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Thesis Summary

Tetraspanins are a family of membrane proteins that play a role in various functions, such as
cell migration, signal transduction and intracellular trafficking. They are organisers within the
membrane, forming tetraspanin-enriched microdomains (TEMs) comprised of tetraspanins,
partner proteins, cholesterol and gangliosides.

Knowledge of the precise interactions between these molecules is limited. Understanding
more about these interactions would add to the body of knowledge about how TEMs are
formed. With this knowledge these interactions could be disrupted to prevent negative
biological events associated with TEMs, such as microbial infections. To study these
interactions CD81, which interacts with hepatitis C virus, was used as a model tetraspanin.

The purification of CD81 expressed in Pichia pastoris in styrene-maleic acid lipid particles
(SMALPs) was optimised by including imidazole in the binding buffer and increasing the
concentration of imidazole in the purification wash steps. CD81 mutants were created to study
cholesterol-dependent conformational change using electron paramagnetic resonance.
Protein-ligand docking was used to investigate the interaction between the two tetraspanins,
CD81 and CD82, and the sugar residues in gangliosides. Asp122 in CD81 and Asp37 and
Ser135 in CD82 were identified as interaction sites.

The basic structure of tetraspanins appears to be ubiquitous but a variable region in the large
extracellular loop (LEL) requires further research because this is a crucial area for tetraspanin
interactions. LELs of some human tetraspanins were modelled and their disulfide bond
arrangement was analysed, finding a different arrangement in the subset of tetraspanins
referred to as TspanC6-CxCs.

Sequence and structural alignment of human tetraspanins highlighted conserved residues
within different structural regions that were used as anchor residues to build a universal amino
acid numbering system.

Keywords: Tetraspanin, tetraspain-enriched microdomains, cholesterol, ganglioside, multiple
sequence alignment, protein-ligand docking, protein purification
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ADAM10 — A disintegrin and metalloproteinase domain-containing protein 10
ANOVA — Analysis of variance

AOX — Alcohol oxidase

APS — Ammonium persulfate

AQP1 — Aquaporin 1

-OG - Octyl B-D-glucopyranoside

BCR — B cell receptor

BLAST — Basic local alignment search tool

BLOSUM — BLOcks SUbtitution Matrix

BMGY — Buffered complex glycerol medium

BMMY — Buffered complex methanol medium

CD81 — Cluster of differentiation 81

CHO - Chinese hamster ovary cells

CHS — Cholesteryl hemisuccinate

CLDN - Claudin

CMC - Critical micelle concentration

CRAC - Cholesterol Recognition/interaction Amino acid Consensus sequence
Cryo-EM — Cryogenic electron microscopy

cwWEPR — Continuous-wave electron paramagnetic resonance
DDM — n-dodecyl-B-D-maltopyranoside

DEER — Double electron-electron resonance

DM — Decyl-B-D-maltopyranoside

DMEM - Dulbecco’s modified eagle medium

E. coli — Escherichia coli

ECL — Enhanced chemiluminescence
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EDTA — Ethylenediaminetetraacetic acid
EGFR — Epidermal growth factor receptor
ELISA — Enzyme-linked immunosorbent assay
EPR — Electron paramagnetic resonance

FBS — Fetal bovine serum

GD1a — Disialogangliode-GD1a

GD1b — Disialioganglioside-GD1b

GD3 — Ganglioside GD3

GFP — Green fluorescence protein
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GM2 — Ganglioside GM2
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GPCR - G protein-coupled receptor
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HCV — Hepatitis C virus

HCVpp — Hepatitis C virus pseudoparticles
HEK293 — Human embryonic kidney 293 cells
HEPES - 2-[4-(2-hydroxyethyl) piperazin-1-yl] ethanesulfonic acid
HIV — Human immunodeficiency virus

hMOR — Human mu opioid receptor

HPV — Human papillomavirus

HRP — Horseradish peroxidase

IgG — Immunoglobulin G

LacCer — Lactosylceramide

LB — Luria-Bertani

L.M.Broadbent, PhD Thesis, Aston University, 2022



LDL-R — Low-density lipoprotein receptor

LEL — Large extracellular loop

MBCD — Methyl-B-cyclodextrin

MSA — Multiple sequence alignment

MTSSL — Methanethiosulfanate spin label
Ni-NTA — Nitriloacetic acid

NMR — Nuclear magnetic resonance

OCLN - Occludin

P. pastoris — Pichia pastoris

p-null — Palmitoylation-null

PAGE - Polyacrylamide gel electrophoresis
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PCR — Polymerase chain reaction

PDB — Protein data bank

PEG - Polyethylene glycol
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PKC-a — Protein kinase C alpha
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RMSD - Root-mean-square deviation

ROM1 — Rod outer segment membrane protein 1
S. cerevisiae — Saccharomyces cerevisiae

SDS — Sodium dodecyl sulfate

SDSL - Site-directed spin labelling

SE2 — Soluble E2

SEL — Small extracellular loop

SMA — Styrene-maleic acid

SMALP — Styrene-maleic acid lipid particles
SMAnNh — Styrene-maleic anhydride

smFRET - Single molecule fluorescence resonance energy transfer
SMI — Styrene-maleimide

SR-B1 — Scavenger receptor class B type 1

TEM — Tetraspanin-enriched microdomain

Tet8 — Tetraspanin-8
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TM — Transmembrane domain

