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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a respiratory virus capable of
infecting humans and causing mild to severe complications during and after infection, which collectively
comprise coronavirus disease 2019 (COVID-19). After an initial local epidemic in late 2019, the virus
quickly spread on a global scale and was declared a pandemic shortly after. Many research efforts were
devoted to SARS-CoV-2 leading to the quick discovery and communication of crucial data, resulting
in improved countermeasures and accelerated development and deployment of new vaccines. These
achievements notwithstanding, a number of unknowns of the working mechanisms of the virus and
its replication inside of a host still remain. The exact function and structure of the nucleocapsid (N)
protein have not been clearly established despite its recognized importance throughout the virus’ life
cycle. N is involved in both the replication and translation of viral RNA, although its most prominent
function is the formation of ribonucleoprotein (RNP) for the stable and compact storage of genomic
RNA inside virions. Here we present a course-grained model of N for molecular dynamics simulations.
Employing simple rules, the dimerisation and RNA-binding capacities of N have been emulated. A
range of parameters giving rise to structures resembling those found in vivo by balancing attractive
and repulsive properties are analysed and described. Lastly, by implementing an RNA substitute,
conformations have been found which could give an indication of the structure of the RNP found inside
SARS-CoV-2 virions. The model described in this work can be used as a basis for more extensive
simulations incorporating further elements to gain a better understanding of the behaviour of this and
similar viruses, contributing to the prevention of future large-scale disease outbreaks.
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Chapter 1

Introduction

Viruses are the smallest replicating biological entities, but they make up for their size with sheer
numbers. At an estimated 103! viral particles they outnumber the total number of cells on Earth
by at least an order of magnitude, making them by far the most abundant biological agent (Hendrix
et al. 1999). The debate on whether or not viruses can be considered to be alive is ongoing, and may
never be settled entirely (Koonin and Starokadomskyy 2016), as they lack several critical components
required for their own replication. Instead, a virus infects a host cell and uses its replication machinery
to produce more virions. Almost every (other) known form of life is theorised to have multiple viral
counterparts capable of infecting it (Koonin, Dolja, et al. 2020), which has likely played a major role
in evolution during every age of life (Forterre and Prangishvili 2009). However, they can also have a
significant impact on their hosts on shorter timescales, which becomes especially noticeable if a virus
can infect and spread between humans.

Upper respiratory tract viral infections, often simply referred to as “common colds”, are the most
common diseases affecting humans (Johnston and Holgate 1996). Over 200 different viral types have
been identified as the cause of such an infection, though the type of infective agent and its proper-
ties seem less important for the appearance and severity of symptoms than aspects of the host such
as age and physical health (Kilbourne 1987). Despite the term “flu” often being used interchange-
ably with “common cold”, influenzaviruses only account for 5-15% of infections, with rhinoviruses and
coronaviruses occurring more often at 30-50% and 10-15% of infections respectively.

When human coronaviruses were first described and identified as one of the causes of seasonal respira-
tory infections, the resulting illness usually only saw mild symptoms in healthy individuals (Bradburne,
Bynoe, and D. A. Tyrrell 1967; D. A. J. Tyrrell and Bynoe 1965). However, this was not the case
when a novel virus caused a limited outbreak in 2002 and 2003. This severe acute respiratory syn-
drome coronavirus (SARS-CoV) caused more serious illness in the majority of those infected, with 1
in 3 afflicted patients requiring intensive care (Chan 2003; Ksiazek et al. 2003; Peiris et al. 2003). The
number of infections was kept limited at 8098, but the disease still spread to 29 different countries and
resulted in 774 deaths (Christian et al. 2004; World Health Organization 2015). Although the majority
of infections were caused by human-to-human transmission, the first cases in humans are suspected to
have originated from interactions with infected raccoon dogs and palm civets at a live-animal market
in Guangdong, China (Guan et al. 2003; WHO 2004). The discovery of SARS-like viruses with high
sequence similarity in bats indicates a potential source of the disease, as well as a reservoir and source
for potential future outbreaks (Ge et al. 2013).

In 2012, the disease vector of an epidemic of severe respiratory illness in Saudi Arabia was identified
as a new coronavirus variant, later named Middle East respiratory syndrome coronavirus (MERS-CoV)
(Groot et al. 2013; Zaki et al. 2012). Since then there have been 2600 confirmed cases in 27 countries,
leading to 935 deaths (WHO 2022a). The significantly increased fatality rate compared to that of SARS
was deemed due to the higher prevalence of comorbidities in those suffering from MERS, as symptoms
were otherwise highly similar between the two diseases (Assiri, Al-Tawfig, et al. 2013). The major
difference between the two illnesses lay in the mode of transmission: in the case of MERS-CoV, only a
limited number of infections were reported to occur among healthcare workers and contacts of patients
(Assiri, McGeer, et al. 2013; Drosten et al. 2014), with the majority of afflictions caused by interactions
with dromedary camels and their products (Chantal BEM Reusken et al. 2013; WHO 2022a). Related



viruses have been circulating in dromedary populations for at least 30 years before the first case in a
human and persist to the current day, meaning there is an ongoing risk for new infections (Corman
et al. 2014; Meyer et al. 2014; Miiller et al. 2014; Chantal B.E.M. Reusken et al. 2014).

