UNIVERSITY OF THE
WITWATERSRAND,
JOHANNESBURG

A Clot to Uncover: FOXP3 and SARS-CoV-2 Nucleocapsid Interactions and Their Effect on DNA
Binding
by
Keiran Mcinnes

(1709919)

Dissertation
Submitted in fulfilment of the requirements for the degree
Master of Science
in
Molecular and Cell Biology

in the Faculty of Science, University of the Witwatersrand, Johannesburg, South Africa

Supervisor: Dr Sylvia Fanucchi

March 2024



Declaration

| declare that this dissertation is my own, unaided work. It is being
submitted for the Degree of Master of Science at the University of the
Witwatersrand, Johannesburg. It has not been submitted before for any
degree or examination at any other University.

e wi

(Signature of candidate)

18:» Day of March 2024 at Johannesburg



Research Outputs

Molecular Biosciences Research Thrust 2021

Online GradFlash presentation (People’s Choice Award)
Silybin Binding to FOXP3 and Its Effect on DNA Binding
Keiran Mcinnes and Sylvia Fanucchi

University of the Witwatersrand, Johannesburg, South Africa
9 December, 2021

Molecular Biosciences Research Thrust 2022

Poster presentation

FOXP3 in COVID-19: A Clot to Uncover

Keiran Mcinnes and Sylvia Fanucchi

University of the Witwatersrand, Johannesburg, South Africa
1 December, 2021

14" Cross-Faculty Postgraduate Symposium

GradFlash Presentation (3" place — Masters)

FOXP3 in COVID-19: A Clot to Uncover

Keiran Mcinnes and Sylvia Fanucchi

University of the Witwatersrand, Johannesburg, South Africa
6 — 8 September, 2023

Molecular Biosciences Research Thrust 2023

Poster presentation

FOXP3 in COVID-19: A Clot to Uncover

Keiran Mcinnes and Sylvia Fanucchi

University of the Witwatersrand, Johannesburg, South Africa
7 December, 2021



Abstract

During COVID-19, systemic coagulopathy, which can lead to strokes and embolisms, is often observed
in COVID-19 patients and may also contribute to long COVID. This coagulopathy is the result of
overactivated platelets in circulation that leads to inappropriate clot formation. FOXP3 is a
transcription factor involved in platelet development and loss of FOXP3 function leads to platelets that
resemble those seen during COVID-19. Thus, FOXP3 may be dysregulated in COVID-19. The SARS-CoV-
2 nucleocapsid (NC) is a multifunctional protein typically associated with viral genome packaging and
virion assembly. However, it is also capable of binding DNA and is potentially able to alter regulation
of host protein expression. Here, potential interactions between the DNA-binding forkhead domain
(FHD) of FOXP3 and the SARS-CoV-2 NC were investigated. Identification of a novel interaction
between FOXP3 and SARS CoV-2 NC may provide new clues as to the pathophysiology of COVID-19.
To address this aim, both proteins were overexpressed in T7 E. coli, purified via immobilised metal
affinity chromatography, and monitored for potential interactions in the absence and presence of DNA
using pull-down assays and fluorescence anisotropy. A direct interaction was identified between the
two proteins in the absence of DNA. Additionally, it was found that both proteins are capable of
binding to DNA at the same time, but excess NC was found to cause FHD dissociation from the FHD-
NC-DNA complex. This result implicates NC in FOXP3 dysfunction which may be associated with the
coagulopathy and other symptoms seen during COVID-19. Additionally, NC DNA binding does not
appear to be driven by the FOXP3 consensus sequence, indicating that FOXP3 may not be the only
transcription factor potentially dysregulated by NC.
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Introduction

COvID-19

The COVID-19 pandemic officially led to the deaths of approximately 7 million people worldwide
(World Health Organisation, 2023). While the worst of the pandemic is largely behind us, SARS-CoV-
2, the causative agent behind COVID-19, is predicted to become endemic and possibly a seasonal
occurrence like that of influenza (Telenti et al., 2021). Because of this, development of effective
treatments for COVID-19 is crucial. COVID-19 is primarily a respiratory disease commonly presenting
with fever, coughing, pneumonia, and loss of smell and taste (Bliddal et al., 2021; Struyf et al., 2021).
However, symptoms vary widely between cases in both intensity and prevalence: from asymptomatic
to life-threatening (Struyf et al., 2021). Additionally, approximately a third to one half of those who
recover from COVID-19, regardless of disease severity, report ongoing complications; a state
commonly referred to as “long COVID” (Carfi et al., 2020; Crook et al., 2021; Gold et al., 2021,
Raveendran et al., 2021). Physical symptoms of long COVID appear to persist for weeks to months and
typically include fatigue, persistent coughing, dyspnoea, muscle and joint pain, headache, and
diarrhoea (Aiyegbusi et al.,, 2021; Carfi et al., 2020; Ho et al.,, 2022; Raveendran et al., 2021).
Worryingly, both acute and long COVID also present with a number of neurological and cognitive
symptoms; including trouble focusing, speech difficulties, memory problems, depression, and
continued alterations to sense of taste and smell (Chen et al., 2021; Guo et al., 2022a, 2022b; Mao et
al., 2020; Perlis et al., 2021). Furthermore, these symptoms have been linked to both physical and
electrical changes in various areas of the brain caused by neurological damage during SARS-CoV-2
infection (Guo et al., 2022a, 2022b). However, the exact mechanisms behind both the physical and
neurological symptoms of long COVID remain elusive. One key factor in the development of these
symptoms likely lies in direct infection and subsequent damage of various tissues; such as infection of
skeletal muscles leading to fatigue (Crook et al., 2021). Hyperactivation of the immune system can
also contribute to symptoms of long COVID; where excessive response to the pathogen leads to lasting
tissue damage (Fig. 1) (Crook et al., 2021; Jamal et al., 2021; Merad & Martin, 2020; Yao et al., 2021).
Finally, another likely contributor in the development of long COVID is the hypercoagulable state that
develops during disease onset.

1.1 - Coagulopathy and Microclots

Severe COVID-19 patients often experience disseminated intravascular coagulation (DIC), a syndrome
presenting with excessive clot formation within the body (Kander, 2020; Levi et al., 2020; Yuriditsky et
al., 2020). These clots can then go on to block blood flow throughout the body, resulting in widespread
ischaemia leading to, among others, renal insufficiency, neurological problems, and difficulty
breathing (Levi et al., 2020). The formation of larger clots can lead to embolisms in the lungs or strokes
in the brains of patients, resulting in rapid deterioration and death (Klok et al., 2020). Unsurprisingly,
blood drawn from COVID-19 patients has been found to possess elevated markers of coagulation
(Goshua et al., 2020; Iba et al., 2020; Levi et al., 2020) as well as a greater viscosity than normal (Venter
et al,, 2020). Additionally, the platelets and red blood cells of COVID-19 patients show morphological
abnormalities which may contribute towards excessive coagulation (Venter et al., 2020). Furthermore,
these clots appear to persist following resolution of the acute SARS-CoV-2 infection in the form of
microclots. These microclots have been found in the blood of patients who have otherwise completely
recovered from COVID-19 (Pretorius et al.,, 2021) and are abnormally resistant to degradation by
proteolysis and are enriched in inflammatory markers. By persisting within the circulatory systems of
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patients, these microclots may be causing micro-ischaemic events through the obstruction of
capillaries throughout the body. These events, while not life threatening in and of themselves, may be
contributing to the common symptoms of long COVID by reducing oxygen supply to various tissues.

SARS-CoV-2

Alveolar

/ effusion
3)

Type-l cell o
p

Type-ll cell '

X

\f I Macrophage = Lymphocyte
t Cytokines 1

release Q3 MUt ooni
\ 0 w» " Neutrophii
| A8 S fibrin @ ?
b 4 ~

| B
l B, ~ &
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L q 4
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Endothelial cell

Red cell
Microthrombus

Platelet

Fig. 1: Overview of how severe SARS-CoV-2 infection leads to
lung damage in the alveoli. The left half of the figure depicts a
healthy alveolus. The right half shows an alveolus during severe
COVID-19. SARS-CoV-2 infects lung tissue, leading to
inflammation and immune cell infiltration. Local inflammation
leads to alveolar effusion, fluid build-up in the alveoli, preventing
gas exchange. Overactive macrophages secrete large amounts of
inflammatory cytokines, further worsening inflammation while
also overstimulating other immune cells. The proinflammatory
state promotes the formation of neutrophil extracellular traps
(NETs), further obstructing gaseous exchange. Severe
inflammation also leads to a hypercoagulable state, resulting in
the formation of clots which only further dampens gas exchange.
Taken from Iba et al, 2020.

However, the mechanisms behind the increased coagulability observed in the blood of COVID-19
patients have yet to be fully elucidated. One contributing factor appears to be the direct damage of
endothelial cells (Luo et al., 2020), where damage to these cells leads to activation of clotting factors
through the release of damage associated compounds. Alternatively, the release of proinflammatory
cytokines leads to enhanced production of platelets as well as the upregulation, release, and activation
of coagulation substrates and clotting factors (Esmon, 2005). These two factors combine to result in a
hypercoagulable state; which is only worsened with overstimulation of the immune system.

1.1.2 - Haemostasis

Haemostasis is the process of blood coagulation in response to injury and is the mechanism by which
blood loss is halted. Haemostasis involves an activation cascade of proteins, both freely soluble in the
plasma and bound to the membranes of endothelial cells, that results in the activation of thrombin
which then cleaves soluble fibrinogen to insoluble fibrin. The insoluble fibrin then forms a mesh over
the injury to halt blood flow while also acting as a scaffold for wound repair (Fig. 2) (Dahlback, 2000).
In COVID-19, various clotting factors and clotting associated compounds have been found to be
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upregulated; such as fibrinogen, D-Dimer, thrombomodulin, and a2-antiplasmin (a2AP) (Bouck et al.,
2021). a2AP in particular is a potent inhibitor of plasmin, the primary protease responsible for clot
degradation, and is present in large amounts within clots produced during COVID-19 (Pretorius et al.,
2021; Reed et al., 2017); explaining their abnormal resistance to degradation.

| ntRinsic paTHway |

‘—{.}7 | exrrinsic pathway | /\7
E’\: M\
| Tissue damage | \}

| Factor X|I Factor Xila | ‘

4
| Factor XI | r\l Factor Xla |

‘ I COMMON PATHWAY l
| Factor IX | ﬁi Factor IXa Factorx / Tssuefal::or

Far:tclr Xa

Hemostatic ‘ Factor X1lI

Mechanical
Adhesive Factor Xllla

clot

Fig. 2: The coagulation cascade. The coagulation cascade involves a series of protein activations which eventually
converge on thrombin activation. Thrombin then cleaves soluble fibrinogen to insoluble fibrin. The intrinsic pathway is
primarily activated through inflammation while the extrinsic pathway is activated following tissue damage. Taken from
Dammann et al, 2020.

Assisting coagulation are platelets. These discoid shaped nucleus-free fragments of cytoplasm are
found free floating within the plasma. During haemostasis, platelets act to adhere to the site of injury,
providing a foundation upon which fibrin, coagulation factors, and additional platelets can adhere
(Jurk & Kehrel, 2005).

Despite lacking a nucleus, platelets are highly functional and capable of responding to various
environmental conditions. Upon adhesion, they undergo morphological changes (Fig. 3A and 3B) and
secrete signalling molecules such as adenosine diphosphate (ADP), serotonin, transforming growth
factor — B (TGF-B), and CD-40 ligand that act to recruit more platelets and immune cells to the site of
injury (Jurk & Kehrel, 2005). These morphological changes during platelet activation are the result of
p38 pathway activity (Minuz et al., 2002; Saklatvala et al., 1996), an intracellular signalling cascade
that will be discussed further in the following section. Following adhesion, activated p38
phosphorylates heat-shock protein 27 (hsp27). Hsp27 then binds to and promotes actin
polymerisation, causing cytoskeletal rearrangement and the subsequent structural changes in the
platelet (Fig. 3B and 3C) (Jurk & Kehrel, 2005; Zhu et al., 1994). Interestingly, the morphological
changes observed in activated platelets are reminiscent of the morphological changes observed in the
platelets of COVID-19 patients (Fig. 3D), potentially indicating that platelets are being inappropriately
activated in COVID-19. As expected, p38 activity within platelets is significantly elevated in COVID-19
with a concurrent increase in platelet aggregation (Manne et al., 2020). It is known that the Forkhead
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Box Protein P3 transcription factor (FOXP3), typically associated with regulatory T cells (Tregs), is in
fact required for the correct formation of platelets in megakaryocytes; the cells responsible for
platelet production (Bernard et al., 2009). Loss of FOXP3 function leads to the formation of structurally
and functionally abnormal platelets similar to those seen in COVID-19. Furthermore, there is tentative
evidence that SARS-CoV-2 is capable of infecting both platelets and their megakaryocyte progenitors
(Shen et al., 2021); albeit with limited efficiency. This suggests that the platelet pathology observed in
COVID-19 may be the result of the virus infecting megakaryocytes and disrupting FOXP3
transcriptional activity, leading to the generation of malformed and functionally aberrant platelets
while also potentially promoting p38 MAPK activity.

Fig. 3: The structure of platelets in healthy individuals and those found during severe COVID-19. A - In healthy
individuals, platelets take on a rounded discoid shape prior to activation. B - Following activation, platelets develop
pseudopodia and become flattened. C - Platelets stained with fluorescent antibodies that target markers of activation
showing that the blood of healthy individuals possesses relatively view activated platelets. D - The blood of COVID-19
patients possesses a significantly elevated number of activated platelets. Additionally, the platelets possess prominent
deformities such as numerous protrusions. DB — Dense bodies, also known as storage granules. PP — Pseudopodia. A and
B from Jurk and Kehrel, 2005. C and D modified from Venter et al, 2020.




1.2 - The p38 MAPK Pathway

The Mitogen Activated Protein Kinase (MAPK) pathways are cellular signalling pathways involved in a
variety of cellular processes such as cell proliferation, differentiation, and survival (Johnson & Lapadat,
2002). Three distinct MAPK pathways exist, based on the final integrating MAPK that the pathway
ultimately activates: Extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), and
p38 (Johnson & Lapadat, 2002; Kim & Choi, 2010). All MAPK pathways follow a similar chain of events,
where the reception of a signal leads to a phosphorylation cascade that ultimately results in the
phosphorylation of certain targets resulting in a cellular response. Initially, a stimulus is received,
leading to activation of the first high level MAP kinase kinase kinase (MAP3K or MAPKKK). The manner
in how the stimulus is translated to MAP3K activation varies between signal type, but typically involves
phosphorylation of the MAP3K by the receptor or adaptor proteins. Regardless, the now activated
MAP3K phosphorylates MAP kinase kinase (MAP2K or MAPKK), the next tier in the MAPK cascade, to
activate it. MAP2K then similarly phosphorylates the central MAPK to activate it. The activated MAPK
then begins to phosphorylate a variety of cellular targets, such as transcription factors, in order to
bring about a cellular response (Johnson & Lapadat, 2002; Kim & Choi, 2010).

The p38 pathway in particular consists of MEKK1, ASK1, and TAK1 as the MAP3K members, MKK3 and
MKK6 as the MAP2K members, and p38 as the integrating MAPK (Soares-Silva et al., 2016). While four
p38 isoforms have been identified; a, B, y, and §; the a isoform predominates and is the most
thoroughly understood. While the functions and targets of each MAPK pathway are diverse, each
pathway can be broadly classified according to the stimuli they respond to and the cellular response
they elicit. The ERK pathways typically respond to the presence of growth factors and regulate cell
division and migration. The JNK pathways respond to environmental stresses such as starvation,
radiation, and oxidative stress and control the respective cellular response to these stresses. Finally,
the p38 pathway responds to a number of cytokines and Pathogen-Associated Molecular Patterns
(PAMPs) and is involved in a number of inflammatory responses (Johnson & Lapadat, 2002; Zhang &
Liu, 2002).

The p38 MAPK pathway is heavily involved in inflammatory responses and various cellular functions.
p38 activity is involved in macrophage activation (Kawasaki & Kawai, 2014), where p38 activity
promotes macrophage polarisation and activation. Consequently, overactivation of the p38 pathway
leads to Macrophage Activation Syndrome (MAS) that increases the risk of cardiovascular injury in
severe COVID-19 (Grimes & Grimes, 2020). Figure 4 summarises the role of p38 activity in the
activation of platelets as previously mentioned (Minuz et al., 2002), as well as the role of FOXP3 as
explored in the next section. Unsurprisingly, p38 activity is significantly elevated in severe COVID-19
(Manne et al., 2020). Given the role of p38 MAPK signalling in inflammation and immune responses,
it is reasonable to expect pathogens to target this MAPK pathway. p38 activity has been found to be
elevated in response to upregulation of the MAP3K proteins TAK1 (Moriguchi et al., 1996) and ASK1
(Ichijo et al., 1997); and thus these genes may be targeted by SARS-CoV-2 in order to upregulate p38
activity.
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Fig. 4: The role of p38 MAPK activity in platelets. Members of the p38 MAPK signalling pathway; TAK1, MKK3/6,
and p38a; are expressed in megakaryocytes and are included inside the platelet. TAK1 and p38a in particular
are regulated by FOXP3 (green cartoon fox). Upon platelet activation, such as through contact with a wound or
signalling by other platelets, the p38 signalling pathway undergoes a phosphorylation cascade that results in
hsp27 phosphorylation. Hsp27 phosphorylation leads to the formation of pseudopodia and platelet aggregation
which allows platelets to clump, seal the wound, and act as a foundation for other coagulation factors and
wound healing. Figure created using Inkscape V1.2.2.

1.3 - FOXP3

1.3.1 - FOXP3 as a Transcription Factor

FOXP3 is traditionally known as the master regulator of Treg differentiation. By interacting with over
300 adaptor proteins and other transcription factors; such as RUNX1, NFAT1, EOS, and SATB1; FOXP3
is able to alter the fate of a naive T cell; guiding it towards the Treg phenotype (Bandukwala et al.,
2011; Bettelli et al.,, 2006; Fu et al, 2012; Ono, 2020; Sadlon et al.,, 2010). Tregs are
immunosuppressive T cells that are critical in the prevention of autoimmune disorders. By initiating
and maintaining tolerance to self-antigens, as well as tolerance to non-self but otherwise harmless
antigens, Tregs prevent auto-reactive T cells from proliferating and attacking cells of the body (Bettelli
et al., 2006; Dominguez-Villar & Hafler, 2018; Ono, 2020). Indeed, the presence of FOXP3 alone is
capable of suppressing the cytotoxic effects of effector CD8* T cells (Hori et al., 2003; Lee & Lee, 2018;
Yomogida et al., 2013). Loss of FOXP3 activity, such as through loss of function mutations, leads to the
severe autoimmune disorder immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX)
syndrome in humans resulting in widespread inflammation and gastrointestinal problems, commonly
leading to death within the first year of life (Bacchetta et al., 2018; Ono, 2020). Finally, FOXP3 has also
been found to play a complex role in some cancers, where it can act as either a tumour suppressor or
tumour promoter (Jia et al., 2019; Vadasz & Toubi, 2017). FOXP3 expressing Tregs often infiltrate into
tumours (Gobert et al., 2009; Mizukami et al., 2008). This typically leads to tumour survival due to the
immunosuppressive properties of Tregs such as in breast (Bates et al., 2006; Gobert et al., 2009),
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cervical (Jordanova et al., 2008), gastric (Mizukami et al., 2008), and pancreatic cancer (Hiraoka et al.,
2006). However, Treg infiltration can also lead to improved patient outcomes. For example in
colorectal (Salama et al., 2009), head and neck (Badoual et al., 2006), and both B-cell and Hodgkin's
lymphoma (Alvaro et al., 2005; Carreras et al., 2006). Alternatively, tumour cells themselves can
express FOXP3 to varying effects (Jia et al., 2019). In breast cancer, FOXP3 expression is associated
with tumour suppression through FOXP3-mediated downregulation of the oncogenes HER2 and SKP2
(Zuo, Liu, et al., 2007; Zuo, Wang, et al.,, 2007). In other cancers, FOXP3 expression can instead
promote tumour growth. For example, in lung adenocarcinoma, FOXP3 expression leads to
upregulation of cyclin D1 as well as various proteins involved in invasion and metastasis (Li et al., 2021;
Li et al., 2016). The immunomodulating effects of FOXP3 make it an important player in various
medical conditions; including COVID-19 (Filbin et al., 2021). However, this important transcription
factor has also been found to play a role in other cells.

