-
converting enzyme 2 (ACE2) for SARS-CoV-1 and SARS-CoV-2 S proteins or dipeptidyl
peptidase 4 (DPP4) for MERS-CoV S protein. Cryo-EM analysis has revealed significant
conformational changes in the RBD (i.e., the CTD of the S protein) of SARS-CoV-1,
SARS-CoV-2, and MERS-CoV S proteins, transitioning between "RBD-up” and "RBD-
down" states to regulate the accessibility of receptor-binding motifs (RBMs) for receptor
interaction®®. Notably, these distinct conformational changes have not been observed in
other published structures of HCoVs adopting the "RBD-down" conformation®!?,
suggesting that the RBD requires structural rearrangement prior to receptor recognition
for viral entry (e.g., HCoV-NL63 and HCoV-229E). Consequently, the S1 subunit of the
S protein plays a crucial role in engaging host cell receptors, while the receptor specificity

3
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of its functional domains determines the host range and tissue tropism.

Primarily, the S protein requires proteolytic priming at the S1/S2 site by specific
cellular proteases. This priming releases the structural constraint between the S1 and S2
subunits, subsequently initiating a cascade of conformational changes that lead to the
insertion of the fusion peptide (FP) into the host cell membrane®3. Apart from the RBDs
of the S1 subunit, the tissue and cell-type specificity of the protease also contribute to
viral tropism. Following FP insertion, the heptad repeat regions (HR1 and HR2)
downstream of each protomer assemble into a six-helix bundle, facilitating
conformational changes that drive the fusion of viral and host cell membranes, allowing

the transfer of the viral genetic material into the host cell.
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Table 1.2-1. Cellular receptors of HCoVs.

HCoV genera HCoV Receptor binding domain Cellular (co)receptor

a-CoVs HCoV-229E S1-CTD hAPN?
HCoV-NL63 S1-CTD hACE2"
SARS-CoV-1 S1-CTD hACE2"
SARS-CoV-2 S1-CTD hACE2"

S1-NTD Neu5Ac*

B-Covs MERS-CoV S1-CTD hDPP4Y (CD26)
HCoV-HKU1 S1-NTD 9-0-Ac-Sia®
HCoV-0C43 S1-NTD 9-0-Ac-Sia®

a. APN: aminopeptidase N; b. ACE2: angiotensin-converting enzyme 2; ¢. NeuSAc: N-
acetylneuraminic acid; d. DPP4: dipeptidyl peptidase 4; e. 9-O-Ac-Sia: 9-O-acetyl-sialic

acid
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1.3 Structural characteristics of human aminopeptidase N (hAPN)

Human aminopeptidase N (hAPN), also known as CD13, is a transmembrane
metalloprotease enzyme that plays a crucial role in various physiological and pathological
processes, such as pain sensation, blood pressure regulation, tumor angiogenesis and
metastasis, immune cell chemotaxis, sperm moatility, cell-cell adhesion, and coronavirus
entry®*. This protein is primarily expressed on the surface of cells, including endothelial
cells, fibroblasts, and epithelial cells, and is the most extensively studied member in the
M1-family of metalloenzymes'* 1°.

The structural features of hAPN contribute significantly to its functional versatility
and enzymatic activity. hAPN consists of multiple domains that work in harmony to
execute its catalytic function and interact with various substrates and binding partners.
The primary structure of hAPN includes a signal peptide, a large extracellular domain, a
single transmembrane helix, and a short cytoplasmic tail®.

The extracellular domain of hAPN is the most extensive region of the protein and
consists of three distinct subdomains: a zinc-binding catalytic domain, a protease-
associated domain, and a stalk region. The catalytic domain, located near the N-terminus,
contains a zinc-binding motif (HEXXH) and plays a crucial role in the enzyme's
aminopeptidase activity'’. This domain is responsible for the cleavage of amino acids
from the N-terminus of peptides and proteins.

The protease-associated domain, situated in the middle of the extracellular region, is
responsible for dimerization and interacts with other proteins to form functional
complexes?®. It plays a significant role in protein-protein interactions and cell signaling
processes'®. The Ser/Thr rich stalk region connects the catalytic and protease-associated
domains, providing flexibility and stability to the overall protein structure.

The transmembrane domain of hAPN consists of a single hydrophobic helix that

6
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anchors the protein to the cell membrane. This region plays a critical role in maintaining
the enzyme's orientation and stability within the lipid bilayer, allowing it to interact with
substrates and signaling molecules present in the extracellular environment.

Finally, the short cytoplasmic tail of hAPN serves as a link between the
transmembrane domain and intracellular signaling pathways, and the exact functions of
the cytoplasmic tail are still being explored.

In conclusion, the structural features of hAPN, including the extracellular catalytic
and protease-associated domains, the transmembrane helix, and the cytoplasmic tail, are
essential for its enzymatic activity, substrate specificity, and functional interactions.
Understanding the intricate details of APN's structure can provide valuable insights into
its diverse biological functions and potentially lead to the development of novel

therapeutic approaches for various diseases and disorders*é,
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1.4 Protein N-linked glycosylation

Protein N-glycosylation is a major alteration that involves the addition of N-glycans to
specific locations on secretory and membrane-bound glycoproteins known as the NxS/T
sequon (N: asparagine, x # proline, S/T: serine or threonine). OST transfer sugars from a
lipid-linked precursor, dolichol-P-P-GIcNAc2Man9GIc3, onto the sequons of newly
generated nascent peptide chains as they pass through the translocon in the endoplasmic
reticulum (ER). However, due to conformational restrictions or other causes, N-glycan
transfer may not always occur. As a result, the NxS/T sequons are thought to be potential
N-glycosylation sites, and more experimental data is needed to validate the presence of
N-glycans. It is important to note that N-glycan addition takes place during protein
translation on partially folded polypeptides. This process is also known as *“co-
translational modification” (CTM) 2°.

N-glycosylation modifies glycoproteins by adding non-charged, bulky, and
hydrophilic groups, which help maintain solubility and aid to appropriate protein folding.
Furthermore, N-glycans play an important function in the ER’s quality control process.
Aberrant proteins are degraded as a result of ER-associated degradation®®. Well-folded
glycoproteins are delivered to the Golgi apparatus after passing through the ER-protein
quality control (ERQC) systems. Glycans are further modified in the Golgi by a
succession of glycosidases and glycosyltransferases, resulting in the particular
glycosylation patterns of proteins. N-glycans are broadly categorized into three types:
high-mannose, hybrid, and complex-type glycans. Because of the wide variety of
processing procedures involved in glycan maturation, site-specific N-glycans on proteins
may contain an amalgam of glycoforms. The length, number of branches, composition,

and core changes of these glycoforms can all vary.
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1.5 Cryo-EM, mass spectrometry, and MD simulation for S glycoproteins
Cryo-EM single-particle analysis is a robust biophysical technique that delivers near-
atomic resolution insights into the structures of biological macromolecules and
biomolecular assemblies. The numerous structural stages of the dynamic biological
process are now more clearly displayed, thanks to advancements in electron microscopes
as well as the development of algorithms and software that contribute to determining local
heterogeneity. However, the atomic coordinates of residues with poor local resolution in
EM-maps are tricky to specify due to intrinsic protein dynamics, resulting in missing
loops or domains in the final reconstructed EM structures. In contrast, liquid
chromatography-mass spectrometry (LC-MS) is a widely used technology for studying
glycoproteins. The composition and distribution of N-glycans on specific protein sites are
determined by site-specific N-glycopeptide analysis. Furthermore, the relationship
between the various N-glycosylation stages and the accessibility of glycan processing
enzymes provides a structural understanding of the protein’s immediate environment. As
a result, cryo-EM and LC-MS are complementing techniques that meet various needs for
S glycoprotein analysis.

Although cryo-EM and MS can offer structural and N-glycan information on S
glycoproteins, respectively, neither can fully characterize the dynamic glycans' effects on
protein surfaces, which is required for glycoproteins to avoid the host immune system.
As a result, molecular dynamic (MD) simulation may be the best tool for providing a
different perspective on the structural and glycan dynamics of the S protein. However,
MD simulation of full-length S glycoproteins is typically computationally expensive and
requires supercomputer experience. Thus, glycoSHIELD?, an open-source pipeline that
allows non-expert users to model glycan conformer arrays onto any static protein
structure in order to quantify the N-glycan shielding effect on the protein surfaces, may
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be another technique for shedding light on the dynamics of these N-glycans.
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1.6 Antigenic drift of CoVs

The ongoing COVID-19 pandemic caused by SARS-CoV-2 has highlighted the
importance of understanding the evolutionary mechanisms that shape the antigenic
properties of these viruses. One such mechanism, known as antigenic drift, plays a crucial
role in the continuous adaptation of CoVs to the host immune system, impacting viral
fitness, immune evasion, and the development of effective vaccines.

Antigenic drift refers to the gradual accumulation of genetic variations within the
genes encoding the surface proteins of a virus, particularly those involved in eliciting host
immune responses. In the case of CoVs, the S protein is a primary target for the host
immune system. However, due to its exposure to immune pressure, the S protein
undergoes antigenic drift, leading to the emergence of new viral variants capable of
evading preexisting immunity??.

The antigenic drift of CoVs is driven by several factors, including intrinsic error-
prone replication mechanisms, host immune responses, and interspecies transmission
events. The RNA-dependent RNA polymerase (RdRp) of CoVs lacks proofreading
activity, leading to a relatively high mutation rate during replication?®2°. While the
majority of these mutations are detrimental and lead to viral fitness reduction, some
confer a selective advantage by altering antigenic properties, allowing escape from
immune recognition. The host immune response, particularly humoral immunity
mediated by neutralizing antibodies, places strong selective pressure on CoVs. As
individuals develop an immune response against the dominant circulating strain, the virus
may acquire mutations within the epitopes targeted by antibodies or increase the steric
hindrance surrounding the epitopes via gaining new N-glycosylation sequon??, enabling
immune evasion and leading to the emergence of new viral variants. This continuous
adaptation can result in reduced efficacy of neutralizing antibodies and pose challenges
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for the long-term control of viral infections. In addition to intrinsic and immune-driven
factors, interspecies transmission events between animals and humans provide
opportunities for the introduction of novel CoVs into the human population?”. These
zoonotic events often involve viruses with antigenically distinct S proteins, which can
further complicate the immune response dynamics by introducing completely new
epitopes to which humans may have little or no preexisting immunity.

COVID-19 has spurred a myriad of researches on the antigenic drift of SARS-CoV-
2 S protein along with its structural and functional ramifications®. In contrast, the
seasonal coronavirus, HCoV-229E, receives scarce attention due to its common
association with the mild symptoms, albeit holds a comparatively more extensive
evolutionary history?® %, Only recently did Eguia et al. ** and Xiang et al. *! systematically
analyze the antigenic drift and the epitopes of HCoV-229E S proteins, respectively. The
results suggest a rapid viral evolution and the ensuing immune escape reminiscent of
SARS-CoV-2.

Understanding the antigenic drift of CoVs has crucial implications for public health
interventions, including the development of effective vaccines and therapeutics. As
SARS-CoV-2 and HCoV-229E continue to evolve, monitoring and characterizing
antigenic drift will be essential for identifying emerging variants of concern and updating
vaccine formulations accordingly. Additionally, insights gained from studying the
antigenic drift of CoVs can inform our understanding of other viral pathogens and
contribute to the development of more broadly protective vaccines and antiviral strategies.

In conclusion, antigenic drift plays a central role in the evolution of CoVs and has
profound implications for viral fitness, immune evasion, and vaccine development. By
comprehensively examining the underlying mechanisms driving antigenic drift, we can
gain valuable insights into the dynamic interplay between the virus and the host immune
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system, enabling more effective control strategies against emerging and reemerging CoVs.

13

doi:10.6342/NTU202301899



1.7 Specific aims

*  Phylogenetic investigation of HCoV-229E S proteins to identify the distant strains
for the biophysical assays and structural analysis.

*  Quantitatively and visually describe the effect of antigenic drift on the protein
stability, functional competence, and N-linked glycosylation profile.

e Select a qualified strain for cryo-EM analysis of HCoV-229E S-hAPN complex
structure, aiming to unveil the unknown molecular basis of the host recognition of
HCoV-229E.

e Combine the above experiments to propose a comprehensive model depicting the

potential mechanism for HCoV-229E cell entry in vivo.
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Chapter 2 MATERIAL AND METHODS

2.1  Phylogenetic analysis and antigenic drift analysis

The procedure for the analyses was as described previously by Eguia et al. *® The HCoV-
229E NCBI Virus accessions used here were an updated version as of October 11%", 2022,
which is available on
https://github.com/coco0981568491/Master_Thesis/blob/master/HCoV-

229E_accessions/20221011_NCBI_Virus_229E_accessions.csv.

2.2  Estimating HCoV-229E S protein stability via in silico AAG prediction
According to this review®, utilizing multiple delta delta Gibbs Free Energy (AAG)
predictors is a rough, yet effective approach to arrive at a more reliable conclusion about
the influence of mutations on protein stability. Here we used five well-established and
tested tools to predict the AAG of several HCoV-229E strain pairs. The tools we used
were MAESTRO?®*? (command-line version), INPS-3D**, INPS sequence®® (abbreviated
as “INPS-Seq*”), DDGun with input PDB structure® (abbreviated as “DDGun-3D”), and
DDGun with input sequence®® (abbreviated as “DDGun-Seq*”). The following strain
pairs were analyzed: GenBank: DQ243972 (1984) to GenBank: AAG48592.1 (7CYC),
GenBank: DQ243972 (1984) to GenBank: AAK32191.1 (P100E strain), GenBank:
DQ243972 (1984) to GenBank: ABB90519.1 (1992), GenBank: DQ243972 (1984) to
GenBank: ABB90520.1 (2001), GenBank: DQ243972 (1984) to GenBank: AIW52753.1
(2008), GenBank: DQ243972 (1984) to GenBank: APT69883.1 (SC1073, Seattle strain),
GenBank: DQ243972 (1984) to GenBank: APT69856.1 (SC677), and P100E strain to
Seattle strain.

All sequences were in FASTA format and downloaded from National Center for
Biotechnology Information (NCBI). For protein structure-based predictions, i.e., the tools
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named with “3D”, the sequences of the corresponding strains were submitted to SWISS-
MODEL?’ for homology modeling with the reported cryo-EM structure of HCoV-229E
(PDB ID: 6U7H) as the reference to generate the required PDBs. Finally, all results from

the aforementioned tools were listed in Table 3.2-1.

2.3 Construct design

Sino Biological Inc. synthesized the genes that encode for the ectodomain of the S protein
of the HCoV-229E Seattle strain, whereas the genes for the ectodomain of the S protein
of the HCoV-229E P100E strain were provided as a gift by the California Institute of
Technology (Caltech). In addition, the genes encoding the ectodomain of hAPN were

purchased from Addgene (https://www.addgene.org/) with the construct name

"pLEX307-APN-puro™ under the plasmid number #158454. The DNA sequences of
HCoV-229E Seattle strain S (residues 1-1111) and hAPN ectodomain (residues 66-967)
were cloned into a modified mammalian cell expression vector pcDNA3.4-TOPO
(Invitrogen, USA), which contains a T4 fibritin foldon trimerization domain followed by
a c-Myc sequence and a hexa-repeat histidine (His 6) tag. The plasmid containing HCoV-
229E P100E strain S sequence from Caltech, which comprises a T4 fibritin foldon
trimerization domain followed by a nona-repeat histidine (His 9) tag and a AviTag™, was
unmodified and directly used a construct for cell transfection. To modify the HCoV-229E
P100E strain S, its original signal peptide was substituted at the N-terminus with the p-
phosphatase signal sequence (MGILPSPGMPALLSLVSLLSVLLMG). On the other
hand, Ig kappa (Igk) leader sequence was used for hAPN construct. As for HCoV-229E
Seattle strain S, the native signal peptide was maintained. All S proteins were stabilized
with dual proline (2P) mutation (3"1TI872—8"1pp872 for P100E S, 869T[870,869pp870 for
Seattle S with 2 deletions).
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2.4 Protein expression and purification

The plasmids of HCoV-229E P100E strain S, HCoV-229E Seattle strain S, and hAPN
ectodomain were transiently transfected into Expi293F cells with ExpiFectamine 293
transfection kit by following its protocols in the user guide. The transfected cells were
incubated at 37 °C with 8% COx for six days. After that, the cells were centrifuged at 4000
rpm for 30 min, then the supernatant containing the secreted form of S proteins and hAPN
ectodomain in the medium was harvested and filtered through a 0.22 um cutoff membrane
(Satorius, France). Furthermore, the medium was incubated with HisPur Cobalt Resin
(Thermo Fisher Scientific, U. S. A.) in binding buffer (20 mM Tris-HCI (pH 8.0), 150
mM NaCl, and 5 mM imidazole) at 4 °C overnight. The resin was then transferred into
the PD-10 column and iteratively washed with wash buffer (20 mM Tris-HCI (pH 8.0),
300 mM NacCl, and 10 mM imidazole). The target proteins were subsequently eluted by
elution buffer (20 mM Tris-HCI (pH 8.0), 300 mM NacCl, and 150 mM imidazole). After
elution, the proteins were concentrated and subsequently subjected to additional
purification using a size exclusion chromatography (SEC) column (Superose 6 increase
10/300 GL; GE Healthcare, U.S.A.), utilizing a running buffer consisting of 50 mM Tris-
HCI (pH 7.6), 150 mM NaCl, and 0.02% NaN3. The protein concentrations were
measured using a UV-Vis spectrometer (Nano-photometer N60, IMPLEN, Germany) by

analyzing the UV absorbance at 280 nm.

2.5  Differential scanning fluorimeter (DSF)

The S proteins of HCoV-229E P100E strain and HCoV-229E Seattle strain were analyzed
by Tycho NT.6 (NanoTemper Technologies). Fresh samples were diluted ten-fold in
buffers having distinct pH values, which included 100 mM sodium acetate (pH 4.0 and
pH 5.0), MES (pH 6.0), HEPES (pH 7.0), and Tris (pH 7.6 and pH 8.6). All buffers were
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supplemented with 150 mM NacCl. The final concentration of the samples was adjusted
to fall within the suggested value range by the machine manual. The temperature ramping
span was set from 35°C to 95°C at a scanning rate of 30 °C/min, and the resulting data

were processed by the internal software from NanoTemper.

2.6 Negative staining electron microscopy (NSEM) analysis

Negative-stained grids were prepared for the S proteins of HCoV-229E P100E strain and
HCoV-229E Seattle strain as well as the hAPN ectodomain, for negative staining electron
microscopy (NSEM). To prepare the grids for NSEM, the carbon-coated grids were
initially glow-discharged with 25 mA for 30 seconds. Next, 4 uL of fresh samples at a
concentration of 50 ug/mL were applied to the grid surface, and incubated for 1 minute
to facilitate sample absorption. After that, the grids were blotted with a sheet of filter
paper and stained with 4 uL of 0.2% uranyl formate (UF) for 1 minute, then blotted again
and air-dried for one day. Images were collected by FEI Tecnai G2-F20 electron
microscope at 200 keV (FEI, the Netherlands). An imaging magnification of 50000x was
employed, which corresponded to a pixel size of 1.7 A. All datasets were processed by
CryoSPARC v4.1.1. Following the import of micrographs, patch-CTF estimation was
conducted, and subsequent particle-picking was carried out utilizing the "blob picker"
function. The picked particles were extracted from the micrographs with a box size of
224 pixels, which were later cleaned up by applying iterative rounds of 2D classification.
The particles from selected 2D classes were used for ab-initio 3D reconstruction and
heterogeneous refinement. Then, the particles from the best 3D class were applied to non-
uniform (NU) refinement without symmetry (C1) to generate the final NSEM map. The

resulting NSEM maps were visualized and analyzed by UCSF-ChimeraX?®,
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2.7  Biolayer interferometry (BLI)

The experimental procedure was as described previously3®, with the exception that human
aminopeptidase N, the receptor of HCoV-229E, was immobilized onto High Precision
Streptavidin (SAX) biosensors (Sartorius) instead of ACE2. Additionally, the SARS-

CoV-2 S proteins were replaced with those of HCoV-229E P100E and Seattle strain.