Tspan — Tetraspanin

UP1a — Uroplakin-1a

YPD - Yeast peptone dextrose

YNB — Yeast nitrogen base
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kcal/mol
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mg
mi
mM
M
ng
nm
psi

rem

Angstrom

Celsius

Gram

Gravitational force
Hour

Kilobases

Kilocalorie per mole
Kilo Dalton

Microgram

Microlitre

Milligram
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Nanogram
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Chapter 1 — Introduction

This thesis is an investigation into the structural characteristics of human tetraspanins and
their interactions with cholesterol and gangliosides in the plasma membrane. Modelled
structures and sequence conservation were investigated to look at the structural characteristic
of human tetraspanin large extracellular loops (LELs) and create a universal residue
numbering system. Mutants of CD81 were created to investigate its conformational change
using electron paramagnetic resonance (EPR) and protein-ligand docking was used to find
residues in CD81 and CDB82 that interact with the sugar molecules that make up part of a

ganglioside.

1.1 The plasma membrane

The plasma membrane is a bilayer of lipids of various classes, although approximately 40%
of the bilayer is made up of phospholipid in terms of mass forming a phospholipid bilayer that
is approximately 5-10 nm in depth (van Meer & de Kroon, 2011). The primary function of the
membrane is to separate the intracellular and extracellular regions of a cell, providing
protection to the cell from external forces and playing a role in allowing specific molecules to
enter and exit the cell (Chernomordik et al., 1995). The three main classes of lipids in the

membrane are phospholipids, glycolipids and cholesterol (Andersen & Koeppe, 2007).
1.1.1 Phospholipids

Phospholipids comprise a negatively charged phosphate-linked head group attached to
glycerol, forming the hydrophilic part of the lipid, with a hydrophobic tail consisting of two fatty
acid acyl chains (Figure 1.1A). Phospholipids spontaneously arrange themselves into a bilayer
in water because the hydrophobic tails bury themselves to avoid contact with water, while the
hydrophilic head interacts with the water via hydrogen bonds. The hydrophobic tails point
inwards into the membrane facing each other while the hydrophilic head group points outwards
towards either the intracellular region or extracellular region creating a hydrophobic region in

the centre of the membrane (Seelig & Seeling, 1974) (Figure 1.1B).

The acyl chains in the tail can exist in either a saturated or unsaturated state. Unsaturated
chains have one or more double bonds producing a kink in the chain which increases the
flexibility and fluidity of the acyl chains (de Kroon, 2007). The level of unsaturation in the acyl
chains, along with the length of the acyl chains and the different head groups attached to the
phosphate region contribute the high diversity in phospholipids (Matsumoto et al., 2006).

Ever since the early 1970s the membrane has been seen in terms of a fluid mosaic model
(Singer & Nicholson, 1972). The fluid mosaic model is so called because from above the

membrane resembles a mosaic because it consists of phospholipids, glycolipids, proteins, and

L.M.Broadbent, PhD Thesis, Aston University, 2022 26



cholesterol. The membrane is also considered to be a fluid region, although its fluidity is
dependent on numerous factors, such as how much cholesterol is in the membrane, the
presence of lipoprotein complexes or its interaction with either the intracellularly located
cytoskeleton or the extracellular matrix (Andersen & Koeppe, 2007; Engelman, 2005; Vereb
et al., 2003).
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Figure 1.1. The structure and arrangement of phospholipids in the plasma membrane. (A) The
chemical structure of a phospholipid showing the hydrophilic head consisting of a negatively charged
phosphate head and glycerol. It has a hydrophobic tail consisting of two fatty acid acyl chains. One is
saturated and the other is unsaturated due to the presence of a double bond in the chain which causes
a kink in the chain, providing the phospholipid with greater flexibility and fluidity. (B) The arrangement
of phospholipids in the plasma membrane where they have their hydrophilic head pointing out and their
fatty acid acyl chain point in, forming a phospholipid bilayer (Created with BioRender.com).

1.1.2 Glycolipids

Glycolipids are another lipid found in large numbers in the membrane, consisting of at least
one saccharide residue which is linked via a glycosidic bond to a lipid moiety (Malhotra, 2012).
The lipid moiety is located in the plasma membrane, while the sugars residues that form the
head of the glycolipid are situated near the membrane surface (Morrow et al., 1995). It is the
sugar residues in the head which can, depending on how many there are in a particular
species of glycolipid, extend prominently out the membrane which allow glycolipids to play a

crucial role in cell-cell interactions. Some cell-cell interactions are as a result of carbohydrate-
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carbohydrate interactions between glycolipids from different cells (Varki et al., 1993). The
migration of tumour cells can be aided by carbohydrate-carbohydrate interactions.
Specifically, the interaction between the ganglioside GM3 (Figure 1.2) and LacCer results in
cell adhesion between melanoma cells and endothelial cells (Malhotra, 2012). Adhesion and
tumour cells migration occurs when the GM3-LacCer interaction takes place and activates
endothelial cells leading to the expression selectin receptors. Another example of a
carbohydrate-carbohydrate interaction is the interaction between the lipid head groups of
galactosyl ceramide and cerebroside sulfate in the myelin sheath, resulting in an improvement
in the stability of the myelin sheath (Schnaar et al., 2004). These carbohydrate-carbohydrate

interactions are quick and weak in comparison to protein-protein interactions (Malhotra, 2012).

