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ABSTRACT 

 The Coronavirus Disease 2019 (COVID-19) global pandemic caused by the Severe Acute 

Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) virus emphasized the vital role of SARS-

CoV-2 Spike (S) protein binding its angiotensin-converting enzyme 2 (ACE2) host cell receptor. 

Understanding the molecular features that influence the S-ACE2 interaction is essential for the 

development of effective anti-S therapeutics. While the receptor binding domain (RBD) of ACE2 

is known to directly interact with ACE2, the precise influence of N-glycans on S and ACE2, in 

addition to specific RBD mutations is not fully understood. The S protein is a large viral surface 

protein that contains the Receptor Binding Domain (RBD) that directly binds to the ACE2 

receptor, which allows conformational changes for host protease cleavage and viral infection. 

Thus, the strength of S-ACE2 binding affinity is a major factor of viral infection and transmission. 

This thesis aims to elucidate how variations in glycosylation and predominant RBD 

mutations of the SARS-CoV-2 S glycoprotein influence interactions with receptor and antibody 

binding. Through a combination of structural analyses and in vitro binding assays via biolayer 

interferometry, this research provides insight into the molecular features that mediate the Spike-



ACE2 interaction in quantitative terms. Key results revealed that specific N-glycans on ACE2 and 

S mediated binding. Additionally, specific RBD mutations led to altered binding affinities 

observed in SARS-CoV-2 variants of concern (VOC) for ACE2 and monoclonal antibodies 

(mAbs). These findings advance our understanding of the factors that mediate therapeutic mAb 

binding to their target antigen, and the design parameters that should be considered as 

demonstrated in anti-S therapeutic mAb interactions. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE OVERVIEW 

1.1 Overview of COVID-19 and SARS-CoV-2 

Coronavirus Disease 2019 (COVID-19) is caused by viral infection with Severe Acute 

Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), which rapidly spread and resulted in a 

global pandemic1, 2. SARS-CoV-2 mainly causes respiratory illness, ranging from mild to severe, 

but can be fatal in some individuals with comorbities3. While recent statistics from the World 

Health Organization (WHO) and Centers for Disease Control and Prevention (CDC) indicate a 

decrease from pandemic peaks, tracking of SARS-CoV-2-related cases, deaths, and vaccine 

effectiveness remain in effect as new variants emerge1, 2.  

The evolution of SARS-CoV-2 strains and lineages is driven by genetic point mutations 

within the viral genome4-8. SARS-CoV-2 strains can be listed as variants of concern (VOC) or 

variants of interest (VOI) for tracking by the WHO and CDC1, 2 Such mutations influence viral 

protein structure, which mediates binding affinity for host receptors and antibody recognition, 

impacting overall changes in infectivity and transmissibility4, 9-11.  

1.2 SARS-CoV-2 Spike Glycoprotein: Structure and Function 

A key step in the pathogenesis of SARS-CoV-2 is the binding of viral Spike (S) protein 

to its host cell receptor, angiotensin-converting enzyme 2 (ACE2), enabling protease cleavage, 

membrane fusion, and cellular entry (Figure 1.1). The S protein is a large trimeric surface 

glycoprotein that contains the Receptor Binding Domain (RBD), N-Terminal Domain (NTD), 
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and Fusion Peptide (FP). Previous and current dominant strains of SARS-CoV-2 show key 

mutations in the S proteins, displaying increased binding to ACE2, transmissibility, and or 

immune evasion (summarized in Table 1.1)4, 9-11 The strength of S-ACE2 binding affinity is a 

major factor of viral infection and transmission, and inhibition of the S-ACE2 interaction is a 

major target for SARS-CoV-2 therapeutics10-14 Thus, it is important to understand the factors that 

govern the S protein structure and function. 

 

 

Figure 1.1 (A) Steps of SARS-CoV-2 pathogenesis (BioRender). (B) Glycosylated (gray) Spike 

trimer (white) of SARS-CoV-2 bound to human soluble ACE2 monomer (red) (PDB:7KJ2). 
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Table 1.1: Comparative Overview of Foundational SARS-CoV-2 Variants of Concern: 

Infectivity and Transmissibility 

Variant 

(WHO 

Label / 

Lineage) 

Origin Key Spike 

Mutations 

(Relevant) 

Relative 

Transmissibility 

(vs. previous 

dominant) 

Relative 

Infectivity (ACE2 

Binding Affinity) 

Key 

Characteristics 

& Notes 

Wuhan 

(Original) 

Dec 

2019 

(China) 

D614G 

(emerged 

early 

2020) 

Baseline High (Nanomolar 

range) 

Initial strain, 

serves as 

baseline for 

comparison15. 

Alpha 

(B.1.1.7) 

Sep 

2020 

(UK) 

N501Y, 

69-70del, 

P681H 

~50-100% more 

transmissible 

than original16-18 

Enhanced (N501Y 

increased ACE2 

binding) 21 

Increased 

severity, rapid 

spread in late 

2020/early 

202121. 

Beta 

(B.1.351) 

May 

2020 

(South 

Africa) 

K417N, 

E484K, 

N501Y 

~50% more 

transmissible 

than original19 

Enhanced 

(N501Y), but 

K417N/E484K 

complex effects19 

Significant 

immune escape, 

some evidence 

of increased 

severity20. 

Gamma 

(P.1) 

Nov 

2020 

(Brazil) 

K417T, 

E484K, 

N501Y 

~2.6 times more 

transmissible 

than wild-type21, 

22 

Enhanced 

(N501Y), complex 

effects from other 

mutations21, 22 

Immune escape, 

associated with 

reinfections21, 

22. 

Delta 

(B.1.617.2) 

Oct 

2020 

(India) 

L452R, 

T478K, 

P681R 

Significantly 

more 

transmissible 

than 

Alpha/Beta23 

Enhanced (L452R 

improves ACE2 

binding) 23 

Highly 

transmissible, 

increased risk 

of 

hospitalization. 

Dominant 

globally in mid-

202123. 

Omicron 

(B.1.1.529) 

Nov 

2021 

(South 

Africa) 

Many 

(>30 in 

Spike), 

incl. 

N501Y, 

K417N, 

E484A, 

Q493R, 

T478K 

~4.2 times more 

transmissible 

than Delta 

(early)9, 20  

Generally enhanced 

(complex interplay 

of mutations) 9, 20 

High immune 

evasion, often 

associated with 

milder disease 

(due to prior 

immunity). 

Rapid global 

spread9, 20. 
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Omicron 

Subvariants 

(e.g., BA.2, 

BA.4/BA.5, 

XBB, JN.1, 

XEC, 

KP.3.1.1) 

Early 

2022 - 

2024 

(Global) 

Various, 

evolving 

from 

parent 

Omicron 

lineages 

Continual 

growth 

advantage over 

preceding 

variants 

Maintained/Slightly 

enhanced (e.g., 

BA.2.75/BA.2.75.2 

stronger than 

BA.1)9, 19 

Continued 

immune 

evasion, 

varying degrees 

of 

transmissibility 

advantage, 

often dominant 

in successive 

waves9, 19, 23. 

 

 

The RBD directly binds to the ACE2 receptor for the S trimer to undergo a 

conformational change from a “down” to an “up” state and allow host protease binding (Figure 

1.2), 24, 25. SARS-CoV-2 variants of concern (VOC) RBD mutations influence S trimer 

conformation and N-glycan interactions with ACE2. Due to its trimeric structure, the S 

glycoprotein can exist in single-up, double-up, or triple-up conformations, depending on 

surrounding physiological conditions (Figure 1.3)25. While S can occupy up to three ligands 

simultaneously, the stoichiometry of bound ACE2 required for S2 protease cleavage to 

progression of viral fusion is not clear26, 27. 
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Figure 1.2 (A) Closed conformation of the SARS-CoV-2 S trimer (white) and RBD (blue) 

(PDB:6VXX). (B) Open conformation of Spike trimer (white) of SARS-CoV-2 and RBD (blue) 

bound to human soluble ACE2 monomer (red) (PDB:7Y9Z). 

 

 

Figure 1.3 (A) Single-up, (B) double-up, and (C) triple-up conformations of Spike trimer (white) 

of SARS-CoV-2 and RBD (blue) bound to human soluble ACE2 monomer(s) (red) (PDB:7Y9Z. 

7XCH, and 7XO8, respectively).  
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1.3 Angiotensin-Converting Enzyme 2 (ACE2) Host Receptor 

The main role of ACE2 is to regulate blood pressure by counteracting ACE as part of the 

renin-angiotensin system (RAS), and is expressed at high level in the lungs, heart, kidneys, and 

brain28. ACE converts Angiotensin (Ang I) into Angiotensin II (Ang II), which acts as a 

vasoconstrictor28. The structure of ACE2 contains a receptor binding motif (RBM) and Peptidase 

Domain (PD) for Ang II into Angiotensin (1-7) (Ang1-7), which binds to MasR to promote 

vasodilation and decrease blood pressure28. When ACE2 activity becomes disrupted, such as 

individuals infected with SARS-CoV-2, Ang II builds up to result in increased blood pressure28. 

This expression pattern is reflected in the respiratory, cardio, and neurological symptoms observed 

during and post SARS-CoV-2 infection3, 21. The RBD of S in SARS-CoV-2 interacts directly with 

the RBM of ACE2, which illustrates the importance of studying the molecular features that 

modulate the S-ACE2 interaction. 

1.4 The Role of N-Glycosylation During Viral Infection and Host-Pathogen Interactions 

N-glycosylation is a post-translation modification (PTM) that involves the addition of a 

branched sugar, glycan, added to an asparagine residue within the consensus sequence “NxS” 

motif, where x is any amino acid (other than proline) and serine29 N-glycosylation plays an 

important role in regulating cellular homeostasis30, 31. In mammalian cells, glycans serve a 

variety of functions, such as mediating antibodies from targeting “self” and “non-self” 30, 31. 

However, pathogens can utilize glycans to evade detection by blocking antibodies from 

recognizing antigenic structures and or promoting protein stability to enhance binding affinity for 

their target receptor11-13. Demonstrating the specific importance of viral and host glycan 

interactions, the SARS-CoV-2 S trimer has 66 N-linked glycosylation sites, in which the 
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majority are conserved across SARS-CoV-2 strains32. Thus, N-glycosylation of the SARS-CoV-

2 S trimer has an evolutionary basis to enhance binding to the ACE2 host cell receptor and evade 

antibody recognition (Figure 1.1b)19. 