These outbreaks showed how extensive contact between humans and live animals can be hazardous
to public health, but without major cultural and societal reforms it seemed to be only a matter of
time before a new epidemic would appear. In early December 2019, these fears were confirmed when
multiple people contracted pneumonia with a yet-unknown cause in Wuhan, China (C. Huang et al.
2020; Hui et al. 2020; Lu, Stratton, and Tang 2020). Initially referred to as 2019-new coronavirus
(2019-nCoV) and 2019-nCoV disease, its genetic and symptomatic resemblance to the earlier strain
meant the International Committee on Taxonomy of Viruses (ICTV) would officially name it as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Alexander E. Gorbalenya et al. 2020), with
the corresponding disease referred to as coronavirus disease 2019 (COVID-19) by the World Health
Organization (WHO) (WHO 2020a). The majority of patients had a fever or cough with a third suffering
from shortness of breath (N. Chen et al. 2020). Once more reflecting the earlier related outbreaks, 47 of
the first 99 identified patients worked at or lived near the local Huanan seafood market, which also hosted
live animal sales, with 2 more patients having recently visited. SARS-CoV-2-related coronaviruses were
identified in pangolins and bats (Lam et al. 2020; K. Xiao et al. 2020), though their absence from the
market means that other species held there such as civet cats or raccoon dogs could have acted as
intermediate hosts for zoonotic transmissions (X. Xiao et al. 2021). Measures taken by local authorities
based on recommendations initially appeared to lower the reproduction number, suggesting that the
number of infections for this outbreak could be limited as with other strains (Yan et al. 2020). However,
millions of inhabitants of Wuhan had left the city before a lockdown was reinforced, including possibly
hundreds already infected (Zhong, Guo, and T. Chen 2020). The disease started appearing in other
regions of China, and the first cases had been confirmed in Europe and the United States by the
end of January 2020 (Arora et al. 2021). The rapid increase in infections despite extensive measures
taken by many governments led to the WHO declaring COVID-19 a pandemic on March 11" (WHO
2020b). The number of confirmed infections reached 10 million by June and had further risen to 100
million a year after the first international cases in January 2021 (WHO 2022b). At the time of writing,
there have been over 771 million infections reported to the WHO resulting in close to 7 million deaths.
However, as the number of COVID-related deaths is likely significantly underreported, the disease has
likely actually resulted in between 18.0 and 33.0 million deaths (95% confidence interval) (Economist
and Solstad 2021). Outside of the major impact of SARS-CoV-2 on societies worldwide, this would
make it the deadliest pandemic caused by a respiratory virus since the Spanish Flu (HIN1 influenza A)
pandemic between 1918 and 1920 (Feehan and Apostolopoulos 2021).



Chapter 2

Biological background

It is often said that there are no hard rules in biology, as one can almost always find exceptions when
looking closely enough. Still, there seems to be one fundamental exception to this rule of exceptions:
the Central Dogma. It states that genetic information may be transferred from nucleic acid to nucleic
acid and from nucleic acid to protein, but never in reverse or between proteins (Crick 1958, 1970). In
literature, it is more generally applied to describe the transfer of genetic information in all organisms
across the tree of life. Information is stored as deoxyribonucleic acid (DNA), which can either be
replicated to create more copies of the cell’s genome or transcribed into an intermediate or active form
as ribonucleic acid (RNA). Specifically, messenger RNA (mRNA) can be translated to create peptides
and proteins that give the cell its properties and functions. Although viruses do not violate the rules of
the Central Dogma, they also do not fit with these classical descriptions of life and information transfer.

Firstly, viruses have fundamentally different structures than cells. They still carry genetic material,
but unlike in cells this can be stored as DNA or RNA depending on the species. The vulnerable nucleic
acids are protected by the capsid, a protein “shell” encoded in the viral genome. The capsid consists
of one or a few different protein types often resulting in a highly regular structure, often icosahedral
in shape. In most viruses, the capsid is surrounded by an envelope, a lipid membrane originating from
membranes of the host cell the virus was assembled inside of. The full particle is around 100 nm in
diameter for species such as influenza viruses and coronaviruses, making them 100 to 1000 times smaller
than their target cells (Louten 2016; Weiss and Navas-Martin 2005).

Secondly, most viruses do not follow the DNA — mRNA — protein process as seen in cells. There are
7 known approaches employed by different viruses to form mRNA from their genome, corresponding
with the 7 groups of the Baltimore classification (Baltimore 1971). A virus species is placed in a
group based on whether its genome consists of DNA or RNA, whether its genome is single-stranded
(ss) or double-stranded (ds), whether the sequence directly encodes proteins (positive sense, +) or
is complementary to that sequence (negative sense, -), and whether the nucleic acid not forming the
genome appears as an intermediate during the virus’ replication cycle. This means that for certain
groups of viruses RNA is replicated instead of DNA, or DNA is reverse transcribed from RNA, or both.
As these processes occur rarely or never inside of their target hosts and thus lack the machinery to fulfil
them, these viruses need to encode the required enzymes in their genome.

2.1 Coronaviruses

Parallel to the Baltimore classification, the ICTV maintains a virus taxonomy based on genetic similarity
resembling the systems used for the phylogenetic organisation of organisms (Lefkowitz et al. 2017). The
classification of coronaviruses with taxonomic names and defining features is as follows:



- Realm: Riboviria - RNA-dependent RNA polymerase (RARp) or reverse transcriptase

- Kingdom: Orthornavirae - RNA genome, RARp
- Phylum: Pisuviricota - dsRNA or +ssRNA genome, infect eukaryotes
- Class: Pisoniviricetes - +ssRNA genome
- Order: Nidovirales - Envelope, “nested” mRNAs

- Family: Coronaviridae - Infect amphibians, birds, mammals

As all viruses in the order Nidovirales, coronaviruses belong to Baltimore group IV comprising
positive-sense single-stranded RNA viruses (+ssRNA), meaning the sequence of their genome directly
corresponds with the mRNA encoding the viral proteins. All coronaviruses belong to the subfamily
Orthocoronavirinae and are further divided into four genera: Alphacoronavirus, Betacoronavirus, Gam-
macoronavirus, and Deltacoronavirus. Species capable of infecting humans, other mammals, or both
are found in the first two genera, with SARS-CoV, MERS-CoV, and SARS-CoV-2 all classified under
Betacoronavirus.

