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Abstract

Multimerin-1 (MMRN1), a large mammalian glycoprotein, has emerged as a pivotal player in
various physiological processes, including blood coagulation, angiogenesis, and vascular
haemostasis. As a novel target for pathogenic proteins, such as Extracellular fibrinogen
binding protein (Efb) from Staphylococcus aureus and Vacuolating cytotoxin A (VacA) from
Helicobacter pylori and potential as a cancer biomarker with its differential expression
monitored across various cancer types, positions MMRN1 as a compelling candidate for
further exploration. However, little is known about MMRN1 structure-function relationship
and how it links to its physiological function. This thesis aimed to explore the MMRN1
domain's structural characteristics, functional attributes, and molecular interactions by
employing biochemical assays to explore the expression and cloning conditions that enhance
its soluble production. The analysis of one construct had been successfully confirmed while
discussing major obstacles and optimisation for future exploration. By investigating domain-
specific growth conditions, this will inform novel studies surrounding their structure, function,
and interactions with other proteins to provide insight into MMRN1's role in health and

disease and potential implications in diagnostics and therapeutics.
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1 Introduction

1.1 Multimerin-1 (MMRN1) structure and functions

1.1.1 MMRN1’s physiological role in platelets

MMRN1 is a large multidomain glycoprotein belonging to the Elastin Microfibril Interface-
located Protein (EMILIN) family. Encoded by the MMRN1 gene, this glycoprotein is 1228
amino acids long and is expressed in platelets, megakaryocytes, and endothelial cells with
various soluble, homopolymeric, and disulfide-linked properties (Leatherdale et al., 2021).
MMRNT1 is implicated in several roles across the body, with crucial roles in vascular biology
and haemostasis (Saini et al., 2020). MMRNL1 is a protein of interest due to its potential
involvement in platelet function and vascular homeostasis with roles pertaining to
haemostasis and coagulation influencing the release of factor V/Va and the generation of

thrombin (Parker et al., 2016) (Fig. 1).

Platelets, known as thrombocytes, are derived from megakaryocytes and are a component of
blood. While traditionally, their primary physiological role as a haemostatic agent is to work
with coagulation factors to clot haemorrhages to preserve haemostasis, platelets have now
been acknowledged as key players in immune responses and inflammatory processes
(Holinstat, 2017). These multifunctional cells have been linked to the regulation of
inflammatory cascades, immunological surveillance, and infection response and support pro-
inflammatory mechanisms, including phagocytosis and leukocyte migratory control (Storey
and Thomas, 2015). Platelets express surface receptors and release various bioactive
molecules from their alpha granules upon activation, such as inflammatory mediators,
cytokines, and P-selectin, thereby influencing the recruitment and activation of immune cells
(Scherlinger et al., 2023) (Fig. 2). MMRNL1 is one of the proteins stored in these granules, and
its release upon platelet activation contributes to its role in processes such as angiogenesis

and vascular haemostasis.
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Figure 1. MMRN1 acts as a binding site for FV to regulate thrombin production (adapted from Jeimy
et al. (2008)). Alpha granules assemble extra MMRN1 in proportion to FV while at rest. The alpha
granules are released, and the FV-MMRN1 complexes are secreted and localised on the outside of the
platelet membrane when the platelet is activated. When thrombin is present, FV is activated and
separates from MMRN1. By preventing the mechanism of activation, MMRN1 modulates this reaction.
A prothrombinase complex is created when Factor Va binds to Factor Xa and prothrombin to encourage
the formation of thrombin (figure prepared by author, created with BioRender.com).

mitochondria

glycogen st

surface receptors ——

dense granules —

Created in BioRender.com bio

Figure 2.Granular content and anatomical structure of a platelet (adapted from Selvadurai and
Hamilton (2018)). Alpha granules are membrane-bound organelles within platelets that contain
various proteins involved in blood clotting, wound healing, and other physiological processes. MMRN1
is stored in the alpha granules of platelets (figure prepared by author, created with BioRender.com).
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1.1.2 MMRN1 deficiency in platelets causes Quebec platelet disorder (QPD)

QPD is a rare bleeding disorder characterised by abnormally high levels of FV associated with
a MMRN1 deficiency (Blavignac et al.,, 2011). The autosomal dominant disorder was first
identified in a French-Canadian family in the province of Quebec. QPD presents with a mild
to moderate tendency to bleed, with symptoms ranging from easy bruising and nosebleeds
to more severe bleeding episodes. In QPD, tandem duplication of the PLAU gene, which codes
for urokinase plasminogen activator (uPA), causes upregulation of uPA expression in
megakaryocytes through unidentified mechanisms. The degradation of numerous proteins
found in platelet alpha granules, including MMRN1 and FV, is linked to the build-up of uPA,
causing plasminogen to convert to plasmin in platelets, leading to dysregulated anticoagulant
activity and uncontrolled bleeding (Frontini, 2020). While the role of MMRNL1 in platelet
function is still being investigated, QPD provides insight into the mechanisms of MMRN1 in

haemostasis.

1.1.3 MMRNI1 as an acute myeloid leukaemia (AML) biomarker

Molecular indicators found in tissues and bodily fluids play a role in detecting, monitoring,
and predicting cancer progression (Henry and Hayes, 2012). EMILIN family members have
been at the centre of cancer-related studies when compared to MMRN1 which has yet to be
thoroughly investigated, such as MMRN2’s contribution to vascular stability and permeability
in relation to tumour cells, EMILIN-1 inhibiting migration and invasion of gastric cancer cells,
and EMILIN-2’s proapoptotic effects on tumour cells (Rabajdova et al., 2016; Qi et al., 2019;
Pellicani et al., 2020; Mongiat et al., 2010). MMRN1’s cellular location (platelets, extracellular
matrix, and endothelial cells) suggests it may have active involvement in the tumour
microenvironment (Posner, 2022). Beyond its involvement in haemostasis, MMRN1 has been
recently proposed as a potential cancer biomarker in the context of AML, with observed
upregulated expression (Laszlo et al., 2015). In Leukaemia, the abnormal production of white
blood cells interferes with the normal production of platelets, resulting in thrombocytopenia
(Qian and Wen-jun, 2013). Additionally, the haematological malignancy may infiltrate the
bone marrow, affecting the microenvironment where platelets are produced (Kokkaliaris and

Scadden, 2020). This serves as a clear link between AML affecting platelets and MMRN1 being
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a platelet protein with an increased risk of bleeding and difficulty clotting. While MMRN1 has
not conclusively been established as a driver for cancer, it provides valuable insight into its

implications in cancer-related processes.

MMRN1’s differential expression has also been monitored across multiple cancer types
(Huang et al., 2012; Chokchaichamnankit et al., 2019). MMRN1 expression is seen to be
downregulated in bladder, breast, colon, oesophagus, liver, lung, ovary, prostate, rectum,
renal, skin, stomach, testis, thyroid, and uterus cancer and has been seen to be upregulated
in pancreatic cancer (Posner, 2022). However, whether this correlates with cancer
progression is unknown due to gaps in understanding MMRN1’s molecular mechanisms.
MMRN1 dysregulation raises questions about the significance of MMRN1’s involvement and
whether it is a result of the tumour’s impact on the protein or whether MMRN1 expression
aids in tumour development or progression. This makes it a compelling candidate to be
further explored in the context of cancer research and to explore its potential as a diagnostic

marker for specific malignancies.

The nature of MMRN1’s involvement in cancer biology is an ongoing investigation, with
findings pointing to its implication in angiogenesis, tumour growth, and metastasis (Zhao et
al., 2020; Laszlo et al., 2015; Keeratichamroen et al., 2020). Platelets are associated with
metastasis; for example, cancer-cell interaction may result in the evasion of natural killer cells
and vascular wall adherence to allow extravasation. Activated platelets may recruit the
extracellular matrix (ECM) and granulocytes to provide an environment for the beginnings of
cancer growth, and activated platelets contribute to tumour angiogenesis through the release
of pro-angiogenic factors, such as vascular endothelial growth factor (VEGF) (Haemmerle et
al., 2020; Gkolfinopoulos et al., 2020; Lucotti and Muschel, 2020). Fibroblasts associated with
tumours may also remodel the ECM, further supporting the survival and proliferation of
tumour cells (Henke et al., 2020; Cromar et al., 2012). Given its expression in endothelial cells
(EC), platelets, and the ECM, MMRN1 may influence angiogenic and metastatic processes

crucial for tumour sustenance and progression.
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1.1.4 MMRN1 domains

Based on sequence-alignment and homology prediction, MMRN1 contains three domains, the
gClg and EMI domain, both shared within the EMILIN family members, and the EGF-like
domain  being unique to MMRN1 (Colombatti et al., 2011) (Fig. 3).

EMI Unique gClq
domain Coiled coil region domain

N terminal | | | | | C terminal

MMRN1 gClq

MMRN2 gClq
EMILIN 1 _m__—®N

EMILIN 2 _@N gClq

EMILIN 3 _

Figure 3. Overview of EMILIN family members' protein domains (adapted from Colombatti et al.
(2012)). A domain is the functional section of a protein. The EMI and gC1q domains and a coiled coil
are shared by the EMILIN and Multimerin families, although each protein has a unique domain (shown
in blue) or region upstream of the gC1q domain. The unique region of EMILIN-1 is comprised of two
leucine zippers and a collagenic sequence (LZ col); EMILIN-2 and MMRN2 each contain proline-rich
sequences (PR col) and an arginine-rich sequence (AR); MMRN1 contains an EGF-like domain (EGF) and
an RGD motif (RGD), and EMILIN 3 has no unique region (figure prepared by author, created with
BioRender.com).

gClq

Each domain has dedicated functions, however, while investigated in vitro, the functions of
each domain have yet to be explored in vivo (Fig. 4) (Posner, 2022).
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MMRN1

Adhesion to
RGD platelet allbB3 and
motif avB3 integrins

Unconfirmed

Possible role in EC
proliferation

o

- 0o o

Possible role in EC
and keratinocyte
proliferation

Possible role in cell
proliferation

Figure 4. A summary of known and proposed functions of the MMRN1 domains (adapted from
Posner (2022)). The MMRN1 domains and RGD motif are outlined on the left, and MMRN1 functions
are associated with each segment on the right (figure prepared by author).

The EMI domain is an N-terminal cysteine-rich region found in various other proteins in
literature, including EMILIN and fibrillin (Doliana et al., 2000). Across the EMILIN family, the
EMI domain has seven cysteine residues (C1-C7) where the distance between C1 and C2, C5
and C6, and C6 and C7 are highly conserved (Fig. 5). MMRN1 has the only EMI domain in the
EMILIN family that does not contain the C2 cysteine residue (Doliana et al., 2000). The
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conservation of these cysteine residues forming disulphide bonds contributes to the stability
and structure of the domain. Comparatively, the gC1lq domain has no conserved cysteine
residues but has more overall residue conservation (Fig. 5). It is unclear how the EMI domain
performs in MMRN1 and whether it participates in protein-protein interactions (PPI) and
signalling processes similar to other family members (Colombatti et al., 2011). The EMI
domain is found to mediate PPIs across many proteins, for example, EMILIN-3 and herapin
and EMILIN-1 and proTGF-B1 (Zacchigna et al., 2006). While the EMI domain of MMRN1
proves unique, it is likely to have similar interactions and signalling events of the EMILIN
family due to its strong consensus of forty-five of the seventy-five amino acid positions

(Schiavinato et al., 2012; Doliana et al., 2000).
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Figure 5. A multiple sequence alignment of both EMI (A) and gClq (B) domains in the EMILIN family using the Jalview programme (Waterhouse et al.,
2009). Protein names are indicated on the left with m signifying that it is the mouse protein sequence and h being the human protein sequence. The notation
following the sequence name indicates the range of residues included in the displayed sequence; for example, ‘hEMILIN-1/1-76’ represents residues 1 to 76 of
the original sequence. A gradient of blue is used to mark conservation with highly conserved residues indicated in dark blue and lightly conserved residues
highlighted in light blue. Positions marked with dots are the positions with 100% conservation. The highly conserved cysteine residues for EMI are highlighted
with an asterisk. The consensus includes residues conserved in the vast majority (>70%) of the aligned sequences. EGF-like domain conservation was not
considered as it is unique to MMRN1.
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It has been demonstrated that EMILIN-1 and MMRN1 multimerise into larger complexes up
to several million Daltons in size, as well as disulfide-linked trimers (Hayward et al., 1991;
Mongiat et al., 2000). Long sections forming coiled coil structures and the gC1q domain are
among the regions in the EMILIN family capable of oligomerisation. It has also been found
that the gClg domain is necessary for EMILIN-1’s cell adhesion characteristics and its
involvement in the supramolecular organisation and multimer assembly of EMILIN-1
(Mongiat et al., 2000; Spessotto et al., 2003). However, a study investigating the multimeric
assembly of the EMILIN-3 protein revealed that the protein primarily resides as a higher-order
oligomer. It was shown through transfection experiments using deletion constructs that
EMILIN-3 assembly may occur without the gClg or EMI domains, implying that the high

cysteine residue coiled coil region is essential for this process (Schiavinato et al., 2012).

With the EGF-like domain being unique to MMRN1 in the EMILIN family, its role in MMRN1
cannot be confidently predicted without further investigation. However, it has been found in
proteins associated with cell proliferation, differentiation, and cancer, including various ECM
proteins (Song et al., 2015). It has also been linked to calcium binding and in mediating PPIs
and likely contributes to the structural and functional properties of MMRN1 within the ECM

and cellular environment (Sinha et al., 1998).

The domains may be further visualised through theoretical modelling. Figure 6 presents an

image of MMRN1 generated by ColabFold-AlphaFold2 (Mirdita et al., 2022).
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Figure 6. An Al predicted structure of MMRN1 and protein domains using ColabFold-AlphaFold2
(Mirdita et al., 2022). (1) EGF-like (2) gClq (3) EMI. AlphaFold2 produces a per-residue model
confidence score between 0 and 100. Each colour signifies a score bracket: dark blue >90 (very high);
light blue 90-70 (high); yellow 70-50 (low); orange <50 (very low). Molecular graphics and analyses
performed with UCSF ChimeraX, developed by the Resource for Biocomputing, Visualisation, and
Informatics at the University of California, San Francisco, with support from National Institutes of
Health RO1-GM 129325 and the Office of Cyber Infrastructure and Computational Biology, National
Institute of Allergy and Infectious Diseases (Meng et al., 2023; Pettersen et al., 2021; Goddard et al.,
2018).