Notably, ACE2 has seven N-glycans that regulate cell signaling and ACE2 stability28. 

Furthermore, N-glycosylation in mammalian proteins is inherently variable due to N-glycan 

processing as well as polymorphisms that result in loss or addition of specific glycosites14. In the 

context of SARS-CoV-2 infection, previous studies identified N-glycans located near the RBM of 

ACE2 and predicted contact the S trimer33, 34. While other studies have investigated how ACE2 

N-glycans influence S-RBD binding affinity, their experimental design utilizes wildtype N-glycan 

processing cells35. However, how specific ACE2 N-glycosylation influence S binding affinity has 

not been investigated. Thus, it is crucial to consider how specific ACE2 N-glycans might interact 

with S. 

1.5 N-Glycosylation and Sequence Variations Regulates Recognition and Efficacy of Anti-

Spike Monoclonal Antibodies 

The host adaptive immune system drives antigenic drift, or genetic modifications, in viral 

proteins for enhanced binding to the host cell receptor and reduced antibody recognition4, 6. This 

is reflected in the rapid rate of mutation in the receptor binding domain (RBD) of S in SARS-CoV-

2 variants4, 6, 8, 36.  SARS-CoV-2 variants of concern (VOC) RBD mutations influence S trimer 

conformation and N-glycan interactions with ACE2. Due to its trimeric structure, the S 

glycoprotein can exist in a single-up, double-up, or triple-up states, depending on surrounding 

physiological conditions25. While S can occupy up to three ligands simultaneously, the 
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stoichiometry of bound ACE2 required for S2 protease cleavage to progression of viral fusion is 

not clear and presents an additional challenge for design of anti-S mAbs26, 27.  

Concomitantly, emerging strains of SARS-CoV-2 gain many mutations within the S RBD 

that contribute to changes in ACE2 interactions and conformational dynamics26. For example, 

more recent biophysical analyses indicate that Omicron (BA.1) S trimer only presents in a single-

up conformation to retain a prolonged monovalent binding to ACE2 while minimizing RBD 

exposure for reduced mAb recognition27, 37. Furthermore, SARS-CoV-2 strains display modified 

S glycan dynamics with ACE238, 39, suggesting mutations in BA.1 S RBD alter interactions with 

ACE2 glycans and evading S-shielding. However, it is not well understood how ACE2 N-glycan 

mutations affect mAb binding affinity for S, and consequently, their potency in select human 

individuals.  

1.6 Overview of Dissertation 

 This dissertation describes research with the aim to provide insight into how Spike of 

SARS-CoV-2 and human ACE2 glycosylation modulate viral infection and evade antibody 

recognition in SARS-CoV-2 VOCs. In chapter 2, our studies will reveal differences in viral 

infectivity within the human population. In chapter 3, we investigate the impact of individual S 

RBD point mutations associated with SARS-CoV-2 variants and report the quantified values of 

binding affinity to ACE2. In chapter 4, we assay the binding of therapeutic mAbs with S and 

quantify the binding affinity for ACE2 and its N-glycan mutants. Together, these results will 

provide a better understanding of the S-ACE2 interaction and rationale for the design of mAb 

treatment for COVID-19.  
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CHAPTER 2 

THE ROLE OF N-GLYCOSYLATION SARS-COV-2 SPIKE MEDIATING BINDING 

AFFINITY FOR HUMAN ANGIOTENSIN-COVERTING ENZYME 2 

 

 

INTRODUCTION: 

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is a contagious virus 

that causes Coronavirus Disease (COVID-19) that led to a global pandemic. A critical step in 

SARS-CoV-2 infection is the interaction between the Spike (S) glycoprotein and its human 

angiotensin-converting enzyme 2 (ACE2) receptor, followed by cleavage of S by host 

transmembrane serine protease 2 (TMPRSS2) which enables viral membrane fusion and entry3, 40. 

Therefore, it is important to fully understand the molecular features that mediate the S-ACE2 

interaction to provide a basis for the design of COVID-19 therapeutics. 

Viruses are obligate parasites that depend on their host cell to complete their replication 

cycle and must circumvent immune recognition by developing their own mechanisms of 

defense41, 42. One method involves expression of glycans, or branched sugars, on viral proteins29-

31. Glycans are a post-translational modification found on a wide range of proteins and play an 

important role in regulating cellular homeostasis30, 31. In mammalian cells, glycans serve a 

variety of functions, such as mediating antibodies from targeting “self” and “non-self” 30, 31. 

Pathogens can utilize glycans to evade detection by blocking antibodies from recognizing 
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antigenic surfaces and or promoting protein stability to enhance binding affinity for their target 

receptor11-13.  

SARS-CoV-2 evolves from this type of selective pressure with the heavily glycosylated S 

trimer and suggests glycosylation plays a role in mediating receptor binding and immune masking 

of antigenic epitopes19. Prior analyses by mass spectrometry identified 66 N-glycans on S 

displaying microheterogeneity in composition32, 34. Notably, ACE2 has seven N-glycans that 

regulate cell signaling and ACE2 stability28. In context to SARS-CoV-2 infection, three ACE2 N-

glycans located near the RBM of ACE2 are predicted to sterically hinder and shield S binding 

(Figure 2.1) 33, 34. Notably, ACE2 N-glycosylation displays its own microhterogeneity8, 14, 43, 44. 

Thus, we aimed to investigate how N-glycosylation on S and ACE2 may influence their 

interactions.  

Preliminary structural studies identified three glycosites, N90, N322, and N546 on ACE2 

that are located near the receptor binding domain (RBD) of the S trimer34 (Fig. 2.2). Notably, T92I 

and N546D are human ACE2 polymorphisms that result in loss of glycosylation at N90 and N546 

sites and may have implications for altered severity in SARS-CoV-2 infections14. Interestingly, 

molecular dynamic (MD) simulations revealed contacts N74 and N165 glycans on the S N-

terminal domain with ACE2 N-glycans34. 

We hypothesize that specific glycosites on both trimeric S of SARS-CoV-2 and the ACE2 

receptor form crucial contacts to mediate overall affinity. Our aim is to quantify in terms of binding 

affinity how specific N-glycans on both ACE2 and S influence the overall interaction by biolayer 

interferometry. Here, we find that N74 and N165 glycans on trimeric S contribute energetically 
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favorable interactions to promote ACE2 binding affinity. Alternatively, we reveal that ACE2 N-

glycans N90, N322, and N546 form unfavorable interactions and reduce S binding affinity for 

ACE2. However, when performing a matrix, we observe additive relative binding energies with 

each mutation, apart from ACE2 N90S-S N74S/N165S interaction. We speculate that the human 

ACE2 polymorphisms that result in the N90 and N546 loss of glycosylation may impact severity 

of SARS-CoV-2 infection due to enhanced binding that is observed in our binding assays. 

 

RESULTS 

ACE2 N-Glycosylation is energetically unfavorable for S binding affinity for ACE2. 

Initial structural analyses aimed to determine how ACE2 N-glycans interact with S to 

influence overall binding, and molecular dynamic (MD) simulations predicted ACE2 N90, N322, 

and N546 glycans directly interact with the S RBD and S N-glycans34 (Figure 2.1 A). Therefore, 

site-directed mutagenesis for specific N-glycan removal and biolayer interferometry were 

employed to observe how ACE2 N-glycans located nearby the S RBD may mediate overall 

binding affinity. Both ACE2 and S trimer, provided by collaborators, were expressed in 

HEK293S (GnTI-) cells. The absence of N-acetyl-glucosaminyltransferase I results in addition of 

only the restricted oligomannose form of glycans achieving a uniform glycan expression and 

molecular weight for quantifying binding affinities. The removal of ACE2 N90, N322, and N546 

site-directed point mutagenesis resulted in increased binding affinity of S for ACE2, indicating 

that ACE2 N-glycosylation interacts unfavorably with S (Figure 2.1 B&C). 
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Figure 2.1 (A) Spike trimer (white) of SARS-CoV-2 bound to human soluble ACE2 monomer 

(wheat), ManAc5 N90 (dark red), N322 (red), N546 (pink) (PDB:7KJ2). (B) Dissociation 

constants (Kd) of S (D614G) binding ACE2 N-glycan mutants. (C) Relative binding energy of 

ACE2 N-glycan mutants binding S using ΔΔG = RTln (Kd /Kd  Spike (D614G)) * p<0.05, ** p<0.005, 

*** p<0.0005 for Dunnett's multiple comparisons test relative. 
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Table 2.1: Effect of ACE2 point mutations on Kd binding Spike WT by BLI. 

ACE2 mutationsa Kd
b Fold Enhancement Relative Binding Free 

Energyc 

WT 1.99 ± 0.18 1.0 0.00 ± 0.06 

N90S 0.76 ± 0.12d 2.6 -0.58 ± 0.10 

N322S 0.54 ± 0.35d 2.0 -0.78 ± 0.21 

N546S 1.05 ± 0.36d 1.6 -0.38 ± 0.17 

 

aExpressed in HEK293 cells. bAverage values (µg/mL) ± one standard deviation (n=3). cln 

kcal/mol, from ∆∆G = RTln(Kd /Kd  Spike (D614G)). 
dp < 0.05. 

 

N-Glycosylation on Trimeric Spike are Favorable for Binding Affinity to ACE2. 