As mentioned previously, FOXP3 has been found to play an important role in the function of
megakaryocytes (Bernard et al., 2009). Megakaryocytes are the cells responsible for the production
of platelets (Italiano Jr. & Shivdasani, 2003) and thus play an important, if indirect, role in haemostasis.
Loss of FOXP3 function leads to the impairment of platelet production, whereby the platelets
produced by FOXP3 deficient megakaryocytes are abnormally structured and respond poorly following
activation (Fig. 5) (Bernard et al., 2009). In IPEX patients, this manifests as thrombocytopaenia and
occasionally gastrointestinal bleeding (Lyon et al., 1990; Wildin et al., 2002). FOXP3 has been found to
regulate TAK1 and p38a of the p38 MAPK pathway (Lachmann et al., 2010; Rouillard et al., 2016).
Given their role in platelet activation as discussed previously, it may be through these genes that
FOXP3 dysregulation leads to platelet dysfunction in IPEX. Loss of FOXP3 function would lead to
dysregulated p38a and TAK1 expression, leading to inappropriate hsp27 phosphorylation and
subsequent actin polymerisation, ultimately resulting in the structural abnormalities seen in platelets
during IPEX syndrome. Due to the similarities between platelets in IPEX syndrome (Fig. 5) and severe
COVID-19 (Fig. 3) (Venter et al., 2020), the proliferation of abnormal platelets seen during COVID-19
may be the result of FOXP3 dysfunction in megakaryocytes caused by direct SARS-CoV-2 infection.

Normal IPEX

Fig. 5: Activated platelets in healthy vs IPEX syndrome patients on fibrinogen coated slides. In healthy individuals,
activated platelets spread out evenly across the slide. In contrast, activated platelets from IPEX patients display a limited
ability to spread. Taken from Bernard et al, 2009.
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Interestingly, there is evidence that FOXP3 may be present in a small subset of macrophages. While
this evidence is limited and currently controversial, the expression of FOXP3 in macrophages may lead
to the development of immunosuppressive macrophages (Devaud et al., 2014; Vadasz & Toubi, 2017).
It is thus interesting to envisage that similar disruption of FOXP3 by SARS-CoV-2 could lead to a
population of defective FOXP3* immunosuppressive macrophages; contributing to the immune
dysregulation seen in COVID-19.

1.3.2 - The FOX Proteins and FOXP Subfamily

FOXP3 is a member of the FOX protein family, a diverse family of transcription factors involved in
development, cell proliferation, and differentiation (Lehmann et al., 2003). As transcription factors,
these proteins are capable of controlling the transcription of specific genes. By binding to DNA in a
sequence specific manner, they recruit or occlude the transcriptional machinery required to initiate
gene transcription (Latchman, 1997). This family of proteins is highly conserved within eukaryotes,
particularly in vertebrates (Hannenhalli & Kaestner, 2009). The FOX protein family consists of 20
subgroups, designated FOXA — FOXT, organised by structure (Fig. 6) (Laissue, 2019); with FOXT being
the most recent addition to the family (Lin et al., 2021). One conserved structural element among all
subgroups is the Forkhead Domain (FHD), the family namesake and the domain responsible for DNA
binding. The FOXP members in particular are unique in that they possess the ability to dimerise (Chen
et al., 2015). The FHD of the FOXP family was also found to form domain swapped dimers; made
possible by the substitution of a proline; found in other FOX subfamilies, for an alanine in the hinge
loop region of the FHD (in the case of FOXP3, Ala372) (Stroud et al., 2006). For a long time, domain
swapping was thought to be important for the function of the FOXP family (Chen et al., 2015), but
recent evidence suggests that domain swapping may be an artifact produced when the FHD is isolated;
and indeed may be detrimental to FOXP function (Leng et al., 2022). Instead, the FOXP family may
instead dimerise via the leucine zipper and the FHDs remain separate; allowing for each FHD to bind
separate consensus sequences (Leng et al., 2022). Additionally, members within the FOXP subfamily
are capable of forming heterodimers with each other (Li et al., 2004; Wang et al., 2003), further
increasing specialisation of their functions.

FoxA1 L] L] L]
FoxA2 [—— [—  ——
FoxA3 [e—] ] [
FoxM1 [=————— [———
Fox01 G —
FoxO3 G ]
FoxO4 G —
FoxO6 O —
FoxP1 — —_
FoxP2 [— S
FoxP3 — - ]
FoxP4 [ - ]
Key B FKH domain B TAD B NRD ® NLS [ NES [ Q-rich OZF ®LZ B P-rich
Fig. 6: Domains of FOXA, FOXM1, FOXO, and FOXP proteins showing the diversity within the FOX protein family.
Despite the diversity, all FOX members possess a conserved forkhead domain responsible for DNA binding (dark red).
FKH — Forkhead. TAD — Transactivating Domain. NRD — N-terminal Repressor Domain. NLS — Nuclear Localisation Signal.
NES — Nuclear Export Signal. ZF — Zinc Finger. LZ — Leucine Zipper. Taken from Golson and Kaestner, 2016.
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FOXP1, FOXP2, and FOXP4 are primarily involved in the development of various tissues throughout
the body, with particular importance in the central nervous system (Enard et al., 2002; Lozano et al.,
2021; Sin et al., 2015). FOXP3, on the other hand, is unique in that it serves as the master regulator of
the Treg phenotype while also playing an important role in megakaryocytes, as previously discussed.

1.3.3 - Structure of FOXP3

FOXP3 is 47 kDa protein and possesses three domains: a leucine zipper, a zinc finger, and the C-
terminal DNA binding FHD. The leucine zipper assists in protein dimerisation. Glu249, Lys250, Glu251,
and Lys252 of one monomer form important hydrogen bonds with the same residues of the other
monomer in order to stabilise the dimeric form (Deng et al., 2019; Kim, 2009; Li et al., 2007). The
leucine zipper also plays a role in transcriptional regulation as well as association with other
transcription factors (Deng et al., 2020). The function of the zinc finger is poorly understood but is
thought to be similar to that of the leucine zipper (Deng et al., 2020; Kim, 2009; Song et al., 2012). The
FHD is a defining feature of the FOX proteins and consists of three a-helices, three B-strands, and two
loops that form the “wings”. Helix 3 of the FHD inserts into the major groove of DNA (Fig. 7)
(Bandukwala et al., 2011; Webb et al.,, 2017); recognising the sequence RYAAACA regardless of
directionality where R = purine and Y = pyrimidine (Li et al., 2017). As mentioned previously, the FHD
of the FOXP family is capable of forming domain swapped dimers in isolation. The dimeric FHD of
FOXP3 is particularly stable due to a number of hydrophobic residues within the interface. This
includes many residues already conserved within the FOX family, but FOXP3 possesses the additional
Phe340, Leu345, Trp348, Trp366, and Met370 that further stabilise the interface (Bandukwala et al.,
2011). Phe373 also plays a particularly important role in the stability of the domain swapped dimer
(Perumal et al., 2015). As a result, the FHD of FOXP3 is the only FOXP FHD proposed to exist solely as
a dimer under physiological conditions (Bandukwala et al., 2011); distinguishing FOXP3 among the
FOXP subfamily. Due to the dimeric nature of the FHD, it is capable of binding two anti-parallel DNA
strands simultaneously which allows two distant genetic loci to be brought together in close physical
proximity; leading to chromatin remodelling (Chen et al., 2015; Zhang et al., 2023).

Fig. 7: The domain swapped dimeric FOXP3 FHD bound to anti-parallel DNA
strands. The DNA binding helices, coloured purple, insert into the major groves
of DNA to promote sequence recognition (Bandukwala et al, 2011). PDB: 3QRF.
Generated using UCSF Chimera (Pettersen et al., 2004).
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1.4 - The SARS-CoV-2 Nucleocapsid

The SARS-CoV-2 virion consists of four structural proteins: the spike (S), envelope (E), membrane (M),
and nucleocapsid (NC) proteins (Fig. 8A) (Wu et al., 2020). While the S, E, and M proteins are primarily
involved in the outer shell and membrane of the virus, NC (Fig. 8B) is involved in the encapsulation of
the viral RNA genome and assists in packaging and stabilisation (Bai et al., 2021). However, the NC is
multifunctional and serves additional roles. As the most prevalent viral protein within an infected cell,
it assists in virion construction through interaction with the M protein (Lu et al., 2021), influences
expression of viral proteins (Yang et al., 2021), and interferes with the cell’s innate anti-viral responses
(Lu et al., 2011; Mu et al., 2020; Zhou et al., 2008). Additionally, the NC has been found to directly
contribute to the hyperinflammatory state in severe COVID-19 through the induction of Neutrophil
Extracellular Trap (NET) formation (Youn et al.,, 2021); an inflammatory structure released by
neutrophils intended to ensnare extracellular pathogens. Due to this multifunctionality,
understanding the NC is critical to understanding how it is capable of subverting normal cellular
processes and contributing to the hyperinflammatory state in severe COVID-19.

The SARS-CoV-2 NC is a 46 kDa protein and shares high sequence similarity to the NC of other
coronaviruses (Peng et al., 2020). While the protein is primarily found as a dimer, it has been found to
form higher order complexes in a concentration dependent manner (Bai et al., 2021; Lutomski et al.,
2021). These higher-order complexes may be particularly relevant once bound to RNA; where local
protein concentrations are elevated (Chen et al., 2007). The NC possesses two RNA binding domains
linked by a largely disordered linker region (Fig. 9A) (Cubuk et al., 2021; Peng et al., 2020). While the
structure of the full-length protein has not been solved, the structures of the individual domains have
been solved. The N-terminal RNA binding domain (NTD), shown in figure 9B, consists of amino acids
44 —174. The NTD resembles a fist-like structure with a prominent B-hairpin consisting of residues 90
—107. The NTD binds RNA in the palm-like cleft; where Tyr86, Tyr109, and Tyr111 form important -
Tt stacking interactions and hydrogen bonds with four consecutive RNA bases. Several arginines in the
B-hairpin form electrostatic interactions with the RNA backbone to further enhance RNA binding
(Chang et al., 2016; Dinesh et al., 2020; Grossoehme et al., 2009; Korn et al., 2023). The C-terminal
RNA binding domain (CTD) (Fig. 9C) consists of amino acids 255 — 364. While also participating in RNA
binding, the CTD facilitates NC dimerisation. As a dimer, the CTD appears as a rectangular slab with a
four-stranded B-sheet in the centre flanked by a-helices. The B-sheet is constructed when the B-
hairpins from each monomer insert into the cavities of the opposite monomer, forming a continuous
sheet. RNA binding is mediated by electrostatic interactions with residues Lys256, Lys257, Lys261, and
Arg262 which together form a positively charged groove that runs along the back of the slab (Bai et
al., 2021; Chen et al., 2007; Dinesh et al., 2020). While the CTD typically functions as a dimer when
free in solution, when packing the viral genome in the cramped space of the virion, the CTD is thought
to take on a helical octamer assembly which the viral RNA then wraps around (Fig. 9D). The phosphate
backbone of the RNA is thought to become buried in the groove of the CTD. The NTD, enabled by the
flexible linker region, then binds to the exposed bases (Chen et al., 2007). This packaging of the viral
genome between the two NC domains both efficiently packages the RNA and protects it from
degradation. It has also been found that the SARS-CoV-2 NC, like its SARS-CoV-1 predecessor, is
capable of binding both single stranded and double stranded DNA in addition to RNA (Zeng et al.,
2020; Zhou et al., 2020); albeit with lower affinity. The disordered regions of NC provide the protein
with a high degree of flexibility, play a role in RNA binding (Wu et al., 2021), and allow the protein to
perform the multitude of functions previously mentioned. Due to its high degree of flexibility, NC is
considered an intrinsically disordered protein (IDP). IDPs are proteins possessing a large proportion of
disordered regions with little to no permanent structure. This provides IDPs a high level of flexibility,
allowing them to participate in a wide variety of typically low-affinity but high-specificity binding
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events with numerous different binding partners (Uversky, 2019; Ward et al., 2004). The promiscuity
of IDPs allows a single protein to participate in or perform multiple functions. This makes IDPs
particularly common in viruses, as it allows for compacting of the viral genome (Xue et al., 2012). The
disordered regions of NC in particular play roles in efficient packing during viral assembly,
oligomerisation, RNA binding, RNA chaperoning, and template switching during replication (Chang et
al., 2016; Chen et al., 2007; Wu et al., 2021).

A

spike glycoprotein (S)

membrane protein (M)

nucleoprotein (N)
genomic RNA

envelope small membrane protein (E)

© Encyclopaedia Britannica, Inc.

B

Fig. 8: Model of the SARS-CoV-2 viral particle and nucleocapsid. A — The virus consists of spike
(S), envelope (E), membrane (M), and nucleocapsid (N) proteins. The S, E, and M proteins make
up the viral coat which contains the viral genome and facilitates cellular entry. N encapsulates
the viral RNA genome to allow packaging within the shell. Taken from Encyclopaedia Britannica
at https://www.britannica.com/science/2019-nCov#/media/1/2158118/245650. B — AlphaFold
prediction of the dimeric SARS-CoV-2 NC in the absence of nucleic acid, with the NTD coloured
pink and CTD coloured red. Structure generated using the nucleocapsid sequence using
AlphaFold V2.3.1+4 (available at: https://console.latch.bio/workflows/87049/parameters) and
visualised using UCSF Chimera (Pettersen et al., 2004).
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Fig. 9: Structure of the SARS-CoV-2 Nucleocapsid (NC). A— Schematic of the NC monomer, consisting of two RNA binding
domains (NTD and CTD) interspersed between three disordered regions. The Ser-Arg rich region plays a role in
dimerisation and is crucial for viral replication. B — NMR structure of the NTD (PDB: 6YI3). The NTD functions as a
monomer and possesses a fist-like structure that binds RNA in the cleft visible below and to the right of the uppermost
loop; analogous to the palm of the fist. The tyrosines inside the cleft, coloured red, intercalate with RNA bases to stabilise
RNA binding. € — Crystal structure of the dimeric CTD, with each monomer coloured differently (PDB: 7CEQ). The CTD
domain both binds RNA and facilitates dimerisation. D — Proposed model of CTD nucleic acid packaging (PDB: 2CJR).
Four CTD dimers form a larger CTD octamer (left) depicted as ribbons. Two dimers are coloured differently to assist
visualisation. CTD octamers then stack to form a helical spindle (right) depicted as a space filling model. The
corresponding green coloured dimers remain coloured green, and equivalent dimers in additional stacked octamers are
coloured orange or red. The helix contains two grooves where two different RNA strands bind (blue and brown lines).
CTD helix prepared by generating crystal symmetry-related copies of 2CJR. Structures visualised using UCSF Chimera
(Pettersen et al., 2004).
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Interestingly, the NC of SARS-CoV-1 has been found to bind to host promoter sequences to alter the
transcription of host proteins directly (Yan et al., 2006). While this has yet to be shown for SARS-CoV-
2, given the similarity between these proteins (Peng et al., 2020), it is likely that this ability is conserved
in the SARS-CoV-2 NC. If this is indeed true, this may present a possible mechanism behind the
elevated p38 pathway activity and potential FOXP3 inhibition seen in COVID-19. SARS-CoV-2 is capable
of infecting megakaryocytes (Shen et al., 2021), albeit through an ACE2 independent mechanism.
Upon infection, the NC may be binding to gene promoters of p38 pathway proteins, upregulating their
expression while also occluding FOXP3 binding sites. Alternatively, NC has been found to interact with
several human proteins such as MOV10, LARP1, and casein kinase 2, among others (Gordon et al.,
2020; Wang et al., 2021). Due to this promiscuity, NC may alternatively bind to FOXP3 directly to cause
dysregulation of its function.

1.5 - Rationale

Severe COVID-19 is characterised by immune system overactivation and DIC (Jamal et al., 2021;
Kander, 2020; Levi et al.,, 2020; Merad & Martin, 2020). In the short-term, DIC can lead to life
threatening strokes and embolisms. In the long-term, DIC may lead to the formation of microclots
which cause capillary blockage and micro-ischaemic events. These events may contribute to long
COVID; the prolonged period of symptoms following the conclusion of infection (Pretorius et al.,
2021). A major facet of the immune system overactivation is the profound activation of macrophages
(Giamarellos-Bourboulis et al., 2020) which is itself driven by overstimulation of the p38 MAPK
signalling pathway (Grimes & Grimes, 2020). The hypercoagulable state is partially driven by the
existence of overactivated and structurally deformed platelets in the plasma of patients with COVID-
19 (Venter et al., 2020). Within these malformed platelets, p38 activity is similarly elevated (Manne et
al., 2020), which promotes their activity and contributes to the excessive formation of clots during
COVID-19. However, the mechanism behind the formation of these abnormal platelets is currently
unknown. Understanding the mechanisms behind COVID-19 coagulopathies may provide
opportunities for new treatments and therapies targeting the excessive formation of blood clots. One
protein whose dysfunction may be related to the platelet dysfunction is FOXP3.

FOXP3 is a transcription factor traditionally associated with the Treg phenotype (Bandukwala et al.,
2011; Ono, 2020) and has been found to be critically important to the immunosuppressive properties
of these cells (Hori et al., 2003; Lee & Lee, 2018; Yomogida et al., 2013). Additionally, FOXP3 has been
found to be important in the development of megakaryocytes and the production of platelets. Loss of
FOXP3 function leads to generation of malformed and functionally aberrant platelets like those seen
in severe COVID-19 (Bernard et al., 2009). Additionally, it has been found that SARS-CoV-2 is capable
of infecting megakaryocytes (Shen et al.,, 2021), suggesting that SARS-CoV-2 may be infecting
megakaryocytes and subsequently interfering with FOXP3 activity; leading to the formation of these
abnormal platelets.

Given the structural and functional similarities between platelets produced by FOXP3 deficient
megakaryocytes and the platelets seen in severe COVID-19 patients, it is possible that SARS-COV-2 is
interfering with FOXP3 activity. Additionally, due to the importance of the p38 MAPK pathway in
platelet activation, the inhibition of FOXP3 activity may manifest itself as upregulation of p38 activity.
The NC of SARS-CoV-2, due to its multifunctional properties, is the most likely SARS-CoV-2 protein
capable of causing this interference. The NC has been found to be capable of binding DNA (Zhou et
al., 2020). Thus, while it has not been shown for the SARS-CoV-2 NC, the protein may share the ability
of the highly similar SARS-CoV-1 NC to bind directly to host gene promoters and alter gene expression
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(Yan et al., 2006). If this ability is conserved, the SARS-CoV-2 NC may thus be binding directly to host
gene promoters which may explain the myriad of symptoms observed during COVID-19. FOXP3 has
been found to regulate TAK1 and p38a (Lachmann et al., 2010; Rouillard et al., 2016). Given that
upregulation of the MAP3K proteins, such as TAK1, leads to increased p38 MAPK pathway activity
(Ichijo et al., 1997; Moriguchi et al., 1996), disruption of FOXP3, such as through NC DNA binding, may
lead to dysregulation of this pathway and dysregulation of platelet development. By investigating the
binding of FOXP3 to a short sequence in the promoter region of p38a, this project aims to determine
whether the presence of SARS-CoV-2 NC alters FOXP3 DNA binding. Understanding possible
interactions between FOXP3 and the SARS-CoV-2 NC will contribute to the understanding of SARS-
CoV-2 pathophysiology. Additionally, this interaction may present as a potential treatment target in
combatting the coagulopathy and, potentially, the immune hyperactivation of severe COVID-19.
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2 — Aims and Objectives

2.1-Aim
Determine whether the SARS-CoV-2 nucleocapsid (NC) alters the DNA binding ability of the FOXP3
FHD and whether these two proteins interact directly.