2.2 SARS-CoV-2

SARS-CoV-2 particles are spherical or ellipsoid in shape, generally up to 100 nm in diameter (Yao
et al. 2020). Its single-segment genome of 29,903 nucleotides in length is among the largest known for
RNA viruses (Weiss and Navas-Martin 2005; F. Wu et al. 2020). The sequence is divided into multiple
open reading frames (ORFs), the majority of which encode non-structural or accessory proteins such
as those involved in replication (see Figure 2.1b) (Lowery, Sariol, and Perlman 2021; Zhou et al. 2020).
Furthermore, four structural proteins are present on and inside SARS-CoV-2 virions (see Figure 2.1a).
The spike protein (S) is the largest and binds to the angiotensin-converting enzyme 2 (ACE2) receptor on
host cells to facilitate entry of the virus to start an infection cycle (Y. Huang et al. 2020). The envelope
protein (E) is an ion channel important for virulence and pathogenesis, and is furthermore involved in
the assembly of new viral particles (Nieto-Torres et al. 2014). The membrane protein (M) acts as a
scaffold for other structural proteins during the formation of virions, after which it becomes important
for avoiding the host’s immune system (Fu et al. 2020; Gordon et al. 2020). Finally, the nucleocapsid
protein (N) is also involved in assembly, but unlike the other structural proteins is not present on the
outer membrane of virions. Instead, it dimerises to bind viral mRNA to aid replication and package
genomic RNA inside the viral lumen as ribonucleoprotein (RNP) (Zeng et al. 2020). However, it is
unclear how this RNP would be structured and how the protein is able to pack the full 30 kb RNA
into the viral lumen. The structure of SARS-CoV-2 RNP seems to be different from that of the highly
similar SARS-CoV, meaning models fitting the latter cannot be directly applied to the former (C.-Y.
Chen et al. 2007; Yao et al. 2020).

2.3 Nucleocapsid protein

The SARS-CoV-2 N protein is 419 amino acids in length and consists of 5 distinct domains, described
here from N- to C-terminus (Bai et al. 2021; Chang et al. 2005; Ye et al. 2020). The N-terminal
domain, or N-arm, is highly disordered. Its function is not fully known, but its location suggests it
may interact with viral RNA. The ordered and highly conserved RNA-binding domain (RBD) has a
positively charged pocket to bind viral RNA either inside of a virion or during replication in a host cell.
The linker domain is highly disordered, making it a flexible connection between the two main domains
of N which may also be important for RNA-binding and phase separation. It connects to the ordered
dimerisation domain (DD), which is able to interact with the same domain on another monomer to
create an N dimer. This is achieved by the alignment of a 8-hairpin from both proteins to form a single
(B-sheet, which in addition to hydrophobic interactions with neighbouring a-helices creates a highly
stable structure (Peng et al. 2020) Lastly, the C-terminal domain, or C-tail, is similar to the N-arm in
its disorder and unclear function. However, some evidence suggests that the C-tail may be important
for the formation of RNP itself (Ribeiro-Filho et al. 2022).

Although the RBD and DD have been studied as separate domains, the high degree of disorder in
the full protein makes it difficult to study its structure. Apart from the terminal domains, the flexible
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Figure 2.1: (a) The structure of SARS-CoV-2 virions with structural proteins and genomic RNA visible.
Adapted from (Jamison et al. 2022). (b) Genes in the SARS-CoV-2 genome. Numbers represent the
number of nucleotides. Adapted from (C.-r. Wu et al. 2022).

linker allows the RBD and DD to move and rotate freely in relation to each other, making it unclear if
there is a single preferred conformation when interacting with RNA and if so what that conformation
would be. One possible structure for the RNP would contain 5 N dimers forming a “reverse G-shape”
15 nm wide and 16 nm high (see Figure 2.2) (Yao et al. 2020). A full virion should contain around 30
to 35 of these structures, the majority of which arranged close to the particle’s membrane. Although
the volume for the shape was experimentally resolved, the exact position, rotation, or even amount
of N proteins could not be determined. The researchers did find that a specific arrangement of the
ordered domains resulted in a positively charged groove winding around the protein, giving a possible
local arrangement for N and RNA.

2.4 Outline

The important role of the SARS-CoV-2 nucleocapsid protein in replication and genome packaging
could make it a valuable target for future drug and vaccine development. However, to be able to
develop medication capable of effectively targeting and neutralizing the protein, it needs to be better
understood first. Although research on SARS-CoV-2 has been massively accelerated over the past few
years because of the need to combat this global threat, experimental approaches alone do not seem
sufficient to solve the questions that still remain about the N protein. In silico methods could prove to
be a valuable tool to be used, not instead of, but in conjunction with established techniques to further
our collective understanding of SARS-CoV-2. With this in mind, our goal for this project was to develop
a computational model for the SARS-CoV-2 nucleocapsid protein to further our understanding of its
role in viral genome packaging.

As the structures of full N monomers and dimers are hard to resolve due to their inherent disorder,
we first predicted possible 3D structures of N based on currently available partial structures. From
there we designed a coarse-grained model of an N monomer to approximate its properties. This model
was then used in molecular dynamics simulations, from which we were able to narrow down values for
parameters to be applied to the model. Finally, we combined our model of N with an RNA analogue
to take the first steps towards a full theoretical system of SARS-CoV-2 genome packaging.
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Figure 2.2: The reverse G-shape as seen in SARS-CoV-2 virions. White: experimentally resolved
volume. (a,b) Possible arrangement of 5 N dimers inside the volume, showing either a cartoon rep-
resentation or surface charge. (c) Relative orientations of the RBDs (NTD, yellow) and DDs (CTD,
cyan). (d) Surface charges of the dimer configuration, with a possible path of the RNA winding around
the protein shown. Image adapted from (Yao et al. 2020).



Chapter 3

Results

3.1 Nucleocapsid structure

Due to the inherent disorder of the N-terminal, C-terminal, and central linker domain of the nucleo-
capsid protein, it is difficult to experimentally resolve its full tertiary structure. On the online Protein
Data Bank (PDB) (Berman et al. 2000) a single model is available of a full N monomer (PDB ID
8FD5 (Casasanta et al. 2022), which has been resolved through a combination of electron microscopy
and molecular modelling. Other available structures are the dimerisation domain (DD) in dimer con-
figuration (PDB ID 6YUN (Zinzula et al. 2021), and the RNA-binding domain (RBD) without (PDB
ID 6YI3) and with RNA (PDB ID 7ACT) (Dinesh et al. 2020) As no resolved structure is available
of full-length N in dimer configuration, a prediction of this structure was instead made using Colab-
Fold (Mirdita et al. 2022) (for settings see Section 3.7). ColabFold is a cloud-based alternative for the
structure prediction model AlphaFold (Jumper et al. 2021) which can also resolve multimers (Evans
et al. 2021) Using NCBI Reference Sequence: YP_009724397.2 as the sequence for N, multiple possible
structures for an N-dimer were predicted containing two monomers referred to as chains A and B. Each
dimer was ranked by a template modelling score reflecting their similarity to structures in the PDB
(Zhang 2005) The highest-ranking structure, seen in Figure 3.1, was then compared to the experimen-
tally resolved structures described above by aligning the corresponding domains in PyMOL. Table 3.1
shows the resulting root-mean-square deviations after outlier rejection.