In addition to ACE2 N-glycosylation, our previous structural analyses sought to 

understand how S N-glycans might impact its binding affinity for ACE2.  Previously, molecular 

dynamic (MD) simulations predicted S N74 and N165 glycans to interact with ACE2 and ACE2 

N-glycans (Figure 2.2A). Based on this analysis, we performed binding assays in a similar 

manner using S protein N-glycan mutants to determine how S N74 and N165 glycans influence 

S-ACE2 binding affinity. Compared to S wildtype, the S N74K and N165Q mutants did not alter 

binding affinity for ACE2 (Figure 2.2B&C). However, the N165Q/N74K double mutant 

significantly decreased S binding affinity for ACE2 (Figure 2.2B&C). Thus, our binding studies 

suggest a role for S N165 and N74 glycans enhancing binding affinity for ACE2. 
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Figure 2.2 (A) N74 (light blue) and N165 (dark blue) on Spike trimer (white) of SARS-CoV-2, 

RBD (cyan) and NTD (cornflower), bound to human soluble ACE2 monomer (Pink), N90 (dark 

red), N322 (red), N546 (pink) (PDB:7KJ2). (B) Dissociation constants (Kd) of ACE2 WT 
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binding S (D614G) or N-glycan mutants. (C) Relative binding energy of ACE2 WT binding S 

(D614G) and N-glycan mutants using ΔΔG = RTln (Kd /Kd  Spike (D614G)) * p<0.05, ** p<0.005, 

*** p<0.0005 for Dunnett's multiple comparisons test relative. 

 

 

Table 2.2: Effect of Spike point mutations on Kd binding ACE2 WT by BLI. 

Spike mutationsa Kd
b Fold Enhancement Relative Binding Free 

Energyc 

WT 1.99 ± 0.18 1.0 0.00 ± 0.06 

N74K 2.15 ± 0.38 0.92 0.04 ± 0.11 

N165Q 2.19 ± 0.29 0.91 0.05 ± 0.08 

N165Q/N74K 4.45 ± 0.38d 0.45 0.48 ± 0.05 

 

aExpressed in HEK293 cells. bAverage values (µg/mL) ± one standard deviation (n=3). cln 

kcal/mol, from ∆∆G = (Kd /Kd  Spike (D614G)). 
dp < 0.0005. 

 

 

ACE2 and S Trimer Glycosylation Mediate Protein Surface and Glycan-Glycan Interactions 

 Following the binding analyses of individual glycosites on ACE2 and S trimer, we 

continued our binding assays in a matrix using both ACE2 and S N-glycans mutants to quantify 

the relative binding energy contributed to the ACE2-S interaction. Our studies reveal that ACE2 

N322S and N546S binding to S N74K and N165Q normalize the binding energy to S wildtype 
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binding ACE2 wildtype (Figure 2.2A&B). Interestingly, ACE2 N90S binding S N74K and 

N165Q individually follows a similar pattern apart from S N165Q/N74K with a significant 

increase in relatively binding energy or more energetically unfavorable interaction (Figure 

2.2A&B).  This was an unexpected result based on previous studies4, 6, 9, 10, 45 and further 

analyses will need to be performed to fully understand how the ACE2 N90 glycan may 

energetically offset the S N165Q/N74K mutation. 

 

 

 

Figure 2.3 (A) Dissociation constants (Kd) and (B) relative binding energy of Spike 

glycosylation mutants binding ACE2 N-glycan mutants using ΔΔG = RTln (Kd /Kd  Spike (D614G)) * 

p<0.05, ** p<0.005, *** p<0.0005 for Dunnett's multiple comparisons test relative to ACE2 

WT, Spike WT, and ACE2 mutants, respectively. 
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Table 2.3: Effect of Spike point mutations on Kd binding ACE2 point mutations by BLI. 

ACE2 

mutationsa 

Spike  

mutationsa 

Kd
b Gibbs Free 

Energyc 

Relative Binding 

Free Energyd 

 WT 1.99 ± 0.18 7.88 ± 0.06 0.00 ± 0.06 

WT N74K 2.15 ± 0.38 7.84 ± 0.11 0.04 ± 0.11 

 N165Q 2.19 ± 0.29 7.82 ± 0.08 0.05 ± 0.08 

 N165Q/N74K 4.45 ± 0.38f 7.40 ± 0.05 0.48 ± 0.05 

 WT 0.76 ± 0.12e 8.46 ± 0.10 -0.59 ± 0.10 

N90S N74K 1.17 ± 0.20e 8.20 ± 0.11 -0.32 ± 0.11 

 N165Q 1.17 ± 0.15e 8.20 ± 0.11 -0.32 ± 0.08 

 N165Q/N74K 11.39 ± 2.43g 6.84 ± 0.13 1.04 ± 0.13 

 WT 1.00 ± 0.35e 8.31 ± 0.21 -0.44 ± 0.21 

N322S N74K 1.60 ± 0.27e 8.01 ± 0.10 -0.14 ± 0.10 

 N165Q 1.59 ± 0.23 8.02 ± 0.09 -0.14 ± 0.09 

 N165Q/N74K 1.96 ± 0.33 7.89 ± 0.10 -0.02 ± 0.10 

 WT 1.24 ± 0.36e 8.18 ± 0.17 -0.30 ± 0.17 

N546S N74K 2.04 ± 0.17 7.86 ± 0.05 0.01 ± 0.05 

 N165Q 1.94 ± 0.20 7.89 ± 0.06 -0.02 ± 0.06 

 N165Q/N74K 2.28 ± 0.23 7.80 ± 0.06 0.08 ± 0.06 

aExpressed in HEK293 cells. bAverage values (µg/mL) ± one standard deviation (n=3). cln 

kcal/mol, from ∆G = -RTln(Kd). 
dln kcal/mol, from ∆∆G = RTln(Kd1/KSpikeWT). ep < 0.05. fp < 

0.005. gp < 0.0005. 
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DISCUSSION 

Our findings demonstrate the role of site-specific N-linked glycans on SARS-CoV-2 S 

trimer and soluble human ACE2 host cell receptor interactions. We used BLI to quantify binding 

affinities of site-specific glycosylation mutants, we determined the impact of N-glycosites on the 

trimeric S-ACE2 interaction. Our results indicate essential roles for glycosylation mediating 

ACE2 receptor binding. The fact that T92I and N546D are human ACE2 polymorphisms 

suggests these glycan interactions may influence disease phenotypes observed across the human 

population14.  

The heavily glycosylated S trimer of SARS-CoV-2 and related MERS coronaviruses are 

distinct from other classes of viruses which highlights the important of understanding how N-

glycosylation on S influences binding with its glycosylated ACE2 receptor46. Prior structure-

guided analyses of S and ACE2 interactions predicted interaction between ACE2 N90 and N322 

glycans with the S RBD, and ACE2 N546 with N74 glycan. Alternatively, the S N165 was 

predicted to interact directly with the ACE2 receptor binding motif (RBM). Here, we utilize 

structure-guided site-directed mutagenesis of specific N-glycans on these glycoproteins and the 

impact of their binding affinities in terms of Kd and relative binding energy (G) to reveal the 

individual energetic contributions of ACE2 and S N-glycans and overall implications of 

mutations that result in loss of glycosylation observed in nature.  

We determined that ACE2 N90, N322, and N546 glycans are unfavorable for S trimer 

binding affinity. This observation aligns with previous MD simulation analyses and previous 

studies that suggest ACE2 N-glycosylation “shields” and sterically hinders S binding34, 47. 

Importantly, ACE2 polymorphisms T92I and N546D result in the loss of glycosylation at N90 
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and N54614. Thus, the observed increase in S binding affinity for N90S and N546S imply that 

individuals with these mutations may be more susceptible to infection.  

 Alternatively, trimeric S N-glycosylation enhanced binding affinity for ACE2. 

Specifically, S N165 and N74 glycans appear to be crucial contacts with ACE2 and its N-glycans 

to stabilize the open conformation. While previous studies imply a role for N165 to promote S 

stability in the open conformation and improving binding affinity33, there has not been a reported 

Kd for either the N165 or N74 glycan mutant. Here, our binding assays of S N165Q and N74K 

showed significantly reduced binding affinity for ACE2 only when both were absent, supporting 

the initial proposal that N165 and N74 on S are necessary to expose the S RBD in its open 

formation for enhanced binding affinity for ACE2. 

To understand the energetic contribution of individual N-glycans on ACE2 and S, we 

performed our binding assays in a matrix with the N-glycan variants normalized to ACE2 

wildtype-S wildtype binding affinity, reported in terms of relative binding energy (G). ACE2 

N322S and N546S followed a pattern with S N74K, N165Q, and N165Q/N74K mutants to reach 

binding affinities approximate to wildtype. However, ACE2 N90S binding S N165/N74K with 

an increased unfavorable energy was an unexpected result. Previous studies predicted that ACE2 

N546 made contacts with S N165 and N7419; therefore, we would predict that there would be a 

less favorable interaction with the respective mutants. Thus, further studies need to be performed 

to understand the ACE2 N90 interaction with S. However, all together, these findings provide 

insights into how N-glycans influence SARS-CoV-2 receptor binding. 

The data reported here, combined with similar studies, provides context for the 

understanding of antibody-S interactions and how N-glycosylation potentially influences the 
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design of SARS-CoV-2 therapeutics. However, considerable work remains to fully understand 

the role of glycans in SARS-CoV-2 infection and pathogenicity. While HEK293-expressed S and 

ACE2 restricted to the oligomannose form provide a useful and controlled basis for study, site 

occupancy can change due to varied N-glycosylation processing by cell type35. Thus, binding 

assay analysis of Spike trimer from SARS-CoV-2 pseudovirus and patient-derived SARS-CoV-2 

virions need to be performed to determine the overall impact of N-glycosylation on the S-ACE2 

interaction. Ultimately, detailed structure and sequence analyses of emerging variants in S and 

ACE2 glycosylation variants and how they might influence binding are important for therapeutic 

design.  