Alphafold2 structure prediction provides information on individual domains, such as the gClq
domain, with high confidence (blue colour) but fails to predict the majority of the MMRN1
structure, as highlighted mostly in yellow/orange (Fig. 6). Therefore, this model is not a
representative structure for the glycoprotein as a whole, but in addition to existing literature,

it helps to provide a holistic picture when investigating its structural characteristics.
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1.2 MMRN1 interactions with pathogenic proteins

Staphylococcus aureus is a gram-positive bacterium that primarily lays dormant on the skin
surface; when encountering wounded skin, it may infect deeper in the body (Adalbert et al.,
2021). Itis a human pathogen responsible for many community and hospital-borne infections,
ranging from mild wound infections to severe invasive illnesses such as bacteraemia and
endocarditis (Tong et al., 2015). As an invading pathogen, S. aureus seeks to evade immune
system responses through various mechanisms of propagation, including the production of
proteins to modulate Immunoglobulin G (IgG) binding and inhibit its recognition by Fc
receptors (Protein A — Spa, Staphylococcal binder of immunoglobulin — Sbi, and Fibrinogen-
like Protein A-interacting Protein — FLIPr) and forming a capsule around its cell wall to prevent

surface recognition (Kuipers et al., 2016).

To propagate infection, S. aureus typically releases virulence factors, such as the Extracellular
fibrinogen-binding protein (Efb), known for inhibiting convertase activity, platelet
aggregation, and haemostasis inhibition to prevent wound healing, increasing S. aureus
survivability (Ko et al., 2016). Efb’s immunosuppressive role involves interfering with the
complement system and reducing bacterial phagocytosis, while its haemostatic abilities are
linked to inhibiting fibrinogen binding by platelets or inhibiting platelet activation in response
to fibrinogen binding, although the exact mechanism remains unknown (Lee et al., 2004;
Jongerius et al., 2012). Table 1 outlines the dynamic interactions between host platelet
proteins targeted by bacterial S. aureus proteins, namely Efb. Posner et al. (2016) investigated
the haemostatic nature of Efb-platelet interactions and found that the N-terminus of Efb
interacts with MMRN1 and P-selectin, respectively. While Efb’s interaction with P-selectin
prevents platelet-leukocyte complex formation, it remains unclear whether Efb directly binds

to MMRN1, impacting platelet aggregation, or if the PPl influences clotting processes.
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Table 1. Known mechanisms of S. aureus to target platelet proteins. To date, three
interactional mechanisms have been identified: (1) indirect binding of bacteria to plasma
protein, such as fibrinogen, that acts as a ligand for platelet receptors; (2) direct binding of
bacteria to platelet receptors; and (3) the binding of secreted bacterial products, particularly

toxins, to platelets (Hamzeh-Cognasse et al., 2015).

S. aureus proteins | Platelet Mechanism of interaction References
proteins
Extracellular Multimerin-1 (3) The direct binding of Efb is not | Posner et al.
fibrinogen-binding clearly established. (2016)
protein (Efb) P-selectin (3) Efb interacts with P-selectin Wallis et al.
preventing platelet-leukocyte (2022)
complex formation.
Serine-rich adhesin | Unknown High affinity binding for platelets. | Siboo et al.
for platelets (SraP) No identified platelet protein (2005)
binding partners.
Serine-aspartate Unknown (1) When binding with platelets, Hamzeh-
dipeptide repeat E | (fibrinogen SdrE requires fibrinogen to be Cognasse et
(SdrE) mediated) present. al. (2015)
Protein A (SpA) FcyRlla (1) Immune complexes formed Hamzeh-
(Immunoglobuli | with SpA may attach to FcyRlla, Cognasse et
n mediated) the immunoglobulin receptor on | al. (2015)
platelets.
GPlba (VWF (1) SpA may attach to vWF, which | Hamzeh-
mediated) binds to GPlba. Cognasse et
al. (2015)
Globular heads | (2) Direct adhesion of SpA to Nguyen et al.
of C1q receptor | gCl1gR, a platelet surface (2000)
(gC1gR) receptor.
Extracellular Glycosaminiglyc | (3) Eap, as an oligomer, directly Heptinstall
adherence protein | ans binds to glycosaminoglans (2012)
(Eap) present on platelets.
Clumping factor A | GPIIb-llla (1) CIfA binds to the C-terminal of | Hamzeh-
(CIfA) (fibrinogen the fibrinogen y-chain to interact | Cognasse et
mediated) with GPllb-llla. al. (2015)
Clumping factor B (1) CIfB binds to the C-terminal of
(CIfB) the fibrinogen a-chain to interact
with GPllb-llla.
Fibronectin- GPlib-llla (1) FnbpA and FnbpB bind to the | Hamzeh-
binding proteins (fibrinogen C-terminal of the fibrinogen y- Cognasse et
(FnbpA, FnbpB) mediated) chain to interact with GPIlIb-llla. al. (2015)
Iron-regulated GPllb-llla (1) IsdB binds to GPllIb-llla in the Hamzeh-
surface (fibronectin presence of fibronectin. Cognasse et
determinant B mediated) al. (2015)
(IsdB)
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MMRN1 has also been identified as a target for Vacuolating cytotoxin A (VacA), a virulence
factor produced by Helicobacter pylori (Satoh et al., 2013). It is unclear how this interaction
results in VacA-induced platelet activation. It is hypothesised that VacA binding to MMRN1
may result in decreased regulation of factor V, which in turn increases thrombin generation
and platelet activation (Satoh et al., 2013). Alternatively, VacA may bind to MMRN1 to
promote interaction with avB3 and allbB3 platelet activation receptors, increasing platelet
activation. However, although the MMRN1-VacA interaction is not the focus of this project, it
poses an interesting research question on the structure-function relationship of MMRN1

interactions with both Efb and VacA, as these interactions produce opposite outcomes.

1.3 Study outline

The MMRN1 domains served as the foundation for this research project. This study set out to
investigate how the Efb protein interacts with MMRN1 through pull-down assays (Co-
Immunoprecipitation) and structural analyses (X-ray crystallography) to further explain
MMRN1’s physiological roles and implications in other signalling pathways. The problem
remains that there is currently a lack of structural information and the structure-function
relationship of MMRN1 in the existing literature, with only 93 publications. Studying Efb-
MMRN1 interactions in S. aureus pathogenesis is necessary to describe MMRN1’s molecular
mechanism and may provide information for therapeutic targets treating bacterial infections
and Efb’s inhibitory effect on platelet activation, informing novel anti-thrombotic therapy.
Providing insight into MMRN1’s structural significance and domain-related functions may also
implicate the protein’s involvement in various molecular mechanisms and regulatory
pathways. However, the protein must first be cloned, expressed, and purified before being

taken further for analysis (Fig. 7).
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Figure 7. A workflow summary of the proposed experimental workflow of MMRN1 cloning,
expression, purification, interaction (co-immunoprecipitation) and structural studies (X-ray
crystallography). 1: Outlines the subcloning of the plasmid and insert DNA. 2: Outlines the protein
domain expression and purification excluding screening and sequencing with substeps: (1)
transformation and growth of bacterial colonies; (2) small-scale expression trials under different
conditions; (3) sonication for soluble and insoluble samples; (4) run samples on SDS-PAGE gel to assess
optimal expression conditions; (5, 6) pick bacterial colonies for 2L large scale expression; (7) sonication
for soluble and insoluble samples; (8) affinity chromatography purification; (9) run purified samples on
an SDS-PAGE gel for analysis. 3: Outlines co-immunoprecipitation of purified MMRN1 domain with
purified Efb protein. 4: Outlines example X-ray crystallography results for structural analysis (Source:
PDB; Berman et al., 2000) (figure prepared by author, created with BioRender.com).

1.3.1 Study aims and objectives

This project aims to identify expression conditions that will lead to the purification of

recombinant MMRN1 protein constructs.
To achieve this, the following objectives during the project were as outlined (Fig. 7):

1. Design and optimise primers for specific MMRN1 domains and clone the domains into

an expression vector through polymerase chain reaction (PCR), digestion, and ligation.
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2. Select an appropriate expression system and optimise expression conditions to
enhance the yield of soluble protein for successful expression of MMRN1 domains.

3. Isolate and purify MMRN1 domains to a high level of purity, ready for further analysis.

1.3.2 Study hypothesis

The hypothesis of this study is that the optimised experimental protocols will yield high-
qguality recombinant protein constructs suitable for structural and functional analysis and

characterise the Efb-MMRN1 interaction.
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2 Material and methods
2.1 Materials

2.1.1 Preparation of growth media

In accordance with the manufacturer's instructions, LB growth media was prepared and made

up per litre of deionised water (Table 2).

Table 2. Growth media composition.

Difco™ LB broth, Miller Difco™ LB agar, Miller
10 g Tryptone 10 g Tryptone
5 g Yeast Extract 5 g Yeast Extract
10 g NacCl 10 g NacCl
15 g Agar

2.1.2 Preparation of Buffers

Buffers were prepared and made up using deionised water (Table 3). All buffers and growth

media were autoclaved for 20 minutes at 121 °C.
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Table 3. General buffer composition.

Application Name Composition

DNA agarose 1XTBE (pH 8) 0.13 M Tris

gels 45 mM Boric acid
2.5 mM EDTA

Pull down assays | PBS buffer (pH 7.3) 8 gm/I NaCl

(Ni2+-affinity) (Oxoid™) 0.2 gm/I KCI

1.15 gm/I Disodium Hydrogen Phosphate

(Na2HPO4)
0.2 gm/I Potassium Dihydrogen
Phosphate (K2HPO4)

Akta Purification | Binding buffer (pH 8.0) 50 mM Tris
(Immobilised 300 mM NacCl
metal affinity 50 mM Imidazole
chromatography) | Elution buffer (pH 8.0) 50 mM Tris

300 mM NacCl

500 mM Imidazole
SDS-PAGE 2x Laemmli buffer (10 0.5 M Tris

mL) 10% (w/v) SDS

50% (v/v) Glyercol (=99.5%)
0.5 ml Beta-mercaptoethanol (299.0%)
0.1% (w/v) Bromophenol blue

20x Bolt™ MES SDS

50 mM MES

(pH 8.3)

Running Buffer (pH 7.3) 50 mM Tris
0.1% SDS
1 mM EDTA
Western blot 1xTris-Buffered Saline 150 mM Tris
Tween (TBST) (pH 8.0) 1.5 M NadCl
0.1% (w/v) Tween 20 (>10%)
Western transfer buffer 25 mM Tris

200 mM Glycine
10% (v/v) methanol

This project has ethical approval at Manchester Metropolitan University (# 48482). No human

material, participants or animals were used in this study.

30




2.2 Methods

2.2.1 Primer design

Primer sequences to amplify and subclone the EMI, gClq, EGF-like and coiled coil domains
into pET19b, pET24a, and pET28a vectors (Novagen, Merck) were designed using SnapGene.
Expasy (Gasteiger et al., 2003) was used to check if the sequences were in frame with the
histidine residues to provide the correct amino acids (Table 4) (Fig. 8). The cloning strategy
introduced either N-terminal and C-terminal His-tags as the position of the His-tag may affect
function or folding of the recombinant protein constructs. Primers were designed following

recommended primer conditions such as (Bustin et al., 2020; Ruiz-Villalba et al., 2017):
- 15-30 bases long for specific DNA amplification

- 40-60% GC content to promote binding stability

- 55-65 optimal melting temperature to prevent secondary annealing

Primer pairs belonging to constructs 1A and 1B were synthesised by Sigma-Aldrich, and primer
pairs belonging to constructs 2A, 2B, 1C and 1D were synthesised by Integrated DNA
technologies. Primers were dissolved in nuclease-free H,O to a concentration of 100 uM, and
aliquots of 0.5 uM were prepared to be used in PCR. Stocks and aliquots were stored at -20

°C.
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Table 4. Outline of forward and reverse primer sequences and features for each domain construct referred to in text with a construct ID.
Plasmid and vector lengths in base pairs (bp) with N or C terminal His-tags.

Construct | Domain Primer sequence Destination | Plasmid + | Restriction | GC | Tm | His-tag
ID /region vector insert (bp) | site (%) | (°C) | (N, C)
(MMRN1)
1A EMI Fw: 5 GGCAAGAACTGGTGCGCCTACG 3’ pET19b 5945 Ndel 64 |66 |N
(228bp) Rv: 5" CAGCTGGCACTTGGGGCCGCT 3’ (5717bp) BamHI 71 |70
2A EMI Fw: 5" GGCAAGAACTGGTGCGCCTA 3’ pET19b 5945 Ndel 60 |63 |N
Rv: 5" CAGCTGGCACTTGGGGC 3’ BamHI 70 |61
2B Fw: 5" GGCAAGAACTGGTGCGCCTA 3’ pET24a 5540 Ndel 54 |61 |C
Rv: 5" CTCAGCTGGCACTTGGGGC 3’ (5310bp) Notl 71 |61
1C gClq Fw: 5" AGGTACGCCCCCATGGTGGCC 3’ pET28a 5765 Ndel 71 |69 |C
(396bp) Rv: 5" CCTGTACAGCAGGTAGCCGCTGAAGGT 3’ | (5369bp) BamHI 59 |70
2C gClq Fw: 5" AGGTACGCCCCCATGGTGG 3’ pET19b 6116 Ndel 68 |64 |N
Rv: 5" GGTCCTGTACAGCAGGTAGCCG 3’ BamHI 64 | 65
2D Fw: 5" AGGTACGCCCCCATGGTGG 3’ pET24a 5709 Ndel 68 |64 |C
Rv: 5" GGTCCTGTACAGCAGGTAGCCG 3’ Not/ 64 | 65
2E coiled coil | Fw: 5 GGCAAGAACTGGTGCGCCTA 3’ pET19b 6194 Ndel 60 |63 |N
+ EMI Rv: 5" CTCGCTCACCTTGCCCTCCA 3’ BamHI 65 |64
2F (477bp) Fw: 5" GGCAAGAACTGGTGCGCCTA 3’ pET24a 5787 Ndel 60 |63 |C
Rv: 5" CTCGCTCACCTTGCCCTCCA 3’ Not/ 65 |64
2G EGF-like Fw: 5" GAGTACAGCAGCTGCAGCAGGCA 3’ pET19b 5828 Ndel 61 |68 |N
(111bp) Rv: 5" GGTGCAGTTGTCGCCGGTGAA 3’ BamHI 62 |66
2H Fw: 5" GAGTACAGCAGCTGCAGCAGGCA 3’ pET24a 5421 Ndel 61 |68 |C
Rv: 5" GGTGCAGTTGTCGCCGGTGAA 3’ Not/ 62 |66
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Figure 8. Plasmid maps of pET vectors with an overview of the MMRN1 domains. MMRN1 js 1228 amino acids long with EMI, gC1q, EGF-like and coiled coil
domains. Where each domain sequence is inserted into the pET vectors is indicated with gene of interest (GOI). Restriction enzymes used are as indicated in

italics, STOP indicates the T7 terminator, T7 indicates the T7 promoter, lacO indicates the lac operator and the His-tag sequence is indicated with either 6xH
for pET24a and pET28a or 10xH for pET19b (figure prepared by author).
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2.2.2 Growth of bacterial cultures with antibiotics

Ampicillin (Sigma-Aldrich, Merck) for pET19b and Kanamycin (Sigma-Aldrich, Merck) for
pET24a and pET28a vectors were the antibiotics added for propagation. Table 5 displays the
antibiotic stock concentrations and final working concentrations. Plates were poured and

stored in a cold room at 4 °C.

