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ABSTRACT 

 
The novel coronavirus disease, COVID-19, has spread rapidly around the world. Its 
causative virus, SARS-CoV-2, enters human cells through the physical interaction between 
the receptor-binding domain (RBD) of its spike protein and the human cell receptor ACE2. 
As an increasing number of variants of SARS-CoV-2 circulates globally, estimates of 
infectiousness and lethality of newly emerging strains are important. Here, we provide a 
novel way to develop a deeper understanding of coronavirus spike proteins, connecting 
their nanomechanical features – specifically the vibrational spectrum and quantitative 
measures of mobility – with virus lethality and infection rate. The key result of our work 
is that both, the overall flexibility of upward RBD and the mobility ratio of RBDs in 
different conformations, represent two significant factors that show a positive scaling with 
virus lethality and an inverse correlation with the infection rate. A quantitative model is 
presented to make predictions on the infectivity and lethality of SARS-CoV-2 variants 
based on molecular motions and vibrational patterns of the virus spike protein. Our analysis 
shows that epidemiological virus properties can be linked directly to pure nanomechanical, 
vibrational aspects, offering an alternative way of screening new viruses and mutations 
against high threat levels, and potentially exploring novel ways to prevent infections from 
occurring by interfering with the nanoscale motions.  
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1 Introduction 

1.1    Background 

The novel coronavirus disease 2019 (COVID-19), has spread rapidly around the world [1–

5] . As an increasing number of variants of Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2), the causative virus of COVID-19, circulates globally, how 

to understand and predict the virus infectiousness and lethality becomes an even more 

important question. (Figure 1.1) 

 

Figure 1. 1: Overview of COVID-19 pathogen, SARS-CoV-2. Detailed structure of SARS-CoV-2 
spike protein (PDB: 6VXX) is shown. 

To provide a comparative analysis – specifically focused on how nano-level features relate 

with macroscopic epidemiolocal observables – we focus on different coronavirus types 

within the same family of pathogens. Over the past decades, several types of coronaviruses 

have emerged. The virus types HCoV-NL63 and HCoV-HKU1 are often reported to cause 

lower respiratory tract infections, while HCoV-OC43 and HCoV-229E are usually 

associated with comparatively mild symptoms similar to the common cold [5–7]. The ones 

that threaten public health more seriously are three highly pathogenic human coronaviruses 

— namely, SARS-CoV, Middle East Respiratory Syndrome Coronavirus (MERS-CoV) 

and SARS-CoV-2. SARS-CoV was first reported in China in November 2002, then quickly 

spread globally, resulting in over 8,000 infections with about 800 deaths [8]. MERS-CoV 

was first identified in Saudi Arabia in June 2012, featuring limited transmission with case 
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fatality rate as high as 35% [9, 10]. SARS-CoV-2 was first reported in China in December 

2019 [3, 11, 12]. It can easily transmit from human to human, resulting in more than 120 

million global cases as of April 2021 [13, 14]. A general comparison of epidemiological 

properties of SARS-CoV, MERS-CoV and SARS-CoV-2 is depicted in Figure 1.2. 

 

Figure 1. 2: Viral infectivity and lethality comparison between MERS-CoV, SARS-CoV and 
SARS-CoV-2. Data updated as of Apr. 1, 2021 [13]. 

Aside from the significant difference in infectiousness and lethality of various types of 

coronaviruses, even variants of the same coronavirus could behave differently in 

epidemiological aspect. Recent experimental research reveals that SARS-CoV-2 D614G 

variant, which emerged in late January or early February 2020 and has quickly spread 

around the world since then, shows enhanced infectivity and transmissibility compared to 

the wild-type virus[15, 16]. The lineage B.1.1.7, first reported in the United Kingdom in 

December 2020, is predicted to be 43 to 90% more transmissible than the predecessor 

lineage based on statistical and dynamic modeling approaches[17]. The more worrying 

finding is that, an experiment suggests that mRNA-vaccine activity against SARS-CoV-2 

variants that encode E484K-, N501Y- or K417N/E484K/N501-mutant S is reduced by a 

small—but significant—margin[18]. 

The structural basis is important to explain the epidemiological behavior of virus and 

search for the treatment. The spike protein of the coronavirus plays an essential role in 

receptor recognition, viral fusion and cell entry, serving as a promising target for drug and 



- 10 - 

vaccine development [19–21]. The process represents a complex mechano-chemical 

process, whereby during the entry into the host cell, the spike protein first binds to a cell 

receptor through the receptor-binding domain (RBD) and then begins the fusion process. 

(Figure 1.1) It is believed that the RBDs of different coronaviruses recognize different cell 

receptors [3, 22]. SARS-CoV, SARS-CoV-2 and HCoV-NL63 recognize angiotensin-

converting enzyme 2 (ACE2) as their receptor in the human body, while MERS-CoV 

recognizes dipeptidyl peptidase 4 (DPP4) as its receptor [1, 23–25]. In order to successfully 

bind to the receptor, the spike protein of a specific coronavirus must maintain a receptor-

accessible state with at least one RBD in upward conformation. This is because otherwise 

there would be steric clashes hindering the binding process [4]. In experimental work, this 

specific type of receptor-accessible state has been captured for MERS-CoV, SARS-CoV 

and SARS-CoV-2 [21, 26]. 