2.2 — Objectives

e Qverexpress both the FOXP3 FHD and SARS-CoV-2 NC from transformed T7 E. coli cells and
purify both proteins using immobilised metal affinity chromatography.

e Structurally characterise the secondary, tertiary, and quaternary structures of both proteins
using circular dichroism spectroscopy, intrinsic tryptophan fluorescence, absorbance
spectroscopy, and size exclusion chromatography.

e Assess the DNA binding ability of the FOXP3 FHD in the presence and absence of NC using
electrophoretic mobility shift assays (EMSAs) and fluorescence anisotropy.

e Assess whether the NC interacts directly with the FOXP3 FHD using fluorescence anisotropy
and pull-down assays.
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3 - Methods and Materials

Unless otherwise stated, all experiments were performed at 20 °C and all pH values are given at 20 °C.
Percentage composition values refer to w/v percentage, except for liquid/liquid solutions where v/v
percentage is explicitly indicated. All reagents were of analytical grade and the majority of buffer
components were purchased from Sigma-Aldrich, USA. Manufacturers of other reagents and kits are
given as needed. All solutions were prepared using distilled water and filtered prior to use. All figures
were created with Inkscape 1.2.2 or Microsoft PowerPoint. Protein structures were visualised using
UCSF Chimera V1.14 (Pettersen et al., 2004) and PDB codes are given in respective figure legends.
Initial data management was performed using Microsoft Excel and then plotted using SigmaPlot
V12.2.0.45. Chemical structures were drawn using Chemdraw 19.0.0 (available at:
https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html).

3.1 - DNA Oligonucleotides

Both FOXP3 and NC are nucleic acid binding proteins. While NC is predominantly an RNA binding
protein, it has been shown to bind DNA (Zeng et al., 2020; Zhou et al., 2020). To study protein-DNA
interactions, short DNA oligonucleotides were used. FOXP3 has been found to regulate p38a
(Lachmann et al., 2010; Rouillard et al., 2016) and so a sequence from the promoter of the p38a gene
was used due to its role in platelet activation (Minuz et al., 2002; Saklatvala et al., 1996). The promoter
sequence was accessed using the Ensembl genome browser database and scanned for FOXP3
consensus binding sites using the JASPAR database (available at https://jaspar.genereg.net/). The top
result according to the scoring provided by JASPAR was used. Additional DNA sequences that do not
contain the FOXP3 consensus were used to ensure specificity of FOXP3 to target sequences as well as
to test specificity of NC for other DNA sequences. Table 1 below shows the sequences of the
oligonucleotides used in this work. Oligonucleotides were purchased from Integrated DNA
technologies — Whitehead Scientific, South Africa.

Table 1: DNA oligonucleotide sequences used in this work. A region from the p38a gene promoter sequence was used as a
FOXP3 specific sequences, while SSL and AAV P5 were used to test for specificity of FOXP3 and NC to other sequences that
do not contain the FOXP3 consensus sequence. FOXP3 consensus binding site is bold and underlined. While only single
stranded sequences are shown, all sequences used were double stranded oligonucleotides.

Sequence Sequence (5’ 2 3’) Protein Used for Ensembl

Name Specificity Accession

p38a GTTATAATTTGTTTATTGTCAATTG FOXP3 EMSA ENSG00000112062
Fluorescence
anisotropy

Single Site  CCCAATTTCACACCTTCCTCA TBR1 EMSA ENSG00000158321

Long (SSL)

AAV P5 AGGGTCTCCATTTTGAAGCG YY1 EMSA N/A

28


https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html
https://jaspar.genereg.net/

3.2 - Protein Sequences and Purification

3.2.1 - Protein Constructs

To study the potential interaction between the FHD of FOXP3 and the SARS-CoV-2 NC, constructs of
each protein were made and inserted into a vector for overexpression and subsequent purification.
The isolated FOXP3 FHD was chosen due to the importance of this domain in FOXP3 function, while
full-length NC was used. Both proteins possessed an N-terminal hexahistidine (His-tag) linked to the
protein via a thrombin cleavage site (LVPRGS) (Table 2. Full protein sequences are available in Fig. S1
and S2). Additionally, the FOXP3 FHD construct possessed extra residues in this linker region to
improve solubility during expression.

Table 2: Protein constructs used for this study. The N-terminal regions containing the His-tag (red) and thrombin cleavage
sites (purple) are shown, with the first few N-terminal residues of each respective protein shown in green. The FOXP3 FHD
construct contains additional residues in the N-terminal region to assist with solubility.

Construct  Region of Sequence Size (kDa)
full-
length
protein
FOXP3 336-417 MASMTGGQQMGMHHHHHHSSGLVPRGS ..FOXP3FHD 12.9 —Uncleaved
FHD
10 - Cleaved
SARS-CoV- 1-419 MGGHHHHHHSSGLVPRGS ..NC 47.5 - Uncleaved
2 NC
45.7 — Cleaved

Sequences coding for these proteins were codon optimised and directionally inserted into separate
pET-11a plasmids using Ndel and BamHI restriction sites (Fig. 10) (Genscript, USA). As a selection
marker, the pET-11a plasmid encodes ampicillin resistance, allowing for the selection of transformed
cells through the inclusion of ampicillin in the growth medium; which otherwise inhibits the growth of
untransformed cells. The protein coding sequences are under the control of a T7 promoter, which
allows for induction of protein expression as explained in the next section.

3.2.2 - Transformation

For protein expression, T7 E. coli cells (New England Biolabs, USA) were transformed with the plasmids
encoding the proteins of interest. Due to the well characterised nature of E. coli biology, the
organism’s rapid growth rate, and ease of manipulation, these bacteria serve as convenient hosts for
protein expression (Rosano & Ceccarelli, 2014). Within the T7 E. coli genome lies a T7 RNA polymerase
gene under control of a lac promoter. Due to the presence of an additional /ac repressor, expression
of the polymerase is prevented. By acting as a non-hydrolysable allolactose mimic, Isopropy! 3-d-1-
thiogalactopyranoside (IPTG) is able to suppress the effect of the lac repressor, thus allowing
expression of the T7 polymerase. The T7 polymerase subsequently recognises and binds to the T7
promoter controlling the expression of the target protein in the plasmid, such as pET-11a, promoting
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high levels of heterologous protein expression (Dubendorff & Studier, 1991) (Fig. 11). Due to IPTG
being non-hydrolysable, IPTG need only be added once to the medium to induce continuous
expression.
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Fig. 10: Schematic of the pET-11a plasmid used to encode the gene coding for the FOXP3 FHD
or SARS-CoV-2 NC. Both proteins are directionally inserted using Ndel (top right, position 359)
and BamHI (top, position 319). The pET-11a plasmid encodes an ampicillin resistance gene that
allows for selection of transformed cells (AmpR — top left).

Cells were transformed using the heat-shock method. Competent T7 cells were thawed on ice and 100
ng of plasmid was added. The cells were then incubated on ice for 30 minutes. The cells were
subsequently heated to 42 °C for 45 seconds, and then immediately placed on ice for 5 minutes.
Following this, 950 pl SOC medium (2% tryptone, 0.5% yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM
MgCl,, 10 mM MgS0,, 20 mM glucose) was added to the cells and the resulting mixture incubated at
37 °C for 1 hour. Cells were then plated on 2xYT agar plates (1.6% tryptone, 1% yeast extract, 0.5%
NaCl, 1.5% agarose) containing 100 pg/ml ampicillin. As described earlier, the pET-11a plasmid
contains an ampicillin resistance gene, allowing for growth of transformed cells on selective media.
Untransformed cells and sterile SOC medium were also plated separately as controls. Plates were
incubated at 37 °C overnight. The following day, a single colony was picked and inoculated into 100
ml of 2xYT liquid medium with 100 ug/ml ampicillin and again incubated at 37 °C overnight. The
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resulting culture was either used to prepare glycerol stocks or used immediately for protein
expression. For the preparation of glycerol stocks, a 200 pl 50:50 mix of culture and glycerol was
prepared and stored at -80 °C for future expressions.
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Fig. 11: The T7 expression system. Expression of the protein of interest (green, lower right) is
repressed by the action of the lac repressor (pink circle) binding to the lacO regulatory
sequence (grey, middle); encoded for by both the bacterial genome and plasmid (light pink
arrow, top). Similarly, a T7 polymerase gene (yellow, lower left) in the bacterial genome is
repressed by the same mechanism. When IPTG (light blue star, top) is added to the cell
culture, the lac repressor dissociates from the lacO sequence, allowing for expression of the
T7 polymerase (yellow hexagon, middle) which then readily binds to the T7 promoter (red,
middle right) and transcribes the protein of interest. Dashed arrows — produces. Solid arrows
— binds to. Image created using Inkscape V1.2.2.

Plasmid was extracted from cells of the overnight culture using a GenelET Plasmid Miniprep kit
(ThermoFisher, USA) and sent for sequencing (Ingaba Biotec, South Africa) to confirm plasmid
integrity. Both plasmids were found to be fully intact and to code for their respective proteins without
error (Fig. $3 and S4).

3.2.3 - Expression

To obtain sufficient protein for subsequent studies, larger cultures of transformed T7 E. coli were used.
The expression of both proteins had been optimised as part of previous works within our laboratory,
and consequently expression trials were not performed. Both proteins were expressed using the same
overarching protocol. A 100 ml liquid 2xYT culture with 100 pg/ml ampicillin overnight culture was
prepared from glycerol stocks. The following day, the overnight culture was diluted 1:50 into 600 ml|
cultures of the same medium and incubated at 37 °C with shaking at 200 RPM. Periodically, the optical
density (OD) of the culture at 600 nm was monitored using an SM1100 UV-Vis spectrophotometer
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(Azzota Corporation, USA) until a desired value was reached. Once reached, IPTG was added to induce
protein expression. For the FOXP3 FHD, it was found that the protein displayed significant leaky
expression and the addition of IPTG did not appear to have a significant impact on final protein yields.
Some human proteins have been found to induce their own expression from pET vectors in the T7 E.
coli expression system (Briand et al., 2016). The FOXP3 FHD thus may be inducing its own expression
similarly to when IPTG was added. Therefore, FOXP3 FHD was induced simply by lowering the
incubation temperature to 30 °C once an OD of 1.0 was reached and incubating for a further 6 hours.
For NC, once an OD of 0.6 was reached, induction was initiated by addition of IPTG to a final
concentration of 0.5 mM. Flasks were then incubated at 37 °C for a further 6 hours at 180 RPM.
Following incubation, cells were harvested through centrifugation at 5000 xg for 10 minutes at 4 °C.
After discarding the medium, cells were resuspended in equilibration buffer (20 mM tris-HCI, 30 mM
imidazole, 500 mM NaCl, pH 7.5) to a final volume of approximately 50 ml. The suspensions were
stored at -20 °C until needed. Freezing of the cells both helps prevent protein degradation as well as
assists in lysing of the cells through the formation of ice crystals that disrupt the cell membrane.

Prior to purification, cells were thawed at 20 °C and phenylmethylsulfonyl fluoride (PMSF) and
lysozyme were added to a final concentration of 1 mM and 0.1 mg/ml, respectively. Additionally, 0.05
mg of DNase | was also added. As a serine protease inhibitor, PMSF acts to prevent protein
degradation resulting from the release of proteases during the lysis process (James, 1978). Lysozyme
is an enzyme that hydrolyses the B-1-4 glycosidic bonds found within the cell wall; weakening the cell’s
integrity and assisting lysis (Lesnierowski & Kijowski, 2007). DNase | degrades bacterial DNA for two
purposes. First, degradation of DNA lessens the viscosity of the lysate, making handling and filtration
easier. Second, it prevents DNA contamination; important in the purification of DNA-binding proteins
(Deutscher & Burgess, 2009). For purification of NC, 0.05 mg of RNase was also added due to NC’s high
affinity for RNA. After addition of the above, the lysate was incubated for 30 minutes at 20 °C before
sonication. Cells were lysed via 5 rounds of 30 seconds of sonication while on ice. Following sonication,
the lysate was centrifuged at 18,000 xg for 25 minutes at 4 °C to separate soluble and insoluble
fractions. The supernatant was used for further purification as both proteins were found to be
predominantly in the soluble fraction.

3.3 - Purification

3.3.1 - Immobilised Metal Affinity Chromatography

Immobilised Metal Affinity Chromatography (IMAC) is a chromatography technique that exploits the
varying affinities that different proteins have for metal ions in order to separate them. In IMAC, metal
ions; commonly Ni%*, Co?, or Zn%; are immobilised to a support resin via a nitrilotriacetic acid (NTA)
group. As a sample of proteins is passed over this resin, proteins with an affinity for the immobilised
metal become bound to the column while proteins with little to no metal affinity are eluted in the
flowthrough. These bound proteins can then be subsequently eluted for collection using a high
concentration of imidazole or a decrease in pH (Sulkowski, 1985). As mentioned previously, both
proteins have a His-tag at their N-terminus. Histidine, through the formation of dative covalent bonds,
is capable of forming complexes with metal ions. Due to this, introduction of additional histidine
residues to a heterologous protein is a common technique to facilitate purification via IMAC. When
passed through the metal charged IMAC column; the His-tag binds the heterologous protein to the
column while other unwanted proteins elute in the flowthrough (Fig. 12) (Block et al., 2009; Bornhorst
& Falke, 2000).

32



Each protein was purified on its own nickel-charged 5 ml IMAC column (HiTrap IMAC Sepharose Fast
Flow, Cytiva, USA) using either an AKTA start or AKTA Prime Plus Fast Performance Liquid
Chromatography (FPLC) system. Prior to purification, the column was equilibrated with 5 column
volumes of equilibration buffer. The expression supernatant was filtered using a 0.45 um filter before
being passed through the column. The flowthrough was collected and the column re-equilibrated as
before. The column was then washed using a high salt concentration wash (20 mM tris-HCI, 30 mM
imidazole, 1.5 M NaCl, pH 7.5) for 5 column volumes. The salt wash helps remove any residual nucleic
acid contamination from the lysate that may be non-specifically bound to the positively charged nickel
or bound by the protein itself. It also helps remove any weakly bound proteins that have also bound
the column non-specifically. In the case of FOXP3 FHD, this wash was sufficient to ensure purity from
nucleic acids. For NC, which has a high affinity for RNA, the system was repeatedly paused and
unpaused, allowing the salt wash to incubate on the column in approximately 1-minute intervals, as
simply letting the buffer pass through was insufficient to dislodge bound RNA. This was performed
until contaminants stopped eluting. Without this procedure, significant nucleic acid contamination
was present in the eluted NC fractions. Following the wash, the column was again re-equilibrated. To
elute the proteins, elution buffer (20 mM tris-HCI, 300 mM imidazole, 500 mM NacCl, pH 7.5) was
passed through the column. Various points of the resulting elution peak were collected in fractions.
These fractions, in addition to samples of the lysate supernatant, pellet, and flowthrough, were
resolved using SDS-PAGE to assess protein purity; as described in Section 3.3.4. Proteins were stored
in elution buffer at 4 °C until required.
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Fig. 12: Concept of IMAC Purification, with FOXP3 FHD (green cartoon fox) bound to the nickel charged
IMAC column. The IMAC column consists of an NTA group chemically linked to a Sepharose matrix. The
NTA group, a metal chelator, can be complexed with a metal that then acts to bind proteins of interest.
When a protein mixture is passed through the column, proteins with high metal affinity; such as those with
a His-tag; bind to the metal while other proteins elute out. The protein of interest can then be eluted when
desired through the addition of high concentration imidazole or a decrease in pH. Image created using
Inkscape V1.2.2. Chemical structures drawn using Chemdraw 19.0.0.
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3.3.2 - Thrombin Cleavage

Removal of the His-tag from a protein ensures that any observed behaviour is that of the protein of
interest and not that of the His-tag. Due to the inclusion of a thrombin cleavage site between the His-
tag and protein, the His-tag can be removed by incubation with thrombin. Only NC underwent
thrombin cleavage. Thrombin cleavage of FOXP3 FHD leads to near complete loss of protein to
aggregation; possibly due to loss of the solubility enhancing residues in the N-terminal linker.
However, work within our lab has found that the His-tag does not adversely affect the function of the
FHD. Additionally, having one protein with a His-tag and another without is beneficial for downstream
applications, as will be discussed in relevant sections. Thus, the His-tag of the FOXP3 FHD was not
removed. For NC cleavage, IMAC fractions were pooled and dialysed against thrombin cleavage buffer
(20 mM tris-HCI, 2 mM KCI, 500 mM NacCl, pH 8) overnight using 10K MWCO SnakeSkin dialysis tubing
(ThermoFisher, USA). Following dialysis, 1 unit of human thrombin was added per 1 mg of NC. The first
time thrombin cleavage was performed, hourly samples were taken and resolved using SDS-PAGE to
track cleavage progress. Subsequent thrombin cleavage was performed for 6 hours. After incubation,
the mixture was centrifuged at 12,000 xg for 15 minutes to remove aggregates and purified using a
second round of IMAC. In addition to the 5 ml IMAC column, a 1 ml benzamidine column (HiTrap
Benamadine Fast Flow, Cytiva, USA) was attached in series before the IMAC column. Both columns
were equilibrated separately using 5 column volumes of equilibration buffer before being connected
in series. Benzamidine, a competitive inhibitor of serine proteases such as thrombin, binds the
thrombin (Tanizawa et al., 1971); immobilising it and allowing the protein of interest to elute freely.
The IMAC column binds the now free His-tag and any undigested protein, while the cleaved protein
of interest no longer binds and elutes from the column. Thrombin cleavage has the added benefit of
removing contaminating proteins as the unwanted proteins also bind to the IMAC column like they
did during the first round of IMAC purification. NC was found to elute with other contaminating
proteins after the first round of IMAC, and thrombin cleavage succeeded in removing these
contaminants as evidenced by SDS-PAGE analysis. Free His-tag, undigested protein, and contaminating
proteins were eluted from the IMAC column as before to restore the column.

3.3.3 - Size Exclusion Chromatography

Size Exclusion Chromatography (SEC) was used both analytically and for purification. As a
chromatography technique, SEC separates proteins based on their hydrodynamic volume. Within the
SEC column exists beads, typically dextran or polyacrylamide, that act as the stationary phase. These
beads possess pores of varying sizes which, when the sample is passed through the column, trap
smaller proteins. Larger proteins are physically excluded from the beads. This results in the separation
of proteins based on their hydrodynamic volume; with larger molecules eluting first and smaller
molecules eluting last (Fig. 13). Given that a protein is suitable for the given pore size, the elution
volume of a particular globular protein is inversely proportional to the log of the molecular weight
(Barth et al., 1994; Hong et al., 2012; Wu, 2003).
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Fig. 13: The principle of size exclusion chromatography. Small proteins, in this example
FOXP3 FHD (green), are able to enter the pores within the stationary phase. Larger
proteins, such as NC (red), are unable to enter the pores and have access to less of the

total column volume. As a result, large proteins elute first, while smaller proteins elute
last. Image created using Inkscape V1.2.2.