One subset of glycolipids are the glycosphingolipid family with a smaller subset of that family
called gangliosides. Gangliosides are comprised of a ceramide lipid tail, which is made up of
sphingosine and fatty acid, and a glycan head containing various numbers of sugars and at

least one sialic acid (Schnaar et al., 2014) (Figure 1.2).

B-D-Galactose

OH B-D-Glucose

Howo&\ /&A/

N-Acetylneuraminic
Acid

Sphingosine Stearic Acid

\_Y_J

Ceramide

Figure 1.2. The chemical structure of the ganglioside GM3. The structure of GM3, a ganglioside
common to regions outside the brain. It has a ceramide tail that is situated in the membrane consisting
of a stearic acid and a shorter sphingosine. The glycan head is attached to the ceramide by a glycosidic
bond. The glycan head contains sugar residues. In GM3, it comprises ($-D-glucose residue and a 3-D-
galactose residue which is attached to sialic acid, providing it with a negative charge. Different
gangliosides have different numbers of sugar and sialic acids residues. The head extends out of the
membrane into the extracellular region (Created with BioRender.com).
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The different numbers of sugars and their arrangements in the glycan head, as well as differing
lengths and saturation of sphingosine and fatty acid in the ceramide tail mean that there are
>200 forms of ganglioside (Yu et al., 2011). This high diversity of ganglioside structures leads
to a different ganglioside composition in different tissues, even though most gangliosides are
found in the brain. There are 10-30 fold more gangliosides found in the brain than other tissue
(Sipione et al., 2020). Of the gangliosides found in the brain 90% are either GM1, GD1a, GD1b
or GT1b (Tettamanti et al., 1973), while GM3 is the dominant ganglioside found in other
regions of the body (Prokazova et al., 2009). Gangliosides with saturated tails are more
common in places like the liver and kidney but they are less common in the brain (Hama,
2010).

Gangliosides are only found in the outer leaflet of the lipid bilayer and the ceramide tail is
situated in the membrane with the glycan head poking out the membrane into the extracellular
region allowing for cis and trans interactions, most commonly via H-bonds between the sugars
in the glycan head and the interacting molecule (Imberty & Varrot, 2008). Gangliosides can
interact with membrane proteins and receptors from other cells via glycan binding sites (Lopez
& Schnaar, 2009). Foreign bodies, such as microbes and toxins, are also capable of
interacting with gangliosides which can lead to infection (Merritt et al. 1998). For instance, the
malaria parasite, Plasmodium falciparum, interacts with sialic acid and/or gangliosides (Cutillo
et al. 2020) and the cholera toxin subunit B, and the similar E. coli heat-labile toxin subunit B,
interact with GM1 (Spangler, 1992).

1.1.3 Cholesterol

Cholesterol is an asymmetric biomolecule consisting of four hydrocarbon rings, an eight
carbon isooctyl chain for a tail and a hydroxyl group at its head (Figure 1.3). This hydroxyl
group can form hydrogen bonds with polar amino acids. The arrangement of the four
hydrocarbon rings forms two distinct faces. There is a “flat” a face and a “bumpy” B face with
two methyl groups. The B face interacts with Leu, lle and Val via van der Waals forces, while
amino acids with aromatic rings can interact with either face of cholesterol (Fantini &
Barrentes, 2012).

Cholesterol interacts with membrane proteins at sites that have specific amino acid
sequences. The Cholesterol Recognition/interactions Amino acid Consensus sequence
(CRAC) is one such sequence. The CRAC domain consists of (L/V)-X1-5-(Y)-X1-5-(K/R) (Li
& Papadopoulos, 1998). The Leu/Val at the beginning of the CRAC domain interacts with the
isooctyl tail of cholesterol, while the Tyr in the middle interacts with the hydrocarbon rings and
the Lys/Arg at the end interacts with the hydroxyl group. The “X1-5" between the defined amino

acids represents a consecutive sequence of any 1-5 amino acids. Another cholesterol binding
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domain is the CARC domain, named because the sequence of amino acids is the CRAC
domain reversed with the addition of Phe in the middle. The CARC domain consists of (K/R)-
X1-5-(Y/F)-X1-5-(L/V) (Baier et al., 2011).

Cholesterol often associates with glycosphingolipids, such as gangliosides, in the exoplasmic
leaflet of the membrane in areas known as lipid rafts (Simons & Toomre, 2000). Glycolipids
appear to prefer such regions because as much as 70% of the total amount of glycolipids in
any one cell will be situated in one of these cholesterol-rich rafts (Malhotra, 2012).
Glycosphingolipids interact with each other in the membrane via their carbohydrate heads
leaving cholesterol to interact with, and fill in the gaps of, the hydrophobic lipid tails of the
glycosphingolipids (Brown & London, 2000). These raft regions contain few phospholipids
because the cholesterol-rich regions are more rigid. The cholesterol and glycosphingolipid
interaction leads to partitioning of the membrane into more fluid regions that are abundant in
phospholipids and other, more rigid, regions abundant in cholesterol and glycosphingolipids
(Shaul & Anderson, 1998).

o Face

Figure 1.3. The chemical structure of cholesterol. lllustration of the basic structure of cholesterol
with a hydroxyl group (-OH) at its head. The core of the molecule is made up of four hydrocarbon rings,
forming two faces. There is an a face that is “flat” and a B face which is “bumpy” due to two methyl
groups. Attached to the fourth hydrocarbon ring is an isooctyl chain for a tail (Created with
BioRender.com).