1.2    Motivation 

Some recent research focuses on understanding and predicting epidemiological behavior 

of SARS-CoV-2 and its variants using different indicators from biological or medical 

aspect. By evaluating the binding energy of SARS-CoV-2 spike protein and the host cell 

receptor with a machine-learning model, researchers report that most likely future 

mutations will make SARS-CoV-2 more infectious[27]. It has also been shown that the 

viral load can be considered as an independent predictor of the transmissibility and 

mortality of SARS-CoV-2[28, 29]. Furthermore, with machine learning technique for 

natural language processing, the generated semantic landscapes for SARS-CoV-2 are able 

to predict viral escape mutations that produce sequences that are syntactically and/or 

grammatically correct but effectively different in semantics and thus able to evade the 

immune system[30]. 

What about the nano-mechanical aspect? Similar to many other biomaterials studied 

before, SARS-CoV-2 can also be considered as a type of biomaterial with structure, 

function and especially mechanical properties. The structure-function relationship has 

already been explored for biomaterials like intermediate filaments (IFs) and collagen 
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microfibrils[31, 32]. The hierarchical structure shown in Figure 1.3 illustrates how 

macroscale behavior of biomaterials can be linked to the nanoscale structure.   

 

Figure 1. 3: The hierarchical structure of collagen microfibrils and intermediate filaments. [31, 32] 

Down to the nanometer scale, the virus is not in the stationary state as shown in figures. In 

fact, all molecules at the nanoscale are continuously moving and vibrating. We hypothesize 

that the mechanics of the virus, and especially its motion, is key to understand it better. 

With that, we are motivated to investigate the correlation between nano-mechanical 

properties of coronavirus and large-scale population-level observation. 

While the structure of coronavirus spike protein is well studied, much less attention has 

been focused on the connection between the mechanical features of the virus with virus 

lethality as well as infection rate. The structural basis of SARS-CoV viral infectivity has 

been explored to some extent, pointing out that the Trp-rich region of S protein is essential 

[33]. It has also been observed that cleavage of the spike protein of SARS-CoV is 

associated with viral infectivity [34].  However, there has been no lateral comparative study 

between similar coronaviruses on this type of connection. It remains a question which kind 

of mechanical and structural properties could possibly relate to the mortality and infection 

rate of the virus. If successful, the approach presented in this thesis may provide an 
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alternative or complementary way to screen viruses or mutations against large-scale 

epidemiological data, provide additional mechanistic insights into disease etiology, and 

offer potential targets for therapies or preventive measures.  

1.3    Thesis Overview 

Here, we provide a novel way towards better understanding the coronavirus spike proteins, 

connecting its nanomechanical features – especially their vibrational patterns - with virus 

lethality and infection rate, using a molecular modeling approach and a nanomechanical 

analysis. (Figure 1.4) ls. In a broader context, the mechanics of proteins has long been a 

subject of interest, and this study shows how it can be a useful tool to help us understand 

complex disease etiology by connecting nanoscopic physical features with epidemiological 

data [35–41].  

 

Figure 1. 4: Schematic diagram connecting mechanical and epidemiological aspects. 

This thesis is organized as follows: Chapter 2 describes the data processing and simulation 

methods in detail; Chapter 3 shows the results of normal mode analysis on original beta-

coronavirus spike proteins in both receptor-accessible and receptor-inaccessible 

conformations, and qualitatively correlates the vibrational and epidemiological features; A 

quantitative model in constructed in Chapter 4 to associate molecular motions and 

vibrational patterns of the virus spike protein with infectiousness and lethality, and 

predictions of several SARS-CoV-2 variants are presented. 
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2 Methods 

2.1 Normal Mode Analysis 

In protein science, normal mode analysis (NMA) has long been one of the most 

comprehensive yet efficient methods to calculate vibrational normal modes and analyze 

protein flexibility, which provides the rationale for use in this study[42]. Another reason 

behind the broad use of NMA is that the low-frequency modes elucidated by NMA could 

often describe the real-world motions of a protein, and often bear important functional 

significance [43].  

Generally speaking, in NMA, the atoms are modeled as point masses, which are connected 

by springs that represents the interatomic force fields.  After constructing the Hessian 

matrix based on the second-order partial derivatives of the potential energy function, the 

normal modes and corresponding frequencies can be directly obtained by diagonalizing the 

matrix and computing its eigenvalues [44].  

Based on harmonic approximation, the normal modes of a system can be determined by 

solving the following equation[45] 

𝑲𝒙 = 𝜔2𝑴𝒙 (2.1) 

where 

𝑲 = [

𝑘11 𝑘12 ⋯ 𝑘1𝑁
𝑘21 𝑘22 ⋯ 𝑘2𝑁

⋮ ⋮ ⋱ ⋮
𝑘𝑁1 𝑘𝑁2 ⋯ 𝑘𝑁𝑁

] ;  𝑴 = [

𝑚1 0 ⋯ 0
0 𝑚2 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑚𝑁

] ;  𝒙 = [

𝑥1
𝑥2
⋮

𝑥𝑁

] (2.2) 

In the equation, 𝑥𝑖  is the Cartesian displacement of the ith atom with respect to its 

equilibrium positions; 𝑚𝑖  is the atomic mass; 𝑘𝑖𝑗 = 𝜕2𝑉 (𝜕𝑥𝑖𝜕𝑥𝑗)⁄  is the second 
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derivative of the potential energy calculated for equilibrium positions; 𝜔 denotes an eigen 

angular frequency; N represents the number of degrees of freedom of the system.  