For SEC involving NC, a Hiload 16/600 Superdex 200pg column (Cytiva, USA), suitable for separating
proteins of molecular mass 10 kDa — 600 kDa, was used. For FOXP3 FHD, a HiLoad 26/600 Superdex
75pg column (Cytiva, USA), 3 kDa — 200 kDa, was used instead. An AKTA Prime Plus FPLC system was
used for SEC. For both columns, the columns were equilibrated with 2 column volumes of equilibration
buffer prior to each run. Samples were centrifuged at 12,000 xg for 12 minutes to remove aggregates
prior to being placed on the column. To size each protein based off their elution time, standards of
known molecular mass (Cytiva, USA) were run on each respective column; shown in Table 3. A
standard curve was then constructed by plotting the log of the molecular mass versus the elution
volume for each standard. The standard curve was then compared to the elution time of either the
FHD or NC to estimate protein size.

For NC, SEC was used to purify RNA bound from unbound protein, allowing for elimination of nucleic
acid contamination, as well as to remove NC degradation products. Additionally, SEC was used to
determine the oligomeric state of each protein.
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Table 3: Standards used for each size exclusion column and their respective molecular masses

Hiload 16/600 Superdex 200pg (NC)

Standard Molecular Mass (kDa)
Carbonic Anhydrase 29

Ovalbumin 43

Conalbumin 75

Aldolase 158

Ferritin 440

Blue Dextran >2000

HiLoad 26/600 Superdex 75pg (FOXP3 FHD)

Aprotinin 6.5
Ribonuclease A 13.7
Carbonic Anhydrase 29
Ovalbumin 43
Conalbumin 75
Blue Dextran >2000

3.3.4 - SDS-PAGE

Sodium Dodecyl Sulfate — Polyacrylamide Gel Electrophoresis (SDS-PAGE) is a technique that uses an
electric field to separate proteins through a polyacrylamide gel. Due to the sieve-like nature of the
polyacrylamide matrix, larger proteins migrate slower than smaller proteins, leading to separation
based on size. The 3D conformation of proteins is removed as a factor due to denaturation and
linearisation by SDS. Additionally, the SDS imparts an equal mass-to-charge ratio to all proteins which
further eliminates protein charge as a factor affecting migration. This allows proteins to migrate based
on size alone. The addition of B-mercaptoethanol reduces any disulfide bonds either within or
between protein chains, allowing for complete linearisation and subunit dissociation. SDS-PAGE allows
for assessment of protein purity following purification steps. Both glycine (Laemmli, 1970) and tricine
(Schagger & von Jagow, 1987) SDS-PAGE are widely used; which differ in the buffering system. During
initial migration through the stacking gel, glycine or tricine act as trailing ions. Due to their relatively
high pKa’s (9.6 and 8.15, respectively), the buffer molecules are predominantly in their zwitterionic
forms and so migrate slowly behind the proteins. The separation of the buffer component from the
leading chloride ions leads to a voltage gradient that helps sweep the protein samples along the gel.
Once reaching the higher pH of the separating gel, the buffer molecule becomes ionised and their
electrophoretic mobility sharply increases. As the buffer molecules pass the protein sample, the
protein samples are left to migrate based off their charge (Schagger & von Jagow, 1987). Tricine’s
lower pKa allows it to migrate faster compared to glycine during the stacking phase, which better
stacks smaller protein samples as they enter the separating gel. As a result, tricine gels typically
possess better resolution for proteins smaller than 100 kDa, and glycine being superior for 100 — 500
kDa samples.

Here, 16% tricine gels were used for analysing both FOXP3 FHD and NC. The separating gel consisted
of 16% acrylamide, 0.5% bis-acrylamide, 1 M tris-HCI, 0.1% SDS, pH 8.45, while the stacking gel
consisted of 4% acrylamide, 0.12% bis-acrylamide, 0.75 M tris-HCl, 0.075% SDS, pH 8.45. Samples were
prepared by adding 1 part sample to 1 part reducing sample buffer (150 mM tris-HCl, 12% SDS, 6%
(v/v) B-mercaptoethanol, 30% (v/v) glycerol, 0.05% Coomassie G-250) to a volume of at least 20 pl.
For particularly protein rich samples, such as lysate supernatant or IMAC flowthrough, samples were
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instead made up with 1 part sample and 7 parts reducing sample buffer to dilute the protein
concentration and prevent overloading the wells and creating lane distortion during sample migration.
Samples were heated to 95 °C for 5 minutes to ensure full denaturation. Samples of the lysate pellet
were additionally sonicated for 3 seconds to reduce viscosity and ease loading. A PageRuler Prestained
Protein Ladder (ThermoFisher, USA) was used as a molecular weight marker.

The Bio-Rad Mini-PROTEAN Tetra System was used for gel casting and migration. Spacer plates with a
width of 1 mm were used. While the separating gel was setting, the gel was overlaid with isopropanol
to prevent atmospheric oxygen interfering with polymerisation and to ensure a flat interface between
separating and stacking gel. Once polymerised, gels were assembled. The cathode buffer consisted of
0.1 M tris, 0.1 M tricine, 0.1% SDS, pH 8.25; while the anode buffer consisted of 0.1 M tris-HCI, pH 8.9.
8 ul of sample was loaded per well. Gels were initially run at 60 V until the dye front reached the
interface between stacking and separating gel before the voltage was increased to 160 V and the gels
electrophoresed for 1.5 — 2 hours. Gels for nucleocapsid were typically run slightly longer due to its
larger size. Gels were stained using a 10% (v/v) acetic acid, 40% (v/v) methanol solution containing
0.1% (w/v) Coomassie G-250 dye. The combination of acetic acid and methanol aggregates and fixes
the proteins within the gel, preventing dissociation and fading of bands. Destaining was performed
overnight using a solution of the same composition of acetic acid and methanol, but without
Coomassie G-250 dye. Destain solution was replaced as needed until the backgrounds were
sufficiently destained. Gels were imaged using a Bio-Rad ChemiDoc XRS+ gel imaging system running
Imagelab version 6.0.1.

3.3.5 - Evaluation of Protein Concentration

To determine protein concentration prior to conducting an experiment, protein was dialysed against
any imidazole-free buffer suitable for the respective experiment and centrifuged at 12,000 xg for 12
minutes to remove aggregates. An absorbance spectrum from 240 — 450 nm of the protein was taken
using either a Jasco V-730 absorbance spectrophotometer (JASCO Corporation, Japan) or a
ThermoFisher NanoDrop One spectrophotometer. Absorbance at 280 nm was used alongside the
Beer-Lambert law (Eqn. 1) to calculate protein concentration. Additionally, absorbance at 340 nm was
subtracted from that at 280 nm to account for aggregation. There is minimal absorbance by proteins
and nucleic acids at 340 nm, and so any observed absorbance at this wavelength is the result of light
scattering by aggregates. By subtracting absorbance at 340 nm, the contribution to the observed
absorbance by non-functional aggregated protein is removed. Thus, a more accurate concentration of
soluble protein is obtained. The extinction coefficients used were obtained from ExPASy ProtParam
using the respective protein sequences; available at https://web.expasy.org/protparam/ (Gasteiger et
al., 2005).

Equation 1:
A = ecl

Where A is the absorbance, £ is the molar extinction coefficient (M*-cm™), ¢ is the molar
concentration (M), and | is the pathlength (cm). The molar extinction coefficient of the monomeric
FOXP3 FHD is 24 980 M.cm™. While the FOXP3 FHD is proposed to exist solely as a dimer (Bandukwala
et al., 2011), for this work all concentrations reported are for the monomer. The NC possesses a
monomeric molar extinction coefficient of 43 890 M™.cm™. Similarly, while NC primarily exists as a
dimer, the monomeric concentrations are given.
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3.4 - Structural Characterisation

3.4.1 - Circular Dichroism Spectroscopy

In order to determine whether each protein is correctly folded following purification, circular
dichroism (CD) spectroscopy was used. CD spectroscopy is a technique used for investigating the
secondary structural characteristics of a protein based on the interactions between chiral molecules
and circularly polarised light. Chiral molecules will preferentially absorb either left- or right-circularly
polarised light; which can be expressed as the difference in molar extinction coefficients. When the
two oppositely circularly polarised light recombine, the resulting beam of light is said to become
elliptically polarised. Thus, it is also common to instead plot the difference in absorption as the molar
ellipticity, [6], with the units deg.cm?.dmol? (Kelly & Price, 2000; Woody, 1995). Molar ellipticity can
be normalised to the size and concentration of the protein with Equation 2:

Equation 2:
100+ 6

0] =
c*nx*l

Where [8] is the normalised molar ellipticity (deg.cm?.dmol?), 8 is the observed ellipticity (°), c is the
molar concentration (M) of protein in the sample, n is the number of residues within the protein, and
| is the pathlength (cm) (Purdie, 1996; Woody, 1995).

Far-UV light, over the 180 — 240 nm range, is commonly used for CD spectroscopy. Over these
wavelengths, absorption is dominated by the peptide backbone of proteins. Additionally, the extent
of absorption is dependent on the bond angles between each of the many residues making up the
protein. A consequence of this is that certain secondary structures possess unique and identifiable CD
spectra as a result of the bond angles the peptide backbone adopts within these structures (Fig. 14)
(Micsonai et al., 2015; Woody, 1995). Additionally, proteins with a combination of different secondary
structures possess CD spectra that are intermediate to those of proteins possessing a single secondary
structure type.

A Jasco J-810 CD spectropolarimeter (JASCO Corporation, Japan) was used to generate CD spectra of
each protein. Protein was dialysed against 20 mM tris-HCI, 100 mM NacCl, 2.5 mM MgCl,, 0.5 mM TCEP,
pH 7.4. Samples were centrifuged at 12,000 xg to remove aggregates and buffer was filtered using a
0.22 um filter. Spectra of 5 uM protein were taken from 180 — 260 nm in 0.2 nm increments at 100
nm/min using a 2 mm quartz cuvette (Hellma, Germany). A 1 second response and 5 nm bandwidth
were used. Ten accumulations were taken for each sample and averaged to produce the final
spectrum per sample. Data points with a tension voltage greater than 600 V were discarded prior to
analysis. Three samples and a blank were taken. Finally, all samples were averaged, the blank
subtracted, and the observed ellipticity converted to molar ellipticity (Eqn. 2). To confirm that the
observed spectra were indeed the result of native folding, spectra of denatured proteins were also
taken. Protein (5 uM) was denatured by incubation in the presence of 8 M urea for 30 minutes prior
to having their spectra taken with the same settings as mentioned.
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Fig. 14: Characteristic CD spectra of various protein secondary structural
elements. Solid line — a-helix, long dashes - anti-parallel B-sheets, dots — B-turn,
dotted dashes — random coil. Taken from (Kelly and Price, 2000).

3.4.2 - Intrinsic Tryptophan Fluorescence

Fluorescence is a subset of luminescence, the spontaneous release of light from a substance. In
fluorescence, a photon of light is absorbed by an electron of a molecule, exciting the electron to a
higher energy level. Following excitation, the electron near instantaneously relaxes back down to the
ground state. This relaxation is accompanied by the release of a photon from the molecule; the
wavelength of which is typically longer than the absorbed wavelength. Tryptophan is one of the
greatest contributors to a protein’s fluorescent properties. Due to its aromaticity, tryptophan
possesses high absorption at 280 nm and high quantum vyield upon emission. Importantly, the
emission wavelength of tryptophan is influenced by its surrounding environment. The nitrogen atom
of the indole ring dictates an important electronic transition that defines tryptophan’s fluorescent
properties, the L, transition. When in a polar environment, the formation of polar contacts with the
nitrogen atom leads to a shift in the electron density around the atom which subsequently lowers the

energy of the electronic transitions in the surrounding bonds, lowering the energy of the emitted
photon according to equation 3.

Equation 3
E - hc
2

39



Where E is the energy of a single photon in electron volts (eV), h is Plank’s constant (4.14*10% eV.s),
cisthe speed of light in a vacuum (299 792 458 m.s?), and A is the wavelength of the photon in metres.
When in a polar environment, the emission peak of tryptophan is red-shifted towards 352 nm.
Conversely, when in a hydrophobic environment, there is a blue-shift towards 308 nm (Ghisaidoobe
& Chung, 2014; Valeur, 2012; Vivian & Callis, 2001). Tryptophan fluorescence can thus be used to
probe the tertiary structure of a protein as the spectra can be used to deduce information about the
environment surrounding the tryptophan residues.

A Jasco FP-6300 spectrofluorometer (JASCO Corporation, Japan) was used to assess protein
fluorescence spectra. The same samples used for CD spectroscopy could be used for fluorescence
measurements. Protein was dialysed against 20 mM tris-HCI, 100 mM Nacl, 2.5 mM MgCl,, 0.5 mM
TCEP, pH 7.4. Samples were centrifuged at 12,000 xg to remove aggregates and buffer was filtered
using a 0.22 um filter. Protein at a concentration of 5 pM was excited using 280 nm or 295 nm
excitation light and emission spectra recorded from 260 - 450 nm in 1 nm increments at 200 nm/min
using a 10 mm quartz fluorescence cuvette (Hellma, Germany). A fast response with high sensitivity
was used. A 5 nm slit width was used for the excitation wavelength while 2.5 nm was used for
emission. Each sample was accumulated 3 times. Three samples and a blank were taken. Finally, all
samples were averaged and the blank subtracted to produce the final spectrum. Like with CD
spectroscopy, spectra of denatured protein were also taken.

3.5 - DNA Binding and Protein-Protein Interactions

3.5.1 - Electrophoretic Mobility Shift Assays

An Electrophoretic Mobility Shift Assay (EMSA) is a gel-based technique that can be used for the
visualisation of protein-protein or protein-nucleic acid interactions. This technique is similar to SDS-
PAGE in that the migration distance of a complex is a function of its size and charge. However, unlike
SDS-PAGE, EMSAs are conducted using native gels, i.e. SDS is excluded and proteins are found in their
native conformation. When studying protein-nucleic acid interactions, DNA or RNA is included with
the protein sample. If the protein of interest is capable of binding to the nucleic acid sequence, the
resulting complex possesses a larger cross-sectional area than either component alone; resulting in an
upwards shift in the gel due to decreased mobility (Fig. 15A). This upwards shift can then be visualised
using an appropriate stain, such as GelRed (Fig. 15B), to visually confirm the presence of nucleic acid
interaction (Fried & Crothers, 1981; Garner & Revzin, 1981). While it is theoretically possible to
determine dissociation constants from EMSAs, in this work they were used qualitatively to visualise
interactions.

Prior to sample preparation, proteins were concentrated to an arbitrary but relatively high
concentration using a 50 ml Amicon® stirred cell (MilliporeSigma, USA). Proteins were also dialysed
against a low salt buffer; typically 20 mM tris-HCI, 150 mM NaCl, pH 7.5. Concentrating the proteins
and use of a low salt buffer were done to reduce the effect of excessive chloride ions and other buffer
components in the protein sample interfering with migration. Samples were prepared to a volume of
25 ul, with a final composition of 20 mM tris-HCl, 150 mM NaCl, 1.5 mM MgCl,, 10% (v/v) glycerol, pH
7.5 at 4 °C, containing 0.5 pM DNA and increasing concentrations of protein in various DNA:protein
ratios. Samples were incubated at 4 °C for a minimum of 30 minutes prior to loading onto the gel to
allow for binding to occur.
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A Increasing Protein
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Higher order
complexes

Fig. 15: Electrophoretic mobility shift assays. A - Principle of electrophoretic mobility shift assays. Free DNA migrates a
certain distance based on its size (left-most lane). As more protein is included in subsequent wells, a greater proportion
of DNA becomes protein-bound. The protein-DNA complex possesses a greater size than the free DNA, and so migrates
slower through the gel. Higher-order complexes can also be visualised; where further protein binding to already bound
DNA leads to a further shift. B — Proprietary chemical structure of GelRed. GelRed consists of two ethidium units (red)
linked together which prevents GelRed from crossing the cell membrane. Additionally, the ethidium units are complexed
with iodine instead of bromine further decreasing toxicity. The ethidium units intercalate nucleic acids, upon which their
fluorescence intensity is greatly increased. Image created using Inkscape V1.2.2. Chemical structures drawn using
Chemdraw 19.0.0.

EMSA gels (10% acrylamide, 0.12% bis-acrylamide, 40 mM tris-acetic acid, 2.5 mM
ethylenediaminetetraacetic Acid (EDTA), 20% triethylene glycol, pH 7.8 at 4 °C) were prepared and
cast in an identical manner to SDS-PAGE gels. Triethylene glycol acts as a crowding agent that helps
stabilise the protein-DNA complex and improves resolution (Hellman & Fried, 2007). Gel equipment
was thoroughly rinsed prior to assembly to eliminate any residual SDS. No stacking gel was used and
instead the gel was one continuous 10% polyacrylamide gel. Following polymerisation, the gel and all
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necessary equipment were placed at 4 °C for at least 30 minutes to equilibrate. Following equilibration
of both gel and samples, 10 pl of sample was loaded per well, and the gel was run at 160 V for 1.5
hours at 4 °C using TAE (40 mM tris-acetic acid, 2.5 mM EDTA, pH 7.8 at 4 °C) as tank buffer. After
migration, gels were stained using a solution of 1x GelRed nucleic acid stain (Biotium, USA) and
visualised using a Bio-Rad ChemiDoc XRS+ gel imaging system running Imagelab version 6.0.1. GelRed
is an intercalating nucleic acid dye that possesses two ethidium units linked together with a long linker
region. Due to this, the dye has similar spectral properties to ethidium bromide while being purported
as less toxic (Biotium, 2013). Upon exposure to UV light, GelRed fluoresces orange, the intensity of
which greatly increases upon nucleic acid binding.

3.5.2 - Pulldown Assays

Pulldown assays are similar in concept to co-immunoprecipitation, but instead of using an immobilised
antibody, a “bait” molecule; which can be either a purified protein or small molecule; is immobilised
to a matrix in a column. Different matrices are possible, but commonly an agarose NTA-cobalt resin is
used that immobilises His-tagged proteins in an identical manner to IMAC. After immobilisation, a
“prey” molecule is passed through the column. If an interaction between the two occurs, the prey
becomes immobilised to the matrix by the bait. The two can be eluted together and their presence
measured using an appropriate technigue to assess interactions (Fig. 16) (Wilson & Walker, 2009).
While pulldown assays do not provide quantitative information on a particular interaction; like one
would get from fluorescence anisotropy; they are easy to perform, quick, and provide qualitative

. !‘\.

Elution
#
SDS-PAGE _FOXP3

FHD

Fig. 16: The concept of a pulldown assay. A substrate, such as an NTA-cobalt resin (pink) is incubated with the bait
protein (FOXP3 FHD). The protein attaches to the cobalt resin via His-tag complexation in an identical manner to IMAC.
After, the prey (NC) is added. If an interaction between the two proteins occurs, NC becomes immobilised to the
substrate via binding to FOXP3 FHD. Upon addition of an imidazole-rich buffer, the two proteins elute together and can
be visualised using SDS-PAGE. Image created using Inkscape V1.2.2.
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visual evidence of potential interactions. This makes them a good starting point to investigate
potential interactions as well as to support other, more qualitative, investigations.

Pulldowns were performed using a ThermoFisher Pierce™ His Protein Interaction Pull-Down Kit
(ThermoFisher, USA) and performed as per manufacturer’s instructions. The FOXP3 FHD, due to its
His-tag, was used as the bait. NC acted as the prey due to it not possessing a His-tag. As a control, NC
was also added to a column with no bait to confirm that NC did not interact with the resin. Prior to
the assay, proteins were dialysed against tris-buffered saline (TBS) (25 mM tris-HCI, 150 mM NaCl, pH
7.2). To each column, 50 pl of the provided cobalt resin slurry was added, and 150 pg of FOXP3 FHD
added (or an equal volume of buffer for the control column). The columns were incubated at 4 °C for
30 minutes and the resin then washed 5 times with 400 ul 25 mM tris-HCI, 150 mM NaCl, 0.5 mM
EDTA, 2.5% (v/v) glycerol, 10 mM imidazole, pH 7.2. Following washes, 150 pug NC was added and the
columns incubated for 1 hour at 4 °C. The columns were then washed as previously. Proteins were
eluted using a 300 mM imidazole solution. Throughout the process, various samples of the
flowthroughs and resins were taken for analysis via SDS-PAGE.