Table 3.1: RMSD between the predicted structure of N and multiple experimentally
resolved structures. Comparison of a domain to one of either monomer chain is
denoted by the corresponding letter after the RMSD value.

PDB ID (domain) RMSD [A] (chain)
) 0575

6Y13 (RBD) 8:223 Eg))

7ACT (RBD + RNA) L5 EQ

8FD5 (full N) 35 Egi




Figure 3.1: Structure of the SARS-CoV-2 nucleocapsid dimer as predicted using
ColabFold. Secondary structures are depicted with cartoon helices and ribbons.
The RNA-binding arm of the RBD (*) and combined j-sheet of the two dimerisa-
tion domains (centre) are visible.

The predicted and resolved structures are the most similar for the dimerisation domains, likely
because of the highly stable nature of the conjugated domains minimizing strand movement. The
difference between models 6YI3 and 7TACT comes from the conformational changes of the RBD due to
the introduction of RNA in the latter model; as the predicted structure reflects the relaxed conformation,
it is more similar to 6YI3. Finally, the increased dissimilarity when compared to 8FD5 is mostly due to
the flexible linker domain, which means that even if the ordered domains are highly similar the RMSD
will still increase due to their relative position having been shifted by the flexible linker.

3.2 Coarse-grained model

As described earlier in Section 2.3, experiments have been unable to determine the exact structure and
formation of the SARS-CoV-2 ribonucleoprotein. We here describe an alternative approach based on
molecular dynamics simulations on a simplified model of the N protein that could aid in shedding light
on this conformation and the underlying processes.

The simulations are run using HOOMD-blue, a package for the Python programming language
for molecular dynamics (MD) simulations (Anderson, Glaser, and Glotzer 2020) Instead of SI units,
HOOMD-blue uses an internal system where all units are derived from the "base units’ [energy], [length],
and [mass]. As such, a physical property may be considered to be expressed in arbitrary units (a.u.) in
simulations if not otherwise defined. By employing a simplified model of N and a set of physical forces
and constraints, the behaviour of the protein as observed in in vitro experiments can be emulated and
further analysed. This requires a so-called coarse-grained model of the protein, in which spheres of
corresponding size and charge represent the domains.

The coarse-grained model of N used throughout this project is partly based on the one described in
(Li and Zandi 2022) This model assumes that the protein consists of three major domains: RBD (RNA-
binding domain, representing residues 1 through 174 comprising the N-terminal intrinsically disordered
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Figure 3.2: Graphical view of the nucleocapsid protein model. Yellow: RNA-
binding domain (RBD), 35 A diameter, +10 charge. White: linker domain (LINK),
20 A diameter, +16 charge. Blue: dimerisation domain (DD), 30 A diameter, +0
charge. Image created in OVITO.

region and subsequent ordered region), LINK (linker domain, representing residues 175 through 246
comprising the disordered linker domain), and DD (dimerisation domain, representing residues 247
through 364 comprising the C-terminal ordered region). The C-terminal disordered tail is considered to
be possibly involved in higher-order RNP formation (Ribeiro-Filho et al. 2022), but as the aim of this
work lies mainly in N dimer formation and low-order interactions with RNA this region is not explicitly
defined in our model.

Using the Measurement tool in PyMOL, we estimated the diameter for a spherical approximation
of each of the mentioned domains; RBD being 35 A, LINK being 20 A, and DD being 30 A. All three
domains are initially arranged in a line with a distance of 45 A between RBD and DD, with LINK
placed roughly halfway between the other domains at 24 A from RBD. Note that due to its highly
disordered nature the linker domain could stretch to over 200 A in length, but all models available in
the Protein Data Bank show the domain in a more relaxed state with the centres of RBD and DD
at roughly 40 to 50 A from each other. All domains have the same mass of 1 [mass]. Neighbouring
domains are connected by a harmonic spring with a rest length equal to the initial distance between
domains (rg = 24 A between RBD and LINK, 75 = 21 A between LINK and DD). Both bonds have a
spring constant k = 100, allowing for some extension and contraction to represent the flexibility of the
linker domain. Domains are not restricted by bond angle and may thus move freely in relation to each
other. Note that bonds between particles are not considered physical entities in simulations and may
thus freely cross and overlap each other and particles if this does not violate other constraints of the
system.

The other pre-defined property for each particle is their electrical charge. To determine the charges
to be used in the model, the sequence of each domain was analysed for basic and acidic amino acids,
respectively providing a positive and negative charge to the domain. With that, the charges were found
to be +4 for N-arm, +6 for NTD, +7 for LINK, and +9 for CTD. However, as also noted in (Li and
Zandi 2022), most positively-charged residues of CTD are located at its N-terminal side, so in our model
they will be grouped with the linker domain. The charges used in the simulations are therefore +10 for
RBD, +16 for LINK, and 0 for DD.

3.3 Simulation interactions

Particles in the system move and behave in accordance with the Langevin equations of motion, which
give an expression for the total force on a given particle as:

i .
m—U:Fp—'y-U—i—FR (3.1)

where m is the particle’s mass, ¢’ is the particle’s velocity, Fp is the force on the particle from all

potentials, v = 50 is the drag coefficient, and FR is a uniform random force. The latter represents the
effect of Brownian motion on all particles and can be further defined according to:
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where kT = 1.5 [energy] is the temperature of the system and 6t denotes that the force at any given
time step is uncorrelated from that at every other time.