Multiply both sides in equation (2.1) by 𝑴−1 2⁄  and we can get the transformed eigenvalue 

equation 

𝑯𝒒 = 𝜔2𝒒 (2.3) 

where 𝑯 is the Hessian matrix defined by 𝑯 = 𝑴−1 2⁄ 𝑲𝑴−1 2⁄  and 𝒒 is the mass-weighted 

Cartesian coordinate vector defined by 𝒒 = 𝑴1 2⁄ 𝒙. 

After diagonalizing the Hessian matrix and solving its eigenvalue problem, the atomic 

fluctuations can be obtained with[46] 

〈𝑥𝑖
2〉 =

𝑘𝐵𝑇
𝑚𝑖

∑
𝑎𝑖𝑗

2

𝜔𝑗
2

𝑁𝑣

𝑗=1

 (2.4) 

where 𝑓𝑗 = 𝜔𝑗 2𝜋⁄  is the frequency of the jth normal mode and 𝑎𝑖𝑗 is the corresponding 

coordinate displacement of the ith atom. 𝑁𝑣  denotes the total number of normal modes 

considered. Previous research has shown that low-frequency normal modes of proteins are 

actually responsible for most of their atomic displacements[47, 48]. 

2.2    Molecular Dynamics Simulation 

Molecular dynamics (MD) simulations has developed rapidly in recent years and can now 

be used effectively to capture the behavior of proteins and other biomolecules in full atomic 

detail and understand macromolecular structure-to-function relationships[49, 50]. While 

the most basic application of MD simulation is to evaluate the mobility of various region 

of a biomolecule, it can also be used to build or refine structural models based on 

experimental data, and to determine the response of certain biomolecular system to some 

perturbation[49, 51, 52].  
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The basic idea behind MD simulation can be summarized with Newton’s laws and simple 

update rules: 

𝒂𝑖 =
𝑭𝑖

𝑚𝑖
= −

1
𝑚𝑖

𝜕𝐸𝑝𝑜𝑡

𝜕𝒙𝑖
 (2.5) 

𝒗𝑖(𝑡 + 𝑑𝑡) = 𝒗𝑖(𝑡) + 𝒂𝑖𝑑𝑡 (2.6) 

𝒙𝑖(𝑡 + 𝑑𝑡) = 𝒙𝑖(𝑡) + 𝒗𝑖𝑑𝑡 (2.7) 

where 𝐸𝑝𝑜𝑡 denotes the potential energy; t is simulation time; 𝑚𝑖, 𝑭𝑖, 𝒂𝑖, 𝒗𝑖 and 𝒙𝑖 denote 

the mass, force vector, acceleration, velocity and position of the ith atom. Force fields 

currently used in atomistic molecular simulations differ in the way they are parameterized. 

Parameters are not necessarily interchangeable, and not all force-fields allow to represent 

all molecule types, but simulations conducted using modern force-fields are normally 

equivalent[50, 53, 54].  

2.3    Data Processing 

To assess the molecular mechanics from an atom-by-atom perspective, we conduct normal 

mode analyses (NMA) of coronavirus spike proteins in receptor-accessible state with one 

upward RBD as well as receptor-inaccessible state where all three RBDs are in downward 

position. We access the desired  three-dimensional protein structures from the Protein Data 

Bank [55] and prepare the atomistic models with Visual Molecular Dynamics (VMD) [2, 

56].  

Before normal mode analysis, 10,000 steps of conjugate gradient energy minimization are 

performed using Nanoscale Molecular Dynamics (NAMD) [57] in order to relax the 

original coronavirus spike protein structure [58]. No further MD simulation is performed 

since the protein structure from Protein Data Bank is already experimentally equilibrated.  
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In regards to SARS-CoV-2 variants, we use the SARS-CoV-2 spike protein structure with 

PDB ID 6Z97 as our base protein structure, implement the spike mutations of different 

variants using PyMOL, and prepare the atomistic models with Visual Molecular Dynamics 

(VMD)[59]. The spike protein structures are immersed in a TIP3P water box with a 

minimum distance of 20Å to the nearest protein atom, followed by ionization with Sodium 

and Chlorine atoms. Then, we carry out 10000 steps of conjugate gradient energy 

minimization and equilibrate the system for 80 ns with temperature controlled at 300K 

based on NAMD[57]. After equilibration, we compute the average root mean square 

derivations (RMSD) based on the last 20 ns equilibrium period and pick out 10 frames with 

the nearest RMSD from the trajectory file in order to perform normal mode analysis on 

them. 

A coarse-grained elastic network model (ENM) available in the Bio3D package in R is 

employed to analyze the normal modes of coronavirus spike protein structures [42, 45, 46]. 

This model uses N, CA, C atoms to represent the protein backbone and selects 0 to 2 

significant side chains based on their size and distance to CA atoms, proved to have 

comparable accuracy with all-atom ENM. Here, the atomic displacements are scaled for 

temperature 300K. While the fluctuation profile of original coronavirus spike proteins is 

the vibrational fluctuation distribution of energy-minimized protein structure, the 

fluctuation profile of SARS-CoV-2 variants of concern is computed as the average 

fluctuation distribution over the 10 configurations that we picked out from the trajectory 

file. Equilibration by simulation would result in some local unfolding occurs at the end of 

each chain, which induces abnormally high fluctuations in the fluctuation profile. 

Considering that the terminal regions are far from the RBD, we neglect the effects of the 

unfolding behavior and set fluctuations of the terminal 5-8 residues to zero. 