3.5.3 - Protein Labelling

For some protein-DNA and protein-protein studies, it was required to label one of the proteins with a
fluorescent label. Common labelling techniques include maleimide labelling of cysteine residues or
complexing of an NTA-linked fluorophore to the His-tag of a protein. FOXP3 FHD possesses one
cysteine residue, Cys394, but unpublished work from our lab has found that labelling of this residue
leads to abrogation of DNA binding. Additionally, NC possesses no cysteine residues. Therefore,
maleimide labelling was ill-suited for this work. For His-tag labelling, the His-tag of NC was removed
during purification, leaving His-tag labelling of FOXP3 FHD the best choice for this study. NTA-ATTO
550 (Sigma-Aldrich, USA) was used to label FOXP3 FHD (Fig. 17). Protein was dialysed against 20 mM
tris-HCI, 150 mM NacCl, 1 mM TCEP, 0.5 mM NiSQ,, pH 7.5. Following dialysis, 200 pl of 15 — 20 uM
protein was incubated overnight with an equimolar amount of NTA-ATTO 550. The following day, the
sample was centrifuged at 12,000 xg for 12 minutes to remove aggregates, and the reaction mixture
mixed with 20 pl of dye removal resin and added to a dye removal column (ThermoFisher, USA) to
remove uncomplexed dye. The column was centrifuged at 1000 xg for 30 seconds and the flowthrough

Fig. 17: Structure of NTA-ATTO 550. The ATTO 550 dye (pink, left) is linked to an NTA group (black, right) and complexes
with the His-tag of the protein in a similar fashion to IMAC. Image created using Inkscape V1.2.2. Chemical structures
drawn using Chemdraw 19.0.0.
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collected. To determine labelling efficiency, an absorbance spectrum of the mixture was taken as
previously described, and the efficiency calculated using Equations 4, 5, and 6 below.

Equation 4
A

[ATTO 550] = =22

€554
Equation 5

A —01=+(A
[Protein] =( 280) (Ass4)

€280

Equation 6
Labelling Ef fici _ [ATT0 550]
abelling Ef ficiency = (Protein]

Where Asss is the absorbance at 554 nm; ATTO 550’s absorbance maximum; A,go is the absorbance at
280 nm, €554 is the extinction coefficient of ATTO 550 at 554 nm (€ss4 = 1.5x10° ML.cm™?), and €50 is
the extinction coefficient of the protein. A correction factor of 0.1*Asss was applied to the protein
absorbance due to absorbance at 280 nm by the label itself.

3.5.4 - Fluorescence Anisotropy

If incident light upon a fluorophore is polarised, the light it emits will remain polarised. However, due
to Brownian motion, the fluorophore will continuously rotate in solution over the course of its
fluorescence lifetime. Thus, as the molecule rotates, so too does the polarisation of the emitted light.
Larger molecules, on account of their inherently greater mass, tumble slower than smaller molecules
and thus the emitted light retains a greater degree of polarisation. Effectively, the fluorescence
anisotropy of a molecule is an indirect measure of the molecule’s size. This allows for assessment of
binding events as these events lead to the formation of larger complexes with increasing polarisation
(Fig. 18).

Prior to any experimental measurements, a grating factor (G-factor) is calculated by taking the ratio
of the horizontal to vertical polarisation component of emitted light while the unbound sample is
being analysed (Eqn. 7). The G-factor corrects for any inherent bias for any particular plane of
polarisation caused by the optics of the polarimeter or sample. During experimental measurements,
the polarimeter excites the sample using light polarised only on a single axis, typically the z-axis, and
the resulting fluorescence anisotropy (r) of the emitted light is the ratio of the polarised component
to the total light intensity with the G-factor applied (Eqn. 8) (Jameson & Sawyer, 1995; Steiner, 2002;
Swonger & Robinson, 2018).
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Fig. 18: Principle of fluorescence anisotropy. When excited by polarised light, the emission
of a fluorophore remains polarised. However, due to Brownian motion, the emitted light can
become depolarised by rotation of the fluorophore between excitation and emission. Larger
molecules tumble slower in solution due to their inherent mass; thus their emitted light
remains more polarised. Binding events can be assessed by monitoring the fluorescence
anisotropy of a fluorescently labelled target molecule. Image created using Inkscape V1.2.2.

Equation 7

I

Equation 8

I"—G*IJ_

TT T,

Where | represents the intensity of polarised light parallel to the excitation light, I, the perpendicular,
It the total intensity, and G the grating factor. By measuring the fluorescence anisotropy of the sample
at increasing concentrations of ligand, the points can be fit to a single site ligand binding curve (Eqn.
9).

Equation 9

* [Ligand]

flx )_ + [Ligand]

Where Bmax is the maximum fluorescence anisotropy achieved at maximal binding and Kj is the
dissociation constant of the reaction.

As only one species is fluorescently labelled in each fluorescence anisotropy experiment, a given
binding curve only reports on the behaviour of the labelled member participating in the reaction;
where the behaviour of other members can only be inferred. Thus, when investigating multi-member
binding events, it is often beneficial to perform identical experiments with different members labelled
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to better understand the behaviour of all participating macromolecules. For binding events involving
FOXP3 FHD, NC, and DNA, either of the three may be labelled in theory. Table 4 lists the fluorescence
anisotropy experiments performed for this work. Where necessary, proteins were labelled with NTA
ATTO 550 as previously described. For experiments involving labelled DNA, one strand of the
oligonucleotide was labelled on the 5 end with carboxy-X-rhodamine (ROX) via an N-
Hydroxysuccinimide (NHS) ester. Labelled oligonucleotides were purchased from Integrated DNA
technologies — Whitehead Scientific, South Africa.

Table 4: Fluorescence anisotropy experiments performed.

. Labelled . [Titrand] _. Excitation  Emission
Experiment ] Label Titrand Titrant
Species (uM) (nm) (nm)
FHD — p38a NTA ATTO
oo FHD FHD 0.5 p38a 554 575
DNA Binding 550
NC — p38a ROX (As 5’
o p38a p38a 0.2 NC 578 604
DNA binding NHS ester)
NC - FHD NTA ATTO
L FHD FHD 0.5 NC 554 575
binding 550
p38a DNA into NTA ATTO FHD 0.5
FHD DNA 554 575
(FHD — NC) 550 NC 0.5
NCinto
NTA ATTO FHD 0.5
(FHD — p38a FHD NC 554 575
550 p38a lor5
DNA)

Fluorescence anisotropy was conducted wusing a Perkin Elmer LS-50B luminescence
spectrophotometer. The slit width was set to 10 nm for both excitation and emission and the
integration time set to 3 s. All proteins were dialysed against 20 mM tris-HCI, 150 mM NaCl, 1 mM
TCEP, 0.5 mM NiSOa, pH 7.5. Nickel was included in the buffer as it was found to prevent the ATTO
550 label from dissociating from the protein over the course of the experiment. Samples were
incubated for 1 minute following titration to allow binding to occur. Ten readings were taken and
averaged for each point. The volume increase due to titration did not exceed 10% of the starting
volume.
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4 — Results

Gene expression is a tightly controlled process involving a myriad of protein interactions and
molecular events. The regulation of gene expression is important for correct cell functioning and
overall health. The NC of SARS-CoV-2 is likely capable of disrupting this fine regulatory balance,
possibly as a means of increasing viral replication. FOXP3 is a transcription factor importantinimmune
regulation and platelet development. While NC may disrupt the function of a number of transcription
factors, this work aims to study the potential interaction between NC and FOXP3 due to the latter’s
important role in haemostasis and immunity. To do this, the DNA binding domain of FOXP3, the FHD,
and NC were overexpressed, purified, and their potential interactions studied. This was done by
assessing their DNA binding ability either in isolation or together. Such an interaction could explain
the widespread symptoms experienced by COVID-19 patients.

4.1 - Protein Purification

Proteins were purified to characterise potential interactions in the absence of any other confounding
factors such as extraneous proteins. Proteins were expressed in T7 E. coli cells transformed with pET-
11a plasmids. Both were purified using nickel IMAC.

4.1.1 - FOXP3 FHD

FOXP3 FHD was successfully purified using IMAC (Fig. 19A). FOXP3 elutes with significant tailing in the
elution peak. Typically, this would necessitate a higher concentration of imidazole in the elution buffer
as tailing indicates residual protein interactions with the column. However, the tailing proved to be
beneficial in obtaining pure protein. The first half of the elution peak was an approximately equal
mixture of contaminating proteins and FOXP3 FHD (Lane E1, Fig. 19B). Given the relatively small
volume of this fraction (typically =1 ml), it was deemed impractical to purify further. The tail,
meanwhile, consisted of pure FOXP3 FHD (Lanes E3 onwards) in ever decreasing concentrations.
Generating a standard curve from the SDS-PAGE reveals that the FOXP3 FHD migrates with a size of
14.1 kDa (Fig. 19C), slightly larger than the size expected from its sequence (12.9 kDa). Given the
accuracy of the standard curve (R? = 0.98), this discrepancy likely lies with the protein itself.
Particularly hydrophobic patches of some proteins, such as the highly hydrophobic dimer interface of
the FHD, are capable of binding extra SDS during denaturation, raising their apparent molecular mass
(Rath et al., 2009; Tiwari et al., 2019). There does appear to be a contaminating protein at
approximately 25 kDa in the elution fraction. However, this band persists following size exclusion
chromatography (see Fig. 23E in Section 4.1.5) and is approximately twice the size of the monomeric
FOXP3 FHD. There are cases of protein oligomers being resistant to SDS and B-mercaptoethanol
denaturation to varying degrees; such as human growth hormone (Grigorian et al., 2005), human
inducible nitric oxide synthase (Kolodziejski et al., 2003), human ATP synthase (Wittig et al., 2008),
some lectins in plants (Renwrantz et al., 2009), and other non-human proteins (Gentile et al., 2002;
Matsui et al., 2019). FOXP3 FHD has been found to be a highly stable obligate dimer held together
primarily through hydrophobic interactions (Bandukwala et al., 2011; Perumal, 2018); thus this band
is thought to represent dimeric FOXP3 FHD that remains associated even through SDS-PAGE
denaturation.
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Fig. 19: FOXP3 FHD purification. A—IMAC chromatogram of FOXP3 FHD purification. As the lysate supernatant is passed
through the column, unwanted bacterial proteins elute through the column (Flowthrough). Following elution of the
unbound fraction, a salt wash is performed to remove loosely bound contaminating proteins and nucleic acid
contamination. Finally, FOXP3 FHD is eluted using 300 mM imidazole. Conductivity is shown to monitor buffer changes.
B — SDS-PAGE of FOXP3 FHD purification, with the position of the FHD marked with a green arrow. MW — Molecular
weight marker, with sizes in kDa indicated on the left. P — Lysate pellet. SN — Lysate supernatant. FT — IMAC flowthrough,
E — elution fractions 1 through 6. E1 represents the rise and top of the elution peak, with subsequent lanes representing
portions of the elution tail. C — Standard curve generated from the SDS-PAGE to determine the size of the FOXP3 FHD.
The FHD appears to possess a size of 14.1 kDa (green star), slightly larger than the 12.9 kDa expected from the sequence
(green cross). Data plotted using SigmaPlot V12.
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4.1.2 - Nucleocapsid

NC was similarly purified using IMAC (Fig. 20A). Unlike FOXP3 FHD, the salt wash during NC purification
showed a significant absorbance peak. However, SDS-PAGE showed little to no protein in the
corresponding fraction (Lane SW, Fig. 20C), suggesting that the absorbance was due to large amounts
of nucleic acids within the elution. Indeed, absorbance spectroscopy of the salt wash fraction showed
a spectrum typical that of nucleic acids (Fig. 20B) with an Ases/Azso indicating pure nucleic acid
(Az60/A2s0 = 2.08). NC has a very high affinity for RNA and binds it non-specifically (Wu et al., 2021) and
is likely binding bacterial RNA present in the lysate. Previous literature has also noted issues with
nucleic acid contamination during NC purification (Luo et al., 2006; Wu et al., 2021). Addition of RNase
did not completely alleviate the issue. NC does elute from the IMAC column with significant amounts
of contaminating proteins (Lanes E1-3). Thrombin cleavage of the His-tag successfully removed these
contaminants (Fig. 21). As NC no longer contained the His-tag, it was free to elute in the flowthrough
during IMAC purification. Meanwhile, any contaminants, along with undigested NC and free His-tag,
bound to the IMAC column as they did during initial IMAC purification.

Because the His-tag is relatively short, there is only a small difference in protein size between the
uncleaved and cleaved NC (47.5 vs 45.7 kDa, respectively), resulting in only small differences seen on
an SDS-PAGE gel. Interestingly, NC appears to migrate with a size of ~55 kDa during SDS-PAGE (Fig.
20D). Similarly to the FOXP3 FHD, the standard curve was accurate to the molecular weight marker
(R? =0.99) and so the discrepancy likely lies with the protein. Plasmid sequencing confirmed that the
plasmid coded for the correct 47.5 kDa protein; and so the anomalous size is not the result of an
incorrect protein construct. There are various reasons any given protein can migrate anomalously
during SDS-PAGE such as: being a membrane protein, the prevalence of acidic residues, and disulfide
bond formation, amongst others (Rath et al., 2009; Tiwari et al., 2019). The upward shift of NC on SDS-
PAGE is likely caused by its intrinsically disordered structure. Firstly, IDPs, as a result of their lower
hydrophobic residue content, tend to bind less SDS than a typical more structured protein; raising
their mass-to-charge ratio and shifting their apparent molecular weight upwards (Rath et al., 2009;
Tompa, 2002). Secondly, during denaturation of structured proteins by SDS, the polypeptide chain
does not assume a completely linear coil. Instead, denatured proteins typically take on a beads-on-a-
string type structure, where each “bead” is a section of structure; typically a cluster of a-helices; linked
by disordered linkers. However, IDPs already possess large regions of disordered linkers in their native
state, and thus, once extended by SDS denaturation, become longer than an average structured
protein of similar molecular mass (Shirahama et al., 1974; Somasundaran & Hubbard, 2006) increasing
their apparent molecular weight in SDS-PAGE.
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Fig. 20: NC purification. A — Initial NC IMAC purification using a nickel column. B - Absorbance spectrum of the NC salt
wash fraction. C — NC purification SDS-PAGE, with the position of NC marked with a red arrow. MW — Molecular weight
marker, SN — Supernatant, P — Pellet, FT — Flowthrough, SW — Salt wash, E — Elution. D — Standard curve generated from
the SDS-PAGE to determine the size of NC. NC possess a size of 52.4 kDa (red star), slightly larger than the 47.5 kDa
expected from the sequence (red cross). Data plotted using SigmaPlot V12.
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Fig. 21: NC purification following thrombin cleavage. A — IMAC chromatogram of cleaved NC purification using a
benzamidine and nickel IMAC column in series. After cleavage, NC no longer contained the His-tag, and so elutes in the
flowthrough. Uncleaved NC, free His-tag, and contaminants eluted in the elution. B — SDS-PAGE of NC thrombin
cleavage. Pre-thrombin — NC IMAC fraction prior to addition of thrombin. Post-thrombin pre-purification — The same NC
IMAC fraction but following 6 hours of incubation with thrombin. Post-thrombin post-purification — Cleaved NC
following purification using a benzamidine and IMAC column. Data plotted using SigmaPlot V12.

4.1.3 - Nucleocapsid SEC

SEC was used to separate RNA-bound from RNA-unbound NC. NC elutes from the SEC column in three
main peaks (Fig. 22A), consistent with previous literature (Wu et al., 2021). A large peak with an
apparent size of ~950 kDa is seen relatively soon after the void volume (Peak 1, blue and red lines.
Standards are given in Fig. 23A and standard curve in 23B). However, SDS-PAGE analysis of this peak
shows no detectable protein. Additionally, the Axeonm/Azsonm ration of the fraction collected for that
peak was 1.68, indicating high amounts of nucleic acid content. Since the Azsonm/Azsonm ratio of pure
nucleic acid is approximately 2 (Wilson & Walker, 2009), protein was likely present in low amounts;
low enough to be undetectable via Coomassie staining. Instead, the peak height was likely dominated
by the absorbance of the nucleic acids themselves. While absorbance by nucleic acids is greatest at
260 nm, absorbance at 280 nm is still substantial (Wilson & Walker, 2009). If, during IMAC, the salt
wash is periodically paused and allowed to incubate on the column repeatedly, this absorbance peak
is not present (black line); indicating that contaminating nucleic acids can be removed effectively
simply using the salt wash. A second absorbance peak is seen at approximately 61 ml, corresponding
to a size of ~300 kDa. NC is an intrinsically disordered protein, and the hydrodynamic volume of
disordered proteins can vary up to 12x greater than a globular protein of the same molecular mass
(Uversky & Dunker, 2010). Thus, sizing disordered proteins using SEC is unreliable. Given that the
dimeric form of NC dominates in solution (Bai et al., 2021; Wu et al., 2021), this peak likely represents
the dimeric form. This peak had an Azsonm/Azsonm Of 0.63, indicating nearly nucleic acid free protein.
When the proteins from this peak were separated on an SDS-PAGE gel, it revealed that it indeed
consisted of full-length NC; showing that SEC can be used to purify NC of nucleic acid if it was unable
to be removed during initial purification. Additionally, peak 2 is only present when performing SEC at
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500 mM NaCl and disappears at 150 mM NaCl. The baseline also becomes noisier at low salt
concentrations, possibly indicating a heterogenous population of RNA-bound, RNA-free, and partially
RNA-bound protein. At high salt concentrations, like many nucleic acid binding proteins, salt ions
outcompete NC for nucleic acid binding through electrostatic interactions which leads to dissociation
of the protein from the nucleic acid (Lohman, 1986). Clear separation of RNA-bound from unbound
NC via SEC was also seen by others (Luo et al., 2006; Wu et al., 2021). Finally, a third peak at 86 ml is
also seen. Corresponding to a size of ~32 kDa, SDS-PAGE showed this peak consists of degraded NC
(see next section), which others have also observed (Perdikari et al., 2020). Thus, SEC can also be used
to purify NC from its autolysis products.
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Fig. 22: Size exclusion chromatography of NC. Pure NC either from thrombin
cleavage or preparative SEC was loaded on to the SEC column in varying salt
concentrations. A — Size exclusion chromatogram of NC at different NaCl
concentrations. 500 pl of 70 uM NC were loaded for each experiment. Black —
Pause Unpause (PUP), consisting of NC IMAC fractions in 500 mM NaCl where
the salt wash was periodically incubated in the column to remove nucleic acid
contamination. PUP samples consisted of uncleaved NC. Red — Cleaved NC in
500 mM NaCl. Blue — Cleaved NC in 150 mM NaCl. B—Corresponding SDS-PAGE
of 500 mM NaCl NC SEC fractions, with each lane corresponding to each peak
in the SEC chromatogram. Data plotted using SigmaPlot V12.