 

METHODS 

Generation of Expression Constructs Encoding Wild Type and Mutant Forms of Spike and 

ACE2:  

Expression constructs for mutant forms of Spike (D614G, D614G/N74K, D614G/N165Q, and 

D614G/N165Q/N74K) or ACE2 (N090S, N322S, and N546S) were generated using New 

England BioLabs Q5 Mutagenesis Kit (cat#0554S). The primers for each mutation were 

designed using NEBaseChanger program (https://nebasechanger.neb.com) and plasmid DNA 

preparations were generated for expression in HEK293S (GnTI-) cells (ATCC).  
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Expression and Purification Spike and ACE2:  

Wild type and mutant forms of Spike and ACE2 proteins were, kindly provided by the Moremen 

and Wells lab, expressed as soluble secreted proteins by transient transfection of suspension 

cultures in HEK293S (GnTI-) cells maintained at 0.5–3.0x106 cells/ml in a humidified CO2 

platform shaker incubator at 37°C with 50% humidity and 125 rpm. Transient transfection was 

performed at a cell density of 2.5-3.0x106 cells/ml in expression medium comprised of a 9:1 

ratio of FreestyleTM293 expression medium (Thermo Fisher Scientific, Waltham MA) and EX- 

Cell expression medium including Glutmax (Sigma-Aldrich). Transfection was initiated by the 

addition of plasmid DNA and polyethyleneimine as transfection reagent (linear 25-kDa 

polyethyleneimine, Polysciences, Inc., Warrington, PA). Cell cultures were diluted with an equal 

volume of fresh media supplemented with valproic acid (2.2 mM final concentration) twenty-

four hours post-transfection and protein production was continued for an additional 5 days at 

37°C, 5% CO2 with 125 rpm shaking. Cell cultures were harvested, clarified by sequential 

centrifugation at 1200 rpm for 10 min and 3500 rpm for 15 min at 4°C, and passed through a 0.8 

μM filter (Millipore, Billerica, MA). The protein preparations were adjusted to contain 20 mM 

HEPES, 20 mM imidazole, 300 mM NaCl, pH 7.5, and subjected to Ni-NTA Superflow (Qiagen, 

Valencia, CA) chromatography using a column pre- equilibrated with Buffer I (20 mM HEPES, 

300 mM NaCl, 20 mM imidazole, pH 7.5). The sample was loaded onto the column, washed 

with 3 column volumes of Buffer I, washed with 3 column volumes of Buffer II (20 mM 

HEPES, 300 mM NaCl, 50 mM imidazole) and eluted with Elution Buffer (20 mM HEPES, 300 

mM NaCl, 300 mM imidazole, pH 7.0). The elution sample was concentrated using a 10 kDa 



 

 

22 

 

molecular mass cut-off ultrafiltration pressure cell (Millipore, Billerica, MA). Purified Spike and 

ACE2 proteins from HEK293S (GnTI-) was added to a Superdex G-200 gel filtration column 

(GE Healthcare) pre-equilibrated and eluted with Gel Filtration Buffer (20 mM HEPES, 100 mM 

NaCl, 0.05% sodium azide, pH 7.0) The eluted protein was stored at 4°C or 20°C. Prior to use 

the protein was thawed on ice and centrifuged at 8000 rcf for 20 minutes and supernatant was 

collected.  

Biolayer Interferometry Binding Assays: 

Spike (WT or mutants) were immobilized onto amine reactive “second-generation” biosensors 

(AR2G, Cat#: 18-5092, Pall ForteBio Corp., Menlo Park, CA, USA) by activation with 20mM 

EDC and 10mM sulfo-NHS solution for 1800s. Spike (20 μg/mL) was coupled to biosensors for 

1800s, followed by quenching in 1M ethanolamine (pH8.5) for 600s. The immobilization 

resulted in a loading signal of approximately 1.5 nm.  

Binding experiments were performed in PBST buffer (1xPBS with 0.1% Tween-20 at pH7.4, at 

25°C), EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride Prod# 22980, 

Thermo Scientific, Rockford, IL, USA), Sulfo-NHS (Sulfo-NHS (N-hydroxysulfosuccinimide), 

Prod#24510, Thermo Scientific, Rockford, IL, USA), 10xPBS (10x Phosphate Buffered Saline, 

Cat#:1610780, Bio-Rad, Hercules, CA, USA), Ethanolamine (Cat# 110167, Sigma- Aldrich, St. 

Louis, MO, USA), Amine Reactive Second Generation biosensors (AR2G, Cat#: 18-5092, Pall 

ForteBio Corp., Menlo Park, CA, USA).  
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Direct binding constants (Kd) were measured using a BioLayer Interferometer (BLI) Octet Red 

384 system (Pall ForteBio Corp., Menlo Park, CA, USA) and data was acquired using ForteBio 

Data Acquisition 8.2 software (Pall ForteBio Corp., Menlo Park, CA, USA). A baseline reading 

was collected for 120s in PBST Buffer only; then, both association and dissociation responses 

were detected for 600s. WT ACE2 was prepared in two- fold serial dilution in PBST from 0 to 

80 μg/mL, and binding recorded in replicates of three. ACE2 mutants were similarly prepared in 

two-fold serial dilution in PBST but employed a concentration range of 0 to 20 μg/mL to obtain 

a more linear fit. Binding constants were calculated using Prism 10 (GraphPad Prism, USA) 

assuming a site- specific 1:1 binding model. 

Structural Analyses: 

Spike-ACE2 complex (PDB:7KJ2) modeled in ManAc5 N-glycans using Glycam Glycoprotein 

Builder (https://glycam.org/).  
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CHAPTER 3 

THE EFFECT OF SARS-COV-2 SPIKE SEQUENCE VARIATIONS ON AFFINITY FOR 

HUMAN ANGIOTENSIN-CONVERTING ENZYME 2 

 

 

INTRODUCTION 

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) causes Coronavirus 

Disease (COVID-19). The COVID-19 global pandemic was a result of the high transmission rate 

of SARS-CoV-2 between human host and resulted in many deaths or long-term consequences to 

the population. SARS-CoV-2 infection involves the initial interaction between the Spike (S) viral 

glycoprotein and the human angiotensin-converting enzyme 2 (ACE2) receptor, which leads to 

viral fusion to the host cell membrane and infection. Thus, the S glycoprotein is a promising target 

for developing therapies and vaccines to combat SARS-CoV-2, and it is important to understand 

the molecular features that govern the interaction between S and the ACE2 host cell receptor. 

As obligate parasites, viruses rely on the host cell to replicate and spread infection7. 

Therefore, viruses must evolve to enhance binding to their host cell surface and evade immune 

recognition to promote their replicative cycle41, 42. A significant component of SARS-CoV-2 

evolution involves amino acid mutations within their receptor binding domain (RBD) to enhance 

binding affinity for their host cell surface receptor and reduce antibody binding4, 6, 8, 36. The S RBD 

of SARS-CoV-2 has gained many mutations throughout previous circulating variants4, 6, 9, 10, 45 
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(Figure 3.1 A&B), which has resulted in changes in binding affinity for the human ACE2 

receptor4, 6, 9, 10, 45. Alternatively, previous studies show increased immune escape from SARS-

CoV-2 variants from S RBD mutations4, 6, 9, 10, 45.  However, it is not fully understood the extent to 

which these S RBD mutations energetically contribute to the ACE2 interaction. 

 

 

Figure 3.1 (A) Spike trimer (white) of SARS-CoV-2, RBD (light blue) bound to human soluble 

ACE2 monomer (salmon) (PDB:7KJ2). (B) RBD point mutations of SARS-CoV-2 variants 

B.1.17-KP.3 (BioRender). 
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Here, we demonstrate that specific RBD mutations in S of SARS-CoV-2 variants 

energetically contribute to enhanced binding affinity to ACE2. The goal of this study is to quantify 

the binding affinity of S RBD mutants of SARS-CoV-2 variants to ACE2 using site directed 

mutagenesis and biolayer interferometry. Our investigation reveals that specific S RBD mutations 

only enhance binding affinity for ACE2. Interestingly, the individual K417N mutation observed 

in the SARS-CoV-2 Beta (B.1.315) variant displayed a significant decrease in binding affinity, 

suggesting that other mutations (N501Y, and E484K) energetically offset this unfavorable 

mutation. These findings reveal the consequences of selective pressure on the S glycoprotein and 

provide a framework for therapeutic design for evolving SARS-CoV-2 variants. 

 

RESULTS 

S RBD mutations N501Y and E484K/Q associated with SARS-CoV-2 variants enhance 

binding affinity for ACE2. 

Previous circulating variants of SARS-CoV-2 gained mutations in the S RBD4, 6, 9, 10, 45. 

Understanding how mutations play a role in the virus evolving away from mAb recognition is 

important for the development of novel SARS-CoV-2 therapeutics (Figure 2.1 A). Therefore, we 

utilized site-directed mutagenesis to reproduce mutations found in SARS-CoV-2 variants and 

biolayer interferometry (BLI) to determine how individual RBD point mutations influence S 

binding affinity for ACE2. The ACE2 and S trimer were expressed in HEK293S (GnTI-) for a 

restricted, uniform oligomannose expression and molecular weight for quantifying binding 

affinities. Here, we report that mutations in SARS-CoV-2 variants Alpha, Zeta, Theta, Iota, and 

Delta/Kappa significantly enhance binding affinity for ACE2 (Figure 3.2 B&C). This result 
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suggests that variants containing N501Y (positive to neutral charge) and E484K/Q (negative to 

positive or neutral charge) mutations contribute more favorable interaction with ACE2 and 

agrees with structural analyses of ACE2 contact sites on the S RBD.  

 

 

 

 

A 
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Figure 3.2 (A) Rotated view of Spike trimer (white) of SARS-CoV-2, RBD (light blue) point 

mutations N501Y (red), K417N_T (magenta), L452R (blue), E484K_Q (dark red), S477N (cyan) 

(PDB:7KJ2). (B) Dissociation constants (Kd) and (C) relative binding energy of S RBD point 

mutations of SARS-CoV-2 variants binding affinity ACE2 WT using ΔΔG = RTln (Kd /Kd  Spike 

WT) * p<0.05, ** p<0.005, *** p<0.0005 for Dunnett's multiple comparisons test. 

 

 The K417N point mutation observed in SARS-CoV-2 Beta (B.1.315) is unfavorable for S 

binding affinity for ACE2 SARS-CoV-2. 

The SARS-CoV-2 Beta (B.1.315) variant contains the N501Y, E484K, and K417N 

mutations4, 6, 9, 10, 45. We hypothesized K417N would show enhanced binding affinity for ACE2. 

However, the Beta S RBD mutations did not significantly alter binding affinity for ACE2, 

despite the presence of N501Y and E484K mutations. Consequently, we tested how the single 

K417N impacted S binding to ACE2 in a similar manner. Notably, there is a significant decrease 

in S binding affinity for ACE2 when the K417N mutation is introduced (Figure 3.3B&C). Upon 

further structural analysis, K417, which is located within an integral structural loop, interacts 

directly with ACE2, and is no longer able to interact with D30 of ACE2 (Figure 3.3A). 