After normal mode analysis, we identify two important factors in the fluctuation profile of 

coronavirus spike protein, i.e. flexibility level and flexibility ratio, to describe the 

vibrational behavior, and they are defined as: 
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𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑝𝑤𝑎𝑟𝑑 𝑅𝐵𝐷 = ∑ 𝐹𝑖 𝑛⁄
𝑛

𝑖=1

 (2.8) 

𝐹𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 = 𝑚𝑎𝑥(𝐹1, 𝐹2 … 𝐹𝑛) 𝑚𝑎𝑥(𝑓1, 𝑓2 … 𝑓𝑚)⁄  (2.9) 

where m, n denotes the number of residues in downward and upward RBD and 𝑓𝑖, 𝐹𝑖 

represents fluctuation of the 𝑖th residue in downward and upward RBD respectively. 

The global confirmed case number and the case fatality rate used in this thesis are updated 

as of Apr 1, 2021. Korber et al. have developed a web tool to track mutations of SARS-

CoV-2 based on updated GISAID SARS-CoV-2 sequence database[60][61]. We calculate 

the portion of D614 on a monthly basis using this tool and evaluate the effective total global 

confirmed case number for original SARS-CoV-2 with D614 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑠𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 = ∑ 𝑝𝑖𝑁𝑖
𝑖

 (2.10) 

where i denotes the number of months, 𝑝𝑖 denotes the portion of D614 sequences in that 

month, and 𝑁𝑖 stands for the newly confirmed global case number in that month. Since it 

is difficult to differentiate the case fatality rate for virus with D614 and G614, we directly 

use the general global case fatality rate as the mortality rate for the original SARS-CoV-2. 

 

  



- 18 - 

3 Comparative Analysis of MERS-CoV, 
SARS-CoV and SARS-CoV-2 
In this chapter, we provide a novel way in understanding coronavirus spike proteins, 

connecting their nanomechanical features – specifically its vibrational spectrum and 

quantitative measures of mobility – with virus lethality and infection rate.  The key result 

of our work is that both, the overall flexibility of upward RBD and the mobility ratio of 

RBDs in different conformations, represent two significant factors that show a positive 

scaling with virus lethality and an inverse correlation with the infection rate[62]. 

3.1    Different Conformations and Global Movements 

 

Figure 3. 1: Infection schematic and different conformations of SARS-CoV-2. 

SARS-CoV-2 enters human cells through the interaction between the receptor-binding 

domain (RBD) of its spike protein and the cell receptor ACE2, as is depicted in the 

schematic shown in Figure 3.1(a). Our study hence focuses on the spike protein, which is 

essential for the infection to take place. The spike protein of coronavirus is composed of 

an amino (N)-terminal S1 subunit and a carboxyl (C)-terminal S2 subunit. The S1 subunit, 

which consists of an N-terminal domain (NTD) and three C-terminal domains (CTD), is 

responsible for recognizing and binding to the host cell receptor. It has been reported that 

for the beta-coronavirus that utilizes CTD1 of its S1 subunit as RBD, there is a prerequisite 

conformational state for receptor binding where at least one RBD should be in upward 
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position [4, 21]. In this thesis, we refer to this receptor-accessible state as “open state” and 

receptor-inaccessible state as “closed state”. The SARS-CoV-2 spike protein in these two 

conformations is shown in Figure 3.1(b).  

In the following parts of chapter, we conduct a normal mode analysis (NMA) [43, 44, 63] 

of different spike proteins in open and closed states respectively and analyze their detailed 

structures and flexibility variations (details see Chapter 2). Given the fact that only MERS-

CoV, SARS-CoV and SARS-CoV-2 spike proteins have been captured in open sates, our 

open-state analysis is limited to these three highly pathogenic beta-coronaviruses. For 

closed-state exploration, since there have been no reports about closed conformational state 

of the MERS-CoV spike protein, we choose the HCoV-NL63 spike protein for the 

comparative study because it shares the same relevant cell receptor ACE2 with SARS-CoV 

and SARS-CoV-2 spike proteins. 

 

Figure 3. 2: Depiction of the lowest normal mode movement: swing of upward receptor-binding 
domain (RBD). (a) MERS-CoV spike protein (PDB: 5X5F); (b) SARS-CoV spike protein (PDB: 
6CRZ); (c) SARS-CoV-2 spike protein (PDB: 6Z97). The three protomers of the above spike 
proteins are colored in blue, yellow and green, with the arrows denoting the corresponding vector 
fields. 

Figure 3.2 shows that the lowest-frequency normal modes of MERS-CoV, SARS-CoV and 

SARS-CoV-2 spike proteins are all associated with a swing motion of upward receptor-

binding domain (RBD) to different extents. This type of global movements corresponds 

well with the molecular motions directly reported in experiments[4, 21]. Considering the 

required receptor-accessible state for receptor binding, the swing of RBD is of functional 
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significance since it is the likely way by which a spike protein changes from closed state 

to open state to facilitate the binding of target receptors.  