The headgroup of gangliosides, such as GM1, adopt different conformations at the membrane
surface to aid interactions with cholesterol (Lingwood, 2011). The presence of cholesterol can
also help with the clustering of gangliosides. For instance, GM1 clustering is increased in
GM1/sphingomyelin/cholesterol membranes when compared to a GM1/POPC membrane

(Mori et al.,, 2012). The hydroxyl group of cholesterol forms a hydrogen bond with the
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glycosidic bond that links the ceramide to sugars in the head group of GM1 causing the head
of GM1 to tilt towards the membrane (Fantini et al., 2013).

1.2 Membrane proteins

Membrane proteins are ubiquitous in membranes and their roles in activities such as cell
proliferation, cell signalling and the transport of ions and other molecules mean that membrane
proteins are crucial for the survival of cells. They can also be the source of harm to the host
when damaging mutations occur, as well as pathogens using them as an entry point into host

cells.

Approximately 30% of all proteins encoded in the human genome are membrane proteins
(Wallin & von Heijne, 1998), yet they are the target for approximately 60% of drugs highlighting
their importance and the need for further study of them (Overington et al., 2006). In terms of
the overrall molecular mass of the membrane, membrane proteins and lipids each account for

approximately 50% of the membrane (Frick & Schmidt, 2019).

Membrane proteins can either be integral, peripheral, or lipid-anchored in their interaction with
the plasma membrane (Figure 1.4). Integral membrane proteins are fully embedded in the
membrane, interacting with the hydrophobic core via bonds to the acyl chains of phospholipids

and they usually traverse the whole membrane (Frick & Schmidt, 2019).

Peripheral Membrane
Protein
Lipid-Anchored
Protein

Integral Membrane
Protein

Figure 1.4. lllustration of how membrane proteins interact with the plasma membrane. Integral
membrane proteins (red) are embedded in the membrane, interacting with the fatty acid acyl chains of
the phospholipids. Peripheral membrane proteins (orange) do not embed in the membrane. Instead,
they interact with phospholipid head groups on the surface of the membrane. Lipid-anchored membrane
proteins (green) interact with the membrane via a lipid bound to the protein which embeds itself into the
membrane (Created with BioRender.com).
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Peripheral membrane proteins are not embedded in the membrane. They directly interact with
phospholipid head groups via electrostatic and other non-covalent interactions. Unlike integral
membrane proteins which cannot be easily displaced from the membrane, peripheral
membrane proteins can be displaced from the membrane due to their susceptibility to changes
in the environment, such as pH (Pieper et al., 2009). An example of a peripheral membrane
protein is dihydroorotate dehydrogenase, an enzyme crucial for DNA and RNA construction
because it is part of the biosynthesis process of pyrimidine (Khutornenko et al., 2010). Lipid-
anchored membrane proteins have no direct interaction with the membrane, so they are not
embedded in the membrane either. They interact with the membrane via a lipid that is
covalently bound to the protein (Hentschel et al., 2016). One such family of lipid-anchored
membrane proteins are alkaline phosphatases which are responsible for regulating

nucleotides by hydrolysing them to nucleosides (Montenegro et al., 2014).

Integral membrane proteins fall into the four main categories, transporters and channels,
receptors, enzymes and anchors (Figure 1.5). Transporters and channels are pore-forming
membrane proteins that span the membrane. The ability to form a pore which may open, and
close, allows for the transport of small molecules across the membrane, such as ions, amino
acids and water (Drew & Boudker, 2016).

.\.

® m’

Transporter Receptor Enzyme Anchor

Figure 1.5. lllustration of the main categories of membrane protein. Transporters and channels
(blue) are pore-forming membrane proteins capable of transporting small across the membrane via the
pore. Receptors (purple) bind a ligand in a ligand binding site in their extracellular domains which leads
to the start of intracellular processes. Enzymes (light green) catalyse the transformation of a molecule
from one form to another. Anchors (dark green) provide stability by interacting with other proteins from
other cells or by interacting with intracellular molecules, such as actin to provide cytoskeletal stability
(Created with BioRender.com).
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Receptors, such as G protein-coupled receptors (GPCRs), have a ligand binding site in their
extracellular domain which binds a ligand which results in the activation of an intracellular
process (Rosenbaum et al., 2009). Enzymes in the membrane catalyse the chemical reaction
of a molecule from one form to another, like receptor tyrosine kinases (Lemmon &
Schlessinger, 2010). Anchors act by ensuring that cells stay in a particular place by interacting
with other membrane proteins from other cells, such as in the case of occludin (OCLN) which

is in the tight junction binding to OCLN from adjacent cells (Cummins, 2012).

1.3 Tetraspanins

Tetraspanins are membrane proteins whose distinguishing feature is the presence of four
transmembrane (TM) regions and a Cys-Cys-Gly motif in the LEL. There are 33 known
tetraspanins in humans that are relatively small proteins ranging in size with a molecular mass
of 20-30 kDa (Hemler, 2008). The 33 tetraspanins are expressed throughout the human,
playing a role in a variety of biological phenomena, such as cell migration, signal transduction
and intracellular trafficking (Florin & Lang, 2018). Tetraspanins are also used by pathogens to
gain entry to human cells, such as hepatitis C binding to CD81 to infect hepatocytes (Fénéant
et al., 2014).