Table 5. Antibiotic stock and working concentrations.

Antibiotic Stock concentration (1000xstock) | Working concentration
Ampicillin 60 mg/ml 60 pg/ml
Kanamycin 50 mg/ml 50 pg/ml

2.2.3 Plasmid miniprep
Plasmid minipreps were prepared following the manufacturer’s instructions (Genelet,
ThermoFisher) (Fig. 9). Two batches of each pET vector were cultured, serving as a backup in
the event of issues during the growth/miniprep process. Additional elution steps were carried
out to increase the overall yield of plasmid DNA, such as increasing incubation from two to
five minutes, heating elution buffer to 70 °C and eluting DNA in two 15 plL elution steps from
the silica membrane. The DNA concentration of plasmids was measured using a NanoDrop

(ThermoFisher), and plasmid preps were stored at -20 °C following elution.
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Figure 9. Overview of plasmid Miniprep preparation. E. coli containing the pET and MMRN1 plasmids
were purified using the Genelet Plasmid Miniprep Kit (figure prepared by author, created with
BioRender.com).

2.2.4 Polymerase Chain Reaction (PCR)

Following the Phusion Flash High-Fidelity PCR master mix protocol (ThermoFisher), the EMI,
gClq, EGF-like domain and coiled coil insert fragments of the MMRN1 coding sequencing
were amplified by PCR ready to be digested with corresponding restriction enzymes and
ligated into pET19b, pET24a and pET28a plasmids (Table 5). The starting concentration for the
MMRN1 template DNA assessed via NanoDrop was 525.6 ng/uL and was diluted 1:100. The
thermocycler program for insert amplification is summarised in Table 6. Annealing

temperatures were screened across a gradient of 60-70 °C for each primer pair.
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Table 6. Composition of PCR reactions (20 uL).

Component 20 pL rxn 20 plL rxn (with DMSO)
H20 add to 20 uL add to 20 uL

2x Phusion Flash PCR Master 10 uL 10 pL

Mix

Forward Primer 0.5 uM 0.5 uM

Reverse primer 0.5 uM 0.5 uM

Template DNA (MMRN1 12.5ng 12.5ng

vector)

DMSO 0% 5%

Table 7. Cycling instructions using a ProFlex™ PCR system thermocycler (ThermoFisher).

Cycle step 3-step protocol Cycles
Temperature (°C) Time
Initial denaturation | 98 10s 1
Denaturation 98 Oor1ls 30
Annealing X 5s
Extension 72 15s
Final extension 72 1 min 1
4 hold

2.2.5 DNA agarose gel electrophoresis

PCR and plasmid samples were analysed on agarose gels (1%). 1 g of agarose (Meridian
Bioscience) was dissolved in 100 mL of 1xTBE buffer mixed with GelRed Nucleic Acid Stain
(10,000x DMSO, Millipore) for amplicon visualisation. After the agarose gels were cast, the
DNA was loaded into the wells mixed with 5x purple loading dye alongside a 100bp/1kb DNA
hyperladder (Bioline) unless stated otherwise. The wide Mini-Sub Cell GT Electrophoresis Cell
tank (BioRad) was filled with 1xTBE as the running buffer, and a PowerPac™ HC (BioRad) at

70 V applied an electrical current to move negatively charged DNA from the anode towards

36



the cathode. The gels were visualised using an Odyssey XF imager (Li-cor), set to the 600 nm

wavelength channel.

2.2.6 Restriction enzyme digests

PCR amplicons were digested with restriction enzymes, and the target pET vectors were
linearised using matching enzymes for subsequent ligation of inserts into their destination
vectors (Table 4). The FastDigest protocol (ThermoFisher) was followed in preparation for
digesting the insert DNA (Table 8). All available DNA products were digested to maximise the

guantity of DNA at each stage of preparation.

Table 8. FastDigest reaction mixture.

Component Volume
Plasmid DNA (uL) Unpurified PCR product (uL)
H20 Add to 20 Add to 30
10x FastDigest Green Buffer 2 2
DNA 17 18
FastDigest enzyme (x2) 1 1
Total volume 20 30

2.2.7 Restriction digest Clean-up

The digested DNA vectors and PCR products were purified using the NucleoSpin® Gel and PCR

clean-up kit (Macherey-Nagel) following the manufacturer’s instructions (Fig. 10).
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Figure 10. Overview of Gel and PCR clean-up. DNA clean-up was carried out to remove contaminants
that may compromise research by purifying the DNA. Washing removes fragments with fewer than
50bp. DNA recovery was increased in step 5 by heating the elution buffer to 70 °C, incubating at room
temperature for five minutes and having two elution steps of 15 ulL (figure prepared by author, created
with BioRender.com).

2.2.8 Size Selected Clean-up of DNA digests

The coiled coil and EGF-like domain constructs were cleaned up using SPRIselect beads
(Beckman Coulter) for size-based selection of DNA (Fig. 11). Right side size selection was
conducted for the removal of undesirable larger and smaller fragments of DNA by using DNA
charge to separate DNA fragments by length through changing the bead to sample ratio to
promote selective separation. The beads have a high positive charge and, therefore, will
preferentially bind to larger DNA with more negativity. They bind less efficiently when
increasing the bead:DNA ratio, therefore, fewer beads will bind to DNA with higher molecular
weight. Right-sided selection is used when wanting to exclude larger fragments selectively. A
bead:DNA ratio of 0.7x for EGF-like was used to remove fragments above 400bp, and a

bead:DNA ratio of 0.5x for coiled coil was used to remove fragments above 600bp. Following
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this, a 1.8x bead:DNA ratio was used to exclude fragments or primer dimers below 50bp.
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Figure 11. Right side size selection overview. Beads were homogenised via vortex for a minute for
consistent size selection. Elution buffer was incubated with the beads for five minutes at 37 °C and
vortexed at two-minute intervals to increase elution efficiency (figure prepared by author, created with

BioRender.com).

2.2.9 DNA Ligation

Following purification, insert and vector concentrations were determined via NanoDrop to

calculate a 5:1 molar ratio for the insert dilution using the NEBio calculator for subsequent

ligation (New England Biolabs, 2023) (Table 9). These mixtures were incubated for an hour at

22 °C before storage at -20 °C ready for transformation.
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Table 9. Ligation reaction mixture set up. (Catalogue no. ELO011, ThermoFisher)

Component Volume

Linear vector DNA 20-100 ng (8 uL)

Insert DNA 5:1 molar ratio over vector
10x T4 DNA ligase buffer 2 uL

T4 DNA ligase 1U (0.25 pL)

H,0 Measure up to 20 pL

Total volume 20 pL

2.2.10 Additional subcloning methods

In addition to the restriction-ligation method, the TOPO® TA cloning® kit (Invitrogen™,
ThermoFisher) was used as a method of direct insertion of PCR products into PCR™2.1-TOPO®
cloning vectors for subsequent transformation into One Shot® chemically competent E. coli.
For the PCR products to ligate efficiently with the linearised TOPO vector containing 3’
deoxythymidine (T) overhangs, Tag polymerase inserts a deoxyadenosine (A) residue to the
3’ ends of PCR products. The TOPO cloning reagents were mixed and incubated for five
minutes at room temperature before being placed on ice (Table 10). Following the chemical
transformation protocol, 2 uL of the TOPO cloning reaction was added to 50 pL of One Shot™
TOP10 DH5a cells and incubated on ice for thirty minutes. Cells were heat shocked for thirty
seconds at 42 °C and transferred to ice for five minutes. The cells were added to 250 pL of
room temperature S.0.C medium and incubated shaking (200rpm) at 37 °C. 50 uL of reaction
was spread onto plates coated with 80 pL of X-gal (Invitrogen™, ThermoFisher) and the
appropriate antibiotic to allow for blue-white screening of growth colonies overnight at 37
°C. Several white colonies were picked and grown in culture, ready to be screened for the

insert and sent for sequencing.
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Table 10. TOPO cloning reaction mixture.

Reagent Volume

PCR product 0.5-4 pL

Salt solution 200 mM

H20 Add to a total volume of 5 pL
TOPO® vector 1pul

Final volume 6 puL

2.2.11 Transformation of vectors into DH5a cloning cell line and BL21(DE3) chemically

competent E. coli.

Ligated constructs were transformed into DH5a (Invitrogen™, ThermoFisher) (Fig. 12). 0.5 uL
of the ligation reaction was added to the cell line and incubated on wet ice for ten minutes
before being heat shocked at 42 °C for forty-five seconds, followed by an additional five
minutes of incubation on wet ice. The cell line was mixed with 500 pL of LB broth and shaken
for two hours at 37 °C. 150 uL of the culture was spread onto an agar plate for overnight
incubation. Following screening, the same procedure was carried out with BL21(DE3)
(ThermoFisher) to transform positively screened clones into an expression cell line. Glycerol

stocks were stored using 50% (v/v) glycerol.
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Figure 12. Overview of transformation. (Figure prepared by author, created with BioRender.com).

2.2.12 Screening for successful expression clones

Single colonies of DH5a, which were transformed with expression vectors, were propagated
in liquid culture, and the plasmid was purified using the Genelet plasmid miniprep kit (Section
2.2.3). Single digests of plasmid DNA were resolved on an agarose gel and compared in size
to linearised empty vectors. A drop-down in results comparing the longer domain containing
plasmid DNA and the shorter empty plasmids confirmed whether the plasmids contained the
target domain inserts. Successful clones were subsequently transformed into chemically

competent E. coli.

PCR colony screen was also conducted to confirm whether the clones contained the desired
domain inserts following the Phusion Flash High-Fidelity PCR master mix protocol
(ThermoFisher), however, the first heat step was increased to 98 °C for five minutes to lyse
the E. coli and release the DNA (Fig. 13). Positive clones from the PCR colony screen were

prepared for overnight primary cultures. 5 pL of LB cultures from all successful screens were
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incubated overnight, shaking at 37 °C with 5 mL of LB and the appropriate antibiotic. Following
incubation, the primary cultures were purified, and 0.5 plL of plasmid was transformed into

chemically competent E. coli.

1 2 3, 4
/—‘l‘_-‘:,__—\
50-100ul Lb broth + Shake for 2 hours Prepare PCR master mix Aliquot 0.5ul of each
antibiotic with 37°0 + add to PCR tubes culture into the PCR

tubes + run PCR

Created in BioRender.com bio

Figure 13. Overview of the PCR colony screen protocol. PCR colony screen uses the forward and
reverse primers specific to each construct to amplify desired inserts if present within the plasmid DNA
released from the E. coli cells. If positive insert bands were present on the DNA gel, 10 uL of the broth
prepared from step 2 was used to inoculate 5-10 mL of LB for subsequent primary cultures (figure
prepared by author, created with BioRender.com).

individual colonies

2.2.13 Sequencing

The most promising clones from initial screening using restriction digest or PCR colony
screening were sent for sequencing by Eurofins along with corresponding primers. The
sequencing data was compared to the target insert sequence using the multiple sequence

alignment software MultAlin (Corpet, 1988).

2.2.14 Small-scale protein expression trials

To identify optimal protein expression conditions, primary cultures were produced using the
successful BL21(DE3) colonies and prepared for induction, assessing different culture

incubation conditions before scaling up for purification (Table 11).
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Table 11. Induction times and temperatures of cultures.

Temperature (°C) Time (Minutes)

37 45 90 Overnight
25 120 Overnight

16 Overnight

10 mL of LB with the appropriate antibiotic were inoculated with cells from overnight primary

cultures (cells harvested from 300 uL) and incubated for two hours shaking at 37 °C. Once the

cultures had reached log phase of growth, ODeoo of 0.6-0.8, cultures were induced with 0.5

mM lsopropyl B-d-1-thiogalactopyranoside (IPTG) (Invitrogen™, ThermoFisher) (Fig. 14). The

BioPhotometer Plus (Eppendorf) was blanked using molecular grade water and the optimal

optical density was measured at a wavelength of 600 nm.

Number of days (log)

Lag phase

Stationary phase

Death phase

Log phase

Time (days)

Figure 14. Cell growth curve showing phases of cell growth (adapted from Peleg and Corradini
(2011)). Cells were induced during the log phase due to their exponential growth, as they are at the
healthiest and most abundant (figure prepared by author).
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2.2.15 Large-scale protein expression and purification
Once expression conditions had been established, volumes were scaled up for large-scale
expression and purification (100 mL — 2 L). For 100 mL cultures, cells harvested from 1 mL of
primary culture was resuspended in 100 mL of LB and incubated for two hours, shaking at 37
°C. For a total of 2 L culture growth, two 1 L cultures were prepared. 20 mL of pelleted primary
culture was resuspended in 1 L of LB before a two-hour incubation with shaking at 37 °C. Once
the cultures reached an optical density of 0.6-0.8 at a wavelength of 600 nm, the samples
were induced with 0.5 mM IPTG and incubated with optimal growth conditions identified in

small-scale expression.