2.8 Cryo-EM grid preparation and Data collection

To confirm the binding between the HCoV-229E S protein and its receptor, hAPN, the
SEC-purified HCoV-229E S protein solution was initially incubated with hAPN for 1
hour at 4 °C. Subsequently, a second round of SEC purification was performed to isolate
only the fractions that indicated the formation of 229E-hAPN complexes. The fractions
containing the complexes were collected and concentrated to 3.5 mg/mL for ensuing cryo-
EM analysis, from which 3 uL of the complex solution was applied onto 300-mesh
Quantifoil R1.2/1.3 holey carbon grids. The grids were glow-discharged at 20 mA for 30
s. After a 30-second waiting time, the grids were blotted for 2.5 s at 4 °C with 100%
humidity, then vitrified by Vitrobot Mark IV (ThermoFisher Scientific, U. S. A.). Data
collection was performed on a 300-keV Titan Krios transmission electron microscope
(TEM) equipped with a Gatan K3 direct detector (Gatan) in the super-resolution mode
using EPU 2.10 software (Thermo Fisher Scientific). Movies were collected with a
defocus range between -1.5 and -2 um and a magnification of 81000 x, resulting in a pixel
size of 1.08 A. A total dose of 50 e/A? was distributed over 50 frames with an exposure

time of 2.5s.

2.9 Image processing and 3D reconstruction
A total of 7961 super-resolution movies were motion-corrected on the fly by
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MotionCor2_1.4.4% during the data collection. The motion-corrected movies were later
imported to CryoSPARC v4.1.1* to perform successive image analysis. Contrast transfer
function (CTF) estimation was conducted by patch-CTF estimation function in
CryoSPARC v4.1.1*. Afterwards, all the CTF-corrected micrographs were subjected to
particle picking with parameters of 150 A "Minimum particle diameter" and 400 A
"Maximum particle diameter”. Atotal of 2,663,525 picked particles were Fourier-cropped
to a box size of 410 pixels after the particle extraction with the 820-pixels box size (2x2-
binned) and then applied to iterative rounds of 2D classification for filtering out junk
particles. The remaining 253,164 particles were used to perform ab-initio reconstruction
with C1 symmetry, followed by heterogeneous refinement to generate three distinct
classes. Of note, among the three generated 3D classes, only one class resembled the
theoretical shape of a 229E-hAPN complex. Therefore, all the following analysis was
based on this single class while the other two being discarded. The processing procedure
to this stage had already singled out the desired structure target, 229E-hAPN complex,
thus the corresponding particles were re-extracted with a box size of 600 pixels
(1.36x1.36-binned) to retain as much of the original structural information as possible
with limited computing resource. Note that extracting particles by their full box size (un-
binned) would usually be the ideal situation. However, due to the computational
infrastructure used, a trade-off of 600 pixels was deemed the most feasible option between
the resolution limit and computing power. Next, the re-extracted particles were applied to
non-uniform (NU) refinement to generate an initial map and its corresponding mask. NU-
refinement takes the disordered or flexible regions of a structure into account®?, thus a
higher resolution of 4.33 A was achieved compared to 5.91 A from the conventional
homogeneous refinement of the single class. Since the resulting map of the 229 HCoV
S-hAPN complex structure exhibited a highly dynamic nature of the two attached 229E
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HCoV S proteins, which led to a significant loss of local resolution, local refinement was
incorporated to deal with this issue. The following 6 local refinements were performed
(the names indicate the refined regions): mono-hAPN + singe S, single S, mono-hAPN +
single RBD, hAPN dimer + single RBD + hinge (the peptide linking the RBD region and
the S1 subunit of S protein), mono-hAPN, and single RBD + hinge. All the local
refinements were carried out with C1 symmetry to account for the non-symmetrical
characteristics of the 229-hAPN complex. Finally, all 6 focus-refined cryo-EM Coulomb
potential maps along with the NU-refined full complex map were imported to Phenix*
to generate a composite map by a built-in function called “combine_focused_maps”. The
resulting composite map was used for the following model building and structural

refinement.

2.10  Model building and refinement

The initial model of HCoV-229E-hAPN complex was generated based on the previously
reported cryo-EM structure of HCoV-229E S (PDB ID: 6U7H) ** and X-ray
crystallography structure of HCoV-229E RBD in complex with hAPN (PDB ID: 6U7G)
4 The atomic coordinates were segregated into individual domains and manually rigid-
body-fitted into the Phenix composite map from the previous step using UCSF-
ChimeraX®®, The fitted model was examined and manually adjusted via Coot* and the
derived model served as a starting point for further structural optimization in finer details.
Next, the model was processed by real-space refinement in Phenix* with the default
parameters. To enhance the correlation between the model and the cryo-EM composite
map, multiple rounds of manual optimization were performed in Coot, followed by real-
space refinement in Phenix using the same set of parameters. To this stage, the model still
contained several steric clashes even with the per-residue geometric assessment by Coot
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being acceptable. This was likely due to the compromised local resolution stemming from
the dynamic nature of 229E-hAPN complex. To tackle this, ISOLDE* was utilized to
perform an MD-facilitated flexible fitting for steric clashes minimization. The whole
complex was first added hydrogens and simulated by ISOLDE overnight to equilibrate
the system, followed by manual checking and tweaking of the individual domains to clear
off all the clash warnings reported by ISOLDE. Multiple rounds of adjustment and
simulation in ISOLDE were further conducted to procure the final HCoV-229E S-hAPN
complex model. Of note, the complex model to this stage was not glycosylated. To build
the N-linked glycans onto the model, CHARMM-GUI*’ PDB Reader & Manipulator was
used to attach glycan molecules to the asparagine side-chains containing the N-
glycosylation sequon. The geometry and the steric clashes of the glycosylated model were
again analyzed by Coot* and manually refined. To assess the glycosylated model, a
comprehensive cryo-EM validation tool in Phenix was employed as a final step. UCSF-
ChimeraX and Pymol 2.3.4 (Schrodinger Inc. U.S.A.) were utilized for the structural

visualization and rendering of structural representations.

2.11  In-gel proteolytic digestion of the proteins (Digestion protocol A)

3 ug of recombinant S protein were separated by gel electrophoresis and visualized the
proteins by staining with One-Step Blue (Biotium, U.S.A.). The gel slices were diced into
small pieces (1 mm3) and treated with 10 mM dithioerythritol (DTE) in 25 mM
ammonium bicarbonate at 37 °C for 1 hour, followed by alkylation with 50 mM
iodoacetamide (IAM) in 25 mM ammonium bicarbonate for 1 hour at room temperature
in the dark. The gel pieces were then de-stained with 25% acetonitrile (ACN) in 25 mM
ammonium bicarbonate at 37 °C for 15 minutes, repeating the process until the gel pieces
were fully de-stained. Next, the gel pieces were dehydrated with 100% ACN, and the
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remaining acetonitrile was removed using a Speed Vac, leaving behind dried gel pieces.
The dried gel pieces were then treated with sequencing grade trypsin at an enzyme-to-
substrate ratio of 1:50 at 37 °C overnight, followed by chymotrypsin at an enzyme-to-
substrate ratio of 1:30 at 37 °C on the next day. The digested products were extracted by
adding d2H>O and sonicating for 15 minutes, and then collected in a clean tube. This
extraction process was repeated twice more, replacing d2H>O with 1% formic acid (FA)
and 50% ACN/1% FA each time. The extracted products were then combined and dried
down by Speed Vac. The resulting samples were dissolved in 0.1% FA, cleaned up using
ZipTip C18 (Merck Millipore, Ireland), and dried by Speed Vac again for further

experiments.

2.12  In-solution proteolytic digestion of the proteins (Digestion protocol B)

Protocol B was derived from the Method described previously*®. Recombinant S protein
and hAPN ectodomain, at a quantity of 5 pg, were subjected to reduction with 10 mM
DTE and 6 M Urea in 25 mM ammonium bicarbonate, at a temperature of 37 °C for 1
hour. They were subsequently treated with 50 mM 1AM in 25 mM ammonium
bicarbonate, in the absence of light, at room temperature for 1 hour. Following this, the
concentration of DTE was increased to 50 mM, and the buffer was changed to 25 mM
ammonium bicarbonate via Amicon Ultra-0.5, 10 kDa (Merck Millipore, Ireland). The
digested products were then exposed overnight to either sequencing grade trypsin and
chymotrypsin (T + C) at an enzyme-to-substrate ratio of 1:30 and a temperature of 37 °C,
or alpha-lytic protease (aLP) at an enzyme-to-substrate ratio of 1:30 and a temperature of
37 °C. The resulting digested products were further processed by diluting them with 1%
FA to a final concentration of 0.1% and cleaning them up using ZipTip C18 (Merck
Millipore, Ireland). Finally, the samples were dried down by Speed Vac for use in

23

doi:10.6342/NTU202301899



subsequent experiments.

2.13  Glycopeptide analysis by liquid chromatography-mass spectrometry
The method previously described*® was utilized to conduct LC-MS/MS data acquisition
on all S and hAPN protein samples, without implementing electron-transfer/higher-

energy collision dissociation (EThcD).

2.14  Glycopeptide identification and quantification
The LC-MS/MS raw files ((RAW) were subjected to N-glycopeptide identification using
Byonic v3.9.6. The identification parameters were set to search against the sequences of
individual S and hAPN proteins with fully specific cleavages at residues determined by
the digestion enzymes (e.g., F, K, L, R, W, Y residues for trypsin plus chymotrypsin
digested samples, and A, S, T, V residues for alpha-lytic protease digested samples). Up
to 2 missed cleavages were allowed in sample digestion. The "Both: CID & HCD" option
of the fragmentation type was selected, with a precursor mass tolerance of 5 ppm and a
fragment mass tolerance of 10 ppm. The modifications included cysteine
carbamidomethylation (+57.0215 Da, at C), methionine oxidation (+15.9949 Da, at M),
asparagine and glutamine deamidation (+0.9840 Da, at N, Q). The built-in N-glycan
library of 182 human" was used for N-glycopeptide identification. The identification
results were exported into Excel files for further processing. The Byonic search results
and the MS raw files were utilized in the Byologic module of the Byos suite (v3.11,
Protein Metrics Inc., USA) for N-glycopeptide quantification based on the peak areas of
extracted ion chromatograms. The final quantification results were also exported into
Excel files for later processing.

The Excel files generated from Byonic and Byologic were further analyzed using in-

24

doi:10.6342/NTU202301899



house Python scripts (available on GitHub at

https://github.com/coco0981568491/Master Thesis/tree/master/Glycopeptide! identifica

tion_and_quantification). In brief, positive peptide-spectrum matches (PSMSs) were

filtered based on the score > 200 and PEP2D < 0.001 criteria. The glycopeptides with
identical features, such as N-glycosylation site, sequence, glycan composition, and
calculated m/z, were summed by the number of PSMs. The highest-scoring match was
considered as a "unique glycopeptide”, and its peak area under the extracted ion
chromatograms (XICAUC) was recorded as a quantified entry in different N-glycan
category figures. Note that any glycopeptide containing more than two NxS/T sequons

could not be quantified by our workflow.

2.15  Representative Glycoforms selection of the proteins

To describe the experimentally observed N-glycosylation patterns on the pre-fusion
structures of the S proteins as well as the ectodomain of hAPN, it was necessary to select
representative glycoforms for specific N-glycosylation sites. Based on the results of
glycopeptide analysis described in 2.12, the most abundant glycoforms of the dominant
glycan types (e.g., high-mannose, hybrid, complex, and unoccupied) of each N-
glycosylation site under different digestion protocols as well as enzymatic treatments
quantified by the peak areas under the extracted ion chromatograms (XICAUC) were all
listed in Tables 3.5-1, 3.6-1, 3.7-1. The site-specific representative glycoforms were then
selected according to the following principles.

To begin with, we established the biological replicates across various experimental
batches by considering the variations in the protein digestion protocols and enzymatic
treatments. Specifically, we identified samples that underwent identical enzymatic
treatments as biological duplicates. For instance, the Ingel-TC and Insol-TC samples of
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HCoV-229E Seattle strain S protein, the Insol-TC duplicates of HCoV-229E P100E strain
S protein, and the Insol-TC duplicates of hAPN ectodomain were considered as biological
replicates. The next step involved choosing the most representative glycoforms based on
the biological duplicates with the greatest coverage of N-glycosylation sites. Particularly,
we selected Insol-TC #2 of HCoV-229E P100E strain S protein, Insol-TC of HCoV-229E
Seattle strain S protein, and Insol-TC #1 of hAPN ectodomain as the most representative
glycoforms. In addition, the number of the covered N-glycosylation sites was used to
decide the priority of the experimental data. That is, the one with the highest coverage
would be the first priority, the medium coverage the second, and so on. The third step
involved completing the missing glycoforms by utilizing data from other experimental
batches in accordance with the aforementioned data priority. Lastly, any N-glycosylation
sites that remained unidentified by our glycopeptide analysis, such as those involving
multiple sequons within a glycopeptide resulting in the loss of N-glycosylation profile,
were supplemented with alternative Man5 structures. These structures only represented
the potential spatial occupancy of glycans and were utilized for modeling purposes. For
clarity, the representative glycoforms of each protein for model building were all listed in
Tables 3.5-2, 3.6-2, 3.7-2. With this, we could further construct experiment-based

glycosylated models by CHARMM-GUI* as well as GlycoSHIELD?.

2.16  Atomic model of fully M5 glycosylated proteins by CHARMM-GUI

This was for the schematics showing the site-specific high-mannose content of HCoV-
229E P100E strain S, HCoV-229E Seattle strain S, and hAPN ectodomain (Figs. 3.5-3.
B, 3.6-3. B, 3.7-3. B). The glycans here were solely for demonstrating certain spatial
occupancy; thus, only Man5 was used to simplify the glycan building process on
CHARMM-GUI. The high-mannose content from high to low was indicated, instead,
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with the colors “forest”, orange, and magenta, respectively. The building procedure is
briefly described below.

To generate the initial coordinate files for CHARMM-GUI glycosylated model
building, the previously published** cryo-EM structure of HCoV-229E S (PDB ID: 7CYC)
was utilized for P100E strain, whereas for Seattle strain, SWISS-MODEL® was used to
perform homology modeling based on its protein sequence with 7CYC as the reference
structure. In addition, we opted for our own structure for the hAPN ectodomain,
considering the differences between the cryo-EM-solved and X-ray-solved models. The
discrepancy in the molecular structure stemming from these two distinct experimental
methods was elaborated in the RESULTS section. Of note, since 7CYC and our hAPN
models contained missing residues due to the poor cryo-EM map quality in certain areas,
we had to fill those in by using the built-in tool, “Fit Loop by Rama Search”, in Coot*
before proceeding to CHARMM-GUI.

Once all the initial coordinate files were ready without any missing residues, we
submitted them to CHARMM-GUI PDB Reader & Manipulator provided within the input
generator, by which Man5 molecules were attached to all potential N-glycosylation sites,
i.e., all asparagine residues located in the NxS/T sequon. To strike a balance between the
CHARMM-GUI computation time and the efficiency of this workflow, we only processed
5 N-sites at a time to avoid a waiting time lasting several hours. This strategy applied to
all three proteins for glycan modeling.

Finally, all the Man5 fully glycosylated coordinate files were downloaded from
CHARMM-GUI server. The glycans on the protein model were manually inspected and
adjusted one by one to rectify any steric clashes with the protein structure or the
neighboring glycans. In theory, if we processed all N-sites at once, the whole system
would be fully glycosylated, and energy minimized to avoid any steric clashes. However,
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the complete processing of this approach would be extremely time-consuming. As a trade-
off, the former strategy was adopted, followed by manual tweaking of the attached
glycans.

The above-mentioned colors, i.e., “forest”, “orange”, and “magenta”, were
subsequently applied to the resulting glycosylated models to illustrate the high-mannose

content, which was further visualized and rendered via UCSF-ChimeraX®2,

2.17  Glycan shield modeling with GlycoSHIELD

The versatile pipeline for modeling the glycan conformer ensemble onto static protein
structures for visualizing and analyzing the glycan shielding effect on protein surfaces
were described previously*. In the script "GlycoSHIELD-0.1.py", the aforementioned
protein models were provided as input PDBs. N-glycosylation sites and the corresponding
glycans to be grafted on S proteins were defined in input files based on the representative
glycoforms (Tables 3.5-2, 3.6-2, 3.7-2.). CG (coarse-grained) mode and the
recommended threshold value of 3.5 A were used. The option "--shuffle-sugar" was also
applied. Next, due to the multiple N-glycosylation sites, the script "GlycoTRAJ.py" was
executed to merge the output files from "GlycoSHIELD-0.1.py", which were the . XTC
and .PDB formats of the glycan frames of each N-glycosylation site on protein structures,
into a single trajectory with all grafted glycans. In principle, the smallest number of the
grafted glycan frames within all the N-glycosylation sites was applied in the option "--
maxframe™ of "GlycoTRAJ.py" to remove excessive frames, then the output files of
trajectory with static protein and glycan conformer ensemble were exported. Finally, the
script "GlycoSASA-0.1.py" was carried out to analyze the glycan shielding effect on
protein surfaces, calculating the solvent-accessible surface area (SASA) of un-
glycosylated and glycosylated proteins (SASAnogly and SASAqy, respectively). The
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glycan shielding effect (here followed the original term used in the reference*®; SASAre
means “relative SASA remained exposed in the presence of the glycans”) was defined as
the following function:
SASArel = (SASAnogly-SASAgly)/SASAnogly

A shielding value of 1 indicated a complete contribution from glycan shielding, whereas
a shielding value of O indicated either no shielding from the glycans or a complete
shielding from the protein structure (i.e., steric hindrance of the protein obstructs
GROMACS® SASA probing, which was specifically annotated with an occupancy value
of 0 in the output PBDs). The option "--probelist” was set to 0.75 nm, emulating the
radius of the average size of hypervariable loops in antibody complementarity
determining region (CDR) described previously®*. The maximum shielding values per
residue were written into the b-factor column of the output PDBs. The visualizations of

the glycan shielding effect on protein surfaces were accomplished by UCSF-ChimeraX3e,

2.18  Atomic model building of final HCoV-229E virus infection schematic by
CHARMM-GUI, GlycoSHIELD, and AlphaFold2
The glycan building procedure using GlycoSHIELD*® was already described in the
previous section. This procedure was applied to the cryo-EM-solved coordinate file of
HCoV-229E-S-hAPN complex, with all missing residues being filled in by “Fit Loop by
Rama Search” tool in Coot®, and N-sites being glycosylated based on LC-MS/MS
results. The unoccupied sites were modeled with alternative Man5 glycans to depict their
spatial occupancy. The output file contained an experiment-based fully glycosylated
complex model that was ready for further processing.