Furthermore, the N501Y and E484K mutations in SARS-CoV-2 Beta variant energetically offset 

the unfavorable K417N mutation and potentially impact binding affinity in a similar manner in 

Gamma (P.1) containing the K417T mutation (Figure 3.2 B&C). 
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Figure 3.3 (A) S K417N (magenta) within ACE2 interaction site (yellow) and ACE2 interacting 

amino acid residues (salmon) (PDB:7KJ2). (B) Dissociation constants (Kd) and (B) relative 

binding energy of S RBD point mutations of SARS-CoV-2 variants binding affinity ACE2 WT 

using ΔΔG = RTln (Kd /Kd  Spike WT) * p<0.05, ** p<0.005, *** p<0.0005 for Dunnett's multiple 

comparisons test. 
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Table 3.1: Effect of Spike point mutations on Kd binding ACE2 WT by BLI. 

SARS-CoV-2 Variant Spike  

mutationsa 

Kd
b Gibbs Free 

Energyc 

Relative 

Binding Free 

Energyd 

Victoria (A.1) WT(D614G) 1.99 ± 0.18 7.88 ± 0.06 0.00 ± 0.06 

Alpha (B.1.17) N501Y 0.81 ± 0.19e 8.43 ± 0.15 -0.55 ± 0.15 

Beta (B.1.351) N501Y/E484K/K417N 1.35 ± 0.02 8.10 ± 0.01 -0.23 ± 0.01 

Sub Beta K417N 16.67 ± 1.02f 6.60 ± 0.04 1.27 ± 0.04 

Gamma (P.1) N501Y/E484K/K417T 1.60 ± 0.19 8.01± 0.07 -0.14 ± 0.07 

Zeta (P.2) E484K 0.68 ± 0.35f 8.52 ± 0.35 -0.64 ± 0.35 

Theta (P.3) N501Y/E484K 0.52 ± 0.13f 8.68 ± 0.16 -0.80 ± 0.16 

Epsilon (B.1.429) L452R 1.82 ± 0.25 7.93 ± 0.08 -0.06 ± 0.08 

Iota (B.1.526) E484K/S477N 0.75 ± 0.27f 8.46 ± 0.21 -0.58 ± 0.21 

Delta/Kappa (B.1.617) E484Q/L452R 0.89 ± 0.36e 8.36 ± 0.29 -0.49 ± 0.29 

 

aExpressed in HEK293 cells. bAverage values (µg/mL) ± one standard deviation (n=3). cln 

kcal/mol, from ∆G = -RTln(Kd). 
dln kcal/mol, from ∆∆G = RTln(Kd1/KSpikeWT). ep < 0.005. fp < 

0.0005. 
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DISCUSSION 

The results described in this report demonstrate the selective pressure that drives viral 

mutagenesis for enhanced binding to the host cell receptor. It is crucial to fully understand how S 

RBD mutations within SARS-CoV-2 variants promote viral replication.  

Here, we compare the binding affinity of S RBD mutations associated with SARS-CoV-2 

variant strains for soluble human ACE2 host cell receptor using BLI. Our results attribute 

changes in binding affinity values to individual S RBD mutations present in SARS-CoV-2 

variants. The biophysical quantities can be detected by BLI and applied to the observed 

structural changes within the S trimer.   

Our results show that S RBD variants containing N501Y and E484K/Q mutations are 

favorable for ACE2 binding compared to S wildtype, apart from Alpha and Gamma variants. 

Interestingly, we calculated a positive relative binding energy for the K417N mutation that is 

present in the Beta variant and is unfavorable for ACE2 binding. However, we note that these 

relative binding energies are additive and offset the unfavorable mutation. This result attests to 

the structural modifications the S RBD undergoes to stabilize binding to ACE2. 

Though there are other reported binding affinities for S RBD mutations5, 7, 48, 49, previous 

studies only analyze interactions with the RBD11. Our study is unique in that we limited 

glycosylation to oligomannose expression to achieve uniform N-glycan processing for both S 

and ACE2. Additionally, we analyze the interaction between trimeric S and ACE2 monomers, 

which may alter the kinetics of the S-ACE2 interaction compared to ACE2 interactions with S-

RBD. 
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The data reported here provides context for the molecular features that guide viral 

mutagenesis that could potentially be used to predict other mutated regions of S. Consequently, 

this prediction could be utilized to design more potent therapeutics or vaccines for emerging 

strains of SARS-CoV-2. Additional future studies may include quantification of binding 

affinities with Spike trimer purified from pseudoviruses and patient-derived SARS-CoV-2 

virions.  

 

METHODS 

Generation of Expression Constructs Encoding Wild Type and Mutant Forms of Spike and 

ACE2:  

Expression constructs for mutant forms of Spike (D614G, D614G/N501Y, D614G/E484K, 

D614G/K417N, D614G/N501Y/E484K, D614G/L452R, D614G/N501Y/E484K/K417N, 

D614G/N501Y/E484K/K417T, D614G/E484K/S477N and D614G/E484Q/L452R) were 

generated using New England BioLabs Q5 Mutagenesis Kit (cat#0554S). The primers for each 

mutation were designed using NEBaseChanger program (https://nebasechanger.neb.com) and 

plasmid DNA preparations were generated for expression in HEK293S (GnTI-) cells (ATCC).  

Expression and Purification Spike and ACE2:  

Wild type and mutant forms of Spike and ACE2 proteins were, kindly provided by the Moremen 

and Wells lab, expressed as soluble secreted proteins by transient transfection of suspension 

cultures in HEK293S (GnTI-) cells maintained at 0.5–3.0x106 cells/ml in a humidified CO2 
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platform shaker incubator at 37°C with 50% humidity and 125 rpm. Transient transfection was 

performed at a cell density of 2.5-3.0x106 cells/ml in expression medium comprised of a 9:1 

ratio of FreestyleTM293 expression medium (Thermo Fisher Scientific, Waltham MA) and EX- 

Cell expression medium including Glutmax (Sigma-Aldrich). Transfection was initiated by the 

addition of plasmid DNA and polyethyleneimine as transfection reagent (linear 25-kDa 

polyethyleneimine, Polysciences, Inc., Warrington, PA). Cell cultures were diluted with an equal 

volume of fresh media supplemented with valproic acid (2.2 mM final concentration) twenty-

four hours post-transfection and protein production was continued for an additional 5 days at 

37°C, 5% CO2 with 125 rpm shaking. Cell cultures were harvested, clarified by sequential 

centrifugation at 1200 rpm for 10 min and 3500 rpm for 15 min at 4°C, and passed through a 0.8 

μM filter (Millipore, Billerica, MA). The protein preparations were adjusted to contain 20 mM 

HEPES, 20 mM imidazole, 300 mM NaCl, pH 7.5, and subjected to Ni-NTA Superflow (Qiagen, 

Valencia, CA) chromatography using a column pre- equilibrated with Buffer I (20 mM HEPES, 

300 mM NaCl, 20 mM imidazole, pH 7.5). The sample was loaded onto the column, washed 

with 3 column volumes of Buffer I, washed with 3 column volumes of Buffer II (20 mM 

HEPES, 300 mM NaCl, 50 mM imidazole) and eluted with Elution Buffer (20 mM HEPES, 300 

mM NaCl, 300 mM imidazole, pH 7.0). The elution sample was concentrated using a 10 kDa 

molecular mass cut-off ultrafiltration pressure cell (Millipore, Billerica, MA). Purified Spike and 

ACE2 proteins from HEK293S (GnTI-) was added to a Superdex G-200 gel filtration column 

(GE Healthcare) pre-equilibrated and eluted with Gel Filtration Buffer (20 mM HEPES, 100 mM 

NaCl, 0.05% sodium azide, pH 7.0) The eluted protein was stored at 4°C or 20°C. Prior to use 
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the protein was thawed on ice and centrifuged at 8000 rcf for 20 minutes and supernatant was 

collected.  

Biolayer Interferometry Binding Assays: 

Spike (WT or mutants) were immobilized onto amine reactive “second-generation” biosensors 

(AR2G, Cat#: 18-5092, Pall ForteBio Corp., Menlo Park, CA, USA) by activation with 20mM 

EDC and 10mM sulfo-NHS solution for 1800s. Spike (20 μg/mL) was coupled to biosensors for 

1800s, followed by quenching in 1M ethanolamine (pH8.5) for 600s. The immobilization 

resulted in a loading signal of approximately 1.5 nm.  

Binding experiments were performed in PBST buffer (1xPBS with 0.1% Tween-20 at pH7.4, at 

25°C), EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride Prod# 22980, 

Thermo Scientific, Rockford, IL, USA), Sulfo-NHS (Sulfo-NHS (N-hydroxysulfosuccinimide), 

Prod#24510, Thermo Scientific, Rockford, IL, USA), 10xPBS (10x Phosphate Buffered Saline, 

Cat#:1610780, Bio-Rad, Hercules, CA, USA), Ethanolamine (Cat# 110167, Sigma- Aldrich, St. 

Louis, MO, USA), Amine Reactive Second Generation biosensors (AR2G, Cat#: 18-5092, Pall 

ForteBio Corp., Menlo Park, CA, USA).  

Direct binding constants (Kd) were measured using a BioLayer Interferometer (BLI) Octet Red 

384 system (Pall ForteBio Corp., Menlo Park, CA, USA) and data was acquired using ForteBio 

Data Acquisition 8.2 software (Pall ForteBio Corp., Menlo Park, CA, USA). A baseline reading 

was collected for 120s in PBST Buffer only; then, both association and dissociation responses 

were detected for 600s. ACE2 wild type sample was prepared in two- fold serial dilution in 
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PBST from 0 to 80 μg/mL, and binding recorded in triplicate. S mutants that showed tighter 

binding were assayed with a concentration range of 0 to 20 μg/mL ACE2 to obtain a more linear 

fit. Binding constants were calculated using Prism 10 (GraphPad Prism, USA) assuming a site- 

specific 1:1 binding model.  
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CHAPTER 4 

THE ROLE OF SARS-COV-2 SPIKE EVOLUTION ON THE EFFICACY OF ANTI-SPIKE 

MONOCLONAL ANTIBODIES 

 

 

INTRODUCTION 

Coronavirus Disease 19 (COVID-19) that is caused by severe acute respiratory syndrome 

coronavirus-2 (SARS-CoV-2) resulted in a global pandemic due to the fatality and transmission 

rate. The initial step of infection is the interaction between the Spike (S) glycoprotein and its 

human angiotensin-converting enzyme 2 (ACE2) receptor. As a result, emergency therapeutics 

such as monoclonal antibodies (mAbs) were designed to inhibit the S-ACE2 interaction. Although 

vaccines and host adaptive immunity reduced the severity of COVID-19, antigenic drift drives S 

mutations across variants4, 6, 8, 36. Specifically, the S receptor binding domain (RBD) of SARS-

CoV-2 variants display a rapid rate of mutations4, 6, 8, 36. Thus, the need to understand how current 

anti-S mAbs interact with S RBD mutations is essential for more effective COVID-19 treatment. 