2.2.16 Soluble and insoluble sample preparation for SDS-PAGE

500 pL of the uninduced control sample (lo) was taken from the culture, centrifuged at
11,000xg for two minutes, and mixed with 50 pL of water and 50 pL of 2x Laemmli Buffer.
Samples were incubated following each variable condition, as shown in Table 11. Following
incubation, 500 pL of whole cell samples were centrifuged at 11,000xg for two minutes before
the remaining cultures were prepared for sonication. Both uninduced and induced pelleted

samples were mixed with 50 pL dH20 and 50 pL of 2x Laemmli buffer.

Harvested cells were lysed by sonication in PBS buffer, and the resulting cell lysate was
centrifuged at 12,000xg for ten minutes. The supernatant (soluble fraction) was collected, and
the pellet (insoluble fraction) was resuspended in the equivalent volume of the supernatant.
Samples of each soluble and insoluble fraction were collected for SDS-PAGE analysis, mixing

20 ulL of sample with 2x Laemmli buffer.

2.2.17 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were loaded into the Bolt™ Bis-Tris Plus Mini Protein gels (4-12%, precast)
(ThermoFisher) and placed inside a Mini Gel Tank (Invitrogen™, ThermoFisher) to separate
them by molecular weight. The 20x Bolt™ MES SDS Running Buffer (ThermoFisher) was used
while the gels were run at 120 A for approximately forty minutes until the dye front reached

the bottom of the gel. Samples were heated to 95 °C to denature the proteins before 5 ulL of
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sample was loaded alongside 5 pL of the Chameleon® Duo Pre-Stained Protein Ladder (Li-cor)

unless stated otherwise.

2.2.18 Coomassie Staining

PageBlue™ Protein Staining Solution (ThermoFisher) was used to stain the proteins following
SDS-PAGE. Each gel was washed thrice with 100 mL of dH>O and had a twenty-second heat
step in the microwave between each wash. 10 mL of Coomassie solution was added to the
gels and was left to shake overnight at 25 rpm. Following the incubation, the PageBlue™
solution was discarded, and the gels were rinsed and incubated with H,O for ten minutes
before imaging. The bands were visualised by the ChemiDoc MP Imaging System (BioRad) at
a wavelength of 590/110 nm.

2.2.19 Western blot

Western blot was carried out to confirm the expression of the recombinant His-tagged
proteins. Following SDS-PAGE, the gel was blotted onto a nitrocellulose membrane via wet
transfer (Fig. 15). The proteins were transferred onto the membrane at 100 V for thirty
minutes in western transfer buffer using the XCell 1™ Blot Module (ThermoFisher). The
membrane was washed with 100 mL of TBST before being blocked with 20 mL of 5% non-fat
milk for twenty minutes shaking. Following incubation, the membrane was washed twice with
50 mL of TBST before being incubated with an anti-His-Tag mouse monoclonal 1gG antibody
(Santa Cruz Biotechnology) (H-3) diluted 1:200 in 15 mL TBST for two hours with gentle
agitation. The membrane was washed with four 5-minute washes each in 50 mL TBST for the
removal of unbound primary antibody before the Goat anti-Mouse IgG (H+L), Superclonal™
Recombinant Secondary Antibody (ThermoFisher) was added and diluted 1:1000 in 15 mL
TBST for one hour shaking. The membrane was washed for a further four five-minute washes
in 50 mL TBST to remove unbound secondary antibody before being visualised by the

ChemiDoc MP Imaging System (BioRad) at a wavelength of 680 nm.

46



e ¥
el anode (I

2 = = Sponge
Filter paper
o Membrane
Gel [ 1

Filter paper
el |

Cathode NI

JuaLng

Sponge -

Filter paper7
Gel /
Membrane

Filter paper

Sponge.

Created in BioRender.com bio

Figure 15. Overview of Western Blotting. Wet transfer of the proteins is assembled underwater. Filter
paper soaked in transfer buffer was placed on top of a fibrous pad, and the gel was placed beneath
the membrane before a final stack of filter paper and sponge was placed on top. This transfer sandwich
was clamped together with a gel cassette before being placed into the western transfer tank with
transfer buffer (figure prepared by author, created with BioRender.com).

2.2.20 Pull-down assays using Ni2+-affinity beads

Another way to detect whether the desired proteins were expressed was via a pull-down
assay using the HisPur™ Ni-NTA Resin (ThermoFisher). 10 uL of His resin was equilibrated
three times with 1 mL of binding buffer and incubated with 500 pL of sonicated cell lysate for
ten minutes with gentle shaking at room temperature. Following incubation, the beads were
washed thrice with 500 uL of binding buffer to remove any unbound protein. A sample of the
first wash was taken and added to 20 pL of 2x Laemmli buffer to see if the desired protein
was being washed out unbound to the beads. 20 pL of 2x Laemmli buffer was added directly
to the beads before 5 uL was heated to 95 °C and loaded onto an SDS-PAGE gel ready for

analysis.

2.2.21 Immobilised metal affinity chromatography (IMAC) protein purification

The recombinant protein was purified via affinity chromatography on the AKTA purifier 10
system (Amersham pharmacia biotech) with the UNICORN software, using the 5 mL
HisTrapTM FF Crude (GE Healthcare). At a flow rate of 2.5 mL/min, a blank run was conducted
through five-column volumes of water, cleaned with 0.5 M NaOH, followed by five-column
volumes of water and ten-column volumes of binding buffer. To allow the protein to bind, the

sample was applied at a flow rate of 2 mL/min, and the column was washed with binding
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buffer at 2 mL/min for five column volumes to remove any unbound sample. Five column
volumes of 20% ethanol run through the column at a rate of 2.5 mL/min. The column was re-
equilibrated with two column volumes of elution buffer, washed with two column volumes of
0.5 M NaOH and two column volumes of water, and stored in 20% ethanol to minimise
bacterial growth. The sample was eluted in aliquots of 1 mL across a gradient of 100 mM to

500 mM Imidazole (20%-100%).

The Chromatogram demonstrated that the AKTA system had not efficiently eluted the
fractions containing the target protein and, therefore, the sample was eluted from the column
using a Peristaltic Pump P-1 (Cytiva). Once the AKTA had loaded the column with the sample,
the column was washed with one column volume of binding buffer to ensure that loosely
bound protein was removed. 1 mL aliquots were taken across each concentration of Imidazole
as follows: 5 mL of 100 mM, followed by 5 mL of 200 mM and finishing with 10 mL of 500 mM
at a flow rate of 10 mL/min. 15 mL of 500 mM was collected post-elution to ensure all bound
sample had been eluted. The column was washed with two column volumes of water before
being stored in 20% ethanol at 4 °C. The protein aliquots were run on an SDS-PAGE ready for

analysis.
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3 Results

3.1 Molecular cloning

To analyse the EMI, gClq, EGF-like and coiled coil domains using biochemical and structural
approaches, sufficient quantities of purified protein are needed. To achieve this, the coding
regions for each domain protein were amplified using PCR, digested, cleaned up and ligated
into pET vectors 19b, 24a and 28a, which were then ready to be transformed into DH5a. The
purified colonies were screened for the insert before the recombinant proteins were
expressed in E. coli BL21(DE3) for protein purification and subsequent biochemical and
structural analysis. Each clone was labelled with a construct ID during analysis with the table

of constructs summarised in section 2.2.1, table 4.

3.1.1 Plasmid miniprep

The MMRN1-bio-His template DNA (Addgene, #53409) and empty pET19b, pET24a and
pET28a vectors (Novagen, Merck) were purified using a miniprep kit from DH5a E. coli cell
line as described in section 2.2.3, and purified DNA samples were resolved on 1% DNA agarose

gel (Fig. 16).
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Figure 16. DNA gels (1%) of plasmid minipreps for MMRN1 and pET vectors. Yellow arrows highlight
faint bands. Lane M is represented by a 1kb hyperladder for figures 16b-c and a Quick-load purple 1kb
plus DNA ladder (NEB) for figures 16a and 16d. MW., molecular weight.

Purified pET19b and pET24a vectors.

Purified pET28a vector.
Purified MMRN1 template DNA.
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Purified pET19b and pET24a vectors with additional DNA recovery steps (Section 2.2.3).



The purified plasmids from E. coli displayed a higher molecular weight that exceeded
10,000bp, which is likely due to their circular nature, causing slower migration through the
agarose gel (Fig. 16a, 16c). However, the plasmids in Figure 16b were running at their
expected band sizes of 5,310bp for pET24a and 5717bp for pET19b. In contrast to the other
plasmids, pET28a appeared to have a lower yield (Fig. 16c). The MMRN1 plasmid appeared to
run higher than its expected length of 3,684bp, above 10,000bp, with a concentration of 497.6
ng/uL for MMRN1 A and 525.6 ng/uL for MMRN1 B as measured by the Nanodrop (Fig. 16d).
This could indicate the presence of different topological forms, such as relaxed or open
circular structures, that affect its migration through the gel. Additional elution steps (section

2.2.3) increased the overall concentration of the pET vectors (Table 12).

Table 12. Purified pET vector concentrations analysed via Nanodrop.

pPET Vector Concentration (ng/ulL)
pET19b B (Fig. 16a) 48.1
pET24a A (Fig. 16a) 55.6
pET19b (Fig. 16b) 63.0
pET24a (Fig. 16b) 71.6
pPET 28a A (Fig. 16c) 16.1
pET 28a B (Fig. 16¢) 19.2

3.1.2 Restriction enzyme digest to prepare vectors for subcloning

The insert DNA was subcloned into the destination pET vectors, which were digested with the
appropriate restriction enzymes and purified, ready for subsequent ligation with their
corresponding inserts as outlined in Table 4. The concentration of the purified digested DNA
was analysed by Nanodrop to inform insert:vector ligation ratios recommended by
manufacturer (ThermoFisher) and was subsequently resolved on DNA agarose gels to confirm

the success of the digest (Fig. 17).
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Figure 17. DNA gels (1%) of digestion and purification of pET vectors. Yellow arrows highlight faint
bands. Lane M is represented by a 1kb hyperladder. MW., molecular weight.

a. pET19b digested with Ndel and BamH! and pET24a digested by Ndel and Notl restriction
enzymes.

b. DNA clean-up of digested pET19b and pET24a vectors.

c. Digested pET28a vector with Ndel and BamHiI restriction enzymes.

d. DNA clean-up of the pET28a vector.
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PET vectors 19b and 24a appeared to be running in the appropriate region, though they were
running slightly higher compared to their respective sizes of 5717bp and 5310bp (Fig. 173,
17b). It was seen that they were both running around 6,000bp, with pET24a running smaller
than pET19b (Fig. 17a, 17b). With both vector lengths being relatively close to 6,000bp and
their clear linearised bands following purification, the results confirmed the successful
digestion and purification of the pET19b and pET24a vectors. The pET28a vector was
confirmed to be running at the correct length of 5,369bp (Fig. 17c, 17d), while its low yield

was further investigated via Nanodrop (Table 13).

Table 13. Purified pET vector concentration analysed by Nanodrop.

pPET vector Concentration (ng/uL)
pET19b 15.2

pET24a 14.4

pET28a 2.6

3.1.3 Screening of optimal PCR annealing temperatures for domain insert primer pairs

Secondary amplification of amplicons above 1000bp was observed through PCR prior to the
screening of optimal annealing temperatures. As a result, the reaction conditions were
optimised to provide maximal specificity and yield. A range of annealing temperatures were
assessed and DMSO was used as a PCR additive to reduce non-specific amplification and
enhance PCR amplification (Varadharajan and Parani, 2021). The PCR products were then

visualised on an agarose gel (Fig. 18).
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Figure 18. Screening of annealing temperatures and the effect of the DMSO additive. The
temperatures screened were: T1-60 °C, T2 -62.1 °C, T3-64.8 °C, T4-67.8 °C, T5— 70 °C. Construct IDs
are as described in Table 4. Lane M is represented by a 100bp hyperladder on each gel (1%). MW.,
molecular weight.

Construct 2A (EMI pET19b) annealing temperature screen with and without the effect of DMSO.

Construct 2B (EMI pET24a) annealing temperature screen with and without the effect of DMSO.

Construct 2C (gC1q pET19b) annealing temperature screen with and without the effect of DMSO.

Construct 2D (gC1q pET24a) annealing temperature screen with and without the effect of DMSO.

Construct 2E (Coiled coil pET19b) annealing temperature screen with and without the effect of

DMSO.

Construct 2F (Coiled coil pET24a) annealing temperature screen with and without the effect of

DMSO.

g. Construct 2G (EGF-like pET19b) annealing temperature screen with and without the effect of
DMSO.

h. Construct 2H (EGF-like pET24a) annealing temperature screen with and without the effect of

DMSO.
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The inserts appeared to be running at the expected sizes, however, all clones other than
constructs 2C and 2D (gClq) appeared to contain non-specific amplification of DNA larger
than 1000bp (Fig. 18c-d). Since most of these results are similar across each sample, there
may be non-specific binding to the MMRN1 plasmid template (Fig. 18). The target DNA
sequence of constructs 2G and 2H (EGF-like, 111bp) is marginally shorter than the other insert
sequence lengths, which could increase the likelihood of non-specific binding. Higher
annealing temperatures are also seen to decrease the specificity of primer binding,
accounting for any non-specific amplification observed across higher temperatures of each
construct (Fig. 18) (Wu et al., 1991). It remains unclear as to why constructs 2E and 2F (coiled

coil) presented non-specific bands of varied lengths (Fig. 18e, 18f).

Expected sizes for construct 2A, 2B, 2G and 2H had almost consistent amplification across
both higher and lower temperatures, demonstrating their stringency (Fig. 18a-b, 18g-h).
Almost all constructs, apart from constructs 2G and 2H, seemed to have higher yield during
PCR amplification at a lower annealing temperature of around 60 °C (Fig. 18). Constructs 2G
and 2H appeared to have better amplification across higher temperatures between 62.1 °C

and 70 °C (Fig. 18g, 18h).