Since hAPN proteins are usually anchored in the cellular membrane, forming a
homodimer that is responsible for a myriad of physiological functions, such as peptide
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metabolism, cell motility and adhesion, HCoV-229E virus entry, and signal transduction
and regulation, it is essential to incorporate the membrane structure into our complex
model. To achieve this, CHARMM-GUI Membrane Builder®® was utilized to construct a
sheet of lipid bilayer surrounding the cryo-EM-solved hAPN dimer, followed by built-in
energy minimization and systematic equilibrium. For HCoV-229E viral surface,
LipidwWrapper®® was used to generate a 3-dimensional curved virion lipid membrane
modeled upon a cryo-electron tomography (cryo-ET) image of a influenza virus to mimic
the topology of HCoV-229E. Moreover, the stalk region and the transmembrane domain
(from residue 1034 to residue 1173) of HCoV-229E was modeled using AlphaFold2%*
Google Colab scripts available on

https://colab.research.google.com/qithub/sokrypton/ColabFold/blob/main/AlphaFold?2.i

pynb. Then the full-length S proteins of HCoV-229E P100E strain were manually inserted
into the generated virion lipid membrane, which was neither energy minimized nor
equilibrated, yet crudely capture the possible theme of HCoV-229E cell entry event in
Vivo.

Nevertheless, while the resulting fully glycosylated, membrane-anchored HCoV-
229E-S-hAPN complex model did not undergo rigorous systematic equilibration and
energy minimization, the overall structure and post-translational modifications (PTMs)
were buttressed by cryo-EM and LC-MS/MS glycan identification and quantification and
were modeled to scale, providing molecular insights into the potential mechanism of virus

infection.

2.19 Batch processing and calculation of RBD-up angle of currently available
cryo-EM structures of SARS-CoV-2 S protein on Protein Data Bank (PDB)
As of April 3rd, 2023, there were 976 PDB entries solved by cryo-EM that related to
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SARS-CoV-2 structures (the database updates constantly. This is merely the number
recorded during the analysis). These PDB files resulted from the entry filtering on Protein

Data Bank (https://www.rcsb.org/) with “Source Organism Taxonomy Name (Full

Lineage)” set to “SARS-CoV-2”, “Experimental Method” set to “ELECTRON
MICROSCOPY”, and “Polymer Entity Type” set to “Protein” in Advanced Search Query
Builder to exclude as many non-spike entries as possible before proceeding to in-depth
data sorting and analysis. The entries used for the following analysis are available on

GitHub (https://github.com/coco0981568491/Master Thesis/blob/master/Batch RBD-

up angle calculation/rcsb pdb ids.txt).

Next, we batch downloaded all PBD entries in Crystallographic Information File
format (.cif) based on the IDs listed in the above-mentioned text file via a shell script
provided by Protein Data Bank

(https://github.com/coc00981568491/Master Thesis/blob/master/Batch RBD-

up_angle calculation/batch_download PDB.sh). Since the previous Advanced Search

Query Builder settings could not exclude all the non-spike entries, an in-house Python
script named “PDB_preprocessor.py” was written to iterate through all entries to
inspect the chain composition and the sequence length. To simplify the following analysis,
we narrowed down the chain names to A, B and C. Additionally, the coordinate files were
also checked for their trimerization and S1/S2 subunits. These criteria were to ensure the
common features of spike proteins were present. The protein sequences of the remaining
“qualified” entries were subsequently examined for the characteristic residue types and
mutations to accomplish SARS-CoV-2 variant identification (for the detailed
classification algorithm, please refer to

https://github.com/coco0981568491/Master Thesis/blob/master/Batch RBD-

up_angle_calculation/PDB_preprocessor.py). To this stage, 640 entries remained for the
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ensuing geometric analysis.

To batch calculate the RBD-up angle of numerous structures, another Python script
named “get RBD_angles.py” was written to accelerate the process. The rationale
behind the analysis is briefly summarized as follows: starting residues of the receptor-
binding domain (RBD) of two arbitrary chains of the S model were chosen, and the

PyMOL 2.3.4 “get_coords” command (https://pymolwiki.org/index.php/Get_coords)

was used to record the coordinates of these residues. The coordinates of the starting
residue of RBD on the third chain were obtained by using the “get_coords” command.
The coordinates of the two starting residues were subtracted by those of the third to
generate 2 vectors. The cross product of these 2 vectors was calculated to obtain the
normal vector of the plane consisting of the three starting residues of RBDs. The center
of mass (COM) of all three RBDs was found by using the PyMOL “centerofmass”

command (https://pymolwiki.org/index.php/Centerofmass). The coordinates of the

corresponding starting residues were subtracted from the coordinates of the three COMs
of RBDs to obtain three vectors representing the RBD conformation of each chain. The
chain-specific angles between these vectors and the normal vector derived above were
calculated (for more details, please refer to

https://github.com/coco0981568491/Master Thesis/blob/master/Batch RBD-

up_angle_calculation/get RBD_angles.py). This workflow was iteratively applied to all

640 entries via the aforementioned Python script. The results were automatically exported
to an Excel spreadsheet for later analysis. During the process, 137 entries were excluded
due to missing coordinates of the starting residues of RBDs. The remaining 503 entries
marked the end of the pipeline, and the calculated RBD-up angles were further sorted and
visualized using  tools written in a Jupyter  Notebook  named
“RBD_Angle_PostProcessing_andOtherTools.ipynb”
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(https://github.com/coco00981568491/Master Thesis/blob/master/Batch RBD-

up angle calculation/RBD Angle PostProcessing andOtherTools.ipynb).

For the visual explanation on the definition and calculation of the RBD-up angles,

please refer to Fig. A20. in APPENDIX.
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Chapter 3 RESULTS

3.1 Phylogenetic analysis of HCoV-229E variants

To explore the impact of antigenic drift on the biophysical characteristics and the protein
structure of the HCoV-229E spike, we first needed to examine its phylogeny to identify

the strains for later experiments. NCBI Virus

(https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/) was used to gather the up-to-date
protein sequences of the spikes of HCoV-229E strains, which were analyzed with the
methods proposed by Eguia et al. 3. Since GenBank: AF344189 and GenBank:
AF304460 contain the spike protein sequences of the cryo-EM structures, PDB
ID:6U7H* and PDB ID:7CYC!, respectively. The python scripts deposited by the group

on GitHub (https://github.com/jbloomlab/CoV_229E_antigenic_drift) were slightly

tweaked to incorporate GenBank: AF344189 and GenBank: AF304460 into the dataset
for a more comprehensive analysis. A total of 96 sequences were retained for the final
inference of the phylogenetic tree of HCoV-229E spikes whereof the earliest strain dated
back to 1979 (Fig. 3.1-1. A, and the Excel table of the retained sequences for the
phylogenetic tree available on GitHub:

https://github.com/coco0981568491/Master Thesis/blob/master/HCoV-

229E_accessions/20221011 NCBI_Virus_229E_accessions.csv). The two lab-adapted

sequences, GenBank: AF344189 (labeled as “P100E/2001”) and GenBank: AF304460
(labeled as “7CYC/2001), were grouped to the clade containing GenBank: OK662398
(labeled as “TKU-2021B”) and MZ712010 (labeled as “KBPV-VR-97), while the rest of
the phylogenetic tree structure exhibited the similar *“clock-like” and “ladder-like”
characteristics mentioned by Eguia et al. *.

Following the pipeline established by Eguia et al. *°, we chose the same five strains
(GenBank: DQ243972, DQ243976, DQ243977, KM055556, KY369909), plus GenBank:
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AF344189, AF304460, and KY369913, as the chronological representatives of the
evolution indicated by the black texts and square shapes in the phylogenetic tree, whereof
the sequences were used to compute the pairwise protein sequence divergence as did by
Eguia et al. %°. The results were visualized by the diagonal heatmaps shown in Fig. 3.1-1.
B. Note that the protein sequence divergence computed over the receptor-binding domain
(RBD) is generally higher than that over the entire sequence, indicating intensive
mutations within the RBD. Furthermore, the highest pairwise sequence divergence
happened  between GenBank: AF344189 and KY369913 (labeled as
“Seattle/USA/SC1073/2016) as well as GenBank: AF344189 and KY369909 (labeled
as “Seattle/USA/SC677/2016). We then selected the former pair to carry out the later
experiments. The two selected strains are annotated with blue and dark blue text boxes in

the phylogenetic tree for clarity.

35

doi:10.6342/NTU202301899



HCoV-229E-6/10/82

HCoV-229

0.004

E-5/9/84

HCoV-229E-20/7/84

USA/892-11/1989

@ Heov

Country from which
sequence was isolated
(except for the lab-
adapted category)

Full spike
(1154 a.a.)
HCoV-229E Strains

RBD only

Hong Kong Annotation

China [0 sSelected as

USA representatives f_or
. sequence analysis

Australia O others

Japan

Finland

Germany

Haiti

South Korea
Lab Adapted

HCoV-229E-5/9/844 0%

HCoV-229E-17/6/92 1% | 0%

HCoV-229E-8/8/014 2% | 1% | 0%

7CYC/20014 3% | 5% | 5% | 0%

24/6/90

PDB ID: 7CYC

TKU-2

P100Ef2001

KBPV-VR-9

0218

P100E/20014 4% | 5% | 6% | 1%

0%

693A 20084 3% | 2% | 1% | 5%

6%

0%

-l HCoV-229E-17/6/92

Seattle/USA/SC1073/2016 4% | 3% | 2% | 6%

7%

2%

0%

Selected strain #1
for experiment:
P100E

Seattle/USA/SC677/2016 4% | 3% | 3% | 6%

7%

2%

0%

0%

HCoV-229E-5/9/84 1 0%

HCoV-229E-17/6/92 1 6% | 0%

HCoV-229E-8/8/01 110%| 3% [ 0%

7CYC/2001111%(17%(20%)| 0%

P100E/2001 {13%|19%|21%| 1%

(143 a.a.)

0%

693A_2008113%| 7% | 3% |20%

21%

0%

Seattle/USA/SC1073/2016 117%|13%|10%|21%

22%

]
ES

2
®

Niigata/01/08
693A_2008

China/02/2009

Selected strain #2
for experiment:
Seattle

UAMS_DID_0108/2017
Seattle/USA/SC1073/2016 |
Sealtle/USA/SC2872/2015

Seattle/USA/SCE77/2016

HK13-39
BN1/GER/2015

HCoV-229E Strains

w

%

o
=}
B
~
[
s

Seattle/USA/SC677/2016 117%]| 1

[
N

%

@
R

HCoV-229E-5/9/84
HCoV-229E-17/6/92
HCoV-229E-8/8/01
7CYC/20014

HCoV-229E Strains

P100E/2001

693A_2008 |

Seattle/USA/SC1073/20161 3

Seattle/USA/SC677/20164{ 3

229 8220
Fukushima_H832_2020

Fukushima_HB829 2020

Lcaz

doi:10.6342/NTU202301899



Figure 3.1-1. Phylogenetic analysis of HCoV-229E variants and the selected strains
for the following analyses.

(A) A maximum-likelihood inference using 1Q-TREE® was used to create a phylogenetic
tree of 229E spikes. The tips of the tree are colored according to the country of origin for
each virus isolate (except for the lab-adapted one), with black text and square shapes used
to indicate the spikes that were used in the experiments. (B) The divergence in protein
sequences of the spikes utilized in the experiments was calculated by considering either
the full sequence or only the receptor-binding domain (RBD). The divergence was
quantified as the Levenshtein distance between the amino acid sequences, divided by the
number of sites.
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3.2 Antigenic drift and protein stability prediction

To show the distribution of the mutations described in RESULTS 3.1 on the HCoV-229E
spike protein, we performed multiple sequence alignment on these eight selected strains
via Clustal Omega®, and submitted the alignment file to ESPript3.0°" with PDB
ID:7CYC!! as the reference structure. The results revealed the extensive mutations in
receptor-binding domain (RBD) (Figs. 3.2-1. A, 3.2-2. A), corroborating the raised
sequence divergence shown in the diagonal heatmap (Fig. 3.1-1. B). Moreover, several
mutations are concerned with the canonical sequon of N-linked glycosylation (NxS/T),
which is a common post-translational modification (PTM) on proteins, that is, these
mutations have the potential to alter the glycan composition of the spikes (Fig. 3.2-1. B).
The residue conservation score from multiple sequence alignment was mapped onto the
reference structure (PDB ID: 7CYC), with the color ramping from red to white to
represent incrementing identity of the protein sequence (Fig. 3.2-2. A). RBD and domain
A were two less conserved regions where several red patches were present, indicating a
lower conservation score.

To illustrate the distribution of all the mutations related to N-linked glycosylation,
GenBank: AF344189 and KY 369913 were chosen for their highest sequence divergence,
and the side chains of the mutated sites were styled in “sphere” by using ChimeraX?®,
Due to the missing protein structure around Asn 22, only five out of six mutations
pertaining to N-linked glycosylation, namely D51N, D111N, T176N, K488N, and N714K,
were shown and colored in tomato (#FF6347), while the other 66 mutations were colored
in yellow, making it 72 mutations in total (Fig. 3.2-2. B). In line with the conservation
score distribution in Fig. 3.2-2. A, most of the mutations occur in RBD and domain A,
while others can be found in the central helices that might affect the structural packing of
the spike protein.
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The Omicron variant of SARS-CoV-2 bears more than 30 mutations within the spike
protein, which modify the structural properties and the biochemical characteristics to
various extents®® . Now we want to see if the 72 mutations engender any difference
between GenBank: AF344189 and KY369913.

The mutations on protein tend to have certain impact on its stability, and a common
measure to quantify the effect is to calculate the unfolding free energy difference between
the wild type and mutant protein (AAG = AGuiitdtype - AGmutant). Several computational tools
have been developed to facilitate in-silico AAG quantification, and the mutational effect
is usually classified into stabilizing, destabilizing, or neutral, based on its yielded value3*
35.36,60. 61 Alpeit the tremendous endeavors invested in improving the performance of
AAG prediction, most of the current predictors are far from ideal in terms of their
correctness and reliability®2. Moreover, due to the difficulty in measuring experimentally
the unfolding free energy difference on a large scale, the empirical datasets of AAG are
often found to be limited and unbalanced toward the destabilizing mutations, which might
give rise to the prediction bias seen in the tools assessed by Marabotti, A., et al. *2. Arough,
yet effective approach to make up for the unreliability of the tools is to reach a consensus
prediction by combining the results from several predictors, as suggested by Marabotti,
A., et al. *2, Here we chose three online tools, DDGun (includes both sequence-based and
structure-facilitated predicting methods) %, INPS-MD (includes the original sequence-
based INPS®® and the newly-added INPS-3D) **, and MAESTRO (command-line version
based on a structure-facilitated method) 2, to quantify the effect of the antigenic drift on
the previously selected HCoV-229E strains. For all the prediction results, please refer to
Table 3.2-1. The mutations between the following strain pairs: DQ243972 and AF304460
(denoted as “1984 to 7CYC”), DQ243972 and AF344189 (denoted as “1984 to P100E”),
DQ243972 and DQ243976 (denoted as “1984 to 1992”), DQ243972 and DQ243977
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(denoted as “1984 to 2001”), DQ243972 and KM055556 (denoted as “1984 to 2008”),
DQ243972 and KY369913 (denoted as “1984 to Seattle”), DQ243972 and KY369909
(denoted as “1984 to SC677”), and AF344189 and KY369913 (denoted as “P100E to
Seattle™), served as the inputs for the aforementioned online predictors to assess the
influence of the mutations. As for the structure-facilitated methods, PDB ID: 7CYC! was
submitted as the reference protein structure. The prediction results were visualized by the
bar chart in Fig. 3.2-2. C and grouped by the above-mentioned strain pairs.

According to Marabotti, A., et al. *2, the predicted AAG values that fall within the
range £ 0.5 kcal/mol should be considered unreliable due to their proximity to the
experimental error®3, This standard was applied to all the predictors, and only the values
outside the range were classified as either “destabilizing” (AAG > 0.5 kcal/mol, signified
with the light red region in Fig. 3.2-2. C) or “stabilizing” (AAG < 0.5 kcal/mol, signified
with the light green region in Fig. 3.2-2. C) mutations, while the rest were deemed
“neutral” (signified with the light grey region in Fig. 3.2-2. C) as the effect of the
mutations remained undetermined or insignificant. Despite the apparent variations in the
AAG values from different predictors, the overall trend still showed an increasing
destabilizing effect as the time interval between the strains lengthens, which is most
evident among the MAESTRO®? predictions. Furthermore, “P100E and Seattle” was the
sole strain pair predicted to bear the destabilizing mutations by all the tools. Therefore,
we chose them for the later in-vitro experiments. For convenience, we will refer to
GenBank: AF344189 as “P100E strain” and GenBank: KY369913 as “Seattle strain”. It
is worth noting that the antibody neutralizing assay is not included in this study to directly
prove the existence of immune escape between P100E and Seattle strains. Nevertheless,
Eguia et al. *° demonstrated that the neutralizing activity of human sera is lower against
“future” viruses than those that elicited the immunity, and the immune escape was indeed
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present between HCoV-229E-5/9/84 and Seattle/lUSA/SC677/2016 (Fig. 3.1-1. A).
Additionally, based on the phylogenetic tree, P10OE strain belongs to an even older clade
dated back to year 1979, and the sequence of Seattle strain (Seattle/USA/SC1073/2016)
is highly similar to that of Seattle/USA/SC677/2016. Thus, we deduced that the numerous
mutations between P100E and Seattle strains should also lead to immune escape, i.e., one

of the salient ramifications of antigenic drift.
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Figure 3.2-1. Multiple sequence alignment of the eight selected HCoV-229E strains
using ESPript3.0.

The eight selected strains were listed on the left side of the multiple sequence alignment
result. The mutations related to the three receptor binding loops of RBD and the ones
located in the N-linked glycosylation sequon (N-X-S/T, X is not proline) were delineated
by the black boxes in (A) and (B), respectively. The full multiple sequence alignment
profile can be found in Fig. Al.
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Figure 3.2-2. The distribution of the mutations and their predicted effects on the
protein stability.

(A) The conservation score derived from the multiple sequence alignment in Fig. A1 was
mapped onto the cryo-EM molecular structure of HCoV-229E S (PDB ID: 7CYC'). The
protein surface was colored in a gradient from red to white, indicating a low to high
conservation score. For clarity, the receptor binding domain (RBD) and domain A were
delineated in color blue and lime, respectively. (B) There are 2 deletions and 72 point
mutations from P100E strain to Seattle strain. The mutations were mapped onto PDB ID:
7CYC structure and colored in yellow. 5 out of the 6 mutations related to N-linked
glycosylation sequon were colored in tomato (#FF6347) and annotated by their
corresponding protein residue names. The missing mutation was residue 22, which is not
structurally available in 7CYC due to the compromised cryo-EM map quality. (C)
Pairwise delta delta Gibbs free energy (ddG) predictions were made for the selected eight
strains using five in-silico predictors, with the sequence-based algorithm marked by an
asterisk. The background of the plot was colored in light pink, light grey, and light green
to respectively show the effect of the mutations on the protein stability.
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Table 3.2-1. HCoV-229E S protein stability estimation via AAG servers and
command-line tool.