Tetraspanins, except for Tspan10, have short intracellular N-terminal tails followed by the first
transmembrane domain (TM1) which is connected to the second transmembrane domain
(TM2) by a small extracellular loop (SEL). A small intracellular loop (SIL) joins TM2 to the third
transmembrane domain (TM3) which connects to the fourth transmembrane domain (TM4) by

the large extracellular loop (LEL) (Figure 1.6).

LEL
‘ G 6-loop
B helix "¢ ¢ /
S
SEL
m € helix
Extracellular \

Intracellular K

N-terminal tail SIL C-terminal tail

Figure 1.6. Basic structure of a tetraspanin. Tetraspanins have four transmembrane domains linked
by a SEL and LEL in the extracellular region and a SIL in the intracellular region. The LEL contains the
characteristic CCG-motif whose Cys residues form disulfide bonds with other Cys residues in the LEL.
The LEL contains the a helix, the B helix, the € helix and the &-loop between the B helix and the ¢ helix.
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All human tetraspanins have a, 8 and € helices in the LEL with differing structures between
the B and ¢ helices. TM4 is followed, in most cases, by a short intracellular C-terminal tail
(Hemler, 2008). The defining feature of a tetraspanin is the conserved Cys-Cys-Gly motif
(CCG-Motif) situated in the LEL which forms disulfide bonds with other Cys residues in the
LEL to stabilise the structure of the LEL (Kitadokoro et al., 2001).

Disulfide bonds are bonds between two Cys residues because Cys residues have a sulfhydryl
group which can form a S-S bond when oxidised that provide stability and structural integrity
in proteins (Weidemann et al.,, 2020) (Figure 1.7). Disulfide bonds can be formed
intramolecularly, such as in the case of the bonds formed in tetrapanins LELs, or they can be
formed intermolecularly between proteins, such as the disulfide bonds formed between the
tetraspanins, ROM1 and PRPH2 (Goldberg & Molday, 1996).

A)

,
%,
%,
K2

H

Disulfide Bond

(0]

Figure 1.7. Formation of disulfide bonds in proteins. (A) The chemical reaction of two reduced
cysteine reduces undergoing oxidisation to form a disulfide bond between the two cysteine residues (B)
Example of a disulfide bond between two Cys residues in a peptide chain (Create with BioRender.com).

Disulfide bonds can be cleaved, changing the conformation of the protein which influences
binding to the protein and its function (Weidemann et a., 2020). One such instance of this

occurring is in the blood protein plasminogen which, with the aid of urokinase, is converted to
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plasmin which contains a Cys512-Cys536 disulfide bond. The bond is cleaved, changing the
conformation of the protein, and effectively opening up the peptide backbone to expose the
Lys486, Arg4d74 and Arg530 residues for proteolysis (Butera et al., 2014). Other post-
translational modifications that can be applied to tetraspanins are ubiquitination in the
intracellular region which has been linked to Tspan6 downregulation (Wang et al., 2012), N-

linked glycosylation (Marjon et al., 2016) and palmitoylation (Charrin et al., 2002).
1.3.1 Multiple sequence alignment of tetraspanin amino acid sequences

Multiple sequence alignments are a bioinformatics technique done to compare the amino acid,
DNA or RNA sequences of specific proteins or genomes to look at molecular phylogeny or, in
the case of amino acid alignment, it can be used to highlight conserved regions that may be
biologically significant (Chowdhury & Garai, 2017). Amino acid sequence alignments are more
difficult than DNA sequence alignments because of the increased complexity and possible
alignments that arise from there being 20 amino acids compared to four nucleotides
(Daugelaite et al., 2013).

The two types of alignment available are pairwise sequence alignment (PSA) and multiple
sequence alignment (MSA). The difference between the two is that PSA only aligns two
sequences, whereas MSA aligns more than two sequences. MSA is ideal for looking at protein
families, such as the tetraspanin family, because there are 33 known human tetraspanins and
MSAs highlight conserved regions which may have some structural and/or functional
significance (Do & Katoh, 2008).

One method employed by MSA programs is progressive alignment where the best pairwise
alignment of the submitted sequences is found and sequences are then added to the
alignment in a progressive manner based on the initial pairwise alignment and subsequent
alignments (Chowdhury & Garai, 2017). A consensus sequence is generated as the
progressive alignment is built which aids the addition of the next sequence to the alignment.
Accuracy in the early stages of the progressive alignment is crucial since errors at the start of
the alignment will be exacerbated later when sequences are incorrectly aligned due to errors

in the consensus alignment (Daugelaite et el., 2013).

Aligned sequences are subject to a scoring method, such as BLOcked SUbstituion Matrix
(BLOSUM) (Henikoff & Henikoff, 1992) which is a score given to a certain position within the
sequence based on its similarity throughout that position. A commonly used BLOSUM scoring
matrix is BLOSUMG62 which is used to score sequences that have a sequence similarity <62%
(Figure 1.8). Each amino acid substitution is given a score based on whether the likelihood of

that substitution occurring more likely than by chance.
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Figure 1.8. BLOSUM62 score matrix. Amino acid substitution scores in the BLOSUM62 score matrix
ranging from a score of 11 for Trp-Trp (W-W) to a score of -4 for several hydrophobic-hydrophilic and
small-large changes. Positive scores are coloured in yellow.