52



>
v

6.2

70 F— s =-1.7438x + 7.7331
onalbumin —_— 1
Sum:'o Set::::rds - Actual Dimer Elution R2 = (.9945
60 e 5.8 s (302 kDa - 60.1 ml)
Aldol > L8

& s Blue ase 561 Sk
:§ Dextran 5.4 | Feritin < Expected Dimer Elution
E 40 1 Ferl:ltin S 52+ \ . , (91 kDa - 74 ml)
1 \ g so Aldolase” /
8 % ’ ° 1 olase
£ Ovalbumin \x}
8 484 7 — ~
3 20 il Conalbumin LN
. C. anhydrase ; AR

- 44 Ovalbumin \'\

J\/\ o C. anhydrase ~ s
0 A
] i ] ] 40 ; . + -
0 40 60 80 100 120 10 12 &t 1o 8 20
Volume (ml) VeV,

Fig. 23: Size exclusion standards used for NC size exclusion. A — Original chromatograms of the standards. Blue dextran
was used to determine the void volume of the column while other standards were used to construct the standard curve.
B — Corresponding standard curve generated from the chromatogram. The log of the molecular weight of each standard
was plotted against its elution volume with respect to the void volume. Also shown are the expected and actual elution
times of dimeric NC (red cross and red star, respectively). Data plotted using SigmaPlot V12.

4.1.4 - Nucleocapsid Autolysis

While working with purified NC, it was noticed that extraneous bands in SDS-PAGE would appear over
time with a concomitant decrease in the intensity of the main NC band at ~55 kDa. Initially, these
bands migrate to ~35 kDa, but with time additional bands at ~25 kDa and finally ~16 kDa appear (Fig.
24A). Previous literature with both the SARS-CoV-1 and SARS-CoV-2 NC have found similar results
(Lutomski et al., 2021; Mark et al., 2008; Perdikari et al., 2020). Initially, research in cell culture
suggested this degradation was due to intracellular proteases. However, this behaviour is also
observed with purified NC. Mark et al. (2008) found that the cleavage does not appear to be the result
of contaminating proteases as no cleavage of fluorescently labelled casein was observed when the
casein was added to the purified NC sample. Similarly, no cleavage of ovalbumin or RNase, which both
contain the putative SR motif that is frequently cleaved in NC autolysis, was observed. Instead,
autolysis appears to be an innate ability of NC. However, the mechanism remains unknown.
Interestingly, peptides corresponding to the regions of NC that are commonly cleaved are not cleaved
in the presence of full-length NC (Mark et al., 2008). It has been suggested that autolysis of NC allows
for unpacking of the RNA genome upon infection, immune evasion, and separation of the two domains
which independently carry out particular functions throughout the infected cell (Lutomski et al.,
2021). Indeed, previous mass spectrometry (MS) analysis has found that the majority of NC autolysis
products consist of intact NTD and CTD domains (Lutomski et al., 2021). These two domains are
separated by an Ser-Arg rich region, which is more prone to degradation than other dipeptide repeats
(Guruprasad et al., 1990).

To confirm whether the extraneous bands seen during SDS-PAGE were indeed NC autolysis products,
bands were excised and sent for MS sequencing. Bands corresponding to the main ~55 kDa NC band,
a ~25 kDa band, an ~18 kDa band, and a ~16 kDa band were excised. Unexpectedly, all three autolysis
product bands produced peptides that cover the full-length protein (Fig. 24B), suggesting these bands
do not represent any particular region of protein. Rather, the bands appear to represent heterogenous
mixtures of random autolysis products. Given that a heterogenous mixture is expected to produce a
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distribution of differently sized products, one would not expect a distinct SDS-PAGE band. These
results can also not be reconciled with previous work that found specific sizes to represent particular
proteoforms (Lutomski et al., 2021). Regardless, there does appear to be slight enrichment of peptides
originating from either the NTD or CTD domains, possibly indicating that autolysis products do indeed
possess intact domains. Given that each domain can function independently, the separated domains
are likely still functional despite protein degradation.

SEC was used to successfully purify full-length NC from its autolysis products as previously discussed.
Visible autolysis is apparent after only one day following purification, but full-length NC remains
predominant until approximately three days post-purification. Freshly purified NC was used for
experiments as soon as possible, typically within a day of purification. However, purification of NC
from autolysis products immediately prior to each experiment was impractical. Because of this, some
degree of autolysis was unavoidable.
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Fig. 24: NC autolysis. A — Time dependent autolysis of NC. A batch of protein was left at 4 °C and samples periodically
taken over the course of two weeks. MW — Molecular weight marker, UC — Two-week-old uncleaved NC. B — Peptides
identified by MS sequencing of NC autolysis products. Detected peptides are shown as short coloured bars aligned with
the full-length NC sequence on top. MS sequencing was kindly performed by Previn Naicker at the Council for Scientific
and Industrial Research, Pretoria, South Africa. Peptide alignment was performed using Geneious Prime V2023.2.1.
Image created using Inkscape V1.2.2.




4.1.5 - FOXP3 FHD Structural Characterisation

To confirm whether the FOXP3 FHD was correctly folded following purification, various techniques
were used to probe its structure (Fig. 25). CD spectroscopy, used to assess secondary structure,
showed a predominantly a-helical spectrum (Fig. 25A) corresponding to the secondary structure
visible in the crystal structure (Fig. 25F) (Bandukwala et al., 2011). The a-helical spectrum is lost upon
urea denaturation, instead showing a portion of a disordered spectrum, indicating that the original
spectrum represents native folding. Intrinsic tryptophan fluorescence of the FHD, a technique for
probing the local environment surrounding tryptophan residues, showed a prominent peak at 342 nm
with a shoulder at approximately 330 nm (Fig. 25B). There is a small peak at 295 nm indicating
scattering of excitation light by aggregation. Upon denaturation, the shoulder is lost and a
bathochromic shift is observed as all the tryptophans becomes solvent exposed; indicating the protein
is folded and is not in a denatured state following purification. FOXP3 FHD has four tryptophan
residues: Trp348, Trp366, Trp381, and Trp407. Trp348 and Trp366 are directly involved in the highly
hydrophobic dimer interface (Fig. 25F) (Bandukwala et al., 2011); thus the shoulder at 330 nm in the
non-denatured spectrum is likely due to these residues.

The absorbance spectrum of FOXP3 FHD is characteristic of tryptophan absorbance; with a peak at
280 nm and a shoulder at 290 nm (Fig. 25C) (Edelhoch, 1967). As mentioned, the FHD possesses four
tryptophans, along with only two tyrosines. Tryptophan possesses a larger extinction coefficient when
compared to tyrosine (Edelhoch, 1967), so the FHD’s absorbance spectrum is dominated by its
tryptophan residues.

As mentioned previously, the FHD has been found to exist as an obligate dimer. This was confirmed
using SEC where the FHD eluted with an apparent size of ~28 kDa (Fig. 25D. Standards are given in Fig.
26A and standard curve in 26B), with no visible peak where the monomeric FHD was expected to
elute. When fractions from SEC were visualised using SDS-PAGE, the FHD migrated with a size of
approximately 14 kDa (Fig. 25E). This confirms that the FHD is indeed exclusively a dimer and
corresponds with previous literature (Bandukwala et al., 2011). Thus, the secondary, tertiary, and
guaternary structure of the FOXP3 FHD was as expected for the native state following purification.

4.1.6 - Nucleocapsid Structural Characterisation

Similarly, NC structural characterisation was performed to confirm correct folding. The NC CD
spectrum is characteristic of predominantly disordered proteins (Fig. 27A); agreeing with previously
published findings (Zeng et al., 2020). Due to absorbance by the urea itself, the urea denatured
spectrum reaches the signal noise cutoff at 218 nm, preventing meaningful comparison between the
native and denatured spectra. Intrinsic tryptophan fluorescence of NC shows a prominent double peak
at 330 nm and 338 nm (Fig. 27B). NC has five tryptophan residues; Trp52, Trp108, Trp132, Trp301, and
Trp330; all of which are found in either the relatively structured NTD (Trp52, Trp108, Trp132) (Fig.
27D) or the CTD (Trp301, Trp330) (Fig. 27E). Trp52 and Trp330 are relatively more solvent exposed
than the others in the solved structures, possibly contributing to the peak at 338 nm; while the rest
contribute to the peak at 330 nm. Upon denaturation with 8 M urea, the double peak is lost and a
single peak at 350 nm is seen. Additionally, the intensity of this peak is reduced compared to the native
spectrum; potentially indicating quenching upon solvent exposure. This indicates that the protein is
folded following purification. Given these data, along with SEC as previously shown, purified NC was
considered correctly folded. This was backed up by the observation that NC binds significant bacterial
nucleic acids during purification, as previously described, showing NC is still functional at the time of
purification.
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Fig. 25: FOXP3 FHD Structural Characterisation. To confirm that the FOXP3 FHD was folded following purification,
various structural characteristics where measured. A — Circular dichroism spectrum of native (black) and 8 M urea
denatured (orange) FOXP3 FHD. B — Intrinsic tryptophan fluorescence of native (black) and 8 M urea denatured (orange)
FOXP3 FHD. C — Absorbance spectrum of FOXP3 FHD. D — SEC of purified FOXP3 FHD. E — Corresponding SDS-PAGE of
FOXP3 FHD SEC. MW — Molecular weight marker, V, — Void volume. F — FOXP3 FHD crystal structure of the domain
swapped dimer (PDB: 3QRF) showing the tryptophan residues present in the FHD. Monomers are coloured green and
white. The tryptophans of one monomer are coloured purple while the other white. Trp348 and Trp366 are directly
involved in the hydrophobic dimer interface. The DNA binding helix 3 (H3) are also indicated. Data plotted using
SigmaPlot V12. Structure visualised using UCSF Chimera (Pettersen et al., 2004).

56




100
Conalbumin  Ovalbumin —— Other Standards
N |' —— Blue Dextran
80 - Blue Dextran | o
P X | Carbonic
E ." Anhydrase
2
~N |
3 60 :
£ Ribonuclease A
3 /
§ Aprotinin
S 40 A =
£
o
0
Q
< 20 \‘
54 J S Ay
0 100 150 200 250 300
B Volume (ml)
52
Conalbumin y =-1.0224x + 6.1387
50 Actual Dimer 2 _
N o ’ R< =0.9948
484 > Elution
=g (28.0 kDa)
46 LA e Expected
4 s ‘x\/// Dimer Elution
s 4.4 1 Ovalbumin = (25.9 kDa)
%, 42 C. Anydrase >
8 s
404 ~
Ribonuclease A g S
3.8 A
/.\ ~
361 Aprotinin
34
32 T T T T T
1.2 14 1.6 1.8 20 22 24
VONO

Fig. 26: Size exclusion standards used for FOXP3 FHD size exclusion.
A — Original chromatograms of the calibration proteins using a
HiLoad 26/600 Superdex 75pg column. 1 ml of 1 mg/ml blue dextran
(blue) was used to determine the void volume of the column while
1 ml containing 3 — 4 mg/ml of the other standards (black) were
used. B — Standard curve generated from the chromatogram. The
log of the molecular weight of each standard was plotted against its
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elution volume. Also shown are the expected (green cross) and
actual (green star) elution times of the dimeric FOXP3 FHD. Data
plotted using SigmaPlot V12.
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Fig. 27: NC Structural Characterisation. A — Circular dichroism spectrum of native (black) and 8 M urea denatured
(orange) NC. B —Intrinsic tryptophan fluorescence of native (black) and 8 M urea denatured (orange) NC. C— Absorbance
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SigmaPlot V12. Structures visualised using UCSF Chimera (Pettersen et al., 2004).

58




4.2 - Protein-Protein, Protein-DNA, and Protein-Protein-DNA Interactions

Nucleocapsid, in addition to packaging the viral genome, plays an important role in viral replication.
By interfering with host proteins, NC interferes with the cell’s innate antiviral response to promote
replication (Gordon et al., 2020; Lu et al., 2021; Mu et al., 2020; Wang et al., 2021; Zhou et al., 2008).
Overactivated platelets are a prominent feature during COVID-19 (Pretorius et al., 2021; Venter et al.,
2020), and FOXP3 is important in platelet generation (Bernard et al., 2009). Thus, NC may also be
interacting with FOXP3 to bring about these symptoms. NC may interact with the FHD of FOXP3
through direct protein-protein interactions, or interactions may instead be mediated through the
presence of DNA. Thus, to understand whether the FHD and NC interact, it is necessary to investigate
their interactions both in the absence and presence of DNA. By studying their interactions in the
absence of DNA, its possible to determine whether the two proteins interact directly, which may cause
abrogation of FHD DNA binding. Studies of their interaction in the presence of DNA can be used to
determine whether interactions exist when one or both proteins are DNA bound, and whether these
interactions modify the DNA binding behaviour of the FHD.

4.2.1 - FOXP3 FHD-NC Protein-Protein Interaction

Transcription factors rely heavily on protein-protein interactions to exert transcriptional control over
the genes they regulate. As such, direct interaction between the FOXP3 FHD and NC was investigated
using pulldown assays and fluorescence anisotropy (Fig. 28). Pulldown assays revealed a weak
interaction between the two proteins (Fig. 28A). Despite a large concentration of His-tagged FHD (the
bait) bound to the column during the pulldown assay, the majority of untagged NC (the prey) placed
on the column did not bind and instead flowed through. A small amount of NC remained on the
column and eluted with FOXP3 FHD in the elution. Despite the small amount of NC bound to the FOXP3
FHD, this binding is a true interaction as NC did not bind to the column in the absence of the FOXP3
FHD; as evidenced by the lack of NC bands in the control lanes.

Fluorescence anisotropy revealed similar results, with a steady increase in the anisotropy occurring
with increasing NC concentrations (Fig. 28B). While the isotherm could be fit (Kp = 25.1 £ 29.73 uM,
R? = 0.8733), the curve does not reach saturation and thus does not accurately quantify the true
binding affinity between these two proteins. Higher concentration titrations, to sample points closer
to saturation, were not performed due to the very high concentration of protein required. Regardless,
this, along with the pulldown assay, shows that FOXP3 FHD and NC do interact directly in the absence
of DNA.
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Fig. 28: FOXP3 FHD and NC protein-protein interaction. FOXP3 FHD and NC show weak direct interaction. A—Pulldown
assay with FOXP3 FHD (green arrow) as the bait and NC (red arrow) as prey. 150 pg of the His-tagged FOXP3 FHD was
placed on the column containing a cobalt charged NTA resin. After washing off unbound FHD, 150 pg of NC was added
and the column incubated for 1 hour. After washing off unbound NC, proteins were eluted using a 300 mM imidazole
solution and analysed using SDS-PAGE. The control was performed similarly but with the omission of the FOXP3 FHD.
MW — Molecular weight marker, FT — Flowthrough of the FHD (bait) or NC (prey), Resin — Sample of the column resin
following addition of the FHD or NC at respective steps. E - Elution. B — Fluorescence anisotropy showing a relatively
weak interaction between FOXP3 FHD and NC (Kp > 25 uM). FOXP3 FHD labelled with NTA ATTO 550 was titrated with
high concentration NC and the resulting anisotropy measured after each titration. Data fit using a single site ligand
binding curve using SigmaPlot V12. Error bars represent standard deviation of triplicate measurements.

4.2.2 - Protein-DNA Interactions

Both FOXP3 and NC bind nucleic acids to perform their respective functions. Thus, it is important to

study their nucleic acid binding in isolation to fully understand potential interactions between them.

FOXP3 FHD was found to bind the p38a promoter sequence (Fig. 29). EMSAs showed that at a
DNA:Protein ratio of 1:8 (equivalent to a protein concentration of 4 uM), the majority of DNA is protein
bound; with no free DNA remaining at a ratio of 1:20 (Fig. 29A). Additionally, EMSAs using different
DNA sequences specific for other transcription factors (AAV P5, specific for YY1, and SSL DNA, specific
for TBR1), showed that, unlike the p38a sequence, FOXP3 binds only very weakly and non-specifically

to these sequences as evidenced by the slight smearing and lack of a distinctly shifted DNA-bound

band in the EMSA gel (Fig. 29B). The FOXP3 FHD — p38a promoter sequence interaction was also
confirmed using fluorescence anisotropy which showed that the FHD binds to the sequence with Kp =

0.14 +0.03 uM (R? = 0.96) (Fig. 29C).

60



A B

p38a promoter AAV P5 SSL

1:0 1:8 1:20

D]

Unbound DNA

Unbound DNA

‘ 0.012 4

0.010 ) )
2
2 0008 —
.g Kp=0.1410.03 uM
K] 2
5 o R?=0.96
3
2
2
[
< 0004 -
12
0.002
0.000 & . . . .
0.0 05 1.0 15 20

[DNA] (1M)

Fig. 29: FOXP3 FHD DNA binding. The FHD binds specifically to the p38a promoter sequence. A — EMSA of FOXP3 FHD
binding to the p38a promoter sequence. Samples containing 0.5 UM p38a promoter sequence was incubated with
increasing FHD concentrations and then electrophoresed on a native polyacrylamide gel. B — EMSA of the FHD with DNA
sequences not specific for FOXP3, showing non-specific binding. C — Fluorescence anisotropy binding isotherm of FOXP3
FHD to the p38a promoter sequence. FOXP3 FHD labelled with NTA ATTO 550 was titrated with high concentration DNA
and the resulting anisotropy measured after each titration. Data fit using a single site ligand binding curve using
SigmaPlot V12. Error bars represent standard deviation of triplicate measurements.