PROTEINS SERVERS ddG PREDICTION NOTES
DQ243972 (1984) to 7CYC MAESTRO 1.81 destabilizing confidence: 0.659045
DQ243972 (1984) to 7CYC INPS-3D -0.39 neutral
DQ243972 (1984) to 7CYC INPS-Seq* 0.35 neutral
DQ243972 (1984) to 7CYC DDGun-Seg* | -0.80 destabilizing
DQ243972 (1984) to 7CYC DDGun-3D -0.70 destabilizing
DQ243972 (1984) to P100E MAESTRO -0.42 neutral confidence: 0.679160
DQ243972 (1984) to P100E INPS-3D -0.17 neutral
DQ243972 (1984) to P100E INPS-Seq* 0.52 stabilizing
DQ243972 (1984) to P100E DDGun-Seg* | -0.50 neutral
DQ243972 (1984) to P100E DDGun-3D -0.20 neutral
DQ243972 (1984) to 1992 MAESTRO -0.06 neutral confidence: 0.740918
DQ243972 (1984) to 1992 INPS-3D -1.02 destabilizing
DQ243972 (1984) to 1992 INPS-Seq* -1.50 destabilizing
DQ243972 (1984) to 1992 DDGun-Seq* | -1.60 destabilizing
DQ243972 (1984) to 1992 DDGun-3D -0.40 neutral
DQ243972 (1984) to 2001 MAESTRO 0.81 destabilizing confidence: 0.732311
DQ243972 (1984) to 2001 INPS-3D -0.87 destabilizing
DQ243972 (1984) to 2001 INPS-Seq* -0.86 destabilizing
DQ243972 (1984) to 2001 DDGun-Seq* | -1.40 destabilizing
DQ243972 (1984) to 2001 DDGun-3D -0.20 neutral
DQ243972 (1984) to 2008 MAESTRO 1.79 destabilizing confidence: 0.696628
DQ243972 (1984) to 2008 INPS-3D -0.82 destabilizing
DQ243972 (1984) to 2008 INPS-Seq* -0.84 destabilizing
DQ243972 (1984) to 2008 DDGun-Seq* | -1.40 destabilizing
DQ243972 (1984) to 2008 DDGun-3D -0.30 neutral
DQ243972 (1984) to SC1073 | MAESTRO 2.87 destabilizing confidence: 0.685937
(Seattle)

DQ243972 (1984) to SC1073 INPS-3D -0.81 destabilizing

(Seattle)

DQ243972 (1984) to SC1073 INPS-Seq* -0.68 destabilizing

(Seattle)

DQ243972 (1984) to SC1073 | DDGun-Seq* | -1.30 destabilizing

(Seattle)

DQ243972 (1984) to SC1073 DDGun-3D -0.30 neutral

(Seattle)

DQ243972 (1984) to SC677 MAESTRO 3.43 destabilizing confidence: 0.623254

DQ243972 (1984) to SC677 INPS-3D -0.87 destabilizing

DQ243972 (1984) to SC677 INPS-Seq* -0.71 destabilizing
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PROTEINS SERVERS ddG PREDICTION NOTES
DQ243972 (1984) to SC677 | DDGun-Seq* | -1.30 destabilizing
DQ243972 (1984) to SC677 DDGun-3D -0.40 neutral
P100E to Seattle *seq-based MAESTRO 3.67 destabilizing Full-L S trimer
P100E to Seattle *seq-based INPS-3D -1.14 destabilizing S monomer chain A
(sum > 0.5/N)
P100E to Seattle *seq-based INPS-Seq* -1.00 destabilizing FASTA
(sum >0.5/N)
P100E to Seattle *seq-based DDGun-Seg* | -1.00 destabilizing FASTA
(sum >0.5/N)
P100E to Seattle *seq-based DDGun-3D -0.80 destabilizing S monomer chain A
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3.3 Expression and validation of HCoV-229E S proteins and hAPN ectodomain

Surface glycosylation is a crucial and species-specific® post-translational modification
(PTM) responsible for protein folding and function®. Besides, some mutations between
P100E and Seattle are associated with the N-liked-glycosylation sequon as mentioned
before. We thus decided to express the spike proteins of both P100E and Seattle strain via
Expi293™ Expression System to emulate the human glycosylation pattern on the protein
surface. To simplify the target system, only the ectodomains (residues 1-1113 for P100E;
residue 1-1111 for Seattle with 2 deletions)-of the spikes were produced as fusion proteins
with a C-terminal T4 fibritin foldon trimerization domain® (Figs. 3.3-1 B-C).
Additionally, dual-proline mutation (2P) was introduced into both sequences
(¢1TI1872871pp872 for P10OE S, 86°TI870869pp870 for Seattle S with 2 deletions) to
stabilize the pre-fusion conformation®’: %, Please refer to Fig. 3.3-1 for the detailed
schematic of the construct design. Utilizing the His-tags in the constructs, the soluble
spikes produced by Expi293™ cells were collected from the cell medium, and
preliminarily purified with HisPur™ cobalt resin, followed by further purification with
size-exclusion chromatography (SEC) using Superose® 6 Increase 10/300 GL column.
The SEC profiles of Expi293™ expressed spike glycoproteins are shown in the top two
rows of Fig. 3.3-2. The estimated molecular weight of both spike monomers is around
128 kDa based on their pure amino acid sequences in a single chain, making the total
molecular weight of the spike trimers 384 kDa. Nevertheless, the elution volumes of both
spike trimers exceeded that of the SEC standard marker of 669 kDa, which indicates the
potential contribution to the overall molecular weight from protein glycosylation.
Notwithstanding the cone-shaped structure of the spikes that might complicate the
relationship between the elution volume and the molecular weight, the spike proteins have
been widely reported to be highly glycosylated* %% 70 which may also suggest the added
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molecular weight from the extensive glycans. On the right side of the SEC profiles are
the corresponding SDS-PAGEs for each spike protein. In agreement with the increased
molecular weight observed in SEC, both spike monomers located above the marker
indicating 170 kDa, with smeared bands implying the heterogeneity of the glycans.

Unlike SARS-CoV-2, the receptor of the HCoV-229E S is human aminopeptidase
N (hAPN), instead of ACE2. Since the ultimate goal of the protein expression is to prepare
the needed materials for the following structural analysis aiming to shed light on the
interactions between HCoV-229E S and its receptor, the ectodomain of hAPN (residues
66-967) was also expressed, purified, and crudely validated according to the above-
mentioned procedure (the bottom row in Fig. 3.3-2).

Another way to assess the protein integrity is to test its thermal stability via
differential scanning fluorimeter (DSF). The protein will be subjected to a thermal
ramping from 35 °C to 95 °C to disrupt the molecular structure (section 2.5). The DSF
profile can provide a fingerprint of the potential unfolding procedure of the tested protein.
Here we conducted DSF experiment on the S proteins of both P100E and Seattle strains.
The results are shown in Fig. 3.3-3. Although both spike proteins belong to the same virus,
the DSF profiles exhibit different overall patterns. The P100E strain might underwent a
two-step unfolding process, while the Seattle strain only underwent one. Since the
structural alteration during heating could be a complex and multi-step process, a more
straightforward method to directly inspect the protein structure is warranted. For this, we
resorted to negative staining electron microscopy (NSEM).

To prepare the samples for NSEM, the eluted fractions matching the main peaks of
SEC profiles (denoted with the light grey background in Fig. 3.3-2) were collected and
concentrated to about 0.05 mg/mL. The representative NSEM micrographs of both strains
as well as the yielded 2D classification results from CryoSPARC*! were shown in Fig.

47

doi:10.6342/NTU202301899



3.3-4. A. The P100E spike particles in the left micrograph were more compact and intact
compared to those of the Seattle strain in the right micrograph, which also manifested in
the plunge in the number of the selected particles per micrograph of Seattle relative to
that of P100E (Fig. 3.3-4. B). The discrepancy between the two strains in the structural
integrity was made extra evident by the selected 2D classes shown under the NSEM
micrographs, as many spikes of Seattle formed an unusually elongated shape while those
of P100E displayed a typical cone shape seen in the pre-fusion conformation of a HCoV-
229E spike proteint %4, To collate the structure of our spike protein to that of the latest
PDB entry, the selected 2D classes of P10OOE were used to generate ab-initio models,
which were later filtered and refined by heterogeneous refinement and non-uniform
refinement in CryoSPARC*! %2, The processed Coulomb potential map was exported, and
rigid body docked to the molecular model of PDB ID: 7CYC (Fig. 3.3-4. C). Albeit the
low resolution of NSEM map, which is inherently limited by the grain size of the negative
stain, the general shape and the domains of the spike were still enclosed by the map. In
addition, the low-contoured NSEM map showed the upper part of T4 fibritin foldon
trimerization domain, whereof the molecular structure was absent in PDB ID: 7CYC due
to its dynamics that made it rather challenging for cryo-EM. Of note, although most of
the observed structure of Seattle strain S proteins was seemingly damaged compared to
that of P10OE strain S proteins, there were still particles constituting a single 2D class
exhibiting the common spike protein features. This might imply either a post-translational
protein structure distortion or a mixture of well-folded and unfolded products generated
during the protein biosynthesis. Here we hypothesized that the compromised stability of
Seattle strain S proteins was due to the extensive mutations in the protein sequence.
Nevertheless, more experiments are needed to pinpoint the underlying cause of the
dissimilar protein stability of P10OE and Seattle strains.
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As for hAPN, NSEM was also employed to examine its protein structure. The results
are shown in Fig. 3.3-5. The common states of hAPN are apo-form and homodimer?,
which were both found in the 2D classification results of its NSEM micrographs.
However, 2D classes of trimer formation were also observed. This might be an artifact
stemming from the relatively concentrated sample used in this batch (Fig. 3.3-5. A). Just
as the spike proteins, the calculated Coulomb potential map of hAPN was rigid body fitted
to the previously reported X-ray structure (PDB ID: 6U7G). The main features were
enclosed, validating the identity and the structural integrity of hAPN (Fig. 3.3-5. B).

Lastly, to guarantee that the expressed proteins are not only structurally correct but
also functionally competent, biolayer interferometry (BLI) was deployed to assess the
binding affinity between the S proteins of P100E and Seattle strains and the ectodomain
of hAPN. The resulted BLI sensorgrams are shown in Fig. 3.3-6., in comparison with the
binding affinity of SARS-CoV-1-ACE?2 pair. In line with the deformed protein structure
of Seattle strain S proteins, the BLI signal of which was significantly weaker relative to
that of P10OE strain S proteins (Figs. 3.3-6. A-B), indicating the disrupted structure
indeed took its toll on the protein functionality, and that the binding signal might come
from the remaining intact Seattle spike proteins observed in the single 2D class of NSEM

(Fig. A12.).
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Figure 3.3-1. Construct design of HCoV-229E P100E strain, Seattle strain, and
hAPN ectodomain.

The essential domains of HCoV-229E S and human aminopeptidase N (hAPN) are shown
in (A) and (D), respectively. Both are membrane proteins. (B) shows the construct design
for HCoV-229E P100E strain S, which only includes the ectodomain of the S protein,
with a T4 fibritin trimerization motif followed by a nona-repeat histidine (His 9) tag to
facilitate protein purification. As for HCoV-229E Seattle strain S ectodomain, a His 6 tag
was used instead to server the same function, and the construct design is as shown in (C).
Finally, (E) shows the construct for hAPN ectodomain, where the IgK leader sequence is
used as the signal peptide for the expression of the soluble form of the protein. Of note,
in (B), the 72 point mutations of the Seattle strain were marked with black vertical lines
on the protein sequence of P100E strain, and the 2 deletions were annotated with the
corresponding residue numbers in red.
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Figure 3.3-2. Size exclusion chromatography (SEC) and electrophoresis analysis
(SDS-PAGE) of HCoV-229E P100E strain, Seattle strain, and hAPN ectodomain.
Size-exclusion chromatograms of HCoV-229E P100E strain S, HCoV-229E Seattle strain
S, and hAPN ectodomain are shown from top to bottom. The collected elution volume
range was annotated by grey color. The individual fractions were further analyzed by a 4-
12% gradient SDS-PAGE (right panel), no which the black arrows indicate the positions
of the corresponding proteins.
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Figure 3.3-3. Thermal stabilities of HCoV-229E P100E strain S protein and Seattle
strain S protein by differential scanning fluorimeter (DSF).

(A) DSF profiles of HCoV-229E P100E strain S (light blue) and Seattle strain S (dark
blue) proteins. (B) DSF profiles of P100E and Seattle strains as a function of pH values
from top to bottom.
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Figure 3.3-4. Negative-stain EM (NSEM) of HCoV-229E P100E strain S protein
and Seattle strain S protein.

(A) shows the representative micrographs of NSEM and the selected 2D classes of picked
particles of P100E (left) and Seattle (right) strains. For Seattle strains, the deformed S
proteins are outlined by the red box. The results of NSEM data processing were further
quantified in (B) by plotting the strains against the number of the selected particles per
micrograph, which revealed a stark contrast in the structural integrity of the S between
the two strains (N=3). (C) The molecular structure of PDB ID:7CYC was rigid body fitted
into the derived Coulomb potential map from NSEM datasets of P100E strain.
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Figure 3.3-5. Negative-stain EM (NSEM) of human aminopeptidase N (hAPN).

(A) shows the representative micrographs of NSEM and the selected 2D classes of picked
particles of hAPN ectodomain. (B) The molecular structure of PDB ID:6U7G was rigid
body fitted into the derived Coulomb potential map from NSEM datasets of hAPN

ectodomain.
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Figure 3.3-6. Biolayer interferometry (BL1) to examine the binding affinity between
HCoV-229E strains and hAPN.
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BLI sensorgrams of P100E strain S (A) and Seattle strain S (B) binding to hAPN, and
SARS-CoV-1 S (C) binding to ACE2. hAPN and ACE2 were immobilized on the sensor
tip. The highest concentrations used for the three S proteins are indicated on the right in
grey bold font. The remaining four concentration gradients were prepared from the
highest concentration by 2-fold serial dilution for independent BLI binding assays. The
dissociation constant (Kp), kon, and Kosr derived from global fitting of the sensorgrams are
shown above, with the light-grey experimental signals overlaid with the fitted data shown
in colored lines.
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3.4  The workflow of N-glycopeptide analysis

The overall workflow is illustrated in Fig. 3.4-1. To summarize, the different digestion
protocols (e.g., Ingel versus Insol digestion), the enzyme treatments (e.g., trypsin,
chymotrypsin, and alpha-lytic protease), were carried out on different S recombinant
proteins and hAPN ectodomain to generate glycopeptide samples. These samples were
then analyzed using liquid chromatography with tandem mass spectrometry (LC-MS/MS).
The resulting MS raw files were searched using Byonic for N-glycopeptide identification,
and the Byologic module of the Byos suite was used for N-glycopeptide quantification,
followed by the processing of a python script
(https://github.com/coco0981568491/Master_Thesis/blob/master/Glycopeptide_identifi
cation_and_quantification/BBP_PostProcessing.ipynb) to efficiently remove the PSMs
unqualified for our criteria and to sort out the “unique N-glycopeptide” for each site. The
accepted data were categorized into different glycan types to illustrate the processed
status of each N-glycosylation site. Representative glycoforms for each N-glycosylation
site were selected based on the most abundant glycoforms from the glycopeptide analysis,
and these observed glycoforms were mapped onto the corresponding protein structures
using CHAEMM-GUI. This mapping revealed the relative positions of the N-linked
glycans on the protein surfaces.

The N-glycosylation patterns were visualized in different formats. Firstly, the
normalized bar charts of the individual batches of experiments with distinct digestion
protocols as well as enzyme treatments were shown in APPENDIX Figs. A2-Al0, in
which the “unique glycopeptides” were classified into the previously described’* N-
glycan categories, including high-mannose type glycan series (Man9 to Manb),
afucosylated and fucosylated hybrid type glycans (Hybrid and Fhybrid), as well as
complex type glycan series according to the number of antennae and the modification of
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core fucose (Al to FA4/FA3B). Furthermore, the results corresponding to the selected
representative glycoforms were sorted and presented in Figs 3.5-1, 3.6-1, and 3.8-1.
Secondly, to showcase the variation and reproducibility between different batches of
experiments, normalized bar charts illustrating the overall batch-to-batch glycosylation
patterns were presented in Figs 3.5-2, 3.6-2, and 3.8-2, in which the “unique
glycopeptides” were classified into another N-glycan categories previously described?,
showing the N-glycosylation processed degree from low to high (Man9 to Man5 and
3HexNAc to 8HexNAc, without considering the number of Hex, Fuc, and NeuAc).
Thirdly, a simplified pie chart version classifying the “unique glycopeptides” into the
high-mannose type (Man5-Man9), hybrid type (3HexNAc, without considering the
number of Hex, Fuc, and NeuAc), and complex type (4-8HexNAc, without considering
the number of Hex, Fuc, and NeuAc), which presented the results corresponding to the
selected representative glycoforms, were shown in Figs 3.5-3 A, 3.6-3 A, and 3.8-3 A.
Finally, the high-mannose content of the selected representative glycoforms on the
CHARMM-GUI-derived fully glycosylated S protein models was presented in Figs 3.5-
3 B, 3.6-3 B, and 3.8-3 B, demonstrating the proportion of high-mannose glycans in these

glycoforms.
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Figure 3.4-1. The workflow of N-glycopeptide analysis.

4 The experimental results of each batch, as well as the final sorted-out results
corresponding to the representative glycoforms, were presented in both versions 1 and 2
of the bar chart. . The pie chart depicted solely the experimental results that corresponded
to the representative glycoforms.
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3.5  Site specific N-glycopeptide analysis of HCoV-229E P100E strain S

A pivotal aspect of protein structure is surface glycosylation, especially for HCoVs in
which the glycans aid not just folding but immune escape® 2. As previously mentioned
in section 3.2, six mutations were found located within the N-linked glycosylation sequon
when performing the sequence alignment between P100E strain S and Seattle strain S,
indicating the variation in glycosylation profile throughout the evolution. To delve deeper
into this topic, liquid chromatography with tandem mass spectrometry (LC-MS/MS) was
employed to investigate the disparity of N-linked glycosylation between P100E and
Seattle strain S proteins. Here, we first discuss the analysis for the former.

P100E S protein contains 30 theoretical N-glycosylation sites based on the NxS/T
sequon prediction. To determine site-specific glycosylation status, different digestion
protocols, including Ingel-TC (protocol A described in 2.11) and Insol-TC (protocol B
described in 2.12), were utilized for glycopeptide sample preparation. The prepared
samples would then be further analyzed by LC-MS/MS as well as the processing of MS
search engines and the data sorting by Python scripts described in sections 2.13-15.