ﬁp is the sum of forces on a particle from all potentials acting on it. For any given force between
particles, a negative value implies that the force acts attractively whereas positive values result in
repulsion. Particles experience a Hooke force from the springs connecting them to adjacent domains
based on their relative distance. Additionally, the Lennard-Jones (LJ) and Coulomb (C) pair potentials
are defined for every pair of particles in the system, giving rise to a number of attractive and repulsive
interactions in and between N monomers. The Lennard-Jones pair potential and corresponding force

are defined as:
i) =1((9)" - (%)) (3.4

6 12

= a g
FLJ == VULJ = 24¢ (7"7 — 27‘13) (35)

(|FR]) = (3.3)

The Lennard-Jones potential is negative and near-zero at long distances and decreases further as r
decreases. The potential has a minimum, or well, of —¢ at r = Qém is zero at r = o, and increases
to oo at lower values for r (see Figure 3.3). In the simulations, we implement a cut-off radius where
Upy = 0if r > 250 A as the influence of the potential is considered negligible at longer ranges. o
roughly represents the size of both particles in the pair potential, and as such differs depending on the
particle types involved (see Table 3.2). All values of o have been multiplied with a correction factor 2%
to effectively shift the potential minimum from r = 260 tor = 0, meaning two particles now experience
no force from this potential when their volumes touch instead of at slightly larger distances. This was
deemed more representative of situations where domains of two monomers would have physical contact,
such as in interactions between dimerisation domains.

Table 3.2: Particle size o for the Lennard-Jones pair potential per particle type

pair.

Particle types in pair o (A)
RBD, RBD 35.27%
RBD, LINK 2.4-27%
RBD, DD 3.25-276
LINK, LINK 2.0-275
LINK, DD 2.1-27%
DD, DD 3.0-27%

In vivo, two monomers dimerise by a S-hairpin from either dimerisation domain aligning to form
a single S-sheet (see Figure 3.1), which in addition to hydrophobic interactions with neighbouring «-
helices creates a highly stable structure (Peng et al. 2020Zinzula et al. 2021) In our simulations, we set
€ between DD domains such that the Lennard-Jones potential allows the domains to be attracted when
in close vicinity, and remain stably close together once the domains have reached each other’s potential
well. All other type pairs have a fixed ¢ = 0.1 < kT to characterise the van der Waals force. This means
particles experience a weak attraction to other particles at short distances, which is of lesser magnitude
than ﬁR, and strong repulsion at shorter distances to prevent overlap.

In addition to the Lennard-Jones potential, a Coulomb pair potential is also calculated for all
charged particles in the system, which here are the LINK and RBD domains. The Coulomb potential
and corresponding force between particles a and b are given by the following formulas:

qaqb
a .

Uc(r) = ”

(3.6)

12



Gaqp
. 2

Fe=VUe = —a (3.7)

where « is a scaling factor representing the Coulomb constant, g, and ¢, are the charges of particles
a and b respectively, and r is the distance between said particles. The magnitude of the potential is
near-zero at long ranges and increases exponentially as r decreases. Similar to with LJ, we set a cut-off
radius such that Uc = 0 if 7 > 150 A. As a negative potential implies an attractive interaction, the
Coulomb potential will cause particles to repel if their charges have the same sign and attract if the signs
of their charges differ. Depending on the magnitude of the scaling factor, the Coulomb pair potential
is usually stronger at medium to long distances than LJ. When the distance between particles closes,
the potential well and subsequent strong repulsion of L.J become more significant.

If only the Lennard-Jones potential is applied to particles in the system, monomers will randomly
clump in large groups around their dimerisation domains. This behaviour does not reflect how N proteins
form dimers in vivo, and as such the attractive interactions need to be counteracted by repulsion. By
adding the Coulomb potential, which is solely repulsive given that all LINK and RBD have positive
charges and DD are neutral, monomers will tend to form smaller clusters or completely repel each other
depending on the ratio between attractive and repulsive forces.
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Figure 3.3: Graph showing the magnitude of the Lennard-Jones (Equation 3.5),
Coulomb (Equation 3.7), and summed forces for a given distance between the
dimerisation domains of two monomers. Calculations for the forces assume that the
monomers are antiparallel and that the domains of both monomers are positioned
on a single axis at the relative rest lengths as defined in Section 3.2.

3.4 Preliminary simulations of N

The aim of the simulations containing varying numbers and arrangements of N monomers was to find
combinations of ¢ and «a that would allow for the formation of dimers, while minimizing the amount
of larger oligomers appearing throughout runs. To find an initial set of these combinations, several
preliminary tests were run on a limited number of N proteins with different starting arrangements and
parameter values. From these first simulations, it became clear that a ratio of roughly 10:1 between ¢
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for the dimerisation domains and « for all interactions respectively gave the best results. Therefore,
subsequent simulations with fixed parameters were run with ¢ = 40 and a = 4.

Although simulations run with the values for the parameters described above did create dimers
in some cases, for example when placing monomers in pairs with their dimerisation domains close
together, other simulations showed that the final outcome could be almost entirely dependent on the
initial arrangement of proteins. When monomers were placed too far apart, Brownian motion combined
with the repulsive Coulomb interactions meant monomers would spread out through the system space
without pairing up. Theoretically, dimers could form given a sufficient amount of proteins and time,
but this was not seen as plausible on a reasonable timescale given the limited number of monomers
used in simulations here. Alternatively, placing many monomers close together and oriented parallelly
did show a significant fraction of them forming dimers, but also allowed for the formation of trimers
and tetramers. As described in section 3.1, nucleocapsid proteins dimerise in vivo by combining their
dimerisation domains into a single stable structure. To our knowledge, this should not allow for the
formation of larger oligomers, hence why those groupings are deemed undesirable for our purposes.

Dimers are usually positioned on a single axis, with the attracting dimerisation domains close to-
gether and touching, and the other domains facing away due to their repulsive charges (see Figure 3.4a).
Although some bending and turning of the monomers is still expected, we observed that in the majority
of cases these dimer structures remained stable without falling apart over the used time spans.

Trimers formed stable structures with three monomers approximately 120° apart on a single plane
(see Figure 3.4b). Although the addition of another dimerisation domain seemed to create an overall
more stable structure than a dimer, certain cases with relatively strong repulsive interactions combined
with random Brownian motion could cause one of the three to be pushed away from the others, creating
a dimer and separate monomer instead.