Overall, the addition of DMSO did not improve the reaction and likely had a negative effect
on primer binding compared to the non-DMSO variable. This may be compared to constructs
2G and 2H, where it seemed DMSO had no overall effect on primer binding as amplification

appeared consistent across each well (Fig. 18g-h). The opposite may be seen for constructs
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2C and 2D, where DMSO had increased general amplification of the insert compared to
without DMSO (Fig. 18c, 18d). The addition of DMSO with constructs 2A and 2B (EMI)

appeared as though there was an increase in non-specific binding (Fig. 18a, 18b).

Based on the above data (Fig. 18), the PCR reaction conditions were chosen based on the yield

of desired DNA fragments and the presence of non-specific DNA amplicons (Table 14).

Table 14. Optimal PCR reaction conditions per construct. DMSO containing variable
indicated with a tick. The construct IDs are as described in Table 4.

Construct Annealing temperature (°C) DMSO
2G insert (EGF-like pET19b) 62.1

2H insert (EGF-like pET24a) 67.8 v

1A, 2A insert (EMI pET19b) 60

2B insert (EMI pET24a) 60

1Cinsert (gC1g pET28a) 65

2Cinsert (gC1qg pET19b) 60

2D insert (gC1q pET24a) 60 v

2E insert (Coiled coil pET19b) 60 v

2F insert (Coiled coil pET24a) 60 v

3.1.4 Subcloning of genes coding for MMRN1 regions into expression vectors

Prior to bacterial expression, the EMI, EGF-like, gC1q and coiled coil insert constructs were
amplified, digested, and purified, allowing for ligation with the appropriate expression vectors
— pET19b for constructs 1A, 2A, 2C, 2E, and 2G; pET24a for constructs 2B, 2D, 2F, and 2H;
pET28a for construct 1C (Fig. 19).
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Figure 19. Gel electrophoresis of domain insert subcloning. Construct IDs are as described in Table 4.
Lane M is represented by a 100bp hyperladder. MW., molecular weight.

a.
b.

PCR products of the EGF-like, EMI, Coiled coil and gC1q domain inserts.

Restriction digest of the EGF-like, EMI, Coiled coil and gClq domain inserts with the
appropriate restriction enzymes (Table 4).
DNA purification of the EGF-like, EMI, Coiled coil and gC1q domain inserts.

Ligation of the EGF-like, EMI, Coiled coil and gC1q domains to their respective vectors zoomed
and enhanced with 40% contrast and 25% sharpness. Examples of potential unligated product
are outlined using yellow arrows (original ligation gel in Appendix 1).
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Fragment sizes for each domain construct were seen to be running at the expected size with
constructs 2G and 2H (EGF-like) at 111bp, constructs 2A and 2B (EMI) at 228bp, constructs 2E
and 2F (coiled coil) at 477bp and constructs 2C and 2D (gC1q) at 399bp (Fig. 19a). Following
amplification, large non-specific fragments were still present above 1,000bp in constructs 2E-
H which were removed following SPRIselect bead (Beckman Coulter) DNA purification
(Section 2.2.8) (Fig. 19c, 19e). During subcloning, consistent amplicon lengths and
concentrations were observed, with the exception of constructs 2E and 2F, which had
reduced concentrations (Fig 19). This decrease may be due to potential washout during bead
purification. This step-intensive process may contribute to the loss of sample concentration

compared to constructs purified using a DNA clean-up kit.

Concentrations of each construct were measured before subsequent ligation and transfection
of the plasmids (Table 15). Based on the DNA gels, it is unclear whether the ligated plasmids
were running at the correct sizes of around 5000-6000bp due to the resolution of the
hyperladder (Fig. 19a-c). An enhanced figure (Fig. 19d) of the ligation shows that not all
digested PCR and plasmid products had been fully ligated as some unligated plasmid was
present at the top of the gel, and insert bands were present at the bottom with an unknown

band present above 10,000bp.

Table 15. Concentrations of domain inserts following purification via Nanodrop.

Construct Concentration (ng/uL)
2G insert (EGF-like pET19b) 31.4
2H insert (EGF-like pET24a) 42.0
1A insert (EMI pET19b) 12.0
2Ainsert (EMI pET19b) 234
2B insert (EMI pET24a) 28.1
2C insert (gC1q pET19b) 47.3
2D insert (gC1q pET24a) 70.0
1Cinsert (gC1qg pET28a) 12.0
2E insert (Coiled coil pET19b) 12.8
2F insert (Coiled coil pET24a) 18.5
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3.1.5 Transformation into DH5a cloning cell line

Corresponding vectors and inserts were ligated together and transformed into a chemically
competent DH5a cloning cell line (Fig. 20). This host strain offers high cloning efficiency and
plasmid propagation as a reliable system for producing multiple successful transformants

(Kostylev et al., 2015).
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Figure 20. DNA gel (1%) of minipreps of 3-4 DH5a colonies per plasmid. Following transformation,
purified DH5a colonies of the EGF-like, gC1q, EMI, and coiled coil domain constructs. Construct IDs are
as described in Table 4. Lane M is represented by a 1kb hyperladder. MW., molecular weight.

The majority of constructs appeared to have been successfully transformed as the purified
DH5a plasmids were running at similar lengths (Fig. 20). Those that appeared to be running
higher than expected, such as colony 2 for both constructs 2C (gC1q) and 2A (EMI) were not

chosen to be transformed into chemically competent BL21(DE3) cells.
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3.1.6 Screening of genes coding for MMRN1 regions following the transformation of

ligated products

Prior to sequencing analysis, both a double-digest and a PCR colony screen were conducted
to identify colonies with plasmids containing the insert DNA coding for the EMI, EGF-like, gClq
and coiled coil domains (Fig. 21). Four colonies were chosen for each construct and were
grown up in LB broth to confirm the presence and length of the insert sequences to be sent
for sequencing and to prepare for further transformation into an expression cell line to

express the desired domain proteins.
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Figure 21. DNA gels (1%) of double-digest and PCR colony screening of genes coding for the domain
constructs. Construct IDs are as described in Table 4. Lane M is represented by a 100bp hyperladder
for figures 21a-d and a 1kb Quick-Load hyperladder (NEB) for figures 21e-f. MW., molecular weight.

"o anTa

PCR colony screen of constructs 2A and 2B (EMI pET19b and pET24a).

PCR colony screen of constructs 2C and 2D (gC1q pET19b and pET24a).

PCR colony screen of constructs 2E and 2F (Coiled coil pET19b and pET24a).
PCR colony screen of constructs 2G and 2H (EGF-like pET19b and pET24a).
Double digest of construct 1A (EMI pET19b).

Double digest of construct 1C (gC1q pET28a).

The PCR colony screen and the double digest demonstrate that the plasmids contained the

desired gene inserts coding for the MMRN1 domains for each construct (Fig. 21). The
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constructs analysed by PCR colony screen had been successfully amplified, however, they
were all approximately 100bp lower than their expected lengths (Fig. 21a-d). Colony 1 in
construct 2F and 2G and colony 3 in construct 2H were not further transformed into an
expression cell line as they did not contain a successfully amplified insert on the gels (Fig. 21c,

21d).

Plasmids cut with two restriction enzymes had a noticeable difference in length when
compared to plasmids cut with one restriction enzyme, as indicated through the double digest
DNA gels (Fig. 21e, 21f). This demonstrates that the constructs containing the MMRN1
domain inserts with corresponding restriction sites had been successfully cut out, ready to be

transformed into an expression cell line.

3.1.7 Sequencing construct 1C (gC1q pET28a)

Following screening, all recombinant clones had been submitted to Eurofins Genomics for
sequencing along with their respective primers to ensure single nucleotide polymorphisms
(SNPs) were not present in MMRN1 insert DNA. The results indicated that, except for
construct 1C, none of the sequenced plasmids contained the intended domain inserts, despite
positive screening results (Fig. 21). Subsequently, the DNA sequences coding for the gClq
domain and construct 1C were translated into protein sequences using Expasy for
comparative alignment (Fig. 22). Focussing on protein comparison allows for direct
comparison of variability between amino acids that dictate protein structure and function.
The MultAlin sequencing alignment programme was used to assess the accuracy of the

recombinant protein sequence (Corpet, 1988).
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Figure 22. Amino acid sequence of the gC1q pET28a construct. The row labelled gC1q is the expected amino acid sequence, the row labelled forward is the
forward DNA sequence with the reverse sequence being labelled as reverse. The red text highlights the high consensus part of the sequence while the blue
indicates the low consensus part of the sequence, black is labelled as a neutral consensus. Any incorrect amino acids are outlined using a red oval.
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The protein sequence of construct 1C (gC1q), which had been cloned, aligned correctly with
its expected sequence (Fig. 22). However, the full length of the sequence should have ended
in a threonine, whereas the cloned construct ended in a glycine. These amino acids do not
share similar DNA codes and, therefore, was an unexpected base pair change. As this
substitution occurred on the C terminus of the gC1q protein instead of the His-tag sequence,
the structure and function of the domain protein may have been impacted. For further
analysis, the amino acid change was analysed using ColabFold-AlphaFold2 predicted folding
(Fig. 23) (Mirdita et al., 2022). The yellow and blue protein backbones align well, showing no
significant change in the overall protein conformation. However, the changed amino acid
residue is different on the C terminal of the gClg domain, so it is not expected to align. The
degree of its impact would need further experimental and functional validation to understand
the implication of the amino acid change on the protein’s characteristics. This clone was still

taken forward for purification following sequencing.

W
Y

Figure 23. ColabFold-AlphaFold2 3D image of the impact on the last amino acid change for construct
1C on protein folding versus the expected protein sequence of the gC1q (Mirdita et al., 2022). The
sequenced domain (construct 1C) is in yellow, and the actual domain sequence is in blue. The red circle
indicates the last residue change. Molecular graphics and analyses performed with UCSF ChimeraX,
developed by the Resource for Biocomputing, Visualisation, and Informatics at the University of
California, San Francisco, with support from National Institutes of Health RO1-GM129325 and the
Office of Cyber Infrastructure and Computational Biology, National Institute of Allergy and Infectious
Diseases (Meng et al., 2023; Pettersen et al., 2021; Goddard et al., 2018).
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3.1.8 TOPO® TA cloning®

For TA cloning, eight DNA constructs, 2A-2H, were amplified using Tag polymerase to create
adenine (A) overhangs and ligated into TOPO plasmid vectors containing complementary
thymine (T) residues. This method was conducted due to its efficiency in cloning PCR-
amplified fragments for optimisation following unsuccessful sequencing results of 7 out of 8
constructs to troubleshoot any annealing or restriction digest issues such as faulty restriction
enzymes, restriction site recognition or restriction cutting. However, sequencing results
acquired from TA cloning also returned unsuccessful, presenting as an unexpected challenge.
Despite the simplicity of this cloning method and the use of blue-white screening, a few
potential issues may arise, including the occurrence of false positives, which may indicate the
presence of an insert (though not necessarily the desired domain inserts), low transformation

efficiency, or the presence of contaminants (Yao et al., 2016).

3.2 Recombinant expression of MMRN1 constructs in E. coli culture

3.2.1 Small-scale expression trials

To confirm recombinant protein expression, SDS-PAGE was used to analyse the levels of
expression of MMRN1 expression constructs coding for the gClq (in pET19b, pET24a,
pET28a), EMI (in pET19b, pET24a), EGF-like (in pET19b, pET24a) and coiled coil (in pET19b,
pET24a) regions in 10 mL of E. coli culture (Fig. 24). The expression conditions for each

construct were screened for optimum induction duration and temperature (Section 2.2.14).
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Figure 24. Expression of 8 clones within BL21(DE3) with varied induction times and temperatures.
4-12% SDS-PAGE gels were used to compare different expression conditions of each protein. Coomassie
staining was used following gel electrophoresis. The positive control (I,) was a sample taken prior to
induction. lss, 1sg and l1z0 indicate that the samples were taken after a certain number of minutes, while
lo/n indicates that the sample was taken after overnight incubation. Soluble (S) and insoluble (D)
samples were taken once all whole-cell samples had been collected. The expected sizes of each
construct are indicated with a yellow arrow. White arrows highlight any important soluble and debris
bands. Construct IDs are as described in Table 4. Lane M is represented by the Chameleon protein
ladder. MW., molecular weight.

a. SDS-PAGE gel of expression conditions for construct 2A (EMI pET19b) with an expected size of

8.3kDa.

b. SDS-PAGE gel of expression conditions for construct 2B (EMI pET24a) with an expected size of
8.3kDa.

c. SDS-PAGE gel of expression conditions for construct 1A (EMI pET19b) with an expected size of
8.3kDa.

d. SDS-PAGE gel of expression conditions for construct 2G (EGF-like pET19b) with an expected
size of 4.2kDa.

e. SDS-PAGE gel of expression conditions for construct 2H (EGF-like pET24a) with an expected
size of 4.2kDa.

f. SDS-PAGE gel of expression conditions for construct 2C (gC1q pET19b) with an expected size of
14.6kDa.

g. SDS-PAGE gel of expression conditions for construct 2D (gClq pET24a) with an expected size
of 14.6kDa.

h. SDS-PAGE gel of expression conditions for construct 1C (gC1q pET28a) with an expected size of
14.6kDa.

i. SDS-PAGE gel of expression conditions for construct 2E (Coiled coil pET19b) with an expected
size of 17.6kDa.

j.  SDS-PAGE gel of expression conditions for construct 2F (Coiled coil pET24a) with an expected
size of 17.6kDa.

Across all constructs, poor expression at 37 °C had been observed (Fig. 24), whereas 16 °C
appeared to be the temperature that promoted the most expression across most of the
constructs (Table 16). A lower expression temperature may aid slower and correct protein
folding (Mason et al., 2014). Overnight incubation at lower temperatures appeared to
increase protein expression compared to short incubation times and long incubation times at
higher temperatures, highlighting the influence of expression duration and temperature on
the rate of protein production. Figures 24a, 24e and 24f showed little to almost no expression
across all expression conditions. Constructs 2G and 2H (EGF-like) were unable to be
conclusively analysed using SDS-PAGE. To avoid the possibility of the protein running off the
gel, SDS-PAGE was stopped early, but the protein remained undetectable. It is likely that both

constructs may not have been expressed, or they were not detectable under the chosen
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conditions. Each gel showed no expression in the uninduced fraction compared to those that

had been expressed (Fig. 24).