From a lateral aspect, this observed shared type of lowest-frequency normal mode 

movements indicates the structural similarity of MERS-CoV, SARS-CoV and SARS-CoV-

2 spike proteins. According to our analysis, while the sequence identity of SARS-CoV S 

and SARS-CoV-2 S is as high as 78.8%, MERS-CoV S has only about 30% sequence 

identity with SARS-CoV S and SARS-CoV-2 S. This indicates that a small portion of the 

whole sequence of beta-coronavirus would largely determine the general structure 

topology and thus the overall global motion. (details see Appendix A) Previous 

literature[64] reveals that the percentage identity in NTD and RBD, which reflect the major 

parts participating in the lowest normal mode movement, is about 22%. Compared with 

30% sequence identity of the whole spike protein, this partial percentage identity is lower 

and confirms the concept that probably only a few sequence pieces ultimately determine 

the shared global movement of coronavirus spike protein in open state. We further note 

that the sequence similarity in the S2 subunit could play an important role, as it may 

contributes to the comparatively higher rigidness of the S2 subunit. 

3.2    Fluctuation Profiles and Structural Basis 

 

Figure 3. 3: Open-state fluctuation profiles of MERS-CoV, SARS-CoV and SARS-CoV-2 spike 
protein. Panels (a) to (c): Fluctuation profiles over the lowest 20 normal modes for MERS-CoV 
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(PDB: 5X5F), SARS-CoV (PDB: 6CRZ) and SARS-CoV-2 spike protein (PDB: 6Z97), 
respectively. 

While MERS-CoV, SARS-CoV and SARS-CoV-2 spike proteins share the same type of 

lowest-frequency normal mode movements, their fluctuation profiles differ, as is illustrated 

by Figure 3.3. Generally speaking, the S1 subunit of coronavirus spike protein is much 

more flexible than its S2 subunit. Among these beta-coronaviruses, the active RBD of 

MERS-CoV spike enjoys super mobility and only SARS-CoV-2 spike protein exhibits a 

comparatively flexible downward RBD. Interestingly, when we focus on fluctuations over 

the upward RBD, the figure reveals that for all these spike proteins the fluctuations first 

slowly build up to its maximum and then decrease sharply, which demonstrates that the 

appearance of large flexibility of upward RBD is based on some common detailed 

structures of these beta-coronaviruses.  

 

Figure 3. 4: Fluctuation visualization of the closed-state spike protein protomer and structural basis 
for flexibility variance. Panels (a) to (c): Fluctuation visualization of a protomer in closed-state 
SARS-CoV-2 (PDB: 6VXX), SARS-CoV (PDB: 5XLR) and HCoV-NL63 (PDB: 5SZS) spike 
protein, respectively. (d) to (f): The receptor binding domain of the above virus complexed with 
their shared receptor human ACE2 (PDB: 6M0J, 2AJF, 3KBH), where the receptor binding motif 
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(RBM) is colored in red and magenta. The loop colored in magenta is where the largest fluctuation 
occurs. The rest part of the receptor binding domain is colored in green, and the human ACE2 
receptor is colored in blue. 

We further explore the structural basis for the flexibility variation using normal mode 

analysis on coronavirus spike proteins in closed conformations. Panels (a) to (c) in Figure 

3.4 show different flexibility variations in SARS-CoV-2, SARS-CoV and HCoV-NL63 

spike protein, which share the same human receptor ACE2. Among them, there exists a 

sharp increase and large variation in flexibility in RBD of SARS-CoV-2 S, while SARS-

CoV S appears to have more flexible structural regions. HCoV-NL63, the only one in this 

comparative study that is classified as alpha-coronavirus and cause only mild symptoms, 

has a different S1 subunit topology, bringing more flexibility to NTD rather than CTD1, 

where its RBD is situated. The result of closed-state fluctuation analysis shows that the 

similar structure in S1 subunit, especially CTD1, is the reason for the common flexibility 

distribution in beta-coronavirus spike proteins. 

Panels (d) to (f) in Figure 3.4 provide detailed structures of the RBD of the above 

coronavirus complexed with their shared receptor human ACE2. The CTD1 in S1 subunit 

of coronavirus often contains a core structure, which is composed of several antiparallel β-

sheet and short connecting α-helices, and one or more extended loops. These extended 

loops, referred to as receptor binding motif (RBM), is located at the edge of the core 

structure and is usually responsible for realizing the interactions with the receptor if the 

virus uses CTD1 as its RBD. Beta-coronaviruses such as SARS-CoV and SARS-CoV-2 

have a unique long-extended loop as their RBM, accounting for the most flexible region of 

their RBD in both open and closed states. As for HCoV-NL63, there are three separated 

short RBMs, which are quite restricted and unable to generated large mobility. These 

insights may also explain its lower-affinity interaction with ACE2, at least to some extent. 
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3.3    Correlation of Vibrational and Epidemiological 
Properties 

 

Figure 3. 5: Correlation diagram for SARS-CoV-2, SARS-CoV and MERS-CoV spike protein, 
linking nanomechanical, molecular vibrational measures with epidemiological data. The 
fluctuation ratio is calculated as the ratio of maximum fluctuations over upward and downward 
RBDs; the dot size denotes the mortality rate and the color bar shows the logarithm of global 
confirmed case numbers. Hence, the two smallest dots represent SARS-CoV-2 S (PDB: 6Z97, 
7DDN), the two middle-sized dots represent SARS-CoV S (PDB: 6CRZ, 6CRW), and the largest 
sphere denotes MERS-CoV S (PDB: 5X5F). 