The N-linked glycans on HCoV-229E P100E strain S mostly belong to the high-
mannose type, including sites N62, N98, N171, N220, N326-N518, N568-N663, N714,
N930, and N1061-N1096 (Figs. 3.5-1., 3.5-2.). It has been reported that the steric
hindrance from the protein structure or the neighboring glycans can hinder the enzymatic
processing and trimming of Man9 inside the endoplasmic reticulum (ER) 3. We
hypothesized that the abundant high-mannose type glycans discovered on P100E S
protein were partially due to the densely distributed N-sites on its surface. Additionally,
as visualized in Fig. 3.5-3. B, N62 and N930 sit inside the cavities created by the closed
RBD and the S2 central helices, respectively. This might contribute to the limited
accessibility from the glycan processing enzymes, leading to the presence of high-
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mannose type glycans. In contrast, a combination of high-mannose/hybrid and complex-
type glycans was observed at N147, N243, and N671 sites (Fig. 3.5-2). Notably, N147
site exhibited the highest prevalence of complex-type glycans, supported by three
experimental repetitions. This suggests a less obstructed environment for enzymatic
processing in the Golgi apparatus. It is worth noting that our workflow could not quantify
glycopeptides containing two NxS/T sequons. While Byonic could assign glycans to these
peptides and provide information about the overall glycan configuration, the distribution
of glycans between the two N-glycosylation sites on a single peptide chain remained
unknown. As a result, these N-sites are denoted as "N/A" similar to the unidentified ones

and are excluded from the subsequent discussion.
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Figure 3.5-1. Quantification of the site-specific N-linked glycosylation analysis of
the HCoV-229E P100E strain S protein.

The bar charts provide an overview of the relative quantities of N-glycans identified
through LC-MS/MS. The charts only display results corresponding to the selected
representative glycoforms, including overall data from Insol-TC #2 and sites N23, N98,
N243, N581, N1015, N1020, and N1096 from Insol-aLP. N538, N542, and N1049 are not
available. As previously described’, the N-glycan categories are high-mannose type
glycan series (Man9 to Man5, shown in green), afucosylated and fucosylated hybrid type
glycans (Hybrid and Fhybrid, shown in yellow), and complex type glycan series based on
the number of antennae and the modification of core fucose (Al to FA4/FA3B, shown in
red-purple). For more detailed information about individual digestion protocols, please
refer to Figs. A2-A4.
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Figure 3.5-2. Overall site-specific N-linked glycosylation pattern of the HCoV-229E
P100E strain S protein.

The glycosylation pattern of various digestion protocols is compared in the following
sequence from left to right: in-solution digestion with trypsin plus chymotrypsin, in-
solution digestion with trypsin plus chymotrypsin repeat #2, and in-solution digestion
with alpha lytic protease. The bar charts depict the relative quantities of N-glycans that
were identified using LC-MS/MS. On the right side, the color scheme is presented for the
different N-glycan types, which corresponds to the degree of N-glycosylation, ranging
from low (Man9) to high (N8). The definition of N-glycan types was previously
described”®.
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Figure 3.5-3. Structural mapping of N-linked representative glycoforms on HCoV-
229E P100E strain S protein.

(A) The schematic on top shows the key domains of HCoV-229E P100E strain S protein.
The pie charts present a summary of the relative quantities of N-glycans identified by LC-
MS/MS, corresponding to the selected representative glycoforms with simplified
categories, as defined in the legend. N-sites that were not identified by glycopeptide
analysis are marked with an asterisk, and regions not in the constructs are represented
with dashed lines. NTD, N-terminal domain; RBD, receptor-binding domain; FP, fusion
peptide; HR1/HR2, heptad repeat 1/2; CH: central helix; TM, transmembrane domain. (B)
The experimentally observed glycoforms (Table 3.5-2) were modeled onto the structures
of HCoV-229E S (PDB ID: 7CYC) using CHARMM-GUI. The glycans are colored based
on high-mannose content as defined in the legend, and the unassigned sites modeled with
alternative glycan, Manb5, are colored in dark grey.
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Table 3.5-1. The predominant glycoforms at each N-glycosylation site of HCoV-
229E P100E strain S proteins from various digestion protocols.
E;)irgoetsotég? Insol-TC #1 Insol-TC #2 insol-aL.P
Sequon | N-site Major Glycoform
NTS 23 N/A N/A HexNAc(2)Hex(5)
NTS | 62 HexNAc(2)Hex(9) HexNAc(2)Hex(9) N/A
NGT | 98 N/A N/A HexNAc(2)Hex(5)
NNT | 147 HexNAc(4)Hex(5)Fuc(1) HexNAc(4)Hex(5)Fuc(l) | HexNAc(4)Hex(5)Fuc(1)
NeuAc(1) NeuAc(1) NeuAc(1)
NTT | 171 N/A HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NVT | 220 HexNAc(2)Hex(5) HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NVS | 243 N/A N/A HexNAc(4)Hex(5)Fuc(1)
NIT | 326 HexNAc(2)Hex(5) HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NET | 333 N/A HexNAc(2)Hex(5) HexNAc(2)Hex(4)
NVT | 440 N/A HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NDT | 464 HexNAc(2)Hex(5) HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NFT | 518 N/A HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NGT | 538 N/A N/A N/A
NCT | 542 N/A N/A N/A
NVS | 568 N/A HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NLS | 581 N/A N/A HexNAc(2)Hex(5)
NWT | 587 HexNAc(2)Hex(5) HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NVS | 663 HexNAc(2)Hex(5) HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NLS | 671 | HexNAc(3)Hex(6)Fuc(1) HexNAc(3)Hex(6)Fuc(l) HexNAc(2)Hex(5)
NCT | 714 N/A HexNAc(2)Hex(7) HexNAc(2)Hex(8)
NGT | 930 HexNAc(2)Hex(9) HexNAc(2)Hex(9) HexNAc(2)Hex(5)
NVT | 1015 N/A N/A HexNAc(2)Hex(5)
NIS | 1020 N/A N/A HexNAc(2)Hex(5)
NKT | 1037 HexNAc(2)Hex(5) HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NYT | 1049 N/A N/A N/A
NQT | 1061 N/A HexNAc(2)Hex(5) HexNAc(3)Hex(3)Fuc(1)
NLT | 1066 N/A HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NKS | 1076 Unoccupied Unoccupied HexNAc(2)Hex(5)
NYT | 1082 HexNAc(2)Hex(5) HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NST | 1096 N/A N/A HexNAc(2)Hex(5)
Coverage 12/30 20/30 26/30
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Table 3.5-2. Glycoforms of HCoV-229E P100E strain S protein selected as
representatives for later GlycoSHIELD modeling.

N-site Glycan composition Graph Representation
23 N/AP N/A®
62 HexNAc(2)Hex(9)
98 HexNAc(2)Hex(5)

147 HexNAc(4)Hex(5)Fuc(1)NeuAc(l)
171 HexNAc(2)Hex(5)
220 HexNAc(2)Hex(5)
243 HexNAc(4)Hex(5)Fuc(1)
326 HexNAc(2)Hex(5)
333 HexNAc(2)Hex(5)
440 HexNAc(2)Hex(5)
464 HexNAc(2)Hex(5)
518 HexNAc(2)Hex(5)
538 HexNAc(2)Hex(5)?
542 HexNAc(2)Hex(5)?
568 HexNAc(2)Hex(5)
581 HexNAc(2)Hex(5)
587 HexNAc(2)Hex(5)
663 HexNAc(2)Hex(5)
671 HexNAc(3)Hex(6)Fuc(1)
714 HexNAc(2)Hex(7)
930 HexNAc(2)Hex(9)
1015 HexNAc(2)Hex(5)
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N-site Glycan composition Graph Representation
1020 HexNAc(2)Hex(5)

1037 N/AP N/AP

1049 N/AP N/AP

1061 N/AP N/AP

1066 N/AP N/AP

1076 N/AP N/AP

1082 N/AP N/AP

1096 N/AP N/AP

& To model the structure, Man5 was used as an alternative glycoform when the
glycopeptide analysis did not identify the N-site or the glycoform was unassigned by our

workflow.

b, The glycans were not modelled since the residues were not available in PDB ID:7CYC.
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3.6  Site specific N-glycopeptide analysis of HCoV-229E Seattle strain S and a
comparative discussion on the glycosylation profiles of the two strains

Seattle S protein contains 34 theoretical N-glycosylation sites based on the NxS/T sequon
prediction. To determine site-specific glycosylation status, different digestion protocols,
including Ingel-TC (protocol A described in 2.11) and Insol-TC (protocol B described in
2.12), were utilized for glycopeptide sample preparation. The prepared samples would
then be further analyzed by LC-MS/MS as well as the processing of MS search engines
and the data sorting by Python scripts described in sections 2.13-15.

The N-linked glycans on HCoV-229E Seattle strain S mostly belong to the high-
mannose type, including sites N98, N171, N220, N438, N462, N486, N516, N566, N585,
N1074, and N1094 (Figs. 3.6-1., 3.6-2.). The rest of the N-sites exhibit a more processed
glycan composition such as the hybrid or complex type (Fig. 3.6-2). Notably, in S1
subunit, N147 remained as a highly processed N-site, similar to that observed on P100E
strain. This suggests a less obstructed environment for enzymatic processing in the Golgi
apparatus.

Since the N-linked glycosylation analysis was carried out in parallel on these two
strains, we can collate the results to glean more information on the interplay between the
protein structural integrity and the glycosylation profile. A comparison between Fig. 3.5-
3. B and Fig. 3.6-3 B shows a generally higher degree of glycan enzymatic processing on
the Seattle strain S protein. Especially in the N-sites surrounding the top portion of the S1
subunit, the originally medium percentages of the high-mannose content (colored in
orange) were replaced with low values (colored in magenta). This might be the result of
the less compact structure of Seattle strain S protein, which is consistent with the
observation revealed by NSEM (Fig. 3.3-4. A). Moreover, according to the MS
quantification results on sites N62 and N930 of the P100E strain S protein, the most
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abundant glycan type is Man9, which takes up around 50% of the total glycan
composition. On the other hand, the most plentiful glycan type shifts to Man5 on the
Seattle strain S, and the overall glycan profile moves towards the hybrid and complex
types (Fig. 3.6-4.), supporting once again the hypothesis on the higher enzyme
accessibility in the disrupted molecular structure of the Seattle strain S.

To further visualize the interaction between the glycan processing enzyme and the
glycoprotein, class | human ER 1,2-a-mannosidase (PDB ID: 5KIJ) was docked onto the
surface of HCoV-229E S (PDB ID: 7CYC) and aligned to the terminal D1, D2 or D3 arms
of the Man9 moiety” at position N62 and N930 (Fig. 3.6-5.). The severe steric clashes
between the mannosidase and the spike protein suggest that the Seattle strain S might
either undergo a significant conformational alteration around these two sites or suffer
from a certain degree of structural damage to create sufficient space for enzyme
accommodation and functioning.

Here we provided a perspective on the potential relationship between the protein
structure and the glycan processing. Nonetheless, whether the antigenic drift of HCoV-
229E from the P100E strain to the Seattle strain directly gives rise to the aforementioned

disparity in the structural stability and the glycosylation pattern warrants further analysis.
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Figure 3.6-1. Quantification of the site-specific N-linked glycosylation analysis of
the HCoV-229E Seattle strain S protein.

The bar charts provide an overview of the relative quantities of N-glycans identified
through LC-MS/MS. The charts only display results corresponding to the selected
representative glycoforms, including overall data from Insol-TC and sites N171, N176,
N332, N566, N579, N585, N661, N669, N1013, N1018, N1047, N1059, N1064, N1074,
and N1094 from Insol-aLP, as well as site N1080 from ingel-TC. N20, N23, N536, and
N540 are not available. As previously described’®, the N-glycan categories are high-
mannose type glycan series (Man9 to Man5, shown in green), afucosylated and

fucosylated hybrid type glycans (Hybrid and Fhybrid, shown in yellow), and complex
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type glycan series based on the number of antennae and the modification of core fucose
(Al to FA4/FA3B, shown in red-purple). For more detailed information about individual
digestion protocols, please refer to Figs. A5-A7.
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Figure 3.6-2. Overall site-specific N-linked glycosylation pattern of the HCoV-229E
Seattle strain S protein.

The glycosylation pattern of various digestion protocols is compared in the following
sequence from left to right: in-solution digestion with trypsin plus chymotrypsin, in-gel
digestion with trypsin plus chymotrypsin, and in-solution digestion with alpha lytic
protease. The bar charts depict the relative quantities of N-glycans that were identified
using LC-MS/MS. On the right side, the color scheme is presented for the different N-
glycan types, which corresponds to the degree of N-glycosylation, ranging from low
(Man9) to high (N8). The definition of N-glycan types was previously described?®.
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Figure 3.6-3. Structural mapping of N-linked representative glycoforms on HCoV-
229E Seattle strain S protein.

(A) The schematic on top shows the key domains of HCoV-229E Seattle strain S protein.
The pie charts present a summary of the relative quantities of N-glycans identified by LC-
MS/MS, corresponding to the selected representative glycoforms with simplified
categories, as defined in the legend. N-sites that were not identified by glycopeptide
analysis are marked with an asterisk, and regions not in the constructs are represented
with dashed lines. NTD, N-terminal domain; RBD, receptor-binding domain; FP, fusion
peptide; HR1/HR2, heptad repeat 1/2; CH: central helix; TM, transmembrane domain. (B)
The experimentally observed glycoforms (Table 3.6-2) were modeled onto the structures
of HCoV-229E S (PDB ID: 7CYC) using CHARMM-GUI. The glycans are colored based
on high-mannose content as defined in the legend, and the unassigned sites modeled with
alternative glycan, Manb5, are colored in dark grey.
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Figure 3.6-4. The stark contrast in high-mannose content of N62 and N930 (N928
in Seattle) between HCoV-229E P100E and Seattle strain S proteins.

Among all the N-sites analyzed by LC-MS/MS, N62 and N930 (N928 in Seattle strain
due to the 2 deletions) presented the most significant difference in the N-linked
glycosylation profile between P100E and Seattle strains. The site-specific quantitative
summaries of the glycosylation analysis are shown in bar and pie charts described as in
Figs. 3.5-1, 3.5-3, 3.6-1, and 3.6-3. In the middle, the partial molecular structures
surrounding N62 and N930/N928 were extracted from PDB ID: 7CYC, with Man9
glycans attached to the corresponding asparagine residues. NTD (domain A), RBD,
domain C, domain D, UH, HR1, CH, and CD, are colored in cyan, blue, orange, magenta,
grey, hot pink, dark red, and purple, respectively.
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Figure 3.6-5. Steric hindrance of the intact HCoV-229E S protein prevents class |
human ER 1,2-e-mannosidase from Man9 trimming.

Significant clashes were observed when docking the 1,2-a-mannosidase structure onto
the surface of HCoV-229E S (PDB ID: 7CYC) and aligning it on the terminal D1, D2 or
D3 arms of the Man9 moiety at position N62 and N930/N928. The colored surfaces
(yellow and orange) indicate regions of the S protein that are within 2A of the 1,2-a-
mannosidase after docking the terminal mannoses on Man9 into the enzyme pocket.
These clashes impede the enzyme access to its glycan substrates, and therefore, are
predicted to prevent glycan processing. In (A), two 1,2-a-mannosidases were docked onto
the S protein, with the molecular structure colored in semi-transparent yellow and orange.
Whereas in (B), the molecular models were removed to show the steric clashes
underneath.
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Table 3.6-1. The predominant glycoforms at each N-glycosylation site of HCoV-
229E Seattle strain S proteins from various digestion protocols.
Digestion Ingel-TC Insol-aLP insol-TC
protocol
Sequon | N-site Major Glycoform
NGT 20 N/A N/A N/A
NTS 23 N/A N/A N/A
NFS 51 HexNAc(4)Hex(5)Fuc(1) N/A HexNAc(2)Hex(5)
NTS 62 HexNAc(4)Hex(5)Fuc(l) N/A HexNAc(2)Hex(5)Fuc(1)
NGT | 98 N/A HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NAS | 111 | HexNAc(4)Hex(5)Fuc(1) Unoccupied Unoccupied
NNT | 147 N/A HexNA(,:\l(gl)Jii?S)Fuc(l) HexNAcN(gl)Jiiﬁ?)Fuc(l)
NTT | 171 N/A HexNAc(2)Hex(6) N/A
NET | 176 N/A HeXNA‘,:\I(;"l);i’(‘g)Fuc(l) N/A
NVT | 220 N/A HexNAc(2)Hex(8) HexNAc(2)Hex(6)
NVS | 242 N/A HexNAc(4)Hex(5)Fuc(l) Unoccupied
NIT | 325 Unoccupied HexNAc(2)Hex(7) Unoccupied
NET | 332 N/A HexNAc(2)Hex(5) N/A
NVT | 438 HexNAc(2)Hex(5) HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NDT | 462 | HexNAc(4)Hex(5)Fuc(l) HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NGT | 486 HexNAc(2)Hex(5) HeXNA‘,ifgaii’(‘g)Fuc(l) HexNAc(2)Hex(5)
NFT | 516 HexNAc(2)Hex(5) HexNAc(2)Hex(5) HexNAc(2)Hex(5)
NGT | 536 N/A N/A N/A
NCT | 540 N/A N/A N/A
NVS | 566 N/A HexNAc(2)Hex(5) N/A
NLS | 579 N/A HexNAc(2)Hex(5) N/A
NWT | 585 N/A HexNAc(2)Hex(5) N/A
NVS | 661 N/A HEXNA‘;\I(;);E’(‘SS)FUC(D N/A
NLS | 669 Unoccupied HexNAc(2)Hex(5) Unoccupied
NGT | 928 HEXNA‘,if;‘aXE’(‘S’)FUC(D HexNAC(2)Hex(5) HexNAc(2)Hex(5)
NVT | 1013 N/A HexNAc(2)Hex(5) N/A
NIS | 1018 N/A HeXNAf\I(;)JX‘z’(‘g)F”c(l) N/A
NKT | 1035 HexNAc(6)Hex(7)Fuc(1) HexNAc(4)Hex(5)Fuc(l) | HexNAc(4)Hex(5)Fuc(1)
NeuAc(1) NeuAc(1) NeuAc(1)
NYT | 1047 N/A HexNAc(4)Hex(5)Fuc(1) N/A
NQT | 1059 N/A HexNAc(6)Hex(7)Fuc(1) N/A
NLT | 1064 N/A HexNAc(3)Hex(4)Fuc(1) N/A
NKS | 1074 N/A HexNAc(2)Hex(5) N/A
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Digestion

protocol Ingel-TC Insol-aLP insol-TC
Sequon | N-site Major Glycoform
NYT | 1080 | HexNAc(3)Hex(4)Fuc(l) HexNAc(2)Hex(5) N/A
NST | 1094 N/A HexNAc(2)Hex(5) N/A
Coverage 12/34 28/34 15/34
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Table 3.6-2. Glycoforms of HCoV-229E Seattle strain S protein selected as
representatives for later GlycoSHIELD modeling.

N-site Glycan composition Graph Representation
20 N/AP N/AP
23 N/AP N/AP
51 HexNAc(2)Hex(5)
62 HexNAc(2)Hex(5)Fuc(1)
98 HexNAc(2)Hex(5)
111 HexNAc(4)Hex(5)Fuc(1)

147 HexNAc(4)Hex(5)Fuc(1)NeuAc(l)

171 HexNAc(2)Hex(6)

176 HexNAc(4)Hex(5)Fuc(1)NeuAc(1)

220 HexNAc(2)Hex(6)
242 HexNAc(4)Hex(5)Fuc(1)
325 HexNAc(2)Hex(7)
332 HexNAc(2)Hex(5)
438 HexNAc(2)Hex(5)
462 HexNAc(2)Hex(5)
486 HexNAc(2)Hex(5)
516 HexNAc(2)Hex(5)
536 HexNAc(2)Hex(5)?
540 HexNAc(2)Hex(5)?
566 HexNAc(2)Hex(5)
579 HexNAc(2)Hex(5)
585 HexNAc(2)Hex(5)
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N-site Glycan composition Graph Representation
661 HexNAc(5)Hex(6)Fuc(1)NeuAc(1) .
669 HexNAc(2)Hex(5)
928 HexNAc(2)Hex(5)
1013 HexNAc(2)Hex(5)
1018  HexNAc(4)Hex(5)Fuc(1)NeuAc(1)
1035 N/AP N/AP
1047 N/AP N/AP
1059 N/AP N/AP
1064 N/AP N/AP
1074 N/AP N/AP
1080 N/AP N/AP
1094 N/AP N/AP

4 To model the structure, Man5 was used as an alternative glycoform when the
glycopeptide analysis did not identify the N-site or the glycoform was unassigned by our

workflow.