Amino acids with similar structures and properties, such as Val to lle, are given a positive
number, while amino acids that do not have similar structure and properties, such as Asp to
Arg, are given a negative number. Larger positive scores are given to amino acids that are
less commonly found in proteins. For instance, amino acids like Ala, Leu and Gly are common,
whereas the likes of Trp, Cys and Met are not as common (Pearson, 2013). To highlight this
Ala-Ala in the BLOSUMBG2 score matrix is given a score of 4, whereas Trp-Trp is given a score
of 11 (Figure 1.8).

Highlighting conserved regions of tetraspanins can guide further research as conserved
regions often are significant for function. Highlighting the conserved regions of tetraspanins
can also lead to the production of a generic amino acid numbering system, much like the

systems currently in use for G protein-coupled receptors (GPCRSs).
1.3.2 Generic amino acid numbering for protein families

G protein-coupled receptors (GPCRs) are a large family of membrane proteins with seven TM
domains involved in a range of interactions and processes (Basith et al., 2018). Having been

widely studied a generic residue numbering system was created for them giving each position
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in the TM domains a generic number that will be the same in each GPCR allowing for easier

comparisons between the residues in different GPCRs.

The most used numbering system is the Ballesteros-Weinstein system (Ballesteros &
Weinstein, 1995). Ballesteros-Weinstein numbers are based around a conserved residue and
each position in the TMs is given a number composed of two numbers separated by a dot.
The most conserved residue in a TM is found and if that residue were in TM4 then the most
conserved residue would be given the number, 4.50. The first number, before the dot,
indicates the TM number in which that residue is located and the second number, after the
dot, indicates where the residue is in relation to the most conserved residue. The most
conserved residue in the Ballesteros-Weinstein numbering system is assigned the number
‘50’, therefore, 1.50 refers to the most conserved residue in TM1. A residue located four
residues before the most conserved residue would be assigned the number 4.46, while a
residue located four residues after the most conserved residue would be assigned the number
4.54 (Figure 1.9).
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Figure 1.9. Generic numbering of amino acids in GPCRs. Using the Ballesteros-Weinstein
numbering system amino acids position in TM4 of P2Y12 and 2AR can be accurately described in
relation to the most conserved residue. The most conserved residue is assigned the number 4.50 and
the amino acids either side of it numbered according to their position in relation to 4.50. Amino acids
before 4.50 are given a number that decreases, while amino acids after 4.50 are given a number that
increases. Conserved residues between the two proteins are displayed (bold and underlined),
demonstrating that despite little sequence conservation, their structure is well conserved allowing for
accurate residue numbering based on a combination of sequence and structure.

Other numbering systems for GPCRs have been devised which use different numbers and
methods to highlight the central residue which acts as the reference point. One such system
uses ‘16’ rather than ‘50’ as the indicator of the most conserved residue and it does not include

a dot between the TM number and the residue position so that it is easier for computers to

L.M.Broadbent, PhD Thesis, Aston University, 2022 37



read (Oliveira et al., 1993). Two other systems do not determine the reference residue by
conservation. Instead, the reference residue is found based on depth in the membrane, so the
reference point will be the same distance inside the membrane (Baldwin et al., 1997; Schwartz
et al., 1994). Both methods do not use an Arabic numeral for the TM number because they
use Roman numerals from I-VII. The Oliveira, Baldwin and Schwartz numbering systems have
been used less over time because as more GPCR structures were solved it became clear that
GPCR TMs were different lengths and their inclinations meant that their angles in the

membrane were different (Isberg et al., 2015).

In this thesis MSA techniques will be utilised to devise an amino acid numbering system for
human tetraspanins that will allow tetraspanin researchers to determine the position of a given

amino acid efficiently.

1.4 The tetraspanin, CD81

A lot of what is known about CD81 has come through research into its role in hepatitis C
infection (HCV). HCV, like many other pathogens, uses tetraspanin-enriched microdomains to
bind to and enter the cell (Florin & Lang, 2018). HCV is a positive-sense single stranded RNA
virus belonging to the flavivirus genus which is the cause of approximately 58 million HCV

infections each year (Yazdani et al., 2022).

Ten viral proteins are coded for in the HCV genome which includes E1 and E2, two
glycoproteins expressed on the viral envelope which interact with host cells playing a crucial
role in viral attachment and entry (Timpe et al., 2007). HCV E2 can bind to CD81 which results
in the relocation of the CD81-HCV to the tight junction where CD81 binds to the tight junction
protein claudin 1 (CLDN1) (Brazzoli et al., 2008). Both CD81 and CLDN1, along with
scavenger receptor class B type 1 (SR-B1) and occludin (OCLN), another tight junction
protein, are essential for HCV entry (Bartosch et al., 2003; Timpe et al., 2007; Benedicto et

al., 2009) (Figure 1.10).
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Figure 1.10. Hepatitis C viral entry showing the importance of CD81. HCV glycoproteins E1 and
E2 bind to SR-B1 and LDL-R before interacting with both CD81 and CLDN1. EGFR is activated and
the HCV virus is moved along with CD81 and CLDN1 to the tight junction where OCLN is situated
(Created with BioRender.com).
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1.5 Structures of tetraspanins

To date, four full length structures of tetraspanins have been solved. The first high resolution
structure solved was CD81, also known as target of the antiproliferative antibody 1 (TAPA1)
and Tspan28, at a 2.96 A resolution by X-ray crystallography (Figure 1.11A). This solved
structure is what has become known as the ‘closed’ conformation (Zimmerman et al., 2016).
Somewhat unexpectedly, the TM region of CD81 in the closed conformation is in a cone-like
structure with TM1-TM2 and TM3-TM4 situated close to each other. The cone-like structure
results in a large hydrophobic cavity that was filled in the solved structure by a cholesterol
molecule which was bound to CD81. The LEL bends at the intersection of where the LEL

meets TM3 and TM4 over the cavity, in a similar manner to a hinged lid.