Using the fluctuation profile data, two significant mechanical factors are identified, which 

are: (1) the overall flexibility of upward RBD and (2) the mobility ratio of RBDs in 

different conformations. Here, we show that these two vibrational properties can be linked 

directly to epidemiological virus characteristics. Figure 3.5 provides a correlation diagram 

for MERS-CoV, SARS-CoV and SARS-CoV-2 spike protein, where the overall flexibility 

of upward RBD is evaluated by the average fluctuation of open-state RBD and the mobility 

ratio is quantified as the ratio of maximum fluctuations over upward and downward RBDs. 

The data shows that both factors have positive correlation with case fatality rate and inverse 

relationship with the virus infectivity. We find that for the flexibility ratio, the smaller it is, 

the larger the mobility of downward RBD is compared to upward one, which could indicate 

a larger possibility toward a second standing RBD. This would make it even easier for the 
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spike protein to bind to the host cell receptor and thereby increasing the virus infectivity. 

On the other hand, if the flexibility of downward RBD is not large enough to generate 

conformational change, as flexibility ratio decreases, it becomes more difficult for the 

receptor to bind with the right RBD since the downward one is quite active. This may 

provide an explanation for the positive correlation between flexibility ratio and virus 

lethality that we see in the epidemiological data.   

One possible reason for the positive relationship between overall flexibility of upward 

RBD and the mortality rate could be that the flexible upward RBD is more active when 

binding to the receptor, and may hence benefit the subsequent membrane fusion process. 

Even though there is limited available empirical data at this point, there is actually an 

intrinsic negative relationship between the mortality rate and infection rate of MERS-CoV, 

SARS-CoV and SARS-CoV-2, which could help explain why the infectivity is inversely 

correlated with the general flexibility of upward RBD. While there are many other factors 

situated between nanomechanical and epidemiological aspects, such as binding affinities 

[65] and dysregulation of type I interferon responses [66], the influence of which on 

different epidemiological characteristics of coronavirus has not been fully explained, and 

our analysis points out the direct correlation between nanomechanical features and the 

lethality and infection rate of coronavirus. The goal is to attempt to improve our 

understanding of the direct relationship between the nanoscale and epidemiological level, 

not considering internal relationships. As the results show, this perspective provides useful 

insights into the mechanics of disease relationships (Figure 1.4). 
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4 Nanomechanical Analysis of SARS-
CoV-2 Variants 
In this chapter, we report a predictive model that associates molecular motions and 

vibrational patterns of the virus spike protein with infectiousness and lethality. The key 

finding is that all the SARS-CoV-2 variants discussed in this thesis are more infectious and 

a bit less lethal than the original SARS-CoV-2.  

4.1    Spike Mutations 

As variants of the pathogen that causes COVID-19 spread around the world, estimates of 

infectiousness and lethality of newly emerging strains are important. Considering that spike 

protein is the part that SARS-CoV-2 and other similar coronaviruses use to bind to its 

human receptor and enter human cell [1, 21, 23, 67], we focus our analysis on the spike 

mutations of different SARS-CoV-2 variants. 

Table 4. 1: Description of different SARS-CoV-2 variants of concern. 

Variant Name First Reported Spike Mutations Mutations Implemented 
in This Work 

D614G Europe D614G D614G 
B.1.177 
(20A.EU1) 

Spain D614G, A222V D614G, A222V 

CLUSTER 5 Denmark del69-70, Y453F, 
D614G, I692V, 
M1229I 

del69 (chain A), Y453F, 
D614G, I692V 

OTHER 
MINK 
ASSOCIATED 
MUTATIONS 

Europe F486L F486L 

B.1.1.7 UK del69-70, del Y144, 
N501Y, A570D, 
D614G, P681H, T716I, 
S982A, D1118H 

del69 (chain A), N501Y, 
A570D, D614G, T716I, 
S982A, D1118H 

B.1.351 
(501Y.V2) 

South Africa L18F, D80A, D215G, 
R246I, K417N, E484K, 
N501Y, D614G, 
A701V 

D215G, K417N, E484K, 
N501Y, D614G, A701V 
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In Table 4.1, we list all the SARS-CoV-2 variants that are taken into consideration in this 

chapter. Among them, the mutation D614G and variants B.1.1.7 and B.1.351 are still 

circulating globally. In this chapter, all the spike mutations are implemented based on the 

template SARS-CoV-2 spike protein structure (PDB: 6Z97), so a few mutations are not 

implemented due to missing regions. Future work may explore these mutations with similar 

methods as used here.   

4.2    Fluctuation Profiles 

 

Figure 4. 1: Flexibility profile and spike mutation spots of the two most notable new SARS-CoV-
2 variants that are still circulating globally—B.1.1.7 and B.1.351. (a) fluctuation profile of SARS-
CoV-2 B.1.1.7 spike protein and the flexibility difference between this variant and the original 
spike protein (PDB: 6Z97). (b) equilibrated structure of SARS-CoV-2 B.1.1.7 spike protein, 
showing only the chain with upward receptor binding domain (RBD). The upward RBD is colored 
in green and other parts are colored in cyan. The mutation spots in this chain are colored in red and 
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shown as spheres. (c)(d) fluctuation profile and equilibrated structure of SARS-CoV-2 B.1.351 
spike protein, respectively. 

The fluctuation profile of coronavirus spike proteins, obtained through the use of normal 

mode analysis, reveals the vibrational flexibility of the spike. In previous chapter, we have 

shown that while having similar protein structure and sharing the same type of global 

movement—the swing of upward receptor-binding domain (RBD), MERS-CoV, SARS-

CoV and SARS-CoV-2 spike proteins have quite different fluctuation profile.  