It was seen that there was more expression present in the soluble fraction of each construct
compared to the debris (Fig 24c-h). This was beneficial when taking constructs forward for
purification. Although, the debris column seemed dilute across all figures, which may have
been due to sample preparation. In figure 24c, there appeared to be strong bands across both
soluble and debris fractions at the expected length of construct 1A (EMI) (indicated by white

arrows in Fig. 24c).

Table 16. Chosen expression conditions for each construct. /., implies overnight induction.

Construct Expression condition
1C (gC1qg pET28a) 25 °C lo/n
1A (EMI pET19b) 25 °C lo/n
2A (EMI pET19b) 16 °C lo/n
2B (EMI pET24a) 16 °C lo/n
2G (EGF-like pET19b) N/A

2H (EGF-like pET24a) N/A

2E (Coiled coil pET19b) 16 °C lo/mn
2F (Coiled coil pET24a) 16 °C lo/n
2C (gC1q pET19b) 16 °C lo/n
2D (gClq pET24a) 16 °C lo/mn

3.2.2 Scaling up the expression of construct 1A (EMI) and 1C (gClq).
The selected constructs showing promising expression were scaled up from 10 mL of media
to 100 mL to assess whether there was enough expression of protein to be further purified
and analysed via SDS-PAGE (Fig. 25). Due to a lack of glycosylation sites, constructs 1A and 1C

trialled for large-scale expression in E. coli.
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Figure 25. Scaled up expression of constructs 1A and 1C in 100 mL culture. The expected sizes of each
construct are indicated with a yellow arrow. White arrows highlight any important soluble and debris
bands. Construct IDs are as described in Table 4. Lane M is represented by the Chameleon protein
ladder. MW., molecular weight.

a. SDS-PAGE gel of construct 1C (gC1q) when induced at 25 °C for overnight incubation in 100 mL
of media.

b. SDS-PAGE gel of construct 1A (EMI) when induced at 25 °C for overnight incubation in 100 mL
of media.

Low expression levels were observed for construct 1C (gC1q) at an expected size of 14.6kDa,
whereas construct 1A (EMI) appeared to have darker bands at what appeared to be its
expected length (8.3kDa) in the soluble fractions with no expression in the uninduced fraction
(Fig. 25a-b). The expression result of both constructs was followed up with sequencing, and
it was found that the EMI DNA was of low quality, whereas the gClq protein DNA matched its
expected DNA sequence (Fig. 22).

3.2.3 Western blot of construct 1A (EMI) and 1C (gC1q)

As sequencing results suggested that the vector contained the correct insert, Western blot
analysis was conducted using an anti-His antibody to assess if the recombinant proteins were

expressed but below the detection level of Coomassie staining in SDS-PAGE. The western blot
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confirmed the presence of the desired recombinant proteins in the experimental samples

ready for purification (Fig. 26).
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Figure 26. Fluorescence western blot of constructs 1C (a, c) and 1A (b, c) incubated with anti-His
antibodies. The expected sizes of each construct are indicated with a yellow arrow. Construct IDs are
as described in Table 4. Lane M is represented by the Chameleon protein ladder. MW., molecular
weight.

A clear fluorescent band was observed for construct 1C (gC1q), estimated to be higher than
its expected size of 14.6kDa, confirming the protein expression of the His-Tag (Fig. 26a, 26c).
The inclusion of the His-tag sequence may have contributed to a higher observed molecular
weight of 17.6kDa due to the introduction of additional amino acids. The protein seemed to
only present a fluorescent signal in the whole cell rather than the soluble fraction, which may
be linked to potential protein degradation during sonication. To minimise this effect, protease
inhibitors were added to the sample prior to sonication to inhibit proteolytic activity in the
sample ready for purification. No fluorescence was detected for construct 1A, consistent with

the sequencing results received (Fig. 26b, 26c).

3.2.4 Mini His-bead pull-down purification

To corroborate the sequencing results, an additional mini His-bead pull-down was conducted
alongside western blot analysis to confirm and assess recombinant protein expression via the

His-tag. The His-beads were pipetted directly onto the SDS-PAGE gel for its analysis (Fig. 27).
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A sample was taken from the initial wash of the beads to determine if the protein was being

washed out or bound to the His-beads.

1A 1C
| : 1 | : MW
HIS wash S I, M HIS wash S (kDa)

260
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Figure 27. A His-bead pull-down purification of constructs 1A and 1C incubated with HisPur™ Ni-NTA
Resin (ThermoFisher). Lanes ending with ‘HIS’ represent samples incubated with the His-bead resin
directly applied to the gel, while lanes ending with ‘wash’ were samples taken from the initial wash. S
represents the soluble fractions. Construct IDs are as described in Table 4. Lane M is represented by
the Chameleon protein ladder. MW., molecular weight.

The His-bead pull-down purification indicated an absence of recombinant protein in both the
wash and the His-bead samples for both construct 1A and 1C (EMI, gC1q) (Fig. 27). This does
not align with the sequencing results and western blot analysis for construct 1C but does align
with the results shown for construct 1A. This may be due to multiple factors. Firstly, it is
possible that the interaction between the His-tag and the His-bead resin was weaker than
expected, which resulted in inefficient binding during the pull-down experiment. Secondly,
the His-tag may not be accessible. As observed in literature, bead pull-downs are conducted
with folded protein whereas western blot uses denatured protein where the samples are
mixed with Laemmli buffer that contains denaturing agents, such as SDS, prior to membrane

blotting and therefore, the antibody is able to access the tag (Luo et al., 2014; Brady et al.,
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2004; Xu et al., 2019). The SDS-PAGE protein bands were visibly faint, which could suggest a
possible issue with sample preparation, such as protein loss during purification steps or low
concentrations of the protein samples. It may also be possible that the culture was not large
enough for the protein to be detected, and therefore, for IMAC purification, the culture was
scaled up to 2 L. The results of this pull-down were later clarified through purification via

affinity chromatography.

3.2.5 Affinity chromatography using the Akta for the purification of construct 1C (gC1q)

In response to issues with low protein yield, Construct 1C was scaled up from 100 mL and

grown in 2 L of media to increase the protein amount needed for detection for both

purification and SDS-PAGE. The recombinant protein was purified using the Akta purifier and

eluted off the HisTrap™ FF Crude column using a Peristaltic Pump in 1 mL aliquots across a

gradient of 100 mM to 500 mM Imidazole. The protein aliquots were run on an SDS-PAGE gel

ready for analysis (Fig. 28). The chromatogram following Akta elution is shown in Appendix 3.
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Figure 28. The purification of Construct 1C using affinity chromatography eluted with a Peristaltic
Pump across a gradient of 100 mM to 500 mM Imidazole. The number above each lane corresponds
to the millilitre aliquot loaded for each Imidazole concentration. ‘Post 500’ indicates the collection of
15 mL of 500 mM following the elution of the initial ten 500 mM aliquots. Gels were edited next to
each other, and markers were aligned, unaltered gels are shown in Appendix 2. The expression of the
desired recombinant protein is highlighted between two red asterisks, while the 60kDa co-purified
protein is highlighted between two white asterisks. M is represented by a BioRad Precision Plus
Protein™ Standards ladder. MW., molecular weight.
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The SDS-PAGE analysis of the eluted fractions shows the expression of construct 1C within
the 500 mM Imidazole fractions at a molecular weight of 17.6kDa (Fig. 28). However, the
expression level appears to be relatively low when compared to the uninduced fraction.
Prominent bands at 60kDa suggest that there is a contaminant protein that has been highly
expressed and purified. The presence of this contaminant may be a contributing factor to the

low expression of the target recombinant protein, as it may be outcompeting.
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4 Discussion

The aim of this project is the recombinant expression and purification of MMRN1 constructs
to study the structure-function relationship of MMRN1 with the S. aureus protein Efb. To this
end, ten MMRN1 domain constructs, carrying either an N-terminal or C-terminal His-tag, were
screened for optimum expression conditions in E. coli culture (Fig. 24). Sequencing confirmed
one correctly cloned construct, the gClq domain, which was taken forward for expression
trials in E. coli BL21(DE3) and purification. The gC1lq domain was expressed at low amounts
alongside a 60kDa contaminant under the tested conditions (Fig. 28). Codon optimisation is
an approach aimed to enhance translation efficiency and increase protein yield by adapting
the nucleotide sequence of the mammalian gC1lqg domain gene in humans to better match
codon preferences of the host organism (E. coli). Alternatively, BL21(DE3) Rosetta cell lines
offer an easier strategy by providing additional tRNA molecules that recognise rare codons,
eliminating the need for DNA sequence alterations and, therefore, simplifying the
experimental process (Burgess-Brown et al., 2008; Heyde and Norholm, 2021). It may be that
the absence of glycosylation may have affected the expression, folding and stability of the
glycoprotein, which may further degrade and affect the protein's solubility and biological
activity. However, trials were initially conducted to express both the EMI and gC1g domains
(Constructs 1A and 1C) in E. coli, and glycosylation was not expected to be an issue for the
gClg domain construct. Notably, the gClg domain is also not anticipated to have primary
glycosylation sites (Fig. 29) and, therefore, with its observed low expression in E. coli, using a
Rosetta cell line may offer a better strategy for enhancing protein production for subsequent

analysis.

To take this protein forward for structural analysis by X-ray crystallography, the protein
should be purified to homogeneity and concentrated between 2-50 mg/mL to obtain crystals
that diffract to high resolution during crystallographic analysis (Dessau and Modis, 2011). To
do this, additional purification steps such as lon-exchange chromatography (separation by
charge) or size exclusion chromatography (SEC, separation by size) should be tested to
separate the 17.6kDa gClq construct and the 60kDa protein. The interaction between the
purified gClq domain and Efb may be examined using a pull-down assay, such as co-
immunoprecipitation (Co-IP). Any purified protein complexes should be trialled for protein

crystallography. It is also possible to set up co-crystallisation trials of gClq and Efb, but in
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order to obtain larger, well-diffracting crystals, both proteins need to be expressed and
purified to high purity and stability, allowing both to form a complex and set up initial
crystallisation trials to identify parameters pH, precipitant, temperature and other additives
for the proteins to form crystals, ready for further optimisation and X-ray diffraction analysis

(Bolatti and Gourlay, 2022; Hipolito et al., 2014; Schilling et al., 2014).

4.1 Subcloning of the MMRN1 domains

4.1.1 Non-specific amplification in PCR agarose gels

PCR amplification is contingent on meticulous primer design and optimisation of PCR
conditions. Hence, in this project, primer length was kept between 15-30bp long to ensure
optimal binding to the target DNA sequence (Wu et al., 1991) (Section 2.2.1). Cycling
parameters such as the annealing temperatures of each primer pair using gradient PCR and
the effect of DMSO as a component in the PCR reactions were fine-tuned to overcome

specificity challenges encountered in the experimental process (Section 2.2.4).

Non-specific amplification was observed in agarose gels above 10,000bp during PCR
amplification of DNA insert domain regions (Fig. 18, 19). Non-specific DNA amplification was
observed for coiled coil and EGF-like domains (constructs 2E, 2F, 2G, 2H), and the potential
presence of primer binding sites in unintended genomic regions were examined using the
NCBI primer BLAST tool (Ye et al., 2012). During primer analysis, no off-target hits were found
in the E. coli/Homo Sapiens databases showing that the primer pairs were specific to the
MMRN1 plasmid template. Primer pairs had self-complementary scores between 4% and 8%,
indicating a low proportion of primer bases that may form secondary structures or primer

dimers (Bustin et al., 2020).

Along with no off-target hits and primer design considerations, it seems the appropriate
explanation links to template contamination, leading to unexpected amplification. It is
unlikely that there was genomic DNA contamination from E. coli, such as mitochondrial DNA,
as BLAST analysis of the primers showed no complementarity. Therefore, the source may be
plasmid, environmental or primer contamination, introduced through shared equipment,

residual carryover of DNA from previous reactions on equipment or reagents, and potential

77



surface or human contamination (Wally et al., 2019; Witt et al., 2009). Repeated PCR attempts

could not be carried out within the given project timeframe.

Minimising contamination is crucial to ensure the reliability of the biological experiments
(Bastien et al., 2003). In future, template preparation would be conducted in a laminar flow
hood, along with consistent refreshment of sterile reagents, taking aliquots of stock reagents
and keeping working reagents separate from stocks, incorporating additional steps for
template purity checks to minimise the risk of contamination affecting PCR outcomes
(Aeschbach and Dion, 2017). Control experiments would be conducted at every step to
monitor contamination during DNA extraction/PCR processes. The primary negative control
where no amplification should be present is the no template control that uses no DNA
template during PCR, replaced with nuclease-free water, to monitor reagent and
environmental contamination of foreign DNA (Ruiz-Villalba et al., 2017; Kalle et al., 2014).
These steps would significantly reduce the risk of contamination, ensuring the accuracy and
reliability of downstream molecular experiments. To purify desired PCR products from non-
specific PCR products in the study, PCR products of the desired size were purified using size-
exclusion bead purification to mitigate potential downstream experimental effects (Fig. 19).
A high-fidelity polymerase was used to reduce non-specific amplification (Brelsford et al.,
2012). Specific binding may be crucial for optimising overall protein yield, making it

imperative to troubleshoot.

In future, the larger bands present on the gel could also be purified using gel extraction
(excision of DNA band containing the PCR product) prior to sequencing to investigate what
region is being amplified above 10,000bp. This emphasises the importance of refining

experimental approaches to ensure specific amplification in future experiments.

4.1.2 Challenges encountered in sequencing outcomes

To confirm the desired domain inserts had the correct DNA sequence, positive clones in DH5a
E. coli that passed the initial screening tests, using PCR colony screen and double digest, were
sent for sequencing (Fig. 21). The gC1q domain construct was the only successful clone (Fig.
22). The discrepancy observed between the positive results in the PCR colony screen, and the

sequencing results could be due to various factors that have been observed across literature
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for PCR colony screen such as false positives, PCR artifacts, and false negatives (Yang and

Rothman, 2004).