A) CD81 Closed B) CD9 Closed C)  CD53 Semi-Open D) CD8&1 Open
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Figure 1.11. Solved full length tetraspanin structures. High resolution solved structures of full length
tetraspanins. (A) CD81 closed structure (PDB: 5tcx) with a cholesterol molecule in the central cavity
obtained by X-ray crystallography at a resolution of 2.96 A (Zimmerman et al., 2016). (B) CD9 closed
structure (PDB: 6k4j) obtained by X-ray crystallography at a resolution of 2.70 A (Umeda et al., 2020)
(C) CD53 semi-open structure (PDB: 6wvg) obtained by X-ray crystallography at a resolution of 2.90 A
(Yang et al., 2020) (D) CD81 open structure (PDB: 7jic) obtained by Cryo-EM at a resolution of 3.80 A
(Susa et al., 2021).

The Zimmerman et al. (2016) closed CD81 structure was surprising because a previously
modelled structure of CD81 indicated that the TMs would be more closely packed together
rather than forming a large cavity (Seigneuret, 2006) (Figure 1.12A). Furthermore, the LEL
does not fold over the TM domain. Instead, the a and ¢ helices extend upwards away from the
plasma membrane. The Seigneuret model (2006) was similar to a low resolution (6 A)
cryogenic electron microscopy (cryo-EM) structure of a mouse uroplakin (Min et al., 2006)

(Figure 1.12B), which was the first experimentally solved full length tetraspanin structure.
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More recently, two more tetraspanins have had their structures solved. Both CD9, also known
as Tspan29, and CD53, also known as Tspan25, have a cone-like structure in the TM region
like the closed CD81 structure (Figure 1.11B). The CD9 closed structure was obtained by X-
ray crystallography at a resolution of 2.70 A (Umeda et al., 2020) and its basic structure is
almost identical to the closed CD81 structure. The LEL bends over the TM region, parallel with
the membrane. The most notable difference is the lack of helical structures in the LEL between

the B and ¢ helices that are present in the closed CD81 structure.

The structure elucidated for CD53 at a resolution of 2.90 A by X-ray crystallography, however,
adopts a slightly different conformation to that seen in the CD81 and CD9 structure (Figure
1.11C). It has the same cone-like structure in the TM region but the LEL does not bend parallel
to the membrane (Yang et al., 2020). It bends closer to a 45° angle, approximately halfway
between the position the LEL adopts in the CD81 and CD9 structure and the Seigneuret

model. The conformation CD53 was captured in has been referred to as semi-open.

The fourth full length human tetraspanin structure is another of CD81 at a resolution of 3.80 A
obtained using cryo-EM (Susa et al., 2021) (Figure 1.11D). In this one, however, there is no
large cavity in the TM region because the TMs are packed closer together and the LEL extends
straight up away from the membrane exactly like the Seigneuret model (Figure 1.12A). This

new CD81 conformation is known as the open conformation.

A) Seigneuret CD81 Model B) Mouse Uroplakin la

Figure 1.12. Early full length tetraspanin structures. (A) Full length modelled structure of CD81
(Seigneuret, 2006). (B) Full length structure of mouse uroplakin la obtained by cryo-EM at a resolution
of 6 A (Min et al., 2006).
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Three of the full-length tetraspanin structures have this cone-like structure in the closed
conformation (Figures 1.11A, 1.11B & 1.11C), although some doubts surrounding this
structure exist when the lateral pressure of the membrane bilayer is taken into consideration
(Cantor, 1999). While the net lateral pressure within the bilayer is equal to zero there are
localised regions within the bilayer that are subject to lateral pressure as high as hundreds of
atmospheres (Gullingsrud & Schulten, 2004). It is these localised differences in lateral
pressure that can have an impact on protein conformation (Cantor, 1999), which is a
phenomenon found in mechanosensitive channels, such as MscL (Perozo et al., 2002). Lateral
pressure within the bilayer can also be responsible for spontaneous curvature found in the
membrane (Israelachvili et al., 1977). This is of particular importance for tetraspanins because
of their propensity to found in curved regions of the membrane and/or vesicles (Umeda et al.,
2020). The mechanics of this cone-like structure and its transition to the open conformation
are unexplored in the laboratory. To date, all work on the transition has been done
computationally. One method to investigate this conformational change is with electron

paramagnetic resonance (EPR).

1.5.1 Electron paramagnetic resonance to probe protein conformational

change

Until recently, much of structural biology relied on X-ray crystallography to provide structural
information on proteins but the major drawback of this method is the lack of dynamic
information obtained. One method that can be used to look at protein dynamics and their
change in conformation is EPR (Columbus & Hubbell, 2002).