Though more rare than smaller groupings, some tetramers were observed in simulations as well.
Four monomers would arrange into a ’saddle shape’, with two monomers curving in one direction, and
two more curving in the other and rotated 90° (see Figure 3.4c). Theoretically, four monomers could
also be arranged in a plane similar to what was seen for trimers, but any random motion out of plane
would likely result in either the saddle configuration as described here. Tetramers were never observed
to divide into smaller groupings, likely owing to the strong attractive interactions at their cores.

Larger oligomers (pentamers, hexamers, etc.) were never observed under any condition tested in
this series of simulations. Unless the initial arrangement would be specifically designed to create them,
it seems unlikely that they would form spontaneously under the conditions used here. For example, the
repulsive ’shell’ of a tetramer from the charged domains pointing outwards would make it difficult for
an additional monomer to approach close enough to be attracted into the core.
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(c)

Figure 3.4: Graphical view of possible oligomers. (a) Dimer in extended configu-
ration. (b) Trimer with all monomers on a single plane and at approximately 120°
from each other. (¢) Tetramer with monomers in a ’saddle’ configuration.

3.5 Potential parameter sweep

To find which combinations for parameters € and « allow for dimerisation of N without creating larger
clusters, a parameter sweep was performed. 10 initialisation files were created, each containing 125 N
monomers in a 5x5x5 grid (see Figure 3.5). The RBD domains were spaced 100 A apart from each
other, with the LINK and DD of each monomer at a random orientation to the corresponding RBD.
Simulations were run for all combinations of ¢ = {10, 20, 30, ..., 100} and « = {1,2,3,...,10} repeating
over all initialisation files, giving a total of 1,000 simulations. A fixed simulation duration was chosen
based on a number of preliminary runs, in which the groupings of N monomers were observed to remain
unchanged after some time. Based on this, the number of timesteps was chosen to ensure that all
clustering interactions would have sufficient time to resolve while limiting the amount of computational
resources required to complete the simulations.
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Figure 3.5: Graphical overview of one of the 10 possible initialisation states for
the parameter sweep simulations. Yellow RBDs are positioned in a 5x5x5 grid
pattern at 100 A distance, with the LINK and DD at a random orientation for
each monomer. Image created in OVITO.

To count the size and amount of clusters in each simulation, the number of dimerisation domains
within 5 A was determined for each DD on the final frame; free monomers would be assigned a cluster
size of 1, both N in a dimer would be assigned a cluster size of 2, etc. With 125 monomers per simulation,
all 10 simulations for a given parameter combination contain at least 1 dimer on average for a mean
cluster size of (12 [mono’q?]” (dimer] _ = 1231422 —) 1,016 (see Figure 3.6a). Combinations of strong
Coulomb forces with weak Lennard-Jones forces caused little to no oligomer formation; for certain
combinations, e.g. € = 40 and a = 6, oligomers were found in some but not all simulations. In Figure
3.6b a trend becomes noticeable where dimers start to form more consistently in repeat simulations
with identical variables as the ratio between them moves towards € > 10«, or where Lennard-Jones
attraction becomes stronger relative to Coulomb repulsion.

Simulations run with 5 of the 10 initialisation files only contained monomers and dimers in all
runs. Trimers were observed in some, but not all, simulations where @« = 2 and ¢ = 100, and @ = 1
and £ = {50,70,80,90,100}. Tetramers were seen in 1 out of 10 simulations where « = 1 and ¢ =
{60, 70, 80,90,100} (see Table 3.3). Trimers and tetramers appearing in subsequent simulations from
the same initialisation file consisted of the same particles and appeared at roughly the same position.
Exceptions to this are file 3 where a trimer is formed for € = 80 and € = 100 but not ¢ = 90, and file 6
where the sole trimer from € = 50 became the trimer observed for ¢ = 60 onwards.
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Figure 3.6: (a) Heatmap showing the average clustering size per monomer per
combination of parameters ¢ and a. (b) Stacked area plot showing the actual
distribution of cluster size per monomer per combination of € and a.

Table 3.3: Amount of larger oligomers (trimers;tetramers) observed during the
parameter sweep for a given initialisation file per given combination of ¢ and «.

€

File number 50 60 70 80 90 100 «
0 0;0 0;0 | 0;0 1;0 1;0 1;0 1

1 0;0 1;0 1;0 2;0 2;0 2;0 1

2 0;0 0;0 1;0 ;0 | 3;0 | 40 1

3 0;0 0;0 0;0 2;0 1;0 3;0 1

0;0 0;0 0:0 0;0 0:0 1;0 2

6 ;0 | 0;1 | 051 1;1 1:1 3;1 1

3.6 N-RNA simulations

As a first step towards a full model to study SARS-CoV-2 genome packaging, we performed exploratory
simulations on a system containing both N and a longer bead-spring model representing RNA. The
chain consists of beads 4 A in diameter connected by springs 20 A long, using that the persistence
length of RNA is I, =~ 10 A and a Kuhn segment length is twice the persistence length. The springs
have a spring constant k£ = 5000 to limit the stretching and contracting of segments. As a single base
of RNA is 3.4 A in height and has a charge of —1, each segment represents six nucleotides and thus
has a charge of —6.

To enable N and RNA to interact with each other, the RBD and LINK domains of N now serve
an additional function. By implementing Coulomb potentials between the positively charged domains
and negatively charged RNA, N monomers will be attracted to the chain while still able to interact
with other N as before. In these simulations, the potential parameters were set as ¢ = 40 between
dimerisation domains, o = 4 for interactions between monomers, and o = 3 for interactions between
monomers and RNA, and among RNA particles. o between domains and RNA was set at the size of the
domain and o = 1.0 - 27§ for RNA-RNA interactions; particle size for other type combinations remain
as described in Table 3.2.