Monoclonal antibodies are proteins derived from a single B-cell that are designed to target 

a specific epitope on an antigen50, 51. They are a powerful diagnostic and therapeutic across various 

diseases due to their high specificity. SARS-CoV-2 therapeutic mAbs mainly target the S protein50-

52. The most common target epitope is the RBD of S to physically block binding the ACE2 

receptor45, 50-53. However, the rapid accumulation of mutations in the S RBD in emerging SARS-
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CoV-2 variants presents challenges for mAb efficacy. Previous viral neutralization assays display 

immune escape and reduced binding of mAbs of SARS-CoV-2 variants with dominant RBD 

mutations, pointedly those associated with increased ACE2 binding (Table 4.1)12, 23, 54-56. Thus, it 

is important to understand the interaction between SARS-CoV-2 and mAbs and the molecular 

properties that mediate their interaction for the design of novel mAbs with increased efficacy. 

Glycosylation and RBD mutations often are not mutually exclusive and can have 

synergistic effects on immune evasions31, 38, 57. Emerging strains of SARS-CoV-2 gain many 

mutations within the S RBD that contribute to changes in ACE2 interactions and conformational 

dynamics5, 11, 26, 33, 58, 59. For example, more recent biophysical analyses indicate that Omicron 

(BA.1) S trimer only presents in a single-up conformation to retain a prolonged monovalent 

binding to ACE2 while minimizing RBD exposure for reduced mAb recognition27, 37. Furthermore, 

SARS-CoV-2 strains display modified S glycan binding dynamics with ACE238, 39, suggesting 

mutations in BA.1 S RBD precludes unfavorable interactions with ACE2 glycans. However, it is 

not well understood how ACE2 N-glycan mutations affect mAb binding affinity for S, and 

consequently, their potency in select human individuals.  

To explore how ACE2 N-glycan variants may influence mAb recognition of the S 

glycoprotein, we performed structural analyses to investigate protein-glycan molecular 

interactions. SARS-CoV-2 S sequence and structural alignments display overlapping interactions 

sites made by current SARS-CoV-2 therapeutic mAbs and ACE2 glycans N90, N322, and N546 

(Figure 4.2A&B). To further investigate these observations, we performed a competition assay to 

evaluate S-CR3022 inhibiting binding to ACE2 wildtype and N-glycan mutants. Together, these 



 

 

38 

 

results describe the energetic impact on S-mAb interaction and provide insights for future anti-

Spike therapeutic design. 

 

Table 4.1: Summary of SARS-CoV-2 variant RBD mutations involved in immune escape. 

Mutation Associated Variant(s) 

(Examples) 

Effect on mAb Binding / Neutralization 

K417N/T Beta (B.1.351), Gamma 

(P.1), Omicron (B.1.1.529) 

Reduces binding/neutralization by Class 1 

antibodies (e.g., those targeting the ACE2-binding 

ridge)12, 54, 55. 

E484K Beta (B.1.351), Gamma 

(P.1), Omicron (B.1.1.529), 

Iota (B.1.526) 

Hotspot for escape; significantly reduces 

binding/neutralization by Class 2 antibodies (often 

those targeting the receptor-binding motif). Can 

also reduce convalescent plasma neutralization12, 

54-56.  

L452R Delta (B.1.617.2), Epsilon 

(B.1.427/B.1.429), Omicron 

subvariants (e.g., some XBB) 

Reduces binding/neutralization by certain Class 3 

antibodies. Often associated with increased 

transmissibility12, 23, 55.  

S477N Iota (B.1.526, Omicron 

(BA.1-BA.5, XXB, JN.1) 

Can reduce binding of some RBD-targeting 

antibodies. Often co-occurs with other escape 

mutations12, 54.  

 

 

RESULTS 

 

S RBD variants expressing the N501Y/E484K or E484Q/L452R mutations are unfavorable for 

CR3022 binding affinity. 

 CR3022 is a mAb isolated from a SARS-CoV patient that was used as a framework for 

current anti-S mAbs to treat SARS-CoV-260. Here, we use BLI based binding assays to quantify 

the energetic contributions of individual S RBD mutations associated with SARS-CoV-2 variants 
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binding to CR3022. Our results reveal that S RBD variants expressing N501Y/E484K or 

E484Q/L452R mutations decrease CR3022 binding to S (Figure 4.2C), which is the opposite 

result of enhanced S binding affinity for ACE2. However, the mutations display a similar 

additive pattern as S binding affinity for ACE2 is altered and supports our experimental design to 

quantify the magnitude of individual mutations on binding affinity using BLI. Thus, our results 

demonstrate how viral evolution is driven by selective pressures and provides a construct to 

evaluate and predict future SARS-CoV-2 variants.  

 

N-glycans N74 and N165 play a role in stabilizing and exposing the S RBD for CR3022 mAb 

binding. 

Prior binding studies implicate that N165 plays a role in stabilizing the open 

conformation and presenting the S RBD for ACE2 binding57. However, our binding assays with 

S-ACE2 support that both N165 and N74 significantly improve the open conformation for ACE2 

binding. On the basis that CR3022 is only able to bind S in its open conformation, we quantified 

CR3022 binding affinity for S N165Q/N74K, which showed an approximate two-fold reduction 

in binding affinity (Figure 4.1B). Thus, this result further supports the role that N165 and N74 

glycans play in exposing and stabilizing the S RBD. 
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Figure 4.1 (A) Spike trimer (white) of SARS-CoV-2, RBD (light blue) point mutations N501Y 

(red), K417N_T (magenta), L452R (blue), E484K_Q (dark red), S477N (cyan) bound to CR3022 

(wheat) (PDB:7KJ2, 6YOR superimposed model). (B) Dissociation constants (Kd) of S wildtype 
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and S N165Q/N74K N-glycan mutant. (C) Dissociation constants (Kd) of S wildtype and S RBD 

point mutations of SARS-CoV-2 variants binding affinity ACE2 WT * p<0.05, ** p<0.005, *** 

p<0.005, Dunnett's multiple comparisons test relative to Spike WT. 

 

 

Table 4.2: Effect of Spike point mutations on Kd binding CR3022 by BLI. 

SARS-CoV-2 Variant Spike  

mutationsa 

Kd
b Fold 

Change 

Relative 

Binding Free 

Energyc 

Victoria (A.1) WT(D614G) 0.60 ± 0.10 1.0 0.00 ± 0.11 

Alpha (B.1.17) N501Y 0.68 ± 0.07 1.1 0.07 ± 0.06 

Beta (B.1.351) N501Y/E484K/K417N 0.95 ± 0.02e 1.6 0.28 ± 0.01 

Sub Beta K417N 0.73 ± 0.05 1.2 0.11 ± 0.04 

Gamma (P.1) N501Y/E484K/K417T 1.09 ± 0.11e 1.8  0.36 ± 0.06 

Zeta (P.2) E484K 0.92 ± 0.12d 1.5 0.25 ± 0.08 

Theta (P.3) N501Y/E484K 1.23 ± 0.10e 2.1 0.43 ± 0.05 

Epsilon (B.1.429) L452R 0.81 ± 0.18 1.4 0.17 ± 0.13 

Iota (B.1.526) E484K/S477N 0.76 ± 0.08 1.3 0.13 ± 0.07 

Delta/Kappa (B.1.617) E484Q/L452R 1.60 ± 0.19e 2.6 0.59 ± 0.07 

 

aExpressed in HEK293 cells. bAverage values (µg/mL) ± one standard deviation (n=3). cln 

kcal/mol, from ∆∆G = RTln(Kd1/Kd2). 
dp < 0.05. ep < 0.005. 
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ACE2 N-glycans influence CR3022 inhibition of S due to altered S N165 and N74 glycan 

interaction with ACE2 and ACE2 N-glycans. 

 Our previous binding studies show that S N165 and N74 glycan removal significantly 

decreases binding affinity for ACE2 and CR3022 mAb. These results agree with the hypothesis 

that S N165 and N74 glycans make crucial contacts to support the S trimer in the “open” 

conformation to expose the RBD for enhanced binding33, 43, 60. To further observe how S N165 

and N74 glycans interact with ACE2 and CR3022, we employed a competition assay with ACE2 

N-glycan mutants.  

Here, we observed an enhanced binding of ACE2 N90S and ACE2 N322S to S-CR3022 

complex, which indicates that ACE2 N90 and N322 glycans are favorable in CR3022 blocking S 

WT (Figure 4.2B, Table 4.2). Notably, ACE2 N90S is a ACE2 genetic variant in the human 

population14, which may serve as a factor influencing severity of SARS-CoV-2 infection. When 

comparing S WT to S N74K/N165Q, we do not observe altered binding except for decreased 

CR3022 blocking for ACE2 N322S (Figure 4.2B, Table 4.2). This result indicates that N322 

glycan does perform some S-shielding, but S N74 and N165 form inter-glycan interactions to for 

further exposure of S RBD and has been previously observed by structural analyses33, 34, 47. Thus, 

S N-glycosylation and ACE2 N-glycosylation influence CR3022 ability to block S-ACE2 

binding. 
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Figure 4.2 (A) Spike trimer (dark gray) binding ACE2 (pink) (PDB:7KJ2) superimposed with S-

RBD (wheat)-CR3022 (green) (PDB:6YOR). (B) Relative binding energy of S RBD point 

mutations of SARS-CoV-2 variants incubated with and without CR3022 mAb binding affinity 

ACE2 WT and N-glycan mutants using ΔΔG = RTln (Kd mAb+ACE2/Kd  ACE2).  