® The glycans were not modelled since the residues were not available in PDB 1D:7CYC.
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3.7  Site specific N-glycopeptide analysis of human aminopeptidase N
Full-Length hAPN protein contains 11 theoretical N-glycosylation sites based on the
NxS/T sequon prediction. However, here we only expressed the ectodomain, i.e., from
residue 66 to 967, making it 10 N-sites in total. To determine site-specific glycosylation
status, different digestion protocols, including Ingel-TC (protocol A described in 2.11)
and Insol-TC (protocol B described in 2.12), were utilized for glycopeptide sample
preparation. The prepared samples would then be further analyzed by LC-MS/MS as well
as the processing of MS search engines and the data sorting by Python scripts described
in sections 2.13-15.

Based on our glycopeptide analysis and quantification workflow described in 3.4,
an in-house Python script was used to concatenate and sort the data frames from Byonic
and Byos, generating a new data frame containing the quantified N-glycosylation
information for the later visualization. Nevertheless, if the signal-to-noise ratio presented
in Byonic output files is not ideal, Byos might have difficulty quantifying the
corresponding glycopeptides’® ’, leading to the missing Byos outputs in the concatenated
data frame. This problem happened to sites N128, N319, and N573 of hAPN ectodomain,
rendering these sites unable to be quantified and plotted in Figs. 3.7-1., 3.7-2. Thus,
including sites N681 and N735, which are excluded at the early stage of the data
processing due to the low scores (< 200) and high PEP2D values (> 0.001), half of the N-
sites on the hAPN ectodomain cannot be quantified and assigned a dominant glycoform
following our workflow (Figs. 3.7-1., 3.7-2., 3.7-3.).

Although the data quality is not ideal, judging from Fig. 3.7-2., sites N234 and
N265 exhibit Man5-dominant and A3/A2B complex-type dominant glycoforms,
respectively. Interestingly, N234 and its attached glycan is in close proximity to the 229E
S binding sites, as indicated in Fig. 3.8-5., which could potentially contribute to the
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receptor association of HCoV-229E. Due to the lack of references, more experiments are

warranted to support this hypothesis.
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Figure 3.7-1. Quantification of the site-specific N-linked glycosylation analysis of
the human aminopeptidase N (hAPN) ectodomain.
The bar charts provide an overview of the relative quantities of N-glycans identified
through LC-MS/MS. The charts only display results corresponding to the selected
representative glycoforms, including overall data from Insol-TC #1 and site N818 from
Insol-TC #2, as well as site N527 from insol aLP. N128, N319, N573, N681, and N735
are not available. As previously described’, the N-glycan categories are high-mannose
type glycan series (Man9 to Man5, shown in green), afucosylated and fucosylated hybrid
type glycans (Hybrid and Fhybrid, shown in yellow), and complex type glycan series
based on the number of antennae and the modification of core fucose (Al to FA4/FA3B,
shown in red-purple). For more detailed information about individual digestion protocols,
please refer to Figs. A8-A10.
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Figure 3.7-2. Overall site-specific N-linked glycosylation pattern of the human

aminopeptidase N (hAPN) ectodomain.

The glycosylation pattern of various digestion protocols is compared in the following

sequence from left to right: in-solution digestion with trypsin plus chymotrypsin, in-

solution digestion with trypsin plus chymotrypsin repeat #2, and in-solution digestion

with alpha lytic protease. The bar charts depict the relative quantities of N-glycans that
were identified using LC-MS/MS. On the right side, the color scheme is presented for the
different N-glycan types, which corresponds to the degree of N-glycosylation, ranging
from low (Man9) to high (N8). The definition of N-glycan types was previously

described*.
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Figure 3.7-3. Structural mapping of N-linked representative glycoforms on human
aminopeptidase N (hAPN) ectodomain.

(A) The schematic on top shows the key domains of human aminopeptidase N (hAPN)
ectodomain. The pie charts present a summary of the relative quantities of N-glycans
identified by LC-MS/MS, corresponding to the selected representative glycoforms with
simplified categories, as defined in the legend. N-sites that were not identified by
glycopeptide analysis are marked with an asterisk. DIIlI, domain IIl. (B) The
experimentally observed glycoforms (Table 3.7-2) were modeled onto the structure of
hAPN ectodomain (PDB ID: 6U7G) using CHARMM-GUI. The glycans are colored
based on high-mannose content as defined in the legend, and the unassigned sites modeled
with alternative glycan, Man5, are colored in dark grey.
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Table 3.7-1.

The predominant glycoforms at each N-glycosylation site of human

aminopeptidase N (hAPN) ectodomain from various digestion protocols.

girgoetsot;g'l‘ Insol-TC #1 Insol-TC #2 insol-aLP
Sequon | N-site Major Glycoform

NSS 42 Not expressed
NYT 128 N/A N/A N/A
NIT 234 HexNAc(2)Hex(5) HexNAc(2)Hex(5) N/A
NVT 265 HexNAc(5)Hex(4) HexNAc(5)Hex(5) N/A
NVT 319 N/A N/A N/A
NRS 527 N/A N/A HexNAc(4)Hex(3)Fuc(1)
NVT 573 N/A N/A N/A
NVT 625 HexNAc(3)Hex(6)NeuAc(1) N/A N/A
NNT 681 N/A N/A N/A
NNT 735 N/A N/A N/A
NAT 818 N/A HexNAc(2)Hex(5) N/A

Coverage 3/10 3/10 1/10
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Table 3.7-2. Glycoforms of human aminopeptidase N (hAPN) ectodomain selected
as representatives for later GlycoSHIELD modeling.

N-site Glycan composition Graph Representation

42 Not expressed

128 HexNAc(2)Hex(5)?

234 HexNAc(2)Hex(5)

265 HexNAc(5)Hex(4)

319 HexNAc(2)Hex(5)2

527 HexNAc(4)Hex(3)Fuc(1)

573 HexNAc(2)Hex(5)?

625 HexNAc(3)Hex(6)NeuAc(1) 83)“
681 HexNAc(2)Hex(5)?

735 HexNAc(2)Hex(5)?

818 HexNAc(2)Hex(5)

4 To model the structure, Man5 was used as an alternative glycoform when the
glycopeptide analysis did not identify the N-site or the glycoform was unassigned by our
workflow.
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3.8  The quantification and visualization of glycan shielding effects using MD-
based GlycoSHIELD

Extensive N-linked glycosylation on the spike protein surfaces has been reported on
alphacoronaviruses (o.CoVs), such as the human-infecting HCoV-229E*! 44 and HCoV-
NL63%, as well as the swine-infecting PEDV'® °. In the studies for HCoV-229E, the
glycosylation information solely came from the observation on cryo-EM Coulomb
potential map for the glycan-like protrusions. However, this approach is inherently
limited by the inability of cryo-EM solving the dynamic structures, which is the case for
most of the glycan moieties above the core (penta-saccharide, MansGIcNAc;) and certain
areas of the spike protein. This usually results in the “truncated” form of the cryo-EM-
based glycan structures, where the map quality of the branches is often rendered
substandard by their dynamics. Unless the glycans are found inside a rather enclosed
environment, which restricts the glycan processing and activeness, leading to a relatively
homogeneous composition and rigid molecular state in favor of cryo-EM. This exception
occurred to site N62 that was buried within a cavity formed by the NTD and RBD of
HCoV-229E S, where an apparent protrusion on Coulomb potential map indicated a
highly ordered glycan, as described previously**. The glycosylation profile of this N-site
was later proved to be Man9-dominant by our own N-glycopeptide analysis of P100OE
strain (Figs. 3.4-1., 3.5-1.). On the other hand, HCoV-NL63 and PEDV were investigated
with a complementary method via combining mass spectrometry and cryo-EM/ET to
procure a complete overview on both glycosylation and protein structure® .
Nonetheless, all studies mentioned above were incapable of demonstrating the dynamic
nature of the glycans on the reported molecular models. Moreover, since the time scale
of the glycan movements falls within nanoseconds while that of the receptor/antibody
association ranges from microseconds to milliseconds, the glycans seen from the

87

doi:10.6342/NTU202301899



molecules targeting the spike protein should exhibit a shielding effect®, rather than the
static structures commonly seen on the cryo-EM models. Also, as mentioned in section
3.5, this glycan shield of CoVs serves to accomplish immune escape, and thus playing a
crucial role in virus evolution and competence®® "2, Hence, it is imperative to estimate the
shielding effect of N-linked glycans and quantify the surface areas that are effectively
protected by these glycans on a three-dimensional (3D) model. Acommon way to achieve
this is to leverage MD simulation, a rather matured and well-developed field, to construct
an in-silico system to emulate the physiological conditions. Several MD studies have
conducted on the fully glycosylated SARS-CoV-2 spike proteins and unveiled in detail
the biologically relevant molecular mechanisms that are typically averaged out in other
experimental methods®-®2, Nevertheless, MD simulation tends to be computationally
expensive, which makes it inaccessible to non-expert users. Furthermore, due to the time
scale of the most biological processes, extensive simulation duration is often needed to
observe the target phenomena, let alone the required repetitions to validate the reliability
of the simulation. Given all these technical challenges, it is imaginable that a pipeline
capable of striking a balance between computing power and the conventional MD
standards would be a game changer in the field of structural biology. In this study, we
integrated several in-house Python scripts into an open-source modelling tool called
GlycoSHIELD®? to semi-automatically quantify and visualize the shielding effect of the
N-linked glycans on protein surfaces of S and hAPN ectodomains (Fig. 3.8-1.). The
detailed definitions and related equations are described in section 2.17.

As previously elaborated in section 3.6, there exists a disparity in the overall N-
linked glycosylation profile between the P100E and Seattle strains. Here we employed
GlycoSHIELD to again address this topic to bring in the three-dimensional perspective
for depicting the interplay between the surface glycans and the protein structure. Figs.
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3.8-2. and 3.8-3. respectively show the LC-MS/MS-based densely glycosylated model
and quantified glycan shielding effect of the two strains resulted from our Python-
facilitated GlycoSHIELD pipeline. The variation analysis described by Eguia et al. * of
the 96 HCoV-229E S sequences mentioned in section 3.1 was also incorporated to
compare with the SASAe distribution of the old strain, P100E. Based on the results,
several less shielded protein areas correspond to the regions of higher sequence variations
(indicated by darker shades of red), especially in the NTD and the three receptor binding
loops of RBD (Fig. 3.8-2.). This relationship is made further evident in the plot of per-
residue quantification of the shielding effect (Fig. 3.8-4.) and is in line with the discussion
of section 3.2 and Fig. 3.2-2. A. Additionally, since the glycan canopy is known to shield
the protein from the selection pressure of the host immune system, and that the receptor
binding sites should be free of the steric hindrance from the glycans, the results here
proved that GlycoSHIELD is effective in capturing the influence of glycan dynamics
while demanding a computing resource that is sustainable on a desktop machine.

As for hAPN, the glycan shielding effect was also analyzed via the same
procedure and the results are shown in Fig. 3.8-5., of which the per-residue summary was
plotted in Fig. 3.8-6. In Fig. 3.8-5., the 229E S binding region® was further delineated
with red curves to mark the SASAr within and the glycan ensembles in the surroundings.
Notwithstanding the SASAve of the binding sites is not markedly low in glycan shielding,
windows of less-shielded residues can still be observed in Fig. 3.8-6. (annotated by two
red downward arrows), which correspond to the interacting regions between the hAPN
H-site® and the binding loops 1 to 3 of HCoV-229E RBD. It is worth noting that the
SASA of the 229E S binding sites on hAPN surface is significantly higher compared to
that of the hAPN binding sites on both P100E and Seattle strains (Fig. 3.8-4.). Due to the
lack of the experimental evidence on the interactions between hAPN surface glycans and
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the binding residues, whether the glycans contributing to the shielding effect facilitate the
molecular association warrants further research. This also brings about the topic on the

limitations of our GlycoSHIELD analysis discussed in Chapter 4.
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Figure 3.8-1. The process of generating realistic glycan shield using GlycoSHIELD.
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Figure 3.8-2. The glycan shielding effect of HCoV-229E P100E strain S protein.

The strain name and the molecular range of the model are as shown on the left side. The
types of the analyses are as listed on the top panel. Left-most column: The experimentally
observed representative glycoforms reconstructed on the structure of HCoV-229E S
protein (PDB ID: 7CYC) by GlycoSHIELD, for which about 20 glycan conformers are
displayed on each N-site. The experimentally observed glycans are colored in forest,
green, and light green, to respectively show the high-mannose, hybrid, and complex type

glycans. Middle column: The glycan shielding effect of S protein was analyzed by
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GlycoSHIELD, and the 3D-heatmap of the normalized relative solvent accessible surface
area (SASAre)) were calculated under the probe size of 0.75 nm, representing the surface
areas that are prone to receptor binding and antibody recognition. The darker the shade
of green, the higher the shielding. The un-probed surfaces are colored in dark grey. Right-
most column: The results from the variation analysis as previously described®® were
mapped onto the surface of PDB ID: 7CYC to show the distribution of the highly mutated
residues. The darker the shade of red, the higher the variation. The overall pipeline for
GlycoSHIELD was described previously?!, and the same color scheme and data
processing procedure were applied to N62 and N930 analyses.
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Figure 3.8-3. The glycan shielding effect of HCoV-229E Seattle strain S protein.

The strain name and the molecular range of the model are as shown on the left side. The
types of the analyses are as listed on the top panel. Left column: The experimentally
observed representative glycoforms reconstructed on the structure of HCoV-229E S
protein (PDB ID: 7CYC) by GlycoSHIELD, for which about 20 glycan conformers are
displayed on each N-site. The experimentally observed glycans are colored in forest,
green, and light green, to respectively show the high-mannose, hybrid, and complex type

glycans. Right column: The glycan shielding effect of S protein was analyzed by
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GlycoSHIELD, and the 3D-heatmap of the normalized relative solvent accessible surface
area (SASAre)) were calculated under the probe size of 0.75 nm, representing the surface
areas that are prone to receptor binding and antibody recognition. The darker the shade
of green, the higher the shielding. The un-probed surfaces are colored in dark grey. The
overall pipeline for GlycoSHIELD was described previously?, and the same color
scheme and data processing procedure were applied to N62 and N928 analyses.
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Structurally available in PDB ID: 7CYC

binding loops
direct contact with hAPN
g1 |
Bl
[ NTD > RBD >
— S1

SASA
(P100E)
o -

T YT I T
(0 M (0
J L UCUSLIRE L0 R AL L RIA
".' | W'W"I ‘l”"“ | "W"l W H'm

SASAe
(SEA)
L e -

SASAr
(P100E)

- ©
)

SASAw:
(SEA)

Effective
amino acids
- ow - o = o
-
-
-
P
-
-
- -
-
- P
P
bR
-
-
« 4
«
-
-
-
<« |

ASASA:
© (SEA-P100E)

saad o N U B l‘ P l 4 " L
1 101 201 301 401 501 601 701 801 901 1001 1101
residue number

Figure 3.8-4. The summary of GlycoSHIELD analysis on P100E and Seattle strains.
The schematic of the HCoV-229E S protein is shown at the top. It illustrates the N-
terminal domain (NTD), also known as domain A, and the RBD, also known as domain
B, within the S1 subunit. The three loops in the RBD that bind to hAPN are indicated by
rectangles colored in #8C564B, while the residues directly contacting hAPN within the
binding loops were further indicated by rectangles colored in #B8860B. Below the
schematic is an array of 6 subplots showing relative SASA of P100E and Seattle strains,
total SASA of P100E and Seattle strains, the difference in the total SASA of both strains,
and the sequence variability across the alignment of HCoV-229E S proteins in Fig. 3.1-
1. The level of variability at a site is measured by the effective number of amino acids
present®, where a value of one suggests complete conservation, while higher values
indicate greater sequence variability. In the last subplot, the 72 point mutations of the
Seattle strain are annotated with black downward arrows.
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Figure 3.8-5. The glycan shielding effect of hAPN ectodomain.

The molecular range of the model is as shown on the left side. The types of the analyses
are listed on the top panel. Left column: The experimentally observed representative
glycoforms reconstructed on the structure of hAPN ectodomain (PDB ID: 6U7G) by
GlycoSHIELD, for which about 20 glycan conformers are displayed on each N-site. The
experimentally observed glycans are colored in forest, green, and light green, to
respectively show the high-mannose, hybrid, and complex type glycans. Right column:
The glycan shielding effect of hAPN protein was analyzed by GlycoSHIELD, and the
3D-heatmap of the normalized relative solvent accessible surface area (SASAr) were
calculated under the probe size of 0.75 nm, representing the surface areas that are prone
to 229E S binding and other molecular interactions. The darker the shade of green, the
higher the shielding. The un-probed surfaces are colored in dark grey. The reported 229E
S binding sites® are delineated with red curves on the protein surfaces. The overall
pipeline for GlycoSHIELD was described previously?!.
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Structurally availablein PDB ID: 6U7G
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Figure 3.8-6. The summary of GlycoSHIELD analysis on hAPN ectodomain.

The schematic of hAPN protein domains is shown at the top. It includes the cytoplasmic
domain (CP), transmembrane domain (TM), stalk region, and domains I-1V. Note that the
CP, TM, and stalk regions were not expressed, which leads to the data absence in the plots.
The 229E S binding sites on hAPN (H-site)  are indicated by two rectangles above the
domain schematic. Below the schematic are two subplots showing relative SASA and
total SASA of hAPN ectodomain. The corresponding residue range of 229E S binding
sites in the total SASA plot is further annotated by two red downward arrows, revealing
less-shielded windows for molecular interaction.
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3.9  Cryo-EM structure of HCoV-229E P100E S in complex with hAPN
As mentioned in Chapter 1, all the currently available cryo-EM structures of HCoV-229E
S are in RBD-all-down state, which creates a significant steric hindrance that prevents the
association of its receptor, hAPN. To unveil the unknown molecular mechanism of HCoV-
229E host recognition, we resorted to cryo-EM to shed light on the formation of HCoV-
229E S-hAPN complex. According to the predictions and experiments in section 3.2 and
3.3, the overall stability and binding affinity to hAPN of the P100E strain are superior to
those of the Seattle strain. Therefore, we chose the former to proceed to cryo-EM analysis.
Of note, since our goal is to examine the structure of HCoV-229E S-hAPN complex, we
had to firstly ensure that the prepared sample concentration was suitable for the complex
formation. Based on the Kp derived from the BLI assay (Fig. 3.3-6. A), the theoretical
concentration of HCoV-229E P100E strain S proteins would be 24 nM when half of the
S binding sites on hAPN are occupied in the system equilibrium. However, according to
Fig. 3.3-5., hAPN tends to associate with each other, forming numerous aggregation-like
clumps shown in the NSEM micrographs. This might compromise the working
concentration contributing to the complex formation. Besides, considering the previously
reported cryo-EM protocols for spike proteins, the most commonly used sample
concentrations were usually above 0.5 mg/mL!" 3% 7 and the high concentration can
facilitate the particle identification during the initial screening of the cryo-EM squares.
Therefore, a higher concentration of 3.5 mg/mL of the sample mixture with a 1 to 2 molar
ratio between P100E S protein and hAPN ectodomain was employed to maximize the
fully occupied complex formation.