Surprisingly, NC was also found to bind the p38a promoter sequence using both EMSA and
fluorescence anisotropy (Fig. 30). It is known that NC is capable of binding both RNA and DNA non-
specifically (Zeng et al., 2020; Zhou et al., 2020). This was indeed observed, as evidenced by the
smeared “columns” that increase with protein concentration (Fig. 30A). However, in addition to non-
specific DNA binding, NC also appears to bind to the p38a sequence specifically; leading to the
presence of a distinct upward shifted DNA band. Compared to the FOXP3 FHD, the NC — DNA binding
interaction appears to be lower affinity as the DNA does not become fully bound even at a
DNA:Protein ratio of 1:40. This band is only weakly present with the AAV P5 and SSL sequences; while
the non-specific binding remains unchanged (Fig. 30B and 30C, respectively). Fluorescence anisotropy
using ROX labelled p38a promoter shows that NC binds the sequence with moderate affinity (Kp = 1.84
+0.22 uM, R? = 0.98) (Fig. 30D).
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Fig. 30: NC DNA binding. NC binds DNA non-specifically, but also shows specific binding in the case of the p38a promoter
sequence. A — EMSA showing NC binding to the p38a promoter sequence. Samples containing 0.5 pM p38a promoter
sequence was incubated with increasing NC concentrations and then electrophoresed on a native polyacrylamide gel. B
and C— NC EMSAs to non-FOXP3 specific sequences, AAV P5 and SSL, showing only non-specific smearing with no specific
binding. D — Fluorescence anisotropy of NC binding to the p38a promoter sequence, showing that NC binds the sequence
with moderate affinity. ROX labelled p38a promoter was titrated with high concentration NC and the resulting anisotropy
measured after each titration. Data fit using a single site ligand binding curve using SigmaPlot V12. Error bars represent
standard deviation of triplicate measurements.
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4.2.3 - Protein-Protein-DNA Interactions

Protein-protein-DNA interactions play a major role in transcriptional regulation. The FOXP3 FHD and
NC have been shown to interact directly, and can specifically bind the p38a promoter independently.
However, the presence of protein-protein interactions may influence protein-DNA interactions, and
vice-versa. As such, formation of a protein-protein-DNA ternary complex was assessed using
fluorescence anisotropy. p38a promoter was titrated into 0.5 uM NTA ATTO 550 labelled FOXP3 FHD
in the presence of 0.5 UM NC to assess whether the two proteins could bind the DNA simultaneously.
Since the concentration of protein is low, only a small proportion of protein is expected to exist as an
FHD-NC complex while the majority remains as free protein. Titration resulted in a two-phase curve
(Fig. 31). Initially, there is a sharp increase in the anisotropy that appears to follow the same binding
pattern as NC-DNA. The large initial increase in the anisotropy indicates that both the FHD and NC are
binding to the DNA simultaneously as the relatively small FHD becomes part of a much larger FHD-NC-
DNA complex. However, at DNA concentrations above 0.5 uM there is a decrease in the anisotropy
that eventually more closely resembles the binding behaviour of FHD-DNA. This indicates that once
there is excess DNA present in the cuvette compared to the proteins, the FHD goes from participating
in a large FHD-NC-DNA complex to a smaller FHD-DNA complex as the proteins dissociate and bind
separate DNA oligonucleotides. Since it is the FHD that is labelled, the binding curve then resembles
that of FHD-DNA binding.
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Fig. 31: Fluorescence anisotropy of the protein-protein-DNA interactions
between FOXP3 FHD, NC, and the p38a promoter sequence. NTA ATTO 550
labelled FHD in the presence of 0.5 uM NC was titrated with p38a promoter
sequence (pink triangles). The FHD and NC can bind to the p38a promoter
simultaneously when protein concentrations are greater than the DNA
concentration ([DNA] < 0.5 uM). Once the concentration of DNA increases
beyond the protein concentration, each protein binds separate
oligonucleotides. Also shown are the previous NC-DNA (red line) and FHD-DNA
(green line) fits for comparison. A buffer titration (black squares) shows that
the decreasing anisotropy values are not due to label dissociation. Data fit
using a single site ligand binding curve using SigmaPlot V12. Error bars indicate
standard deviation of triplicate measurements.
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To study the effect of increasing NC on already DNA bound FHD, NC was titrated into NTA ATTO 550
labelled FHD in the presence of saturating (1 uM or 5 uM) p38a promoter DNA. Concentrations were
chosen to ensure saturation based on the FHD-DNA Kp shown previously (Fig. 29) (Kp = 0.14 + 0.03
uM). The FHD-DNA mixture was allowed to incubate for one hour at room temperature prior to
measurements to allow for binding to occur. When in the presence of 5 UM DNA, a clear binding
isotherm was produced (Fig. 32, purple circles), as NC binds to the FHD-DNA complex to form a larger
FHD-NC-DNA complex. Additionally, fitting this curve reveals that NC binds to the FHD-DNA complex
with approximately the same Kp compared to when no FHD is present (Kp = 1.92 + 0.49 uM vs Kp =
1.84 £ 0.22 uM, respectively). This indicates that not only can NC bind to the sequence in both the
presence and absence of FHD, but that the FHD does not significantly alter the affinity of NC for the
DNA. In the presence of lower DNA concentrations (1 uM), there is an initial increase in the anisotropy
prior to ~1.2 uM NC. The initial increase approximately follows that of the 5 uM DNA binding isotherm,
indicating similar binding behaviour as a larger FHD-NC-DNA complex is formed. However, following
titration of 1.2 uM NC, there is a decrease in the anisotropy which indicates FHD dissociates from the
FHD-NC-DNA complex. These results suggest that when NC is not in excess, FHD and NC can bind to
the DNA simultaneously; in agreement with the results shown in Fig. 31. However, once NC is in
excess, NC successfully outcompetes FHD for DNA binding, leading to FHD dissociation from the DNA.
The FHD then possibly binds free NC, forming FHD-NC complexes. Given the weak association between
the FHD and NC (Fig. 28), these complexes are not in abundance at the concentrations used in the
experiment and so do not greatly raise the anisotropy. Interestingly, FHD dissociation from the DNA
does not appear to begin immediately once the NC concentration matches that of the DNA. Instead,
dissociation of the FHD in the 1 uM curve only begins at approximately 1.2 uM NC; suggesting a slight
excess of NC is required to compete with the FHD for DNA binding. Indeed, when in the presence of 5
UM DNA, FHD dissociation is not readily apparent in the concentrations tested. Regardless, points lying
beyond a concentration of 5 uM NC in the 5 uM DNA plot were excluded during curve fitting, as FHD
dissociation may be present.
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Fig. 32: Effects of increasing NC on preformed FHD-DNA complexes. NTA
ATTO 550 labelled FHD in the presence of either 5 uM (circles, purple) or 1
UM (triangles, pink) p38a. DNA was titrated with NC. The last three points
of the 5 uM DNA plot were excluded from data fitting. Data fit using a single
site ligand binding curve using SigmaPlot V12.Error bars indicate standard
deviation of triplicate measurements.
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The NTD of NC is thought to provide some level of binding specificity (Iserman et al., 2020; Redzic et
al., 2021). Thus, protein-DNA computational docking was performed between the NTD of NC and the
p38a promoter oligonucleotide using either PyDockDNA (Rodriguez-Lumbreras et al., 2022), MDockPP
(Huang & Zou, 2010), or HDOCK (Yan et al., 2020) to see if it could shed light on how NC binds to the
sequence (Fig. 33). The packaging signal, a short sequence present in the p38a promoter that is
discussed in-depth later, is separate from the FOXP3 consensus sequence, and various docking poses
showed the NTD binding on or near the packaging signal. In many poses, this left the FOXP3 consensus
site free. This could be the mechanism that allows both the FHD and NC to bind to the sequence
simultaneously, as NC binds to the packaging signal and the FHD binds to the FOXP3 consensus site.
However, many other poses also showed the NTD binding to other regions of the sequence.
Additionally, the docking results do not fully replicate how NTD is expected to bind nucleic acids,
where Tyr86, Tyr109, and Tyrl11 are thought to intercalate with the bases via rt-it stacking (Chang et
al., 2016). Unfortunately no structure of the NTD bound to double stranded nucleic acid has been
solved to allow comparison. Thus, these docking results only suggest, rather than prove, that the NTD
may bind to the packaging signal present in the p38a promoter sequence.

5 - TTATT-3

Fig. 33: Representative docked structure between the NTD of NC (pink) and the p38a promoter
sequence. The NMR structure of the NTD (PDB: 6YI3) was docked with p38a promoter sequence
(created using PyMOL Builder Tool) using either PyDockDNA, MDockPP, or HDOCK. In many poses, the
NTD docks on or near the packaging signal (red), which leaves the FOXP3 consensus (green) open.
Visualised using UCSF Chimera (Pettersen et al., 2004).

The fluorescence anisotropy results, relevant Kp and Bmax values, and significant findings are
summarised in Table 5. Both the FOXP3 FHD and NC can bind to the p38a promoter sequence
independently. Additionally, both proteins can bind to the DNA sequence at the same time, and NC
binds to the sequence with the same affinity regardless of whether the FHD is present or not.
However, excess NC leads to dissociation of the FHD. If this interaction is present in the body, it may
lead to FOXP3 dysregulation as FOXP3 is prevented from reaching its target sites in the genome,
leading to transcriptional dysregulation.
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Table 5: Overall fluorescence anisotropy results. Kp, Bmax, R2, and relevant findings/notes are given where applicable.

Experiment Kp (LM) Bmax R? Findings/notes
FOXP3 FHD — p38« 0.14+0.03 0.0102 +0.0004 0.96 -
NC - p38a 1.84 +£0.22 0.1073 £0.004 0.98 -
FOXP3 FHD — NC 525 N/A N/A IrTacc':urate fit due to weak
binding
. Both proteins bind when DNA
fjjg?';g'::in lex N/A N/A N/A s limiting. Bind separately
P when DNA in excess
NCinto h bind wh )
(FHD — p38a DNA) Fot. . mbw en NCis -
complex tImltlng, tutt exces; I::{:Dea s
-5 uM p38a 1.92+0.49  0.0424+0.005 096 o compentionan
dissociation
-1 uM p38a N/A N/A N/A
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5 - Discussion

While the worst of the COVID-19 pandemic is behind us, SARS-CoV-2 is predicted to become endemic
and circulate seasonally much like influenza (Telenti et al., 2021). Thus, understanding how COVID-19
sometimes leads to severe disease is crucial for managing future SARS-CoV-2 outbreaks.

One of the hallmarks of COVID-19 is Disseminated Intravascular Coagulopathy (DIC) (Kander, 2020;
Levi et al., 2020; Yuriditsky et al., 2020). In severe COVID-19, DIC can lead to large thrombi that may
lead to strokes and embolisms. Furthermore, even in minor or asymptomatic COVID-19, the formation
of small but long-lasting clots is thought to be a contributing factor to long-COVID (Pretorius et al.,
2021). A common finding in COVID-19 patients is the presence of structurally and functionally
abnormal platelets that resemble platelets seen in those suffering from IPEX; an autoimmune
condition arising from loss of function mutations in the FOXP3 transcription factor (Bernard et al.,
2009; Venter et al., 2020). Thus, COVID-19 may be causing FOXP3 dysfunction that ultimately results
in platelet dysregulation and resulting DIC.

SARS-CoV-2 possesses the multifunctional nucleocapsid protein (NC) which, alongside its ability to
bind and package the viral genome, performs various roles within the cell to facilitate successful viral
replication. One such function may be a direct alteration of host expression caused by NC binding to
host promoter regions (Yan et al., 2006). Due to NC’s multifunctional abilities, and the ability of the
highly similar SARS-CoV-1 NC to directly alter host expression, it would likely be this protein that would
alter FOXP3 expression. By investigating if and how NC directly interacts with FOXP3, a better
understanding of COVID-19 pathophysiology can be attained which can be used to guide future
COVID-19 therapeutics. Additionally, it will provide potential insight into FOXP3 regulation of platelet
development and possibly FOXP3 function in general.

5.1 - FOXP3 FHD — Nucleocapsid Interactions

Protein-protein interactions are critically important in gene regulation; where the formation of a
complex, even in the absence of DNA, may promote or abolish expression of a particular gene (Voet
et al., 2016). Because of this, it is important to determine whether FOXP3 FHD and NC interact directly
in the absence of DNA. NC has been found to bind a number of host proteins such as hnRNP C, G3BP1,
G3BP2, and other RNA processing proteins (Cascarina & Ross, 2020; Gordon et al., 2020; Luo et al.,
2005; Savastano et al., 2020), which it does to promote replication of the viral genome. Other SARS-
CoV-2 proteins also target other cellular proteins for similar reasons (Gordon et al., 2020; Kee et al.,
2022; Zhou et al., 2021). Thus, there is precedent for NC to bind host proteins.

In this work, pulldown assays and fluorescence anisotropy revealed a weak (Kp > 25 uM) interaction
between FOXP3 FHD and NC (Fig. 28). Weak transient protein-protein interactions, referred to as the
quinary structure of proteins (McConkey, 1982), form a critically important part in cellular processes
such as metabolism, signalling pathways, and expression. While weak, these interactions are often
numerous and therefore exert a profound effect on cellular processes (Nooren & Thornton, 2003;
Wirth & Gruebele, 2013). Weak protein-protein interactions are also common during assembly of
some viral capsids (Tellinghuisen et al., 1999) where, due to hysteresis, the resulting protein-protein
complexes are more stable than one would predict from the initial interactions alone. They are a
central part of liquid-liquid phase separation (LLPS) which itself is involved in a variety of cellular
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processes (Uversky, 2019; Wirth & Gruebele, 2013). NC has been found to undergo LLPS in a
concentration and RNA dependent manner (Cascarina & Ross, 2020; Iserman et al., 2020; Perdikari et
al., 2020; Redzic et al., 2021; Savastano et al., 2020). In the cell, the resulting liquid droplets locally
concentrate RNA and RNA processing proteins, such as RNA dependent RNA polymerase, to promote
replication of the viral genome (Savastano et al., 2020). Thus, the presence of a weak interaction
between FOXP3 FHD and NC may be indicative of potential interactions in vivo, possibly involving NC’s
ability to phase separate and locally concentrate particular proteins. While simple assays for studying
LLPS are available (Perdikari et al., 2020), they could not be performed as part of this work due to time
constraints. These assays, as part of future work, may provide valuable insight into whether the FHD
of FOXP3 becomes incorporated into NC phase-separated droplets.

Additionally, the crowded environment of the cell typically results in stronger interactions than those
seen in relatively dilute in vitro conditions (Wirth & Gruebele, 2013). Thus, an interaction between NC
and FOXP3 in vivo may be stronger than that seen here. Typically, NC is largely excluded from the
nucleus of infected cells (Iserman et al.,, 2020). However, FOXP3 is only localised to the nucleus
following translation in the cytoplasm (Douglass et al., 2012; Hancock & Ozkaynak, 2009), a process
which is regulated by post-translational ubiquitination and by FOXP3’s nuclear localisation signal (Ni
et al., 2019). Thus, there is potential for FOXP3 and NC to interact in vivo; particularly during pro-
inflammatory states where FOXP3 nuclear localisation is downregulated (Deng et al., 2019). Future in
vivo protein localisation assays would similarly provide insight into potential direct protein-protein
interactions.

5.2 - Protein — DNA Interactions

5.2.1 - FOXP3 FHD

Understanding the DNA binding ability of either protein in isolation is important to allow for
comparison when both proteins are studied together. As a transcription factor, FOXP3 binds DNA to
regulate the expression of hundreds of genes involved in a wide range of processes such as signal
transduction, expression, and RNA processing; including some MAPK pathway proteins (Marson et al.,
2007; Zheng et al., 2007). FOXP3 has been found to regulate p38a as well as the upstream MAP3K
TAK1 (Lachmann et al., 2010; Rouillard et al., 2016). p38 MAPK signalling plays an important role in a
variety of processes such as macrophage activation (Grimes & Grimes, 2020), T cell and Treg function
(Huang et al., 2013; Sadeghifard et al., 2017), and platelet activity (Minuz et al., 2002), and is
significantly elevated in severe COVID-19 (Manne et al., 2020). Thus, understanding FOXP3 DNA
binding, and how it may be disrupted, is important in understanding how these processes are
regulated.

In this work, the FOXP3 FHD was found to bind the p38a promoter sequence with moderate-to-high
affinity (Fig. 29, Kp = 0.14 + 0.03 uM). FOXP3 literature is scarce in quantitative FHD — DNA binding
affinity; rather primarily focusing on relative changes in DNA binding caused by respective
experimental conditions. The only example of quantitative FOXP3 FHD-DNA binding found in literature
reported a Kp of 4.7 uM between the FHD and the Daf-16 family-binding element 2 (DBE2), a 21-mer
oligonucleotide commonly used to study FOX transcription factors (Furuyama et al., 2000), using
isothermal titration calorimetry (Li et al., 2017). The discrepancy between the affinity obtained in this
work (Kp = 0.14 + 0.03) and between the FHD and DBE2 may lie in differing conditions; where their
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binding studies were performed at 250 mM salt while here they were performed at 150 mM salt.
Increasing salt concentrations typically leads to decreased affinity between protein and DNA as the
salt begins to outcompete the protein for DNA binding through electrostatic interactions (Lohman,
1986). Other differences may be caused by the differing flanking regions of the oligonucleotide used.
The wing region of the FHD augments DNA binding affinity through interaction with flanking bases
outside of the consensus sequence (Dai et al., 2021). Additionally, particular DNA sequences may
induce DNA conformational changes that also alter the affinity of the FHD for DNA (Dai et al., 2021).
The non-specific binding of the FHD to non-consensus sequences, such as SSL and AAV P5, is likely the
result of non-specific electrostatic interactions between the positively charged FHD (theoretical pl =
10.42) and the negatively charged DNA backbone. Indeed, transcription factors are believed to use
these weak non-specific electrostatic interactions to quickly scan the genome for their consensus
binding sites (Suter, 2020).

5.2.2 - SARS-CoV-2 NC

NC is primarily an RNA binding protein (Bai et al., 2021; Chen et al., 2007), but has also been found to
bind DNA (Zeng et al., 2020; Zhou et al., 2020). These works have shown that NC binds DNA non-
specifically; driven primarily through electrostatic interactions. Non-specific binding was indeed
prominent in NC EMSAs (Fig. 30), visible as a smeared tail above the unbound DNA band. This non-
specific binding appears uniform across all tested DNA sequences, in accordance with NC’s ability to
non-specifically interact with DNA. Unexpectedly, NC was found to bind the p38a promoter sequence
specifically in addition to non-specifically, as evidenced by the shifted DNA bands closer to the top of
the gel. While NC predominantly binds nucleic acids non-specifically, it does show a particular
preference for the RNA sequence 5'-AAUAA-3’ (Redzic et al., 2021), which the 5’ untranslated region
(UTR) of the viral genome is particularly rich in. This sequence acts as a packaging signal that, along
with similar packaging signals in the 3’ UTR, bind NC to drive packaging of the viral genome during
virion assembly. The p38a promoter sequence possesses the DNA equivalent of this sequence (5’-
GTTATAATTTGTTTATTGTCAATTG-3’, where the packaging signal is bolded and the FOXP3 consensus
underlined) while the other tested sequences do not; which may explain why NC displays specific
binding for this sequence. This sequence also partially overlaps that of the FOXP3 consensus sequence.
Initially, this was thought to indicate that NC and FOXP3 FHD may compete for DNA binding. However,
as discussed in Section 5.3, this is not the case.

Interestingly, the work that found that the SARS-CoV-1 NC directly binds to DNA and alters host
expression also observed specific binding during EMSAs (Yan et al., 2006). However, the
oligonucleotides in their study possessed neither a packaging signal nor any similarity to the p38a
promoter sequence as determined by BLAST analysis. This suggests that there may be different
sequences that NC may differentially recognise and bind to.

To further characterise the interaction between NC and the p38a DNA, fluorescence anisotropy was
performed. NC binds to the p38a promoter sequence with moderate affinity (Kp = 1.84 + 0.22 uM).
Unfortunately, comparison with previous literature is difficult, as previously published NC affinity
values vary over several orders of magnitude. Some previous works have reported affinities in the
nanomolar range (Wu et al., 2021; Zeng et al., 2020), others in the tens of micromolar (Chang et al.,
2009; Dinesh et al., 2020; Korn et al., 2023; Redzic et al., 2021), and yet more in the hundreds of
micromolar up into the millimolar range (Redzic et al., 2021). Such differences may partly be the result
of differing techniques used to obtain K values. These papers used a combination of EMSAs, NMR,
ITC, and fluorescence anisotropy to quantify NC nucleic acid binding. Another large factor is the nucleic
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acid itself. The affinity of NC for a particular nucleic acid sequence appears to be heavily influenced by
a number of factors such as its sequence, the type of nucleic acid, whether it possesses secondary
structure, and its rigidity (Redzic et al., 2021). Sequences containing packaging signals and stem-loops
are typically bound by NC with greater affinity than those without (Chen et al., 2007; Iserman et al.,
2020; Redzic et al., 2021). The p38a promoter oligonucleotide is not predicted to form any particular
secondary structures, and thus it may be the packaging signal mentioned previously which drives
specific binding. The p38a promoter sequence used in this work was taken directly from the promoter
of the p38a gene, and since NC can bind to the sequence in vitro, it may bind the sequence in vivo and
potentially disrupt transcriptional regulation. Additionally, if NC is recognising the 5 — AATAA — 3’
packaging signal, FOXP3 may not be the only transcription factor dysregulated by NC. NC may bind to
any sequence containing a packaging signal and potentially disrupt any nearby transcription factors.
As mentioned previously, the SARS-CoV-1 NC, which shares 90% sequence identity with the SARS-CoV-
2 NC (Peng et al., 2020), has been found to directly bind host promoters and alter gene expression
(Yan et al., 2006). Thus, this function is likely preserved in the SARS-CoV-2 NC. Future work in cell
culture could be used to verify if the SARS-CoV-2 NC does indeed bind to genomic DNA in a more
physiologically relevant environment. Determining which sequence(s) the NC preferentially binds to
would also help determine which transcription factors are disrupted during COVID-19.