For the initial setup, the RNA was positioned in a straight line surrounded by N monomers parallel
to the strand at varying distances. Monomers were positioned in pairs with dimerisation domains facing
each other, meaning the majority of particles would form dimers from the very start of the simulation.
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While dimers moving away from the RNA would remain stable for the full length of the simulation,
those approaching the strand rarely remained as dimers. On occasion only one of the two monomers
would attach to the RNA with the other becoming a free monomer. When a full dimer did bind to
the RNA, it would frequently interact with other nearby N to form trimers and tetramers, despite
these arrangements not appearing during the parameter sweep (see Figure 3.6a). Zooming in on the
interaction surface between N and RNA, the strand displayed winding behaviour around the LINK
domains by forming half- to full turns around a monomer (see Figure 3.7).

&

(a) (b)

Figure 3.7: Graphical views of N monomers interacting with RNA (white strand).
(a) The RNA winds around the LINK domains of three monomers, including two
from a trimer. (b) Four monomers bound to the RNA are able to form a tetramer.
Images created in OVITO.

3.7 Appendix

The code used for the simulations in Sections 3.5 and 3.6 is available at
https://github.com/LarsvdBiggelaar/sarscov2-bep/.

ColabFold using MMseqs?2 is available at https://colab.research.google.com/github/sokrypton/
ColabFold/blob/main/AlphaFold2. ipynb.

- Version 1.5.2

- num_relax = 0

- template_mode = pdb100

- msa_mode = mmseqs2_uniref_env
- pair_mode = unpaired_paired

- model_type = auto

- num_recycles = auto

- recycle_early_stop_tolerance = auto
- pairing_strategy = greedy

- max._msa = auto

- num-seeds = 1
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Chapter 4

Discussion

4.1 On the appearance of trimers and tetramers

In section 3.5 we showed that as € increases and « decreases, and thus the force balance shifts from
repulsive to attractive, the number of dimers rose in line with expectations. This change unfortunately
also caused an increase in the formation of trimers and tetramers. Further analysis shows that these
trimers and tetramers are not evenly found throughout simulations, however. Similar to what was noted
in 3.4, the starting positions of particles have a considerable influence on the outcome of the simulation
regardless of other parameters and simulation time. To be able to draw general conclusions based on
other parts of a system independent of its starting state, significant care should be taken to minimize
this effect. Although the approach described here with multiple initialisation files could be taken as a
starting point, this could be further expanded upon by for example increasing the number of repeats
with different random seeds, or by randomizing the system more before starting full simulations.

We hypothesised that the sum of the Lennard-Jones force (Equation 3.5) and the Coulomb force
(Equation 3.7) acting on a pair of monomers could act as an indication for whether or not dimers could
stably form similar to what was shown in the graph of Figure 3.3. More specifically, a negative total
force in the 'well’ indicates that the monomers experience a net attractive force. The well depth was
calculated over the same ranges for € and « as in the parameter sweep, with the resulting heatmap
shown in Figure 4.1a. Two regions are distinctly visible where the minimal force is either positive or
negative, split by the diagonal combinations. Despite showing a similar general trend, there are clear
differences when comparing this result to that of the actual cluster sizes of the simulations (Figure
4.1b).

Although the most striking difference is that for ¢ < 50 and € < 10« little to no dimers are observed,
this result was mostly expected. If the net force is always repulsive regardless of the distance between
monomers, the exact magnitude of the repulsion should be arbitrary. Yet for a number of parameter
combinations where the minimal force is still repulsive, especially with higher values of €, clustering was
still observed. This could be due to a number of factors that have not been taken into account for the
well depth calculation. Firstly, the calculation assumes that the two monomers in question are isolated,
whereas in the simulations they each have a number of neighbours with which they also interact. If any
two monomers are pushed towards each other by their surroundings, they will end up closer together
than if they had no surrounding monomers at all. Secondly, the calculation assumes that the distances
between the domains of a single monomer remain constant. This does not correspond fully with the
simulations, where Coulomb forces between charged domains combined with the relatively low spring
constants allows said domains to move away from the attracting dimerisation domains. The increased
distances cause lower repulsion, which could mean the minimal net force becomes negative in some cases
for which the calculation predicts a positive minimum. Lastly, the drag experienced by all particles in
the system further counteracts the repulsive forces experienced by a dimer, aiding in keeping the two
monomers together.

The second region of interest is the domain of high € and low «a. Unlike in the repulsive domain
where the weight of repulsion is less important, the magnitude of the attractive force can be quite
significant in determining the amount and size of clusters observed. For o = 1 the calculations and
simulations seem to correlate fairly well, with an increased net attractive force appearing in an increase
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in cluster count and size. However, for higher values of « there is a sudden change in the final outcome
of simulations, whereas the calculations indicate a more gradual change. These differences can be at
least partially explained by two other aspects of the system not taken into account here. As described in
Section 3.3 and Equation 3.1, particles in the system always experience Brownian motion in the form of
a random force ﬁR. While in most cases this random force is of lower strength than the parameters we
are interested in, it becomes more important in cases where the net force is only slightly attractive and
thus of comparable magnitude as the random force. Even if an attractive force is possible and dimers are
created, random movement could shift monomers to a distance where the net force drives them apart
and their dimer is split. Furthermore, regardless of the net force minimum if dimerisation domains
are close enough together, sufficient Coulomb forces could create a 'repulsive barrier’ at slightly longer
distances. If this barrier is large enough, separate monomers simply cannot approach close enough
together to interact, meaning they are not able to dimerise even if such a dimer would remain stable
once formed.
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Figure 4.1: (a) Heatmap showing the ’well depth’ after summation of the Lennard-Jones and Coulomb
forces for given combinations of ¢ and a. Negative numbers indicate a net attractive force, positive
numbers indicate a net repulsive force. (b) Heatmap showing the average clustering size per monomer
per combination of parameters € and «. Numbers indicate the average + standard devation cluster size.
At size 1.0160, at least one dimer has formed for every repeat for that parameter combination.