 

 

 

A 
B 
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Table 4.3: Effect of CR3022 Spike N74K/N165Q blocking ACE2 in relative binding energy 

by BLI. 

ACE2 mutationsa Spike  

WTa,b 

Spike  

N74K/N1655Qa,b 

WT 0.27 ± 0.18 0.26 ± 0.02 

N90S -0.92 ± 0.12e 0.18 ± 0.15 

N322S -0.16 ± 0.02d -0.26 ± 0.03d 

N546S -0.14 ± 0.20 0.14 ± 0.03 

 

aExpressed in HEK293 cells. bAverage cln kcal/mol, from ∆∆G = RTln(Kd1/Kd2) ± one standard 

deviation (n=3).  dp < 0.05. ep < 0.005. 

 

 

ACE2 N-glycans influence CR3022 inhibition of S due to altered S RBD mutations with ACE2 

N-glycans. 

Based on our previous structural analyses, we observed overlapping contact sites on S RBD 

by both CR3022 and ACE2 and ACE2 N-glycans that coordinate with mutations identified in 

SARS-CoV-2 variants (Figure 4.4B). Therefore, we aimed to reveal how such S RBD mutations 

and ACE2 N-glycan mutations would influence mAb inhibition of S binding. Interestingly, our 

data showed that individual removal of ACE2 N90, N322, or N546 variably alters mAb binding 

affinity for S RBD VOC mutations suggesting ACE2 N-glycans could potentially influence mAb-

S neutralization. The blocking assay revealed that S wildtype blocks S wildtype interaction with 

ACE2 wildtype (Figure 4.4A).  For ACE2 wildtype and N90S blocking, the K417N mutation 
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appears to improve CR3022 binding affinity for S; however, it may be that the N90 glycan 

stabilizes the K417N mutation on S (Figure 4.4B). However, ACE2 N90S, N322, and N546 

appear to outcompete CR3022 for S wildtype (Figure 4.4A-D), which agrees with our earlier study 

that the ACE2 N-glycosylation significantly reduces S binding affinity and may also cause 

clashing with antibody (Figure 4.2A).  Notably, there is little change when ACE2 N322S, 

indicating it does not greatly affect CR3022 binding and agrees with the structural analyses 

(Figure 4.4 A-B & Figure 4.4C). Further, most of the S RBD mutations move toward no change 

in binding with the presence of CR3022, apart from K417N. Yet, the S E484K mutation with 

ACE2 N546S blocking resulted in increased CR3022 blocking (Figure 4.4D).  This potentially 

could result in altered N-glycan interactions and less steric hinderance with the N546 removal; 

however, additional structural analyses should be performed to determine the N-glycan 

interactions. Collectively, the results reported by the ACE2 blocking assays provide insight into 

how ACE2 polymorphisms could affect mAb potency and the molecular features that should be 

considered for future therapeutic mAb design. 
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Figure 4.3 (A) Spike trimer (white) of SARS-CoV-2, RBD (light blue) point mutations N501Y 

(red), K417N_T (magenta), L452R (blue), E484K_Q (dark red), S477N (cyan) bound to CR3022 

(wheat) (PDB:7KJ2, 6YOR superimposed model). (B) Sequence alignment of S RBD our 

mutations (pink asterisks) and Omicron (BA.4) (black asterisks) with highlighted contact sites 

for ACE2 (yellow), ACE2 N90 (red), ACE2 N322 (green)  

 

A 

B 
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Figure 4.4 (A-D) Relative binding energy of S RBD point mutations of SARS-CoV-2 variants 

incubated with and without CR3022 mAb binding affinity ACE2 WT and N-glycan mutants 

using ΔΔG = RTln (Kd mAb+ACE2/Kd  ACE2).  
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Table 4.4: Effect of Spike-CR3022 point mutations on Kd binding ACE2 point mutations by 

BLI. 

ACE2 mutationsa SARS-CoV-2 Variant Spike  

mutationsa 

Relative Binding 

Free Energyc 

 Victoria (A.1) WT(D614G) 0.27 ± 0.08 

 Alpha (B.1.17) N501Y 0.02 ± 0.11 

 Beta (B.1.351) N501Y/E484K/K417N -0.12 ± 0.09 

 Sub Beta K417N 0.89 ± 2.25 

WT Gamma (P.1) N501Y/E484K/K417T -0.09 ± 0.09d 

 Zeta (P.2) E484K 0.18 ± 0.03 

 Theta (P.3) N501Y/E484K 0.13 ± 0.05 

 Epsilon (B.1.429) L452R 0.15 ± 0.03 

 Iota (B.1.526) E484K/S477N 0.11 ± 0.02 

 Delta/Kappa (B.1.617) E484Q/L452R 0.12 ± 0.02 

 Victoria (A.1) WT(D614G) -0.92 ± 0.12d 

 Alpha (B.1.17) N501Y 0.05 ± 0.00 

 Beta (B.1.351) N501Y/E484K/K417N 0.04 ± 0.17 

 Sub Beta K417N 1.58 ± 2.39 

N90S Gamma (P.1) N501Y/E484K/K417T -0.02 ± 0.16 

 Zeta (P.2) E484K 0.20 ± 0.05 

 Theta (P.3) N501Y/E484K 0.22 ± 0.00 

 Epsilon (B.1.429) L452R -0.22 ± 0.03d 
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 Iota (B.1.526) E484K/S477N 0.11 ± 0.02 

 Delta/Kappa (B.1.617) E484Q/L452R 0.03 ± 0.02 

 Victoria (A.1) WT(D614G) -0.16 ± 0.02d 

 Alpha (B.1.17) N501Y -0.18 ± 0.02d 

 Beta (B.1.351) N501Y/E484K/K417N -0.26 ± 0.08d 

 Sub Beta K417N -0.15 ± 0.36 

N322S Gamma (P.1) N501Y/E484K/K417T -0.26 ± 0.08d 

 Zeta (P.2) E484K -0.09 ± 0.01d 

 Theta (P.3) N501Y/E484K -0.27 ± 0.07d 

 Epsilon (B.1.429) L452R -0.08 ± 0.00d 

 Iota (B.1.526) E484K/S477N 0.02 ± 0.09 

 Delta/Kappa (B.1.617) E484Q/L452R -0.17 ± 0.01d 

 Victoria (A.1) WT(D614G) -0.14 ± 0.20 

 Alpha (B.1.17) N501Y -0.05 ± 0.03d 

 Beta (B.1.351) N501Y/E484K/K417N -0.01 ± 0.09d 

 Sub Beta K417N 0.04 ± 0.63 

N546S Gamma (P.1) N501Y/E484K/K417T -0.13 ± 0.01d 

 Zeta (P.2) E484K 0.62 ± 0.09d 

 Theta (P.3) N501Y/E484K -0.02 ± 0.01d 

 Epsilon (B.1.429) L452R 0.10 ± 0.00 

 Iota (B.1.526) E484K/S477N 0.10 ± 0.01 

 Delta/Kappa (B.1.617) E484Q/L452R 0.12 ± 0.03 
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aExpressed in HEK293 cells. bAverage cln kcal/mol, from ∆∆G = RTln(Kd1/Kd2) ± one standard 

deviation (n=3).  dp < 0.05. 

 

DISCUSSION 

The SARS-CoV-2 S RBD is recognized as a prominent therapeutic target due to the crucial 

role in binding ACE2 host receptor for cell adhesion during infection. Monoclonal antibodies 

(mAbs) were one of the first lines of treatment for those with severe SARS-CoV-2 infection due 

to their specificity for their target, and reduced likelihood of causing severe side effects. However, 

the S RBD has gained many mutations across SARS-CoV-2 variants4, 6, 8, 36, which makes it a 

challenge to design potent novel mAbs and vaccines4, 6, 8, 36. Thus, the need to understand how 

current anti-S mAbs interact with mutated S RBDs is essential for more effective COVID-19 

treatment. 

Here, our results demonstrate how S RBD mutations observed in SARS-CoV-2 variants 

and N-glycosylation mediate CR3022 mAb inhibition. In direct binding assays, we used BLI to 

calculate equilibrium based direct binding constants to determine the effect of CR3022 to bind to 

S RBD mutations in SARS-CoV-2 variants. Our kinetic values align with our structural analyses 

that N501Y/E484K mutations in S variants contribute unfavorable affinity for CR3022.  

While the S trimer can exist in a single-up, double-up, or triple up state and bind three 

ligands total25, which suggests ACE2 N-glycans could induce steric hinderance with CR3022 and 

reduce CR3022 affinity. Previously, we observed that S N74 and N165 glycans promote ACE2 

binding and propose that they stabilize to expose the RBD in the open formation. Thus, we confirm 
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this result by using BLI to evaluate CR3022 binding to S N165Q/N74K mutant. Remarkably, we 

detected a 2-fold decrease in binding affinity, which supports our hypothesis that S N165 and N74 

promote the open conformation for binding to the RBD. 

To further explore the effect of the impact of ACE2 N-glycosylation and S RBD 

mutations, and CR3022 inhibition, we performed a blocking assay with ACE2 and its N-glycan 

mutants to determine how individuals contains the T92I or N546D ACE2 mutations might affect 

mAb inhibition. The combined structural analyses and binding assays display the reduced 

inhibition of CR3022 to S across variants compared to S wildtype. Interestingly, the relative 

binding for ACE2 N-glycan mutants and S WT align with the data observed in the ACE2 

blocking assay and indicate that CR3022 could potentially be hindered from binding S due to the 

bulky sugars on S and how many ligands S variants occupy. Additionally, these results could 

provide context for repositioning of ACE2 N-glycans by S mutations during infection. Further 

studies would need to be performed to confirm our observations.  