PCR colony screens, especially for small target sequences like the 111bp EGF-like sequence,
are susceptible to false positives due to non-specific binding or primer artifacts (Dallas-Yang
et al., 1998). To address this, additional controls, such as no-template PCR negative controls,
should be used to detect potential contamination in future. Primers used for colony screening
may also produce false-positive results when annealing temperatures are low (Fredriksson-
Ahomaa and Korkeala, 2003). When optimising annealing temperatures for enhanced primer
binding, 60 °C was observed to be best suited to each primer pair, excluding EGF-like inserts
(Table 14). This suggests that even though lower temperatures were optimal for enhancing
primer binding, this may contribute to false-positive results in colony screening. Future
optimisation could involve designing primers with higher annealing temperatures to increase
stringency, reducing the likelihood of non-specific amplification. Quantitative real-time PCR
(gPCR) colony screening may be a more reliable alternative method of observing the presence
of desired DNA sequences when compared to PCR colony screening because it may
differentiate between false-positive and true-positive transformants by comparing Ct values
obtained from qPCR amplification curves (Skarratt and Fuller, 2014). However, when time and
equipment costs are restricted, qPCR may not be as practical compared to all other

optimisation techniques as listed above.

Although a double digest may be less sensitive than a PCR colony screen, it may be considered
a more reliable screening as there is a lower risk of false positive results (Evans et al., 2018;
Anand et al., 2004). As the only construct to be successfully sequenced in this study was one
that was analysed by double digest, it reaffirms the reliability of this method (Fig. 21f). Both
techniques may be used in tandem to increase the validity of the result while implementing
additional controls as well as sequencing to enhance the accuracy of insert verification in

cloning experiments.

The possibility of vector religation leading to background colonies was considered as
sequencing results from unsuccessful clones only returned the sequence of the expression
vector (Bessa et al., 2012). Dephosphorylating the vector after restriction digestion could help
prevent self-ligation (Ukai et al., 2002). Including a self-ligated control and running PCR on
self-ligated colonies may reveal non-specific amplification originating from the vector or
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reagents. Paired with a no template control, this would determine if the amplification was
due to reagent contamination or non-specific amplification originating from the vector.
However, this problem was addressed with TA cloning, where the clones still faced
unsuccessful sequencing results (results not shown). Since TA cloning uses directional cloning,
the complementary adenine and thymine overhangs ensure that only the PCR product may
ligate in one orientation, preventing the linearised vector from religating without the

presence of the insert (Yao et al., 2016).

Other controls, such as scraping part of the plate with no visible growth, may be implemented
to verify the legitimacy of positive colonies. This helps differentiate true clones from potential
contamination on the agar plate. Though it is unlikely, diluted ligation may contaminate the
plate when bacteria are plated onto the agar plate, making colonies that are chosen to appear
positive by PCR but are contaminated by what is present on the plate (Dallas-Yang et al.,
1998). Since the plates contained antibiotics for selection, this was not expected. However,
agar plates become susceptible to environmental contamination over time, and antibiotic
selection decreases the longer the plates are stored (Jenkins and Schuetz, 2012). Freshly

prepared agar plates ensure optimal selection pressure (Navarro et al., 2010).

4.1.3 Cloning the EGF-like domain

Non-specific primer binding was observed when amplifying the EGF-like domain, and the
addition of DMSO to enhance PCR and primer specificity did not resolve this issue (Fig. 18g,
18h). This may be explained by the domain’s short DNA template of 111bp. Short DNA
templates may lead to increased instances of mispriming as they have fewer unique
sequences and nucleotides to bind to, making it easier for primers to bind non-specifically to
regions with partial complementarity. The cloning of this domain may have benefitted from
including neighbouring domains or regions, such as the gC1q domain, to create a more stable
construct (Gray et al.,, 2022). This modification may further prevent the EGF-like domain
protein from running off the SDS-PAGE gel (Fig. 24d, 24e) to be able to provide insight into

the protein’s expression conditions.
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4.2 Expression conditions and expression systems

4.2.1 Optimising IPTG concentration as an expression condition

Optimisation of expression conditions may involve various parameters, including
temperature, induction time and IPTG concentration for plasmid-based expression constructs
under a T7 promoter to help maximise the expression of the gClg domain (Gomes et al.,
2020). Optimisation of IPTG concentration is essential to balance induction and potential
toxicity. Too much IPTG may lead to metabolic stress and reduced cell viability, while too little
may result in insufficient expression of the target protein, therefore, identification of the
optimal induction conditions ensures robust protein expression without compromising cell
health (Gomes et al., 2020). This approach helps achieve higher yields of soluble protein,
reducing the risk of inclusion body formation and improving the overall efficiency of protein

production in E. coli expression systems (Xu et al., 2023).

4.2.2 Post-translational modifications of the MMRN1 glycoprotein

MMRN1 domains were expressed in E. coli culture to generate recombinant protein for
structural and functional analysis. Despite its inability to glycosylate proteins, E. coli as an
expression system offers distinct advantages such as cost-effectiveness, ease of use and rapid
growth. With its ability to produce a high yield of protein, this expression system was
considered suitable for further X-ray crystallography analyses. Additionally, with two of the
domain proteins, the EMI and gC1g domains, lacking in primary glycosylation sites, it seemed
advantageous to use E. coli as an expression system (Fig. 29). However, while using E. coli may
be efficient and cost-effective, expressing specific proteins may pose as a problem (Baeshen

et al,, 2015).

81



Multimerin-1 Chain

(20-1228)
| |
Signal Disordered EMI Coiled Coil EGF-like gC1lq
Peptide Region Domain (333-869) Domain  Domain
(1-19) (68 - 200) (207-282) (1041-1077)  (1096-1228)

(186-188)

Confirmed i?}Inferred from
l sequence model

Figure 29. Diagram of MMRN1 protein sequence, and domains with confirmed and inferred primary
glycan locations (Uniprot, 2023). The MMRN1 is 1228 amino acids long, comprised of a disordered
region, a motif, an EMI domain, a coiled coil, a unique EGF-like domain and the gClq domain
(Colombatti et al., 2011). Its signal peptide is cleaved off after the protein has been newly synthesised.
It contains twenty-three glycans along the chain, eight of which are confirmed in red and fifteen have
been inferred from a sequence model in green (figure prepared by author, created with
Biorender.com).

Recombinant expression of the gClq domain was low (Fig. 28). To increase gClq vyield,
protease inhibitors were used to reduce its potential degradation prior to purification as well
as the optimisation of induction and growth parameters (Fig. 24). Various domains were
expressed to overcome the structural complexity of the full-length protein, of these domains,
EMI and gClq are predicted to be non-glycosylated (Fig. 29). With the absence of
glycosylation in E. coli, particularly when expressing the EGF-like and coiled coil domains, it
may impact the protein’s native conformation and potentially influence its functional
characteristics and therefore any structural and functional findings may not be as easily
applied with confidence as it does not truly reflect the native state of the protein. Therefore,

other expression systems may need to be considered (Fisher et al., 2016) (Table 17).

A potential expression system for MMRN1 domains in the future is the Leishmania expression
system (LexSy, Jena Bioscience). Known for its compatibility with eukaryotic post-translational

modifications while combining the advantages of prokaryotic cell lines (cost-efficient and
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robust), this system may retain the native conformation of the protein through glycosylation
while producing a high enough yield for both structural and functional analysis (Breitling et
al., 2002). Based on publications, the LexSy system, with 882 published records on PubMed,
appears less widely used than other established systems, such as E. coli (35,166 PubMed
publications), yeast (25,689 PubMed publications), or mammalian cells (464,583 PubMed
publications), which may be due to it being relatively new, being available since 2002 (de
Oliveira et al., 2019). Also, laboratories that have already established
mammalian/bacterial/viral protein purification facilities may be more inclined to use existing
systems. One downside to the LexSy expression system is that it has low expression levels
compared to common bacterial plasmids, with researchers looking to optimise codons to
increase yields (de Oliveira et al., 2019). However, LexSy has been successful for some difficult
constructs failing to be expressed in other expression systems with multiple high-impact
papers in Nature that have used this system for structural and functional analysis, evidencing
that it is capable of effective protein production (Hemayatkar et al., 2010; Dadashipour et al.,
2011; Murphy et al., 2020; Zabelskii et al., 2021; Swartz, 2009). For example, recombinant
proprotein convertase 4 in mouse and insect cells exhibited poor expression but
demonstrated high expression in the LexSy system and recombinant acetyl serotonin methyl
transferase in E. coli produced insoluble, heavily degraded material when compared to the

LexSy system able to express the soluble form (Basak et al., 2008; Ben-Abdallah et al., 2011).
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Table 17. Summary of various expression systems. Comparing features of the E. coli expression system with Mammalian, LexSy, Yeast, Baculovirus, Rabbit
Reticulocyte and Hela systems when expressing recombinant proteins. The primary cell lines for Mammalian expression are Chinese Hamster Ovary (CHO)
cells and Human Embryonic Kidney (HEK) cells. The monosaccharide symbols are depicted according to SNFG-nomenclature (Varki et al., 2015; Neelamegham
et al., 2019). The N-glycan building blocks are mannose (green circle), N-acetylglucosamine (blue square), fucose (red triangle), galactose (yellow circle), N-
acetylneuraminic acid (purple diamond), and N-glycosylneuraminic acid (light blue diamond) (Friligou et al., 2021; Khan et al., 2017).

Schmidt (2004)

(2014)

Expression Prokaryotic Eukaryotic Cell-free
systems
Cell lines E. coli Mammalian (e.g., | LexSy Yeast Baculovirus Rabbit Reticulocyte | Hela
HEK293 or CHO)
Yield High Low High High High Low Medium-High
Glycosylation | No Yes Yes Yes Yes Limited Yes
Advantages High yield Represents full Fast growth Rapid High yield Flexible system High yield
biological activity reproduction
Robust High yield Promotes Promotes
system Promotes glycosylation glycosylation
glycosylation
Disadvantages | No Sensitive method | Lower Expensive Expensive Limited glycosylation | Expensive
glycosylation | — no cell wall expression to
bacterial High High Low yield Low quantity for
Low yield counterparts maintenance maintenance structural analysis
N-glycans Tt 7 te ¢¢ .E:
References Brondyk Brondyk (2009) de Oliveira et al. | Sodoyer Brondyk Carlson et al. (2005) | Gagoski et al.
(2009) Schmidt (2004) (2019) (2004) (2009) Anastasina et al. (2016)
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Scientific literature reveals a recurring theme in selecting expression systems based on the
trade-off between their advantages and disadvantages (Ducker et al., 2023; Sodoyer, 2004;
Schmidt, 2004; Viktorinova and Wimmer, 2007). While many use the E. coli expression system
due to its convenience and high yield, many studies employ this system when glycosylation is
not a critical factor in their research (Briand et al., 2016; Lozano et al., 2021; Jia and Jeon,
2016). However, when glycosylation is pivotal, alternative expression systems, such as yeast
or mammalian systems, are often used to mimic mammalian glycosylation patterns to
accurately represent the protein's structure and functionality. Correct protein glycosylation is
particularly imperative when designing or assessing proteins for therapeutic use due to the

impact of glycan structures on immunogenicity (Kim et al., 2020).

With mammalian and E. coli cell lines being widespread and cost-effective methods of
expression, both gC1g and EMI domains may be expressed using the BL21(DE3) Rosetta cell
lines (Brondyk, 2009). Since neither of these proteins has primary glycosylation sites and E.
coli offers rapid growth and easy manipulation, it presents an advantageous system for these
two proteins (Brondyk, 2009). The Rosetta cell line addresses challenges related to gClqg
domain expression by enhancing soluble protein production (Zarkar et al., 2020). However,
for glycosylating protein domains such as coiled coil and EGF-like, it may be beneficial to
explore alternative expression systems. As discussed previously, the LexSy system offers cost-
effectiveness while combining the simplicity of prokaryotic systems and the protein synthesis

capabilities of eukaryotic systems, including glycosylation (de Oliveira et al., 2019).

To tackle any potential glycosylation issues, E. coli may also be bioengineered to be able to
conduct glycosylation. Studies have found that using the pathogen Campylobacter jejuni may
transfer the glycosylation pathway in vitro into strains of E. coli that have already expressed
the protein (Wayman et al., 2019). This may not mimic the native state of the expressed
proteins but offers the chance to test the impact of glycosylated versus non-glycosylated
samples. Bacterial bioengineering goes beyond the scope of this project by being able to
produce glycosylated proteins but also allows for greater customisation when applying them
to treatment and diagnostic strategies (Iwashkiw et al., 2012). The need to boost the yield of
glycosylated variants for therapeutics is one of its challenges, though it is predicted that
bioengineering E. coli will progress relatively quickly given the fact that it may be genetically

manipulated at large volumes (Strutton et al., 2018; Harding and Feldman, 2019). Ease of use

85



and access to equipment may also be a limiting factor for researchers. The structural
complexity and heterogeneity of glycans, coupled with their inability to be biosynthesised
using recombinant DNA technology, makes this method difficult (Rudd and Dwek, 1997). One
study reports a novel cell-free transcription-translation system that may produce
glycoproteins in a single-pot reaction, however, in the context of this study, it may be easier
to use alternative methods of expressing the MMRN1 glycoprotein (Jaroentomeechai et al.,

2018).

4.3 Protein sample analysis

4.3.1 SDS-PAGE optimisation

The SDS-PAGE gel results obtained in this project provided valuable insights into the optimal
expression conditions and solubility of the domain proteins of MMRN1. However,
improvements and optimisation could enhance the reliability and interpretability of these

results by contributing to a more robust interpretation of the experimental outcomes.

To ensure an accurate comparison of concentrations between samples, performing a
Bicinchoninic Acid (BCA) assay before loading any sample on the gel would allow for the
standardisation of the protein concentrations to minimise variations arising from differences
in solubility versus insolubility (Cortes-Rios et al., 2020). To compare like for like, the pellet of
the insoluble sample was resuspended in the equivalent volume of the soluble supernatant.
However, in some SDS-PAGE results, the insoluble sample appeared to be significantly less
concentrated (Fig. 24, 25, 27). This may have occurred due to the insoluble fraction not being
fully resuspended or due to slight pipetting variations leading to differences in sample
volumes (Kurien and Scofield, 2012). Therefore, an alternative standardisation technique may

be beneficial.