In practice, the SEC-purified P100E S proteins (Fig. 3.3-2., top row) were mixed
with the SEC-purified hAPN ectodomains (Fig. 3.3-2., bottom row), followed by an
incubation at 4°C for 1 hour to ensure an equilibrated system. Next, the mixture was
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injected into Superose 6 increase 10/300 GL column to identify the putative complex
fractions (Fig. 3.9-1., indicated by light grey background), which were collected and
further concentrated to 3.5 mg/mL for cryo-EM grid preparation. The sample preparation
and the data collection/processing procedure for cryo-EM are described in detail in
sections 2.8 and 2.9. The derived Coulomb potential map of the complex is shown in Fig.
3.9-2., in which three selected levels of the contour map are exhibited to illustrate a
binding mode involving two RBD-up P100E spike proteins and a hAPN homodimer (Figs.
Al5, Al6, Table 3.9-1.). This RBD-up conformation is never-before-seen among the
previously reported human a.CoVs* 44 which provides a novel molecular basis for the
host recognition of HCoV-229E.

To compare with the currently available molecular models of both HCoV-229E S
and hAPN ectodomain, the overall scale of the corresponding partial structures of our
cryo-EM complex were measured with the built-in tool in ChimeraX®®. The
measurements are as described in Fig. 3.9-3. B and C. Note that the vertical length of our
HCoV-229E S structure is shorter in comparison with that of PDB ID: 6U7H* due to the
inferior map quality around the connector domain (CD). Also, the down-state RBDs of
P100E S proteins are poorly resolved, where the map is too fragmented to build reliable
and connected protein backbone. We hypothesized that the presence of abundant hAPN
ectodomains induce the conformational change in some of the down-state RBDs, leading
to a mixture of 1-up, 2-up, and 3-up modes, which has been found in SARS-CoV-2 spike
proteins®®-88, This potential heterogeneity in the conformation could average out the
comparatively dominant signals from the 1-up group, worsening the local resolution of
the pertaining areas. Although the down-state RBDs were not qualified for model building,
the single erected RBD was resolved via combining the NU-refinement of the full
complex and the focused refinement of the RBD region (Fig. A15). An angular
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discrepancy of 60 degrees was found between the downward and upward RBDs measured
by the built-in tool in ChimeraX®® (Figs. 3.9-3. B and 3.9-4. A). To procure a
comprehensive view on the flexibility of the spike protein RBD, a systematic analysis on
RBD-up angles of all currently available SARS-CoV-2 S entries on Protein Data Bank
was carried out with in-house Python scripts (section 2.19, Figs. Al18., A19., A20.). The
results are summarized in Fig. 3.9-5., where the RBD-up angle of P100E S induced by
hAPN association is similar to those of ACE2-induced movements of SARS-CoV-2
RBDs. As for hAPN, our structure was aligned with PDB 1D: 6U7G* by domain IV (Fig.
3.9-3. A), where a 12-degree angular disparity was observed between the centers of mass
(COMs) of domain | (Fig. 3.9-3. A) regions of our cryo-EM structure and that of the PDB
model. It has been reported that hAPN can adopt either open (inactive) or closed (active)
conformation to regulate its enzymatic activity'®, and that HCoV-229E S proteins are able
to associate with either state unlike the interaction between PRCoV S and pAPN&*. This
finding is in line with our proposed model in which hAPN takes on a structure akin to the
open form described by Wong, et al'®. Moreover, this slight difference in the bending
angle of the domain IV give rise to a distance alteration between the N-terminal residues
of hAPN ectodomain illustrated in Fig. 3.9-4. C, which has been linked to signal
transduction within the cytosol*® 6, The aforementioned structural divergence of hAPN
might stem from the distinct experimental methods in that X-ray crystallography tend to
yield a more compact structure from the highly ordered crystal formation, while the
native-like environment of cryo-EM renders the molecule flexible and expanded.
Whether this hypothesis directly engender the above observation warrants further
experimental evidence.

Another goal of cryo-EM is to investigate the surface glycosylation of HCoV-
229E S-hAPN. The N-glycosylation profiles of both P1OOE S and hAPN ectodomain were
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already elaborated in sections 3.5 and 3.7, here we compare the site-specific glycans
detected by the two experimental methods, MS and cryo-EM (Table 3.9-2.). Six (N62,
N98, N243, N440, N518, and N671) out of 30 N-sites of P10OE S and two (N265 and
N625) out of 10 N-sites of hAPN ectodomain were observed by both methods. Due to the
above-mentioned compromised local resolution of the complex, the cryo-EM based N-
glycans built on the final molecular model (map contour = 18 sigma) all lack the
branching above the common core (penta-saccharide, MansGIcNACc»). Intriguingly, the
N-glycan attaching to site N62 of P100E S, which boasts a cryo-EM map covering the
glycan moieties beyond the tri-mannose core as previously described**, remains to be the
most well-resolved one, albeit the mediocre map quality of the complex. For N62, the
first three saccharides (ManGIcNAc:) of the common core were constructed and refined
based on the methods defined in section 2.10, while for the rest of the N-sites, only the
first two or fewer saccharides could be built under a map contour level of 18 sigma. Since
6U7H is in RBD-all-down state**, which encloses the N62 glycan, we hypothesized that
the more fragmented cryo-EM map of our N62 glycan is owing to the reduced restriction
of the RBD-up conformation. Besides, the poor data quality of hAPN MS results as
mentioned in section 3.7 could diminish the agreement between the N-glycan
observations of the two experimental approaches.

After establishing this workflow of combining site-specific N-glycosylation
analysis and cryo-EM for a more comprehensive understanding of the glycoproteins, we
can utilize it to investigate the working mechanism of the known antibodies, as well as to
predict the potential neutralizing sites. An epitope mapping of HCoV-229E S was
published by Xiang, et al. ®!, in which the antibodies C04 and S11 were found to target
the distal end of 229E RBD; antibody D12 targeted the NTD of 229E S, and F12 was the
first S2-directed neutralizing antibody against human aCoVs. The corresponding
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epitopes are mapped onto the SASAr model of the 229E S-hAPN complex generated by
GlycoSHIELD® (Fig. 3.9-6.). Just as described?!, the epitopes of NTD-targeting D12 and
RBD-targeting C04/S11 require a RBD-up conformation to be exposed, and all the
epitopes include less shielded areas colored in light green or white.

Finally, to recapitulate all the findings from section 3.5 to 3.9, a comprehensive
modelling approach as described in section 2.18 was employed to generate the realistic,
membrane-bound HCoV-229E S-hAPN model (Fig. 3.9-7.), offering insights into the

molecular mechanism of virus cell entry in vivo.
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Figure 3.9-1. SEC profile of the mixture of HCoV-229E S and hAPN ectodomain.
The SEC-purified 229E S protein was incubated with SEC-purified hAPN at 4°C for 1
hour. Then the mixture was injected into Superose 6 increase 10/300 GL column to
identify the putative complex fractions (indicated by the light grey background in the
plot), which were later collected and concentrated to 3.5 mg/mL for cryo-EM grid
preparation. For comparison, the apo-form SEC profiles of both HCoV-229E P100E
strain S and hAPN ectodomain (from Fig. 3.3-2. with the same color scheme) were
aligned onto the SEC profile of the mixture to demonstrate the substantial shift in the
elution volume.
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Map contour level Map contour level Map contour level Complex model based
on Cryo-EM map

=60 =100

Figure 3.9-2. The low contour cryo-EM map of HCoV-229E P100E S-hAPN
complex revealed two S proteins bound to a hAPN homodimer.

The cryo-EM Coulomb potential map of the HCoV-229E P100E S-hAPN complex is
represented by three contour levels. From left to right, the levels are 6 sigma, 10 sigma,
and 18 sigma, respectively. The molecular model on the far right corresponds to the 18-
sigma contour level, where the HCoV-229E S protein adopts an RBD-up conformation to
bind with a hAPN homodimer. Additionally, based on the 6-sigma contour level map,
there appears to be another potential S protein bound to hAPN, resulting in a complex
consisting of two S proteins in the RBD-up conformation attached to a hAPN homodimer.
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Figure 3.9-3. The molecular structure of HCoV-229E P100E S protein and hAPN
ectodomain derived from cryo-EM Coulomb potential map.

(A) is a schematic of the expressed HCoV-229E P100E S protein and hAPN ectodomain.
The residue range of each key domain is annotated below the schematic. The un-
expressed regions are indicated by the dashed lines. (B)(C) The molecular structures of
229E P100E strain S and hAPN ectodomain were built based on the cryo-EM map
described in Fig. 3.10-1. The color scheme is the same as (A), indicating the
corresponding structures of the key domains in the schematic. The scales of the molecules
are further illustrated with the two headed arrows and the distances in angstrom calculated

by PyMOL built-in tool.
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Figure 3.9-4. A comparison between the molecular structures solved by cryo-EM
and the previously reported models.

The C-alpha atoms chosen for the angle and distance calculations are as described in the
legends. (A) A comparison between the solved cryo-EM structure of HCoV-229E S
protein and the previously reported cryo-EM model (PDB ID: 6U7H). The molecular
model proposed in this thesis is the first-ever RBD-up conformation observed among the
human aCoVs, resulting in a 60-degree angle between the center of mass (COM) of the
two RBDs. (B) A comparison between the solved cryo-EM structure of hAPN ectodomain
and the previously reported X-ray model (PDB ID: 6U7G). There is 12-degree angular
discrepancy between the center of mass (COM) of the two domain Is. (C) hAPN can adopt
either open form (inactive) or closed form (active) to regulate the enzymatic activity for
peptide processing®. The solved cryo-EM structure of hAPN was aligned with the X-ray

model (PDB ID: 6U7G, closed form) to show the comparatively wider distance between
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the COMs of the N-terminal residues. The stalk and the transmembrane regions were
constructed to-scale.
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Figure 3.9-5. RBD-up angle of HCoV-229E P100E S protein compared to that of all
SARS-CoV-2 S proteins available on Protein Data Bank (PDB).

The molecular compositions (apo-form, ACE2-bound, Ab-bound, and P100E-hAPN
complex with corresponding colors), PDB entry count (discrete representative count
numbers 1, 5, and 10), and the angular representation of the protein chains (from Ato C
chain) are described in the legends located in the top-right, middle-right, and bottom-right,
respectively. (A) The analysis of the RBD-up angles of all currently available PDB
structures of SARS-CoV-2 S proteins in comparison with that of the solved cryo-EM
structure of HCoV-229E S. This figure was plotted against the variant names of the S
proteins, with each variant separated by 10 degrees. (B) The analysis of the RBD-up
angles of all currently available PDB structures of SARS-CoV-2 S proteins in comparison
with that of the solved cryo-EM structure of HCoV-229E S. This figure was plotted
against the molecular compositions, with each state separated by 20 degrees. Please refer
to Figs. A18-19. for detailed programming flowcharts and the related GitHub URLs of
the Python scripts.
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Figure 3.9-6. Antibody epitope mapping of HCoV-229E P100E S onto the cryo-EM-
derived complex structure.

PDB ID: 7VN9 and 7VNG reported previously®* were aligned onto the RBD region of
the solved cryo-EM complex structure. The epitopes of the Fabs are delineated with red
curves. Of note, for C04 and S11, the epitope of the adjacent RBD is indicated to avoid
the obstruction from the crystal structures. The shielding effect of the glycans on the
complex was quantified by GlycoSHIELD®® and visualized with surface heatmap as
described in RESULTS 3.9. The names of the Fabs and the color scheme are as indicated
by the red labels and the legend in the bottom panel. Of note, only the chain A of the S
protein is shown here for clarity.
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Table 3.9-1. Cryo-EM data collection parameters, refinement and validation
report for HCoV-229E P100E-hAPN complex.

hAPN
P100E- mono-hAPN| || . P100E-
mono-hAPN " - dimer + single RBD
hAPN +singe S single S + single single RBD mono-hAPN + hinge hAPN
complex RBD " complex
+ hinge
Job tvpe NU- local local local local local local composite
yp refinement | refinemet refinemet refinemet refinemet refinemet refinemet map?
Data collection and processing
Magnification | 81000x 81000x 81000x 81000x 81000x 81000x 81000x 81000x
Voltage (keV) 300 300 300 300 300 300 300 300
Electron
exposure 50 50 50 50 50 50 50 50
%)
De‘c"(c:l‘;)range 1520 | -15~20 | -15~20 | -15~20 | -15~20 | -15~20 | -15~20 | -1.5~-2.0
Pixel size (A) 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08
Symmetry c1 c1 c1 c1 c1 c1 c1 c1
imposed
'”'tr:i'rﬁggtr'c'e 253,164 | 112541 | 112541 | 112541 | 112541 | 112541 | 112541 | 1125541
F'“ﬂﬁ}%ﬁ:‘:'e 112,541 | 112541 | 112541 | 112541 | 112541 | 112541 | 112541 | 112,541
Map r(ez‘;'““"” 437 371 3.39 357 3.61 3.73 3.23 4.10
FSC threshold |  0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143
Refinement
6U7H
Initial model (for S),
(PDB code) N/A N/A N/A N/A N/A N/A N/A sU7e
(for hAPN)
Model
resolution (A) N/A N/A N/A N/A N/A N/A N/A 3.60
FSC threshold N/A N/A N/A N/A N/A N/A N/A 0.143
Map sharpening
B factor (A7) N/A N/A N/A N/A N/A N/A N/A 1085
Model composition
Non-hydrogen N/A N/A N/A N/A N/A N/A N/A 33,410
atoms
Protein residues N/A N/A N/A N/A N/A N/A N/A 4,170
Ligands N/A N/A N/A N/A N/A N/A N/A 37
B factors (A2?)
Protein N/A N/A N/A N/A N/A N/A N/A 85.78
Ligand N/A N/A N/A N/A N/A N/A N/A 89.67
RMSD
Bond("&e)”gths N/A N/A N/A N/A N/A N/A N/A 0.011
Bond angles (°) | N/A N/A N/A N/A N/A N/A N/A 0.923
Validation
Mos'sg‘r’f“y NIA N/A N/A N/A N/A NIA NIA 1.92
Clashscore N/A N/A N/A N/A N/A N/A N/A 531
Poor {;§§mefs N/A N/A N/A N/A N/A N/A N/A 227
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Ramachandran plot
Favored (%) N/A N/A N/A N/A N/A N/A N/A 94.61
Allowed (%) N/A N/A N/A N/A N/A N/A N/A 5.04
Outliers (%) N/A N/A N/A N/A N/A N/A N/A 0.34

2 The composite map was generated from 6 local refinement jobs using Phenix®®.
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Table 3.9-2. A summary of N-glycosylation sites of 229E S-hAPN complex
observed experimentally through mass spectrometry and cryo-EM.

P100E S protein hAPN ectodomain

Analytical method Nosi Analytical method
MS Cryo-EM SIS s Cryo-EM

128
234
265
319
527
573
625
681
735
818

N-sites

23
62
98
147
171
220
243
326
333
440
464
518
538
542
568
581
587
663
671
714
930
1015
1020
1037
1049
1061
1066
1076
1082
1096

OX XOXO0OXO0OO0X
XX OO0OXXO0OO0 X X

OO0OO0OO0OO0OXOO0OOOOOOOOXX0O0O0O0OO0O0OOOO0OOO
XXXXXXXXXXXOXXXXXO0O0OXOXX0OXXX0o0o0X
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Figure 3.9-7. The proposed model of HCoV-229E S attaching to cell-surface hAPN

to perform virus entry.
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A comprehensive modeling approach, which is described in detail in section 2.18, was
adopted to generate the realistic 3D schematic. (A) The cryo-EM derived Coulomb
potential map is represented in transparent envelope to show its fitting to the
corresponding molecular structure. A low map contour of 5 sigma is used to show the
stalk and the neighboring spike protein. Extra map noises are cleaned by ChimeraX®
“Hide Dust” tool for clarity. (B) The glycan ensembles and the SASAr heatmap
generated from MD-based tool, GlycoSHIELD83, are shown for the left and right parts of
the 229E-S-hAPN complex, respectively. The color scheme for the high-mannose content
is shown in the top-left legend, while that of SASAe heatmap is on the top-right.
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Chapter 4 DISCUSSION

4.1 A look into the distinct DSF profile of HCoV-229E Seattle strain and its
potential link to the general structural features of the spike proteins

According to Fig. 3.3-3. A, the overall pattern of the Seattle strain DSF profile is different
from that of the P100E strain, with the latter exhibiting an additional prominent peak
roughly between 55°C and 70°C. Interestingly, when the protein samples were re-heated
(the rescan data drawn in dashed lines), this additional peak disappeared and rendered the
profiles of the both strains similar. Nonetheless, all the following experiments, including
NSEM, BLI assays, and N-glycosylation analysis with MS, consistently revealed distinct
properties between the two strains. Thus, we hypothesized that DSF was just an early
indication of a fundamental discrepancy in the protein structures of the P10OE and Seattle
spikes.

To test this hypothesis, a DSF-mimicking experiment was carried out to find the
potential link between the S structure and the DSF profile pattern (Fig. 4.1-1.). In brief,
the spike proteins of the selected HCoVs (NL63, SARS, MERS, and HKU1) were
aliguoted and subjected to room temperature, 65°C, and 95°C 3-min incubation,
respectively. Afterwards, all samples were equilibrated back to room temperature for
NSEM grid preparation. The three temperatures emulate the initial protein state, the first
peak of the first derivative of 350 nm/330 nm fluorescence intensity ratio, and the end of
the DSF heating process. The spike protein structure from each status was crudely
examined by NSEM. The results of this DSF simulation experiment are shown in Fig.
4.1-2.

Based on the profiles in Fig. 4.1-2. A, all spikes except for that of NL63 underwent
certain conformational change before 65°C, leading to one or several peaks in the first
derivative curves. Moreover, akin to Fig. 3.3-3. A, the rescan profiles of the selected
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spikes lose all these additional peaks (repeated two times; colored in grey and dark grey).
This hypothesis on the DSF profile-related structural alteration was further visualized by
NSEM analysis in Fig. 4.1-2. B, where six representative 2D classes processed by
CryoSPARC* were shown to capture the overall molecular integrity of the spike proteins.
Similar to the DSF profiles, all the spikes underwent drastic structural alteration after the
3-min incubation of 65°C except for NL63, and as the temperature rose, most spikes
started to adopt an elongated shape reminiscent of its post-fusion form® %, In contrast,
for NL63, these novel elongated structures were already observed in the initial state,
possibly contributing to the almost unchanged DSF patterns from Heating #1 to Rescan
#2 in Fig. 4.1-2. A

To test the reproducibility of the DSF results in Fig. 3.3-3. A, the S of P100E and
Seattle strains were heated again followed by one rescanning. Also, the S protein of
another aCoV, porcine epidemic diarrhea virus (PEDV), was assayed in parallel to
investigate the hypothesis above. The results are shown in Fig. 4.1-3., where the single-
peaked DSF profile of the Seattle strain S corresponds to the elongated protein structures
presented in the NSEM 2D classes, similar to the case for NL63.