5.3 - Protein — Protein — DNA Interactions

The FOXP3 FHD and SARS-CoV-2 NC interact directly with each other. Additionally, they both bind to
the same DNA oligonucleotide separately, raising the question of whether they could bind
simultaneously or compete for binding. Interestingly, both the FHD and NC simultaneously bind to the
DNA to form an FHD-NC-DNA complex (Fig. 31). At the protein concentrations used (0.5 uM for both
proteins), the proteins are expected to be predominantly unbound from each other prior to the
addition of DNA given the K, of the FHD-NC interaction (Kp > 25 UM, Fig. 28). The large increase in the
anisotropy compared to that of FHD-DNA binding (Fig. 29) indicates that binding is not the result of
only FHD binding to the DNA. Additionally, this increase only occurs after the addition of DNA,
indicating this interaction is mediated by the DNA itself. Then, as more DNA is added, the FHD
dissociates from the FHD-NC-DNA complex, leading to a decrease in the anisotropy. The binding curve
then more closely follows that of the FHD-DNA binding curve, indicating that the FHD is now part of
an FHD-DNA complex. Given the excess of DNA in solution after dissociation, NC is likely bound to its
own DNA as it was shown to be able to bind the p38a promoter DNA (Fig. 30). The packaging signal
that NC may be recognising does partially overlap the FOXP3 consensus site. Since the two proteins
are, at least initially, binding the DNA simultaneously, this indicates that either the NC binds to the
packaging signal in the minor groove of the DNA; which remains free as the FHD binds the major
groove (Bandukwala et al., 2011); or NC is recognising some other sequence. Computational docking
between the NTD of NC and the p38a promoter sequence did have poses where the NTD bound near
or on the packaging signal (Fig. 33), possibly supporting the idea that the FOXP3 consensus remains
free upon NC binding. Unfortunately, no structures of NC binding to double stranded nucleic acid are
available to compare with to confirm whether NC does indeed bind to the minor groove. The
dissociation of the two proteins in excess DNA may be the result of the highly dynamic nature of IDP
interactions, where many transient interactions allow the protein to quickly change binding partners,
leading to quick dissociation and separate binding once excess DNA is available (Cubuk et al., 2021;
Uversky, 2019).

Competition for DNA binding is readily apparent when NC is instead titrated into a preformed FHD-
DNA complex. In these experiments, DNA acts as a limited resource and so the proteins are more likely
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to either form FHD-NC-DNA complexes or compete with each other rather than bind DNA separately.
When only 1 uM DNA is present and NC is titrated in, both proteins initially bind to the DNA to form
an FHD-NC-DNA complex (Fig. 32). Once the concentration of NC exceeds the concentration of DNA,
however, the decrease in the anisotropy reveals that the FHD begins to dissociate; indicating that NC
only begins to outcompete the FHD once free DNA binding sites are depleted. Indeed, when the
concentration of DNA is increased to 5 uM, dissociation is not seen in the concentrations tested; as
there are more free DNA binding sites for NC to bind to. Additionally, NC binds to the DNA with similar
affinity whether the FHD is bound or not (Kp =1.92 + 0.49 and 1.84 + 0.22, respectively). Once the FHD
has dissociated, it likely forms FHD-NC complexes with free NC like that seen in Fig. 28, resulting in the
anisotropy remaining positive despite dissociation of the larger FHD-DNA complex. While NC is
primarily localised to the cytoplasm (Iserman et al., 2020; Surjit et al., 2005), NC is present in smaller
amounts in the nucleus (Gao et al., 2021; Kumar et al., 2020; Surjit et al., 2005); potentially also
entering the nucleolus (Wurm et al., 2001). Thus, NC is present in the nucleus to potentially compete
with FOXP3. NC is the most abundant viral protein present in an infected cell (Lu et al., 2021) and may
be present in sufficient amounts to compete with FOXP3 for DNA binding; causing dysregulation of
FOXP3 target genes. Alternatively, even with low amounts of NC, NC may disrupt FOXP3
transcriptional control. During the initiation of transcription, transcription factors often work together
to bring about assembly of the transcription initiator complex (TIC). Multiple transcription factors
bound to a promoter, even with no direct interaction between them, may be required to act as a
foundation for TIC assembly (Brown, 2002; Voet et al., 2016). Thus, NC binding may physically block
interactions necessary for TIC assembly; either by blocking FOXP3 binding partners or by blocking the
binding of other transcription factors to the DNA.

FOXP3 plays several important roles. In haemostasis, FOXP3 is important for the proper development
of platelets. Platelets produced in patients with loss of function FOXP3 mutations are morphologically
and functionally similar to those seen during COVID-19 (Bernard et al., 2009; Venter et al., 2020). NC
interference with FOXP3 activity may be the cause of these abnormally activated platelets; which in
turn may be contributing to the DIC seen in COVID-19. NC forms direct protein-protein interactions
with the FOXP3 FHD (Fig. 28). In the cell, these interactions may sequester FOXP3 in the cytoplasm,
where NC concentrations are greatest, preventing FOXP3 from entering the nucleus. Alternatively, NC
present in the nucleus may bind directly to FOXP3, altering its transcriptional regulating abilities. NC
in the nucleus may otherwise bind near FOXP3 on the DNA (Fig. 30, 31, and 32). This may disrupt
FOXP3 function by sterically hindering FOXP3 binding partners, preventing formation of the TIC and
subsequent protein expression. Alternatively, if sufficient in great enough quantities in the nucleus,
NC may compete with FOXP3 for DNA binding (Fig. 32), leading to complete FOXP3 dissociation from
the DNA and loss of transcriptional regulation. FOXP3 regulates the expression of TAK1 and p38a
(Latchman, 1997; Rouillard et al., 2016), which are important members of the p38 MAPK signalling
pathway involved in platelet activation (Minuz et al., 2002). This work in particular used a sequence
from the p38a promoter itself to show that the NC of SARS-CoV-2 is capable of competing with the
FHD of FOXP3 for DNA binding in vitro. Like much of the FOX family, FOXP3 is largely a repressor of
transcription (Dai et al., 2021; Ono, 2020). Disruption of FOXP3 would therefore likely lead to
increased expression of these proteins. Increased expression of TAK1 in particular has been shown to
increase p38 MAPK activity (Moriguchi et al., 1996). Dysregulation of FOXP3 by NC through any of the
above mechanisms may therefore lead to increased MAPK activity through elevated TAK1 and p38a
expression, resulting in excess platelet activation. The overly stimulated platelets may then lead to
greater clot formation (Venter et al., 2020), increasing the risk of strokes and embolisms during COVID-
19. Thus, through NC, both via direct protein-protein and protein-protein-DNA interactions, SARS-
CoV-2 may be dysregulating FOXP3, leading to the coagulopathy seen during COVID-19.
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FOXP3 is also important in other processes and hence disruption of FOXP3 may have wider reaching
effects during COVID-19. Notably, FOXP3 is best-known for its role in immune regulation, where it
controls Treg differentiation (Bettelli et al., 2006; Ono, 2020). It has been found that SARS-CoV-2 can
infect T cells via an ACE-2 independent mechanism, with a slight bias for CD4* T cells (Shen et al.,
2022), which Tregs do express (Ono, 2020). A second prominent hallmark of COVID-19 is severe
systemic inflammation. In particular, in severe COVID-19, there is depletion of circulating Tregs which
ultimately leads to severe inflammation by both activated and autoreactive T cells (Wang et al., 2020).
While this depletion is thought to be caused in part by secretion of pro-inflammatory cytokines that
suppress FOXP3 function (Kalfaoglu et al., 2021), NC dysregulation of FOXP3, through the previously
mentioned mechanisms, in SARS-CoV-2 infected Tregs may be a confounding factor that further
promotes inflammation during COVID-19. FOXP3 is also expressed in a number of epithelial cells,
where it primarily acts as a tumour suppressor (Chen et al., 2008; Karanikas et al., 2008; Wang et al.,
2009; Zuo et al., 2007), where its dysfunction could contribute to other symptoms.

Disruption of transcription factor function by NC may not be limited to FOXP3. As previously
mentioned, NC may be recognising a sequence outside of the FOXP3 consensus: either the packaging
signal or some other region in the flanking regions of the oligonucleotide used in this study.
Additionally, Yan et al. (2006), who found that the NC of SARS-CoV-1 can alter host expression, used
DNA oligonucleotides that did not possess a packaging signal nor any similarity to the p38a promoter
sequence used here; yet specific binding by NC was still seen during an EMSA. Thus, NC can likely
recognise and bind different nucleic acid sequences. These sites may be spread throughout the human
genome and thus allow NC to bind sporadically throughout various regions. If NC does bind to
promoter regions that contain packaging signals or other sequences it recognises, it has the potential
to disrupt the activity of any transcription factors that may bind in proximity to that site. Indeed, if
true, this may contribute to the widespread and sometimes seemingly unrelated symptoms that
present during COVID-19 (Struyf et al., 2021).

The question remains of sequence specificity of incoming NC once the FHD has dissociated from the
DNA. While there is some sequence outside of the FOXP3 consensus that allows NC to bind specifically,
there is evidently some additional factor that allows excess NC to cause FHD dissociation and further
NC binding. NC has been found to bind nucleic acids cooperatively (Chang et al., 2009; Redzic et al.,
2021; Savastano et al., 2020). In particular, it is thought that the NTD acts as the “seed” for cooperative
binding, where the NTD binds to nucleic acids with some level of specificity, and then acts to recruit
more NC which subsequently binds with less specificity (Iserman et al., 2020; Redzic et al., 2021). A
possible chain of events for FHD — NC — DNA interactions is that the NTD of a single NC initially binds
to the p38a promoter sequence specifically. The CTD may either remain free in solution or bind to the
DNA non-specifically through electrostatic interactions. When NC is limiting, there is insufficient free
NC to promote cooperative binding as free NC quickly binds unassociated DNA. Then, once no more
free DNA binding sites are present, DNA-bound NC cooperatively assists free NC in non-specific DNA
binding; successfully dislodging the FHD (Fig. 34). To confirm this, fluorescence anisotropy with
labelled NC would need to be performed which, due to time constraints, was unfortunately not done.
Additionally, whether the FHD can bind to a preformed NC — DNA complex; where the NC may have
the opportunity to completely bind the DNA and prevent FHD binding; is still unanswered; which
similarly requires labelled NC fluorescence anisotropy experiments.
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Fig. 34: FOXP3 FHD — NC — DNA interactions. When neither DNA nor NC is in excess, both the FHD (green) and NC (red)
can bind to DNA (left). Since the NTD is proposed to provide sequence specificity, it may be that initially only the NTD of
NC binds while the CTD remains free. If, from this initial state, additional NC is added, FHD dissociation occurs; possibly
brought about through NC cooperativity (top right). If instead DNA is added, the two proteins dissociate and bind
separate DNA molecules (bottom right). PDB codes: 3QRF (FHD), 6Y13 (NTD), 7CEQ (CTD), DNA structure generated using
PyMol Builder tool. Visualised using UCSF Chimera (Pettersen et al., 2004). Image created using Inkscape V1.2.2.
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6 - Conclusion

Here, interactions between the FHD of FOXP3, the SARS-CoV-2 nucleocapsid, and DNA have been
investigated. The FHD and NC can both bind to a FOXP3 specific DNA oligonucleotide from the p38a
promoter sequence at the same time when no single component is in excess. However, once NC is in
excess, FHD dissociates from the DNA. Given that NC is the most abundant viral protein in an infected
cell, and given FOXP3’s important role in platelet generation, this may explain the widespread
coagulopathy seen during COVID-19. Additionally, FOXP3 has important roles in other processes,
particularly inimmune regulation. SARS-CoV-2 has been found to infect some of the tissues that FOXP3
is expressed in and, if NC similarly interferes with FOXP3 in these tissues, it may explain the other
widespread and seemingly unrelated symptoms seen during COVID-19. Additionally, the binding of NC
to the oligonucleotide was found to not be driven by the FOXP3 consensus sequence; indicating that
FOXP3 may not be the only transcription factor affected by NC DNA binding.

However, the in vitro conditions used here differ significantly from physiological conditions, so
whether these observations are present in vivo remains unanswered. This is particularly important
when considering the disordered nature of NC, a property which often causes different protein
behaviour when in the crowded environment of the cell. Additionally, how these interactions are
maintained when longer DNA sequences are used still requires investigation. Future cell culture work,
such as luciferase assays, would help confirm whether this interaction is present in a physiologically
relevant context. Additionally, further investigations into whether NC can similarly interfere with other
transcription factors would help unravel the molecular mechanisms behind COVID-19 pathogenesis.
FOXP3 FHD and NC show a weak but measurable direct interaction in the absence of DNA. NC has
been shown to undergo liquid-liquid phase separation; wherein it locally recruits and concentrates
certain proteins to assist during viral replication and assembly. LLPS is driven by weak interactions,
and the weak interactions between NC and the FHD may be indicative of potential FOXP3 sequestering
in vivo via LLPS. Whether this occurs and whether this process is specific or purely incidental requires
further investigation. These results point toward a mechanism behind COVID-19 pathophysiology.
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7 — Supplementary Material

ATG GCT AGC ATG ACT GGT GGA CAG CAA ATG GGT ATG CAC CAT CAT CAT CAT CAT TCT TCT

GGT CTG GTG CCA cGC GGT TCT ATG CGA ccc ccT TTC ACC TAC GCC ACG CTC ATC CGC TGG

GCC ATC CTG GAG GCT CCA GAG AAG CAG CGG ACA CTC AAT GAG ATC TAC CAC TGG TTC ACA

CGC ATG T GCC TTC TTC AGA AAC CAT ccT GCC ACC TGG AAG AAC GCC ATC CGC CAC AAC

CTG AGT CTG CAC AAG TGC T GTG CGG GTG GAG AGC GAG AAG GGG GCT GTG TGG ACC GTG

L $S L H K €C F V R V E S E K G A VW TV

GAT GAG CTG GAG TTC CGC AAG AAA CGG TAA

D E L E F R K K R -

Fig. S1: FOXP3 FHD coding and protein sequence. The his-tag is shown in red, thrombin cleavage site in purple, and the
first residue of the FHD in green.

ATG GGT GGC CAC CAC CAT CAT CAT CAT AGC AGC GGT CTG GTG [eec] CGT GGC  AGC ATG AGC

GAC AAC GGT ccGe CAG AAC CAA CGT AAC GCG CCG CGT ATT ACC TTC GGT GGC CcCG AGC GAT

AGC ACC GGC  AGC  AAC CAG AAC GGT GAA CGT AGC GGT GCG CGT AGC AAG CAG CGT CGT €]

CAA GGT CTG ccGe AAC AAC ACC GCG AGC TGG TTC ACC GCG CTG ACC CAG CAC GGC AAG GAA

GAC CTG AAA CCG CGT GGT CAA GGC GTT [eec] ATC AAC ACC AAC AGC AGC CCG GAC GAT

= 3

CAG ATT GGT  TAC TAT CGT CGT GCG ACC CGT CGT ATC CGT GGT GGC  GAC GGC  AAG ATG AAA

GAT CTG AGC ccGe CGT TGG TAC TTC TAC TAT CTG GGT ACC GGT CCG GAG GCG GGT CTG CCG

TAT GGC GCG AAC AAG GAC GGT ATC ATT TGG GTG GCG ACC GAA GGT GCG CTG AAC ACC CCG

AAA GAT CAC ATT GGT ACC CGT AAC CCG GCG AAC AAC GCG GCG ATC GTT CTG CAA CTG CCG
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K D H I G T RN NUPANNWAA I V L Q1L P

CAA GGT ACC ACC CT1G CccG AAA GGT TAT GCG GAG GGC AGC CGT GGT GGC AGC CAA GCG

- 3

AGC AGC CGT AGC AGC AGC CGT AGC CcGT AAC AGC AGC CGT AAC AGC ACC CCG GGT AGC AGC

CGT GGT ACC AGC ccGe GCG CGT ATG GCG GGT AAC GGT GGC GAC GCG GCG CTG GCG CT1G CT1G

CT1G CT1G GAT CGT CT1G AAC CAG CTG GAG AGC AAG ATG AGC GGT AAA GGC CAG CAA CAG CAA

GGT CAA ACC GTG ACC AAG AAA AGC GCG GCG GAA GCG AGC AAG AAA CCG CGT CAG AAG cGT

ACC GCG ACC AAA GCG TAC AAC GTT ACC CAG GCG GGT CGT CGT GGT CCG GAG CAG ACC

CAG GGT AAC GGC GAC CAG GAA CTG ATT CGT CAA GGT ACC GAT TAT AAG CAC TGG [ee(c)

G bDbQ E L I R Q G T D Y K H WP

= 3

CAA ATT GCG CAG

- 3

GCG CCG AGC GCG AGC GCG TTC TIT GGT ATG AGC CGT ATT GGC ATG

GAA GTG ACC ccGe AGC GGT ACC TGG CT1G ACC TAC ACC GGC GCG ATC AAG CTG GAC GAT AAA

E VT P S G T W 1L T Y T G A I K L D D K

GAC ccGe AAC T7C AAA GAT CAG GTT ATC CT1G CTG AAC AAG CAC ATT GAT GCG TAT AAA ACC

D P NF K DQV I L L NKH I DAY K T

ccGe ccGe ACC GAG CccGe AAG AAA GAC AAG AAA AAG AAA GCG GAT GAA ACC CAA GCG CTG

T
F P P T E P K K D K K K K A D E T Q A L

ccGe CAG CGT CAA AAG AAA CAG CAA ACC GTG ACC CTG CTG CCG GCG GCG GAC CTG GAC GAT

P Q R Q K KQaQqT VvV T 1L L P A A D 1L DD

T AGC AAG CAG CTG CAG CAA AGC ATG AGC AGC GCG GAT AGC ACC CAA GCG TAA

F S K QL QQ S Mm s S A DS T QA -
Fig. S2: SARS-CoV-2 coding and protein sequence. The his-tag is shown in red, thrombin cleavage site in purple, and the
first residue of NC in maroon.
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Score:230 bits(586), Expect:2e-85,
Method:Compositional matrix adjust.,
Identities:1689/189(180%), Positives:189/109(108%), Gaps:8/189(6%)

Query 1 MASMTGGROMGMHHHHHHS SGLVPRGSMRPPFTYATLIRWALLEAPEKQRTLNEIYHWFT 68
MASMTGGOOMGMHHHHHHS SGLYPRGSMRPPFTYATLIRWAT LEAPEKQRTLNEIYHWFT
Sbjct 1 MASMTGGROMGMHHHHHHS SGLVPRGSMRPPFTYATLIRWATLEAPEKQRTLNEIYHWFT 68

Query &1  RMFAFFRNHPATWKNAIRHNLSLHKCFVRVESEKGAVWTVDELEFRKKR 189
RMFAFFRNHPATWKNAIRHNLS LHKCFVRVESEKGAVWTVDELEFRKKR
Sbjct 61  RMFAFFRNHPATWKNAIRHNLSLHKCFVRVESEKGAVWTVDELEFRKKR 189

Fig. S3: Plasmid sequencing confirmed that the pET-11a plasmid contained the gene correctly coding for the FOXP3
FHD. The expected protein sequence (Query) was aligned with the translated gene sequence obtained via Sanger
sequencing (Shjct). Sequencing was performed by Ingaba Biotec, South Africa.
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Score:896 bits(2316), Expect:8.8,
Method:Compositional matrix adjust.,
Identities:437/437(1008%), Positives:437/437(108%), Gaps:8/437(0%)

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Shict

Fig. S4: Plasmid sequencing confirmed that the pET-11a plasmid contained the gene correctly coding for the SARS-
CoV-2 NC. The expected protein sequence (Query) was aligned with the translated gene sequence obtained via Sanger
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421
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sequencing (Sbjct). Sequencing was performed by Ingaba Biotec, South Africa.
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Fig. Spooky: Spencer the Spooky Specter, the sociable science spirit who spectated my studies and shielded against
sinister sensations.
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