4.2 On the implementation of RNA

The simulations described in Section 3.6 already showed some interesting and promising results. For
example, the winding of RNA seen in Figure 3.7a bears resemblance to what has previously been
described in Section 2.3. The results are a first step towards a more complete system of SARS-CoV-2
genome packaging, but should be seen as a preliminary test rather than an accurate representation of
actual behaviour. While interactions between a single monomer and the RNA strand show potential
winding and packaging around the protein, the system still seems to lack structures of a higher order.
As the RNA attracts proteins regardless of dimerisation state, groups of different sizes seem to be
randomly distributed along the strand. Although the strand can act as a scaffold to allow dimerisation
of monomers, some monomers get stuck between two clusters unable to interact with either, yet trimers
appear at an increased rate along the RNA when compared to free-floating proteins. Monomers initially
placed closer to the RNA quickly attach to it, but after this first stage of interactions remaining free
monomers are either pushed away by those already connected or are already beyond the cut-off distance.
The RNA is compacted significantly, reducing the end-to-end distance from 160 nm to roughly 90 nm,
but this co-occurs rapidly with the initial binding of protein and does not change significantly after this
time. Lastly, apart from local bends due to winding the strand remains mostly straight, whereas the
final RNP structure is expected to consist of curled or spherical substructures each formed by a small
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number of dimers.

4.3 Future prospect

The model described throughout this work was developed as a novel theoretical approach for the in-
creased understanding of the SARS-CoV-2 nucleocapsid protein. While the pair potentials between
monomers have been analysed with a parameter sweep and interactions between N and RNA have been
preliminarily explored, there is room to investigate these aspects further in-depth and yet more aspects
not taken into consideration here can be inspected as well.

The coarse-grained model of N is partially based on the assumption that the N- and C-terminal
disordered regions have little effect on the protein’s function. Although this assumption is recuperated
by most literature at least for the formation of N-dimers, results from (Ribeiro-Filho et al. 2022) suggest
that the C-terminal tail could be important for the development of larger RNP-structures by interacting
with tails from other monomers. As such, the addition of this tail in the model, potentially as simple
as a new bead attached to the dimerisation domain capable of interacting with other identical beads,
could already give further insight into the formation of higher order structures in the genome packaging
process.

A feature of HOOMD-blue not employed in this project is the class of updater functions, which
can alter the properties of particles during a simulation. In the context of expanding on this work, an
interesting application would be to change the behaviour of dimerisation domains after the formation of
a dimer. For example, a permanent bond could be created between two neighbouring domains similar
to those already present within a monomer if they move close enough together, while simultaneously
reducing the € of the Lennard-Jones potential of both domains to 0.1 such that it only prevents particle
overlap as with other particle types. Alternatively, associative bond swaps (Ciarella and Ellenbroek
2022) could be implemented between DDs. This would mean that if two domains are in close proximity,
other particles only experience a repulsive force until the domains move away again. While the two
approaches offer flexibility in terms of creating a permanent bond between dimerisation domains or
keeping it nonpermanent, they could both simplify future parameter sweeps as the formation of trimers
and tetramers would become more difficult or impossible. In turn, this would allow finetuning for
other goals, such as interactions between N and RNA, and the formation of larger RNP structures.
Furthermore, as N seems to only interact with RNA when in dimer form, simulations could be set up
such that electrostatic interactions between protein and RNA are only enabled once dimerisation has
taken place.

Electrostatic interactions have so far been simulated through the use of Coulomb potentials. While
this approach was deemed appropriate for the aims and extent of this work, the relatively simple
Coulomb equation does not necessarily accurately reflect electrostatic interactions of real N proteins.
Depending on the value of a the equations are solved as if the particles exist in a vacuum, with
the number of interactions of a single particle essentially only limited by a given cutoff distance r¢yt-
However, a nucleocapsid protein inside a host cell or in wvitro experiment would exist in an aqueous
medium containing ions. This medium would cause electrostatic screening between charged monomer
domains, reflected as a steeper drop-off in interaction strength over distance and a weaker force overall.
The stronger Coulomb potential was chosen here to create effective repulsion between monomers to
counteract the formation of trimers and tetramers. However, if the suggestion regarding interactions
between dimerisation domains as described above would be incorporated, this would allow the role of the
other domains to be focused more on interactions with RNA as with the real protein, in which case the
screening effect could be important to achieve realistic results. An effect comparable to screening could
be achieved with the Coulomb potential by lowering a and rq,t, or alternatively it could be replaced
by a potential which does take screening into account, such as the Ewald pair potential or DLVO pair
potential.

As described in the previous Section, our implementation of RNA in the simulations showed inter-
esting results which are unfortunately not at the level of detail to be directly compared to experimental
observations. Yet, as we have seen time and time again throughout this project, even small changes to
parameters or interactions can have a significant impact on the final state of a simulation. With the
suggestions described here, we anticipate a far more extensive model of N and RNA to be developed
during projects in the (not too distant) future, potentially already mirroring some of the behaviour
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seen in actual experiments and answering questions we currently hold about the process. Hopefully, by
increasing our understanding of SARS-CoV-2 and similar viruses, the impact of future disease outbreaks
can be increasingly reduced for a healthier future for everyone.
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Chapter 5

Conclusion

In this report, we have created a coarse-grained model for the SARS-CoV-2 nucleocapsid for use in
molecular dynamics simulations to gain a better understanding of the protein’s role in viral genome
packaging. Given a lack of existing 3D protein structures due to its inherent disorder, we predicted
possible structures for the N dimer. From these structures, we were able to design a coarse-grained
model to get a simplified representation of the actual protein. To emulate the dimerisation behaviour
of the in vivo protein, we implemented a Lennard-Jones potential between dimerisation domains to get
an attractive interaction. Coulomb potentials were integrated to create repulsion between monomers’
charged domains to prevent unwanted larger groupings of N from appearing. A number of small-
scale simulations provided us with initial insight into the relative strengths of both potentials. From
there, we simulated a range of parameter combinations to find those that enabled dimerisation without
creating high numbers of undesired trimers and tetramers. However, analysing the final states of these
simulations also showed us that the outcome was dependent on the initial setup. This means our
observations can still hold when applied to comparable starting situations, but we cannot yet determine
the most optimal combination of parameters for any general situation. Nonetheless, we were able still
to see some general trends in the amount of N clusters based on the chosen parameter values alone.
By adding a model for RNA to the system, we could observe interesting interactions resembling a
previously proposed structure for RNP. The novel theoretical approach we have described in this report
will hopefully be further expanded upon in the near future as we move towards a full in silico system
of SARS-CoV-2 genome packaging.
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