4.3.2 Optimising protein processing methods

Interestingly, while assessing western blot outcomes, fluorescence was observed in the whole
cell fraction, contrasting with the soluble and insoluble samples (Fig. 26). This may be because

of protein damage due to harsh sonication methods on the whole cell culture when acquiring
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the soluble and insoluble samples. Although, potential for uneven loading of whole cell
compared to insoluble and soluble lysate may have caused the samples to be below the
detection limit and should be considered. This exemplifies the previous point of using a BCA

assay to ensure proper standardisation of samples.

The same sonication protocol was used throughout the project, yielding good and poor
samples (Figs. 24-5, 27-8). Sonication is pivotal for cell breakdown and protein release
through sonic waves (Pchelintsev et al., 2016). Given its rigorous nature, optimising sonication
parameters, including duration, amplitude, and intervals, through SDS-PAGE analysis, as seen
for temperature and incubation times (Section 2.2.14), becomes crucial for efficient cell lysis
and enhanced recovery of soluble proteins (Pchelintsev et al., 2016). This may also address
the low expression of the purified gC1g domain observed following affinity chromatography
(Fig. 28). The forceful sonic waves, however, pose challenges—leading to protein degradation
and heat-induced denaturation of both soluble and insoluble proteins (Stathopulos et al.,
2004). Notably, smaller proteins like the EGF-like and EMI domains are more susceptible to
degradation due to their higher surface area-to-volume ratio (Liu et al., 2022). In contrast,
larger proteins, often possessing a more stable tertiary structure, offer better protection
against denaturation. Therefore, adjusting sonication parameters for each protein domain is

imperative to minimise protein degradation effects.

Alternative methods of cell lysis, commonly used with bacterial cells, may also be considered,
including chemical lysis and French Press. The French Press method disrupts cells by forcing
them through a narrow space, using a piston to apply high-pressure, shearing membranes
(Goldberg, 2008). French Press has selective advantages to sonication as it is less harsh
towards the cells and has minimal heat generation, which may help with protein solubility,
however, it is important to note that it requires specialist, expensive equipment that certain
laboratories may not be equipped with and when applied for large-scale application, it is not
as effective when compared to sonication. Chemical lysis is another method that is less harsh
when shearing cell membranes for soluble protein. Detergents are used to break the lipid
barrier by disrupting interactions that surround cells (Islam et al., 2017). This is a rapid,
efficient method that may provide soluble protein, which is not as costly as French Press but
may pose an issue as this method could introduce contaminants to the sample, which, as

observed in this project, may lead to downstream effects during purification (Ali et al., 2017).
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With considerations, if French Press is available, it may provide an efficient way to lyse cells,

otherwise, it may be better to optimise sonication for each protein.

4.3.3 Contamination in SDS-PAGE following protein purification of the gC1q domain

construct

The SDS-PAGE analysis following affinity chromatography of the gC1lq recombinant protein
revealed an unexpected protein at approximately 60kDa, presenting with a higher yield than
gClq protein (Fig. 28). This contamination may have adversely affected the overall yield of
the gClq protein, as the contaminant protein may have outcompeted the target protein for

binding sites during the purification process (Potel et al., 2018).

Bartlow et al. (2011) identified several common problematic host-proteins that compete with
His-tagged recombinant proteins during immobilised metal affinity chromatography. This
included glucosamine fructose-6-phosphate aminotransferase (GImS) and bifunctional
polymyxin resistance protein (ArnA), both around 60kDa, which may explain the
contamination observed when trying to purify the gClg domain. Bolanos-Garcia and Davies
(2006) suggest that native E. coli contaminants are stress-induced proteins produced when E.
coli undergo stress conditions such as heat shock, oxidative stress, and nutrient starvation,
resulting in the co-purification of these proteins with recombinant proteins. However, while
BL21(DE3) is not deficient in either ArnA or GImS as potential contaminants, other
endogenous proteins may have interfered during the purification process. Advanced
techniques such as mass spectrometry may be employed to gain a more comprehensive
understanding of the purified protein composition and confirm the identity of the
contaminant. Mass Spectrometry may provide accurate protein identification, offering
insights into the presence of the unexpected protein (Noor et al., 2021). Implementing
analytical techniques, such as 2D gel electrophoresis coupled with mass spectrometry, may
offer a deeper understanding of protein composition post-purification. While confirming the
identity of the contaminant may offer an understanding of the co-purification, it is no obstacle
when purifying the gClq construct as ion-exchange chromatography and SEC may be

employed.

88



4.4 Future directions

Before understanding the structural nature of the MMRN1 domains, protein expression issues
would need to be addressed. Using the BL21(DE3) Rosetta cell line may be the easiest, most
cost-efficient method to greatly improve expression for sufficient protein (Francis and Page,
2010). Further studies employing X-ray crystallography to provide a 3D outline of the
individual domains are essential for gaining more insight into their functional roles, potential
binding sites and overall conformational changes in a three-dimensional space (Maveyraud
and Mourey, 2020). It could also facilitate structural-based drug design or modifications when
testing and optimising the protein’s performance in a variety of applications (potential drug-
binding sites to modulate platelet function). Not only will information about MMRN1 be
uncovered, but valuable insights into the shared domains of the EMILIN family will provide a
broader context of how different proteins within the family interact and contribute to

biological processes by establishing relationships among family members.

Beyond structural insights, the functional characterisation of MMRN1 and its domains is
imperative when assessing its biological importance in coagulation, angiogenesis, or
inflammation (Saini et al., 2020). Functional assays, both in vitro and in vivo, could further
expand the physiological significance of MMRN1 while exploring potential diagnostic or
therapeutic applications in multiple pathologies. Recent findings have linked MMRN1 to
diseases such as cancer and QPD, suggesting its potential involvement in various signalling
pathways (Blavignac et al., 2011; Posner, 2022). However, much remains to be discovered
regarding its role in other diseases, therefore, a more in-depth analysis is needed to

understand how MMRN1 may be implicated.

Exploring the interaction between MMRN1 and Efb through interaction studies (pull-down
assays) to explore the mechanism of binding and the downstream effects may also provide
insight into MMRN1’s importance in its role in coagulation. According to various studies,
domains involved in intermolecular interactions, like those in MMRN1, may be crucial when
predicting PPIs (Murakami et al., 2017). Efb may be targeting a specific domain, and with the
EGF-like domain being specific to MMRN1 across the EMILIN family, this may be the potential
binding target (Colombatti et al., 2011). Although, the shared EMI and gClq domains offer
differential functions compared to their family counterparts and, therefore, may also be a

binding target (Colombatti et al., 2011). Distinctions between the structural and functional
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differences between the EMILIN family must be confirmed, and Efbo-MMRN1 interactional

studies will aim to reveal this information.

Platelets play a critical role in the pathogenesis of thrombosis and cardiovascular diseases,
making them a target for therapeutic intervention (Holinstat, 2017). Medications with anti-
thrombotic properties, such as Aspirin, affect platelet aggregation similarly to the action of
Efb (Hannachi et al., 2019). Investigating Efb’s molecular mechanism in relation to targeting
MMRN1 may be useful in anti-thrombotic drug design that offers advantages over existing
drugs like Aspirin. Also, with MMRN1 being a platelet carrier protein, exploring the
mechanism of infection by S. aureus through Efb not only contributes to the understanding
of critical physiological pathways but also holds the potential for the development of new
drug interventions mitigating the virulence of S. aureus. These interventions may provide
novel strategies for managing conditions related to abnormal platelet activity but will also
help to develop the quality of health and reduce the financial burden associated with
hospitalisation due to S. aureus infection (Beganovic et al., 2019). Additionally, it is worth
exploring MMRN1-VacA interactions as VacA, a virulence factor produced by H. Pylori, has
been observed to produce opposing effects compared to the impact of Efb (Satoh et al., 2013).
This will aid in understanding differences in bacterial pathogenicity not only to MMRN1 but

in general.

Computational modelling is a new way of investigating proteins that may help predict the
impact of mutation or modifications on a protein’s behaviour (Dokholyan, 2020). AlphaFold2
may have predicted gClq and EMI domain with confidence, but the overall structure and how
the domains are arranged in 3D space is unclear (low confidence). Therefore, it is essential to
determine its structure experimentally to help gain a more comprehensive understanding of

its role in cellular networks.

4.4.1 Purification methods for gC1g domain homogeneity

With the gClq construct having a theoretical isoelectric point (pl) of 8.46, this may be
compared with the pl of the 60 kDa protein, and if different, they may be separated using ion-
exchange chromatography (Wilkins, 1999). Mass spectrometry may be used to identify the

protein which may then be used to find the predicted pl of the contaminant (Fenyo et al.,
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2010). If gClq is positively charged and the other protein negative, cation exchange
chromatography should be used, if gClg is negatively charged, anion exchange
chromatography should be used (Stoyanov et al., 2011). Although, trying different pH values
in ion exchange may be sufficient to separate the two proteins. Insights into the challenges
when expressing MMRN1 may be useful when designing downstream experiments

investigating its interactions and domain proteins.

4.4.2 Current methods of detecting Protein-protein interactions (PPI)

Pull-down assays, a form of affinity chromatography, are commonly used to assess
interactions between two or more proteins through affinity-tagged bait proteins (Fig. 7)
(Louche et al., 2017). In the context of this study, where the goal is to investigate protein-
protein interactions between the purified domains of MMRN1 and Efb protein, in vitro
binding assays may be primarily performed by immobilising purified His-tagged MMRN1
domains onto Nickel beads His-tag binding and incubating the solution with purified Efb to
allow for binding (Louche et al., 2017). Any unbound proteins will be washed away while the
bound proteins run on an SDS-PAGE gel. If MMRN1 and Efb interact and form a stable complex
during the pull-down, two bands should be observed, one corresponding to Efb and the other
to MMRN1, as the loading dye is reducing, breaking any non-covalent interactions. When a
domain has shown to interact, it may be further analysed via spectrometry and other

interaction analytical methods (Lyu et al., 2022; Klumper et al., 2018).

Since a MMRN1-Efb interaction has already been identified, using Co-IP in conjunction with
Proximity ligation assay (PLA) may be more beneficial to provide details on specific PPls. PLA
involves detecting and quantifying protein interactions based on proximity, suggesting an
interaction or co-localisation (Hegazy et al., 2020). Its ability to provide spatial information is
valuable, but proximity does not always imply direct interaction, therefore, the potential for
false positive results becomes an issue. With both methods using antibodies to identify
interaction partners, Co-IP and PLA offer sensitivity and specificity to detect weak/transient
interactions compared to pull-down assays that use affinity tags (Alam, 2022; Free et al.,
2009). This is because affinity tags may be inaccessible with complex proteins due to occlusion

(Bornhorst and Falke, 2000). This may have been seen with the recombinant gClg domain
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pull-down as the protein was difficult to visualise on an SDS-PAGE gel following incubation
with His-beads (Fig. 27). Using two PPl methods may increase the validity of the observed
interactions and address any false positive results, therefore it may be worth testing
interaction through antibody detecting rather than using tagged bait proteins. Additionally,
other biophysical techniques such as surface plasmon resonance (SPR), bio-layer
interferometry (BLI), and isothermal titration calorimetry (ITC) play crucial roles when
investigating molecular interactions by detecting changes in refractive index, interference
patterns, and heat release or absorption to provide insight into binding kinetics,
thermodynamics, and structural dynamics (de Mol and Fischer, 2010; Muller-Esparza et al.,

2020; Johnson, 2021).

For future analysis, it may be worth investigating this interaction in vivo. In-cell interaction
studies in the native cellular environment ensure that interactions occur naturally, preserving
conditions, modifications, and factors that influence them (Tang et al., 2020; Nishida-Aoki and
Gujral, 2019). Observing dynamic interactions in living cells provides insights into regulatory
mechanisms and confirms their physiological relevance compared to the potential artifacts
that may arise from in vitro observations (Bagheri et al., 2022). In-cell studies also enable the
exploration of live-cell imaging, which captures real-time cellular processes (Jensen, 2013).
However, most in-cell interaction studies use mammalian cell lines, for example, Biomolecular
fluorescence complementation (BiFC) and Fluorescence resonance energy transfer (FRET)
commonly use HEK cells, therefore, this may be okay when observing interactions with
MMRN1 but would be less suitable when testing interactions with the S. aureus Efb protein
(Schmitz et al., 2021; Zhuo and Knox, 2022). While Efb may be expressed in a mammalian cell
line, it is important to consider many shortcomings that may occur with this method, for
example, codons would need to be optimised, and mammalian cells may recognise the
bacterial protein as foreign, resulting in an immune response and its functions and folding
patterns may differ in a eukaryotic environment (Muir et al., 2017). Alternatively, as
expression in mammalian or bacterial cells may be complicated, interactions with MMRN1 on
platelets may be further investigated through flow cytometry, offering a close approximation

to in vivo conditions.
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5 Conclusion

This study aimed to identify expression conditions that will lead to the successful purification
of MMRN1 domain proteins to be analysed structurally (X-ray crystallography) and
functionally (pull-down assays) to aid in the discovery of MMRN1’s physiological roles. Having
successfully purified one construct by affinity chromatography, the gClq domain protein,
while investigating the issues surrounding the expression and purification of MMRN1 protein
domains, this will allow for further investigation into its structural significance and
interactions with other proteins to result in the development of potential novel therapeutics.
Given the lack of primary glycosylation sites, EMI and gC1q domain protein expression in E.
coli is not anticipated to face issues when investigating structure and functionality, however,
there is an emphasis on using different expression systems. Where E. coli is an easier and
more robust system, it is not optimised to express the mammalian domain proteins. To
comprehensively understand its physiological roles, focussing on both structural and
functional aspects of the MMRN1 and its protein interactions is imperative. The holistic
combination of structural, functional, and computational analyses will contribute to a more
comprehensive understanding of the importance of MMRN1’s role in physiological processes
and its implications for health and disease by addressing current gaps in knowledge of this

protein.
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6 Appendix

6.1 Appendix 1: Unedited ligation DNA agarose gel.
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6.2 Appendix 2: Unedited purification SDS-PAGE gels of construct 1C (gC1q).

100mM 200mM 500mM

| |
b [ . |\ ! | f | post

(kba) 1,1,,SDM 1234512345 M1 2 3 456 7 8 9 10500

94



6.3 Appendix 3: Chromatogram of construct 1C (gC1q) following Akta purification.

A chromatogram of gCl1g domain (construct 1C)
purification using the Akta Purifier measured at
a wavelength of 215nm.
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