In summary, DSF could serve as an effective preliminary screening to ensure a
well-folded S protein before proceeding to more advanced experiments. And the distinct
peaks in the profile might indicate a shared multi-step unfolding procedure among the S
variants®2. Based on the experimental results and the inflection temperatures (Ti), we
suggest that the higher Ti (ranging from 75-85°C) might originated from the shared T4
fibritin foldon in our protein expression constructs (Fig. 3.3-1. B-C), whereof the
reemerging DSF rescanning profiles are indicative of the melting temperature and the
quickly refolded nature of T4 fibritin reported previously®**°. While the unfolding of T4
fibritin can be reversed, the thermal damage to the rest of the S protein structure should
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be irreversible according to the permanently altered DSF profiles and the loss of the lower
Ti. The remaining challenge is to identify the underlying cause for the initially disrupted

S protein structures of HCoV-229E Seattle strain and HCoV-NL63.
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Figure 4.1-1. The experimental workflow to simulate DSF procedure.
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Figure 4.1-2. The results of DSF simulation experiment from four selected spike
proteins.
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(A) DSF profiles of the selected spike proteins. From top to bottom: in-house wild-type
HCoV-NL63 S, in-house SARS-CoV-1 S with dual proline mutation, in-house MERS-
CoV S with dual proline and furin cleavage site mutations, and in-house HCoV-HKU1 S
with dual proline and furin cleavage site mutations. The DSF experiment was done by
firstly heating the spike proteins to disrupt the molecular structure, followed by re-heating
for two times (rescan #1 and #2) to look for the remaining folded structures, which may
stem from the potential thermal resilience, of the samples. (B) The representative 2D
classification results processed by CryoSPARC* from the NSEM micrographs of the
selected proteins subjected to different temperature treatments listed on the top panel. The
NSEM data processing procedure is described in MATERIAL AND METHODS 2.6.
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Figure 4.1-3. The potential relationship between the S protein structure and the
DSF profile.
The DSF profiles of HCoV-229E P100E strain S, Seattle strain S, and Porcine epidemic
diarrhea virus (PEDV) S were paired with the corresponding NSEM representative 2D

the S protein structure and its unfolding

procedure. The color scheme of the line art is described by the top-left legend of both (A)

and (B).
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4.2  The discrepancy in N-linked glycosylation profile of HCoV-229E strains is
potentially pertinent to TAMP (trimer-associated mannose patch) that was first
described in HIV-1 envelope protein (Env)

In section 3.6, we have discussed the discrepancy in the N-glycosylation profile between
the spike proteins of the P100E and Seattle strain, and we hypothesized the further
processed glycan distribution of the latter was due to the compromised structural integrity
observed via NSEM. This relationship between the glycosylation and the protein structure
was first described in HIV-1 envelope (Env) protein’ %97 where the N-glycan profiles
of monomeric Env, uncleaved pseudo-trimeric Env, and native-like Env were analyzed
and compared in parallel. As elaborated in this review’3, glycan analyses conducted on
both virion-associated Env and recombinant trimers reveal a higher oligo-mannose
content compared to Env monomers. Within the structure of a naturally folded trimer,
interactions between glycans and proteins, as well as glycans and other glycans, are
believed to contribute to the emergence of an additional feature known as the “trimer-
associated mannose patch” (TAMP). In practice, the TAMP does not always arise from a
complete transition in the glycan processing state, going entirely from complex to oligo-
mannose, but rather signifies an increase in the prevalence of under-processed glycans.
The formation of the TAMP relies on cleavage-induced, native-like envelope folding and
is not observed in un-cleaved or improperly assembled trimers. These descriptions are in
line with our observations on the Seattle S structure and its MS results (sections 3.3, 3.5,
3.6). Intriguingly, the NSEM images of the soluble uncleaved pseudo-trimeric Env shown
in the review are eerily similar to those of the Seattle strain spike proteins, supporting the

idea that the splayed-out Seattle S allows more mannosidase accessibility.
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4.3  The limitations of our glycopeptide analysis pipeline

The following are the three major limitations of our glycopeptide analysis pipeline. Firstly,
glycopeptides with multiple N-sites are excluded automatically via our in-house Python
script before proceeding to quantification, for which the reason was already described in
section 3.5. Even with the overall decent data quality of both P100E and Seattle strain N-
glycosylation analyses, sites N538 and N542 in P100E, i.e., N536 and N540 in Seattle,
were still prevented from being quantified since they were located on the same
glycopeptide. Although alpha-lytic protease provided the orthogonal specificity for
trypsin and chymotrypsin, these sites could not be separated. Manual inspection of the
raw LC-MS/MS signals or a new set of digesting enzymes will be needed in this case,
especially when the N-sites affected are potentially involved in essential physiological
processes. Secondly, with a mediocre data quality seen in hAPN dataset, most data entries
representing the identified glycopeptides by the search engines will be filtered out by the
criteriadescribed in 2.14., leaving certain N-sites with single data entry. When normalized,
the single entry will be visualized as 100% in our bar and pie charts, creating a rather
skewed and inflated impression on the glycoform composition, as in the cases of N625
and N818 on hAPN ectodomain (Figs. 3.7-1,2,3). This problem was further complicated
when we strived to construct hAPN glycoSHIELD model based on the results from N-
glycopeptide analysis, where for each N-site, a single major glycofrom was chosen to
generate the glycan ensemble. This inevitably gave rise to an over simplified view of the
glycan canopy with numerous potential glycoforms being underrepresented. Moreover,
the abundance of the identified glycopeptides of each N-site might vary significantly, not
only between different experimental samples but the same protein. Whether the results of
N-glycopeptide analysis from disparate batches and the corresponding glycoSHIELD
models can be combined and discussed inside the same system, e.g., our final complex

125

doi:10.6342/NTU202301899



model (Fig. 3.9-6), merits further investigation. Lastly, O-glycosylation cannot be
analyzed by our current pipeline. This could be one of the key features to incorporate into
our future computational workflow. Since core-1 and core-2 structures were reported to
occupy threonine (T678) near the furin cleavage site of SARS-CoV-2 S protein®,
automating O-glycopeptide analysis via Python programming might shed light on the
influence of O-glycosylation on proteolytic activation in an accelerated and systematic

manner.
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4.4 The limitations of our cryo-EM analysis
In section 3.9, we have pointed out that the down-form RBDs of 229E S proteins might
be induced by the surrounding hAPNs, whereof the increased conformational dynamics
led to an inferior map quality. Nevertheless, with the advent of novel cryo-EM data
processing tools, such as 3D variability analysis®® and 3DFlex!®, we should be able to
further single out particle groups with distinct conformations and even explore the
continuous molecular heterogeneity. Unfortunately, we could not carry out these analyses
due to some technical issues mainly stemming from the upper limit of GPU memory.
Regardless, the results will enable us to delve deeper into the intrinsic propensity of 229E
S RBDs to adopt the up conformation. It has been reported that SARS-CoV-2 S RBDs
are capable of taking on up conformation sans the presence of receptors or antibodies!"
192 1n contrast, both HCoV-229E and NL63 S RBDs showed solely the down-form as
apo-form proteins™: 44 ®°_ This intriguing feature of the latter was also observed on the
intact virions resolved by cryo-ET%. It would be interesting to see if the conformation
of 229E S proteins on the intact virions is also down-form dominant. Together with our
single particle analysis, these data will offer a more comprehensive perspective on the
inter-genus and intra-genus disparity in the inherent RBD dynamics of human CoVs.
Another limitation of our cryo-EM analysis is the lack of lipid membrane.
Although we strived to emulate the realistic physiological composition and constructed
the complex model to scale (Fig. 3.9-6.), the absence of both viral and cellular membranes
grants the molecules extra degrees of freedom, compromising the reliability of the related
discussion (Figs. 3.9-2,3,6). Just as mentioned above, cryo-ET could be an optimal
approach to see if our observations were experimental artifacts. The spatial distribution
and the pertinent statistics of the S proteins could as well validate our proposed binding
stoichiometry of HCoV 229E S-hAPN complex model.
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Finally, due to the limited resolution, the binding interface between HCoV 229E S
and hAPN cannot be confidently determined, and the molecular interactions were mainly
based on the previous X-ray crystallography-derived model**. Since the binding interface
is of great importance when it comes to the adaptive evolution of the virus and the rational

immunogen design, we will expand on this topic in section 4.6.
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45  The limitations of our glycoSHIELD analysis
The advancements in electron microscopy (EM) and image-processing algorithms have
made it possible to study the movements of specific regions in biological macromolecules
through cryo-EM. However, cryo-EM has limitations when it comes to providing
complete structural information on N-glycans. While certain parts of the glycan structures,
such as the two GIcNAc units and the core fucose, may be visible in EM maps, the
remaining portions of the glycan trees are difficult to define due to their highly dynamic
nature. In contrast, MS offers a different approach by providing detailed information
about the composition and distribution of individual glycan types at specific sites.
Therefore, cryo-EM and MS complement each other as powerful tools for studying
glycoproteins. To achieve a more comprehensive understanding of N-glycans on target
proteins, researchers have combined the advantages of cryo-EM and MS to generate fully
glycosylated models using CHARMM-GUI*’ (Figs. 3.5-3 B, 3.6-3 B, and 3.7-3 B).
However, it is important to note that protein-bound glycans are highly dynamic and
act as a shield to evade the host immune system® & 104 The static fully glycosylated
models generated earlier may not accurately capture the dynamic behavior of glycans and
their shielding effects. To address this, another modeling approach called
GlycoSHIELD?®® was used to calculate the solvent-accessible surface area (SASA) of the
protein under the influence of different glycan conformations. This method quantitatively
describes the impact of glycans. However, there are two limitations in this pipeline. Firstly,
the cryo-EM maps often have low local resolution, resulting in regions with undefined
atomic coordinates in published PDB structures. Although these missing regions were
manually reconstructed using Coot*, the static models with the derived shielding effect
only provide a snapshot of the dynamic proteins, disregarding their natural local motions
and substantial conformational changes. Secondly, while glycans are typically known for
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their role in immune evasion® 8% 1% jt has been reported that broadly neutralizing
antibodies (bnAbs) can target the mannose patch on the envelope spike of HIV-1'%. This
suggests that glycans can also be recognized as epitopes by antibodies. Although most
antibody structures aligned with the GlycoSHIELD-derived ASASA models in this study
corresponded to surfaces with low or moderate shielding scores (Fig. 3.9-6), the potential
exceptions cannot be overlooked.

To summarize, for the discovery of the novel bnAbs, the integrative pipeline
established in this study should be used not only for displaying the overwhelming
heterogeneity of the N-glycan composition on the 3D protein model, but for searching the
conserved homogeneity of the mannose patches throughout the extensive antigenic drift

of the HCoVs.
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4.6  HCoV-229E S epitope mapping and rational immunogen design

In section 4.4, we have mentioned that HCoV 229E S is low in the intrinsic propensity to
adopt RBD up-conformation based on the previous cryo-EM apo-form structures™ 44,
Recently, Xiang, et al. 3! conducted the epitope mapping of HCoV 229E S and the results
suggested that NTD is antigenic dominant, which is in stark contrast to previous studies
on SARS-CoV, MERS-CoV and SARSCoV-2 S proteins, wherein their RBDs instead of
NTDs are most frequently targeted by nAbs® %7 In the same year, Shi, et al. 1% also
verified the antigenicity of NTD, on which a novel nAb, 5H10, was further characterized.
The stronger antigenicity of NTD might be a manifestation of the down-form dominant
structural distribution of the apo-form HCoV 229E S protein, since most RBD related
epitopes are hidden in this state. Interestingly, it has been reported that domain A (NTD)
of HCoV-HKUL1 S protein binds to a sialoglycan-based primary receptor to trigger the
open-state of domain B (akin to RBD of 229E S) via a allosteric inter-domain crosstalk®®,
Additionally, for the other human alphacoronavirus, HCoV-NL63, heparan sulfate was
found to associate with domain 0 (a duplicate of domain A), wherein a positively charged
patch might putatively mediate the binding interaction®®. Taken together, 229E S protein
could possibly utilize an NTD-binding co-receptor to increase the dynamic of RBD,
boosting the probability of capturing the cell surface hAPN. Whether this initial structural
priming exists before proceeding to the RBD-up conformation in our complex model
warrants future research.

Since the epitope mapping of 229E S is available, we can incorporate the known
epitopes and the corresponding nAbs into our glycoSHIELD analysis summary (Fig. 4.6-
1.). 5H10 binds to NTD E1 motif (residues 147-167), with F159 being indispensable'®,
Shi, at al. also found that mutations at position 159 gradually appeared over time and
completely abolished the neutralizing ability of 5H10, supporting the notion that position
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159 may be under selective pressure during the human epidemic'®. Although the major
cause of the abolishment could be the loss of n-n interaction between 5H10 heavy chain
and residue 159'%, the results of our glycoSHIELD total shielding effect analysis are also
in line with the findings and bring in the glycosylation perspective as another contributing
factor. The total shielding percentage of P100E is around 33% at position 159, and an
obvious plunge can be seen in Fig. 4.6-1. On the contrary, the percentage of Seattle
jumped to 100%, rendering the site inaccessible to the antibody. The effective amino acid
value of position 159 calculated from the 96 HCoV 229E variants’ S sequences (Fig. 3.1-
1. A) is about 1.5, corroborating its gradual mutations throughout the virus evolution. The
epitopes of D12 (residues 206-215) were found to be the “NTD antigenic supersite” 3.
Nonetheless, the corresponding total shielding percentages of both P10OE and Seattle are
100%, except for site 215 experiencing 57% and 53%, respectively. Since insect cell sf9
was used for antibody characterization as previously described®, we hypothesize that the
profound shielding effect estimated by our glycoSHIELD workflow might come from the
more heterogeneous and bulkier glycoforms of Expi293 reservoir. CO4 and S11 are
reminiscent of the cryptic epitopes of SARS-CoV-21%113 targeting the distal end of RBD
that is only exposed when the adjacent RBD adopts the up-state. Thus, Fig. 4.6-1 is unable
to illustrate the related shielding effect due to the all-down RBDs of 7CYC. It is worth
noting that both sites 418 and 419 are conserved across 96 S sequences, which is
beneficial for maintaining the neutralizing activity. Lastly, F12 was claimed to be the first
identified S2-directed nAb against alpha-HCoVs®!. Based on our GlycoSHIELD analysis,
the epitopes boast both broad windows of low total shielding and mostly conserved
sequence ranging from residue 1000 to 1033.

Even though HCoV-229E is constantly evolving, and the strong antigenic regions,
e.g., RBD and NTD, are also extremely variable in protein sequences, we can now take
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advantage of our pipeline established in this study to systematically probe for the epitope
candidates. To be stringent, the probing criteria are as follows: 1) effect amino acids value
should equal to one, guaranteeing a conserved residue from year 1979 to 2022 to
minimize the chance of immune escape. 2) the total shielding percentage should be less
than 50%, leaving enough space for antibody interaction. Table 4.6-1. shows all residues
meeting these two criteria, and some of them are already included in the known nAbs3:
108.

In summary, our pipeline can easily be extrapolated to other proteins of interest, and
with the help of Python programming, we can automatically process sequences in large
scale in search of the potential epitopes, providing critical information for rational

immunogen design.
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Figure 4.6-1. Mapping the known 229E neutralizing epitopes to glycoSHIELD
summary.

The glycoSHIELD summary plot is the same as Fig. 3.8-4., except for the annotated
epitopes of the known 229E S neutralizing antibodies. The epitopes of the two NTD-
binding nAbs, 5H10'% and D123, are residues 147-167 and 206-215, respectively. The
regions are marked by the yellow background of the subplots. For 5H10, the reported
indispensable residue F159%% is further indicated with the brown line within the yellow
region. The epitopes of the two RBD-binding nAbs, C04 and S11, are both 418-4193%,
which are marked by the orange background with an upward arrow. The epitopes of the
novel S2-binding nAb, F12%, are marked by the grey background.
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Table 4.6-1. Conserved potential antibody epitopes.

residue num.|P100E total shielding (%) |Seattle total shielding (%) |effective aa.|region|known nAb
55 33 29 1 NTD
106 18 a7 1 NTD
108 28 24 1 NTD
110 14 50 1 NTD
122 31 14 1 NTD
148 27 35 1 NTD
156 19 8 1 NTD
158 12 23 1 NTD | 5HIO0
161 24 50 1 NTD
165 21 48 1 NTD
226 0 5 1 NTD
256 16 24 1 NTD
315 32 a7 1 RBD
441 46 48 1
443 44 10 1
679 34 16 1 S2
969 44 46 1 S2
1022 39 4 1 S2
1023 14 33 1 S2 F12
1025 37 0 1 S2
1033 9 0 1 S2
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ESPript3.
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Figure A2.  Quantification of the site-specific N-linked glycosylation analysis of
the HCoV-229E P100E strain S protein (Insol-TC #1).
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Figure A4.  Quantification of the site-specific N-linked glycosylation analysis of
the HCoV-229E P100E strain S protein (Insol-aLP).
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the HCoV-229E Seattle strain S protein (Ingel-TC).
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Figure A®6.

Quantification of the site-specific N-linked glycosylation analysis of
the HCoV-229E Seattle strain S protein (Insol-TC).
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Figure A7.
the HCoV-229E Seattle strain S protein (Insol-aLP).
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the human aminopeptidase N (hAPN) ectodomain (Insol-TC #1).
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Figure A9.  Quantification of the site-specific N-linked glycosylation analysis of
the human aminopeptidase N (hAPN) ectodomain (Insol-TC #2).
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Figure A10. Quantification of the site-specific N-linked glycosylation analysis of

the human aminopeptidase N (hAPN) ectodomain (Insol-aLP).
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Figure A1l. NSEM data processing workflow of HCoV-229E P100E S protein.
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Figure A12. NSEM data processing workflow of HCoV-229E Seattle S protein.
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Figure A13. NSEM data processing workflow of hAPN ectodomain.
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Figure A14. NSEM data processing workflow of P10OE S-hAPN complex.
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Figure A16. Cryo-EM data analysis and validation of P100E S-hAPN complex.
(A) Gold-standard Fourier shell correlation (GSFSC) curves generated from the final NU-
refinement of the complex in CryoSPARC v 4.1.1. (B) Particle angular distribution
heatmap generated from the final NU-refinement of the complex in CryoSPARC v 4.1.1.
(C) Euler angle distribution of the particles in the final reconstruction of the complex
generated from PyEM*!*, (D) Local resolution distribution of the final complex EM map.
The local resolution values are indicated in the color key below.
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Figure A17. Programming flowchart of PDB_preprocessor.py.

The script is available on
https://github.com/coco0981568491/Master_Thesis/blob/master/Batch. RBD-
up_angle_calculation/PDB_preprocessor.py.
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Figure A18. Programming flowchart of get RBD_angles.py.

The script is available on
https://github.com/coco0981568491/Master_Thesis/blob/master/Batch RBD-
up_angle_calculation/get RBD_angles.py
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Figure A19. RBD-up angle definition and calculation.
The final polar projection plot for RBD angle distribution was based on the i calculated
here.
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