Collectively, the results reported by the ACE2 blocking assays provide insight in to how 

ACE2 polymorphisms could affect mAb potency and the use of structure-guided therapeutic 

mAb engineering. To further this study, repeating the binding assays with quantification of with 

Spike trimer purified from pseudoviruses and patient-derived SARS-CoV-2 virions or membrane 

bound ACE2 in vivo would reveal if physiological conditions alter the glycosylation on either 

protein or their interactions. Furthermore, neutralization assays with therapeutic mAbs would be 

beneficial to give insight on the extent to which the mAb can inhibit virus from infection.   
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METHODS 

Generation of Expression Constructs Encoding Wild Type and Mutant Forms of Spike and 

ACE2:  

Expression constructs for mutant forms of Spike (D614G, D614G/N501Y, D614G/E484K, 

D614G/K417N, D614G/N501Y/E484K, D614G/L452R, D614G/N501Y/E484K/K417N, 

D614G/N501Y/E484K/K417T, D614G/E484K/S477N and D614G/E484Q/L452R) were 

generated using New England BioLabs Q5 Mutagenesis Kit (cat#0554S). The primers for each 

mutation were designed using NEBaseChanger program (https://nebasechanger.neb.com) and 

plasmid DNA preparations were generated for expression in HEK293S (GnTI-) cells (ATCC).  

Expression and Purification Spike and ACE2:  

Wild type and mutant forms of Spike and ACE2 proteins were, kindly provided by the Moremen 

and Wells lab, expressed as soluble secreted proteins by transient transfection of suspension 

cultures in HEK293S (GnTI-) cells maintained at 0.5–3.0x106 cells/ml in a humidified CO2 

platform shaker incubator at 37°C with 50% humidity and 125 rpm. Transient transfection was 

performed at a cell density of 2.5-3.0x106 cells/ml in expression medium comprised of a 9:1 

ratio of FreestyleTM293 expression medium (Thermo Fisher Scientific, Waltham MA) and EX- 

Cell expression medium including Glutmax (Sigma-Aldrich). Transfection was initiated by the 

addition of plasmid DNA and polyethyleneimine as transfection reagent (linear 25-kDa 

polyethyleneimine, Polysciences, Inc., Warrington, PA). Cell cultures were diluted with an equal 

volume of fresh media supplemented with valproic acid (2.2 mM final concentration) twenty-
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four hours post-transfection and protein production was continued for an additional 5 days at 

37°C, 5% CO2 with 125 rpm shaking. Cell cultures were harvested, clarified by sequential 

centrifugation at 1200 rpm for 10 min and 3500 rpm for 15 min at 4°C, and passed through a 0.8 

μM filter (Millipore, Billerica, MA). The protein preparations were adjusted to contain 20 mM 

HEPES, 20 mM imidazole, 300 mM NaCl, pH 7.5, and subjected to Ni-NTA Superflow (Qiagen, 

Valencia, CA) chromatography using a column pre- equilibrated with Buffer I (20 mM HEPES, 

300 mM NaCl, 20 mM imidazole, pH 7.5). The sample was loaded onto the column, washed 

with 3 column volumes of Buffer I, washed with 3 column volumes of Buffer II (20 mM 

HEPES, 300 mM NaCl, 50 mM imidazole) and eluted with Elution Buffer (20 mM HEPES, 300 

mM NaCl, 300 mM imidazole, pH 7.0). The elution sample was concentrated using a 10 kDa 

molecular mass cut-off ultrafiltration pressure cell (Millipore, Billerica, MA). Purified Spike and 

ACE2 proteins from HEK293S (GnTI-) was added to a Superdex G-200 gel filtration column 

(GE Healthcare) pre-equilibrated and eluted with Gel Filtration Buffer (20 mM HEPES, 100 mM 

NaCl, 0.05% sodium azide, pH 7.0) The eluted protein was stored at 4°C or 20°C. Prior to use 

the protein was thawed on ice and centrifuged at 8000 rcf for 20 minutes and supernatant was 

collected. 

Biolayer Interferometry Binding Assays: 

Spike (WT or mutants) were immobilized onto amine reactive “second-generation” biosensors 

(AR2G, Cat#: 18-5092, Pall ForteBio Corp., Menlo Park, CA, USA) by activation with 20mM 

EDC and 10mM sulfo-NHS solution for 1800s. Spike (20 μg/mL) was coupled to biosensors for 
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1800s, followed by quenching in 1M ethanolamine (pH8.5) for 600s. The immobilization 

resulted in a loading signal of approximately 1.5 nm.  

Binding experiments were performed in PBST buffer (1xPBS with 0.1% Tween-20 at pH7.4, at 

25°C), EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride Prod# 22980, 

Thermo Scientific, Rockford, IL, USA), Sulfo-NHS (Sulfo-NHS (N-hydroxysulfosuccinimide), 

Prod#24510, Thermo Scientific, Rockford, IL, USA), 10xPBS (10x Phosphate Buffered Saline, 

Cat#:1610780, Bio-Rad, Hercules, CA, USA), Ethanolamine (Cat# 110167, Sigma- Aldrich, St. 

Louis, MO, USA), Amine Reactive Second Generation biosensors (AR2G, Cat#: 18-5092, Pall 

ForteBio Corp., Menlo Park, CA, USA), SARS-CoV-2 Spike Protein (CR3022) Human IgG1 

mAb (#37475 Cell Signaling Technology).  

Direct binding constants (Kd) were measured using a BioLayer Interferometer (BLI) Octet Red 

384 system (Pall ForteBio Corp., Menlo Park, CA, USA) and data was acquired using ForteBio 

Data Acquisition 8.2 software (Pall ForteBio Corp., Menlo Park, CA, USA). A baseline reading 

was collected for 120s in PBST Buffer only; then, both association and dissociation responses 

were detected for 600s. CR3022 mAb sample was prepared in two- fold serial dilution in PBST 

from 0 to 10 μg/mL, and binding recorded in triplicate. Binding constants were calculated using 

Prism 10 (GraphPad Prism, USA) assuming a site- specific 1:1 binding model.  

For mAb competition assays, the S-immobilized biosensors were incubated in 1000 nM mAb for 

1800s, then dipped in 0 or 40 μg/mL ACE2. A baseline reading was collected for 120s in PBST 

Buffer only; then, both association and dissociation responses were detected for 600s. Binding 
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constants were calculated using ForteBio Data Analysis 8.2 software (Pall ForteBio Corp., 

Menlo Park, CA, USA) assuming a site- specific 1:1 binding model. 

Structural Analyses: 

Spike-ACE2 complex (PDB:7KJ2) modeled in ManAc5 N-glycans using Glycam Glycoprotein 

Builder (https://glycam.org/). Superimposition of S-ACE2  (PDB:7KJ2) superimposed with S-

RBD (wheat)-CR3022 (green) (PDB:6YOR) using ChimeraX61. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The overall goal of the research described in this dissertation was to quantify the effects 

of genetic modifications expressed in trimeric Spike of SARS-CoV-2 influence binding to ACE2 

as well as binding of S-specific monoclonal antibody. Alternatively, the aim for this project was 

to reveal the influence of ACE2 N-glycosylation on S binding along with its RBD mutations and 

its inhibition by CR3022 mAb. The only studies to quantify the individual binding affinities of 

SARS-CoV-2 variants were only expressed as S RBD mutants with fully glycosylated ACE211. 

By using structure-guided analyses and biolayer interferometry, we were able to describe the 

influence N-glycosylation on ACE2 and S and S RBD mutations of SARS-CoV-2 variants on 

CR3022 in quantifiable values that are energetically balanced across genetic constructs. Thus, 

the combination of structure and biophysical analyses prove to be useful method to reveal the 

molecular mechanisms that mediate SARS-CoV-2 infection and immune evasion. 

 To further the study of these interactions, creating individual N-glycan knockouts in 

Spike expressed on pseudoviruses and their interactions with membrane bound N-glycan mutant 

ACE2 proteins would be beneficial to further understand the mechanism by which N-

glycosylation could modulate SARS-CoV-2 infection. While it is beneficial to perform in vitro 

kinetic assays, using molecular biology methods would provide insight into what physiological 

conditions influence the S-ACE2 interaction, such as temperature and pH, as well as in a non-



 

 

57 

 

rigid array (i.e. proteins in lipid bilayers). In a similar manner, such studies can be used to 

evaluate the efficacy of therapeutic mAbs. This workflow can be used to study other viral 

glycoproteins and their interactions with the host ligand. Additionally, this method is useful to 

guide therapeutic design for other pathogens.   

 Although this project outlines the role of N-glycosylation of SARS-CoV-2 Spike, our 

study is limited in that S is expressed in HEK293(GnTI-) to inhibit further glycan processing of 

S. There are many conditions that influence how a glycoprotein is glycosylated, such as primary 

sequence and oligosaccharide transferase activity limited by steric hinderance. However, it is not 

well understood how the rate of N-glycosylation processing affects viral replication of S 

glycoprotein variants of SARS-CoV-2. This study could reveal an additional role for S N-

glycans beyond shielding.  

 To gather further insight on the effects of N-glycosylation on ACE2 and S, neutralization 

curves for mAbs against pseudoviruses with varying S glycosylation and variant mutation 

profiles would provide a better understanding of the extend N-glycosylation influences binding 

affinity and neutralization potency. An additional study of structural analyses via computational 

modeling with our oligomannose forms and mAb-S complexes would also reveal how glycans 

and mutations alter contacts and conformational dynamics.  

 When considering any interaction of glycoproteins, one considers carbohydrate binding 

proteins. Because SARS-CoV-2 S is highly glycosylated, it most likely exhibits non-specific 

binding other host carbohydrate binding proteins, such as Siglecs. Siglecs are sialic acid-binding 

immunoglobulin-like lectins that are differentially expressed in various immune cell types to 

either activate or inhibit immunological responses29. Many Siglecs are inhibitory and release 
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proinflammatory mediators in response to detection of polysaccharide with terminal sialic acid. 

Many pathogens are decorated in sialic acids to “mask” from phagocytosis by immune cells29. 

Alternatively, focusing on mAb based therapeutics may promote specificity and less likely to 

cause rapid mutations by targeting sialic acid instead.  

 In conclusion, SARS-CoV-2 remains a public health issue to those who are 

immunocompromised and are genetically redisposed to severe infection, as described in this 

thesis. As SARS-CoV-2 evolves, more unknown factors arise and there is a continuous need to 

develop novel treatments for COVID-19. Collectively, these studies would provide insight into 

how N-glycosylation of SARS-CoV-2 S could be targeted for therapeutics beyond inhibiting 

ACE2 binding. Alternative therapeutics, such as lectins, could be used to lessen the SARS-CoV-

2 rate of mutation by targeting the glycans on S instead.  
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