Given the small number of spike mutations compared to the total residue number near 

3,000, will the mutations make a difference to the flexibility profile? The answer is yes. In 

Figure 4.1, we show the flexibility profiles of two most notably new SARS-CoV-2 variants 

that are still circulating globally—B.1.1.7 and B.1.351. The fluctuation profiles of these 

two SARS-CoV-2 variants also follow the general characteristics that we discovered for 

MERS-CoV, SARS-CoV and SARS-CoV-2 spike proteins.  

We find that they all have a much more flexible S1 subunit and a comparatively rigid S2 

subunit, with the slowly built-up largest flexibility locating in its upward RBD. On the 

other hand, the mutations generally decrease the mobility of N-terminal domains (NTD) 

and RBDs. No obvious flexibility changes to other regions, which indicates that the rigid 

regions are pretty stable and remain its rigidity. Comparing B.1.1.7 and B.1.351 variants, 

which also known as 501Y.V1 and 501Y.V2 due to the shared N501Y mutation in RBD, 

there are some differences in their fluctuation profile. In general, the fluctuation difference 

induced by mutations in B.1.351 is smaller than the difference due to mutations in B.1.1.7, 

suggesting B.1.351 variant behaves more similar to the original SARS-CoV-2 spike 

protein. It is also important to note that compared with B.1.1.7, B.1.351 variant has larger 

mobility in both upward and downward RBD. While spike substitutions generally decrease 

the mobility of RBDs, several residues in the RBD of B.1.351 obtain increased flexibility 

due to mutations, showing some specialty of variant B.1.351. 
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4.3    Prediction of Infectivity and Lethality 

Based on the correlation diagram of MERS-CoV, SARS-CoV and SARS-CoV-2 that links 

the epidemiological virus properties directly to pure nanomechanical, vibrational aspects, 

we construct a quantitative model to predict the infectivity and lethality level of beta-

coronaviruses and their variants.  

In our model, the infectivity level and lethality level are defined as the logarithm of global 

infection number and the logarithm of case fatality rate in percentage, ensuring that 

negative values are also meaningful. When constructing the quantitative correlation model, 

we investigate the accuracy of polynomial model, mixture model of polynomial and 

exponential function and exponential model. Given the limited data, only linear 

dependency is explored, in the form: 

𝑦 = 𝑎0 + 𝑎1𝑓1(𝑥1) + 𝑎2𝑓2(𝑥2) (4.1) 

where 𝑦  is the model target, 𝑎𝑖  are constants to be solved, 𝑥𝑖  are factors denoting 

vibrational behavior, and 𝑓𝑖(𝑥𝑖) are trial functions. Although appropriate mixture model of 

polynomial and exponential function will slightly increase the model accuracy, the pure 

polynomial model is good enough to describe the relationship between vibrational and 

epidemiological properties with a correlation coefficient 𝑅2 > 0.99.  

  

Figure 4. 2: Nanomechanical vibrational feature map of coronavirus spike proteins and SARS-
CoV-2 variants. The largest sphere denotes MERS-CoV S (PDB ID: 5X5F); two middle-size 
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spheres denote SARS-CoV S (PDB ID: 6CRZ and 6CRW); two small spheres denote SARS-CoV-
2 S (PDB ID: 6Z97 and 7DDN). Points in diamond shape denote spike proteins of different SARS-
CoV-2 variants. 

Figure 4.2 depicts the nanomechanical vibrational feature map of coronavirus spike 

proteins and SARS-CoV-2 variants of concern. It is demonstrated that generally all variants 

of concern have decreased average fluctuation over upward RBD, which corresponds with 

the trend we observe with detailed fluctuation profiles in Figure 4.1. Compared with the 

original SARS-CoV-2 spike protein, the variants are moving towards the bottom left side 

of the diagram, suggesting that their behavior differs even more from the behavior of 

SARS-CoV and MERS-CoV spike proteins.  

 

Figure 4. 3: Quantitative model predicting the infectivity and lethality level of SARS-CoV-2 
variants of concern. (a) Linear fitting model linking fluctuation level and ratio to infectivity, where 
infectivity level is calculated as the logarithm of global confirmed case number. (b) Quadratic 
fitting model relating fluctuation level and ratio to lethality, where lethality level is calculated as 
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the logarithm of mortality rate in percentage. (c) Prediction on epidemiological features of SARS-
CoV-2 variants. 

Aside from the qualitative conclusion drawn from Figure 4.2, we establish our quantitative 

model to further make predictions about the  infectivity and lethality level of SARS-CoV-

2 variants of concern based on the relationship between vibrational and epidemiological 

properties[62]. As shown in Figure 4.3, the polynomial fitting model is able to describe the 

quantitative relationship appropriately, with correlation coefficient 𝑅2 = 0.990 and 𝑅2 =

0.993 for infectivity and lethality fitting model respectively. The analysis indicates that all 

variants of concern are predicted to be more infectious and less lethal than the original 

SARS-CoV-2, with B.1.351 lineage having the most similar performance to the original 

virus.  

Focusing on the mutations associated with mink, we find that although the single mutation 

F486L seems to be significantly different from the other two variants in the vibrational 

feature map, their predicted lethality levels are quite similar. The similar prediction result 

for single mutation Y453F and cluster 5 variant, which contains Y453F and other two spike 

mutations, proves the stability of our model to some extent.  