EPR uses spin labels to measure the intramolecular or intermolecular distances between two
spin labels. One way in which these measurements can be done is using continuous wave
EPR (cwEPR) which is performed using constant microwave radiation at a specifically defined
frequency (Glaenzer et al., 2018). Another commonly used method is pulsed electron-electron
double resonance (PELDOR), also known as double electron-electron resonance (DEER),
where a pulsed, rather than a continuous, wave is applied to measure the distance between
two spin labels in the same molecule, or in different molecules (Claxton et al., 2015). PELDOR
can be used to measure distances between 15-80 A, although most proteins are more
amenable to a lower high of 60 A, while cwEPR is ideal for distances <20 A (Hubbell et al.,
2000).

Site-directed spin labelling (SDSL) is used to introduce a spin label that contains a small
radical at a specific site in a protein (Altenbach et al., 1990). One commonly used spin label
is the methanethiosulfanate spin label (MTSSL) which forms a disulfide bond with cysteine

(Sahu & Lorigan, 2018) (Figure 1.13). Cysteine residues native to a protein can be used to
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form a disulfide bond with the spin label or cysteines can be mutated into a protein in a specific
location that may be better in terms of accessibility or to stay within the distance range that is
detectable (Glaezner et al., 2018).

EPR is not alone as a technique used to research protein conformational change with nuclear
magnetic resonance (NMR) and single-molecule fluorescence resonance energy transfer
(smFRET) frequently used. EPR, however, is more sensitive than NMR by 3 orders of
magnitude (Sahu & Lorigan, 2018). The advantage of EPR over smFRET is that the spin labels
used for EPR are smaller than the large labels used for smFRET and the same spin label can
be used for both sites that need labelling when doing EPR, whereas smFRET requires

different labels for each site (Glaezner et al., 2018).

Many proteins are not static molecules that stay in one conformational state; therefore, it is
important to use methods that can probe the dynamics that underpin conformational change.
It has been proposed that CD81 undergoes significant conformational change from an open
to a closed state, and vice versa, depending on its interaction with cholesterol (Zimmerman et
al., 2016). EPR can be used to look at this mechanism experimentally to confirm what has

been proposed based on molecular modelling.
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Figure 1.13. Attachment of MTSSL to a cysteine residue. A spin label, MTSSL, is attached to a free
cysteine residue by disulfide bond to be able to perform EPR experiments (Created with
BioRender.com).
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There are unanswered questions with regards to the mechanism that dictates how CD81, and
other tetraspanins, may change between the open and closed conformation but questions
remain about tetraspanins structures in general. Only three tetraspanins have had their full-
length structures solved, which means that there are 30 more human tetraspanins that have
not had their structures solved. This is something that needs addressing so that the picture
can become clearer with regards to common and unique structural elements in tetraspanins.
Itis possible to use the computational method of protein structure prediction to try and advance

our knowledge in this field.
1.5.2 Protein structure prediction

Membrane proteins, such as tetraspanins, are important due to their ubiquity and their
propensity to be targeted by drug. To be able to understand the interaction between drugs and
membrane proteins and/or design new or better drugs a structure of the protein is useful.
Despite their importance only approximately 3% of crystal structures in the Protein Data Bank
(PDB) are membrane proteins (Xia et al., 2018). Newer methods of obtaining structures, such
as Cryo-EM have opened the door for more membrane protein structures but it is an aspect

of structural biology that needs addressing.

One way to overcome the problem is to use structure prediction programs to produce
structures. Structure prediction methods broadly fall into one of two categories. Either a
template-based method or template-free method is employed. In both cases an amino acid
sequence can be submitted but in the case of template-based structure prediction similar
sequences are searched for that have had their structures solved (Deng et al., 2018). This
method forms the basis of homology modelling and is built upon the idea that there are only a
limited number of structural folds in proteins and most of them will have already been

documented in solved structures (Zhang & Skolnick, 2005).

SWISS-MODEL (Guex & Peitsch, 1997) is a popular homology modelling program that uses
a template-based approach. It works by taking the input sequence and using BLAST (Altschul
et al., 1997) to search for potential templates based on sequence similarity, followed using
HHblits (Remmert et al., 2011) to align the input sequence of the sequence of the template.
The homology model is constructed based on the constraints of the atomic co-ordinates from
the alignment with any gaps in the alignment being filled in by taking suitable fragments of
protein structure from the fragment library (Deng et al, 2018). Another program that has the
option of using template-based structure design is transform-restrained Rosetta (trRosetta)

but trRosetta can also use a template-free method.

Template-free methods, such as trRosetta (Yang et al., 2020; Du et al., 2021), often still use

some form of template, making use of small structural regions in solved structures. Unlike the
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template-based method, however, there is no global template used that covers the whole
sequence of the protein (Deng et al., 2018). The input sequence is used to create an MSA
consisting of related proteins or proteins that contain specific regions that align well with the
input sequence. The MSA is then used to compile information of secondary structure, torsion
angles and potential interactions between different residues in the protein (Kuhlman & Bradley,
2019).

1.6 Molecular Function of Tetraspanins

1.6.1 The role of tetraspanins in trafficking

The molecular function of tetraspanins is varied. One function that they are involved in is
trafficking, and in some cases, it appears to be the main function of some tetraspanins. One
such tetraspanin is CD63 which possesses a tyrosine-based internalisation motif which aids
the trafficking of partner proteins (Charrin et al., 2014). Two proteins that interact with CD63
and are trafficked are synaptotagmin, which is involved in lysosome exocytosis and membrane
repair, and PMEL17, which is involved in melanogenesis (Flannery et al., 2010; van Niel et
al., 2011).

The tetraspanins that