Here, we can also further compare the predicted epidemiological characteristics of B.1.351, 

B.1.1.7 variants and their shared N501Y spike substitution. The analysis shows that the 

three of them behave quite differently, with single mutation N501Y predicted to be the 

most infectious and the least lethal. The different behavior can be considered as the result 

of the competition between N501Y mutation and other spike mutations— N501Y pushes 

the variant to be more infectious and less lethal, and other mutations together drag the 

variant towards lower infectivity and higher lethality. This analysis result agrees with 

previous findings revealing that N501Y is  associated with increased infectivity and 

virulence of SARS-CoV-2 in a mouse model[68]. Notably, we emphasize here that other 

spike mutations, which have not been discussed in previous research work, could also have 

significant impact on infectivity and lethality of SARS-CoV-2 variants, providing new 

aspects for further research on SARS-CoV-2 variants.  
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In Figure 4.3(c), it is shown that only B.1.351 variant is predicted to be more infectious 

and more lethal compared to the original spike protein, and all other variants of concern 

follow a trend of higher infectivity and less lethality. We demonstrate in Figure 4.4 that the 

possibility for the variants to be both more lethal and more infectious could change with 

different vibrational properties. The possibility is a bit larger for SARS-CoV-2 S compared 

with that of SARS-CoV S and MERS-CoV S. In the bottom left region of Figure 4.4, the 

nonlinearity of lethality prediction becomes significant, and thus the likelihood of more 

lethal and more infectious variants is quite large. Therefore, dangerous mutations could be 

a serious concern with future coronavirus whose spike protein has comparatively small 

flexibility level and fluctuation ratio.  

 

Figure 4. 4: Nanomechanical vibrational feature map indicating the possibility of more infectious 
and more lethal variant. Arrow in red indicates the direction where variants are of the same 
infectivity but more lethal; arrow in magenta indicates the direction where variants are of the same 
lethality but more infectious. Small area between two arrows is the phase space to generate both 
more infectious and more lethal variant. 
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5 Conclusion 
We reported an analysis linking key nanomechanical vibrational features of various 

coronavirus spike proteins with epidemiological data. As shown in Figure 3.2, structural 

similarity and major movement associated with the swing of upward RBD is seen 

throughout this family of viruses, representing a sort of universal feature of this class of 

pathogens.  The molecular modeling results show that the general motion corresponds with 

experimental observation and have functional importance. We find that the active RBD of 

MERS-CoV enjoys super mobility, whereas only SARS-CoV-2 shows a comparatively 

flexible downward RBD.  

As shown in Figure 3.5, the general fluctuation profiles of upward RBD and the associated 

fluctuation ratio have a positive correlation with case fatality rate and inverse relationship 

with the virus infectivity. Our results offer two different explanations for the effects of the 

flexible downward RBD: (1), the possibility towards a second standing RBD if the mobility 

is large enough, and (2) that it could indicate difficulty for the receptor to bind with the 

right RBD if no conformational change happens. We hypothesize that there may be a 

possible threshold between these two effects, which could be studied in future research.  

These insights offer several possible applications, including a search for inhibitors that 

could bind to downward RBD may provide a viable strategy. We find a sharp increase and 

large variation in flexibility in SARS-CoV-2 S, whereas more flexible structural regions 

are present in the closed-state SARS-CoV S. The long-extended loop is unique for beta-

coronaviruses, and also accounts for the most flexible region in open states. As for possible 

applications, we may target the RBM to identify new inhibitors that lock the closed S-

protein conformation. This opens a question whether perhaps, we can we utilize the 

significant flexibility difference for potential inhibitor screening for the development of 

novel treatment methods or design future experiments for gain-of-function research that 

may help us in preventing future outbreaks, or to understand evolutionary principles behind 

the change of various coronaviruses and when they transition across species [69, 70].  
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Moreover, a predictive model that associates molecular motions and vibrational patterns of 

the virus spike protein with infectiousness and lethality was constructed and analyzed in 

this thesis. As shown in Figure 4.3, almost all variants of concern are predicted to have 

higher infectivity and lethality level than the original SARS-CoV-2, with only B.1.351 

lineage predicted to be more infectious and more lethal than the original virus. The different 

behavior of B.1.351 and B.1.1.7 variants suggests that spike mutations other than N501Y, 

which hasn’t been discussed in previous literature, also have significant influence on the 

infectivity and lethality of SARS-CoV-2 variants. While generally, the possibility of both 

more lethal and more infectious variants is quite small, it may indeed become a serious 

concern when both general flexibility level and fluctuation ratio of coronavirus spike 

protein is small. This model could provide a tool to estimate the epidemiological effects of 

new variants, and offer a pathway to screen mutations against high threat levels. Moreover, 

the nanomechanical approach, as a novel tool to predict virus-cell interactions, may offer 

a tool to better understand other viruses. Other future work may assess such potential 

mutations from an evolutionary or genetic perspective, to assess the likelihood of their 

occurrence, or to identify the conditions under which they may emerge.  

Other future work may also address additional influences of temperature dependence (to 

explore whether seasonal variations of temperature and other environmental factors can be 

linked to nanoscopic phenomena). Additional aspects may include a more detailed analysis 

of intermediate steps in the mechanistic hierarchical progression as schematically outlined 

in Figure 1.4, including aspects of the strong age-dependence of COVID-19 disease 

progression.  
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Appendix A – Sequence Alignment 

 
Figure A. 1: Sequence alignment of MERS-CoV S, SARS-CoV S and SARS-CoV-2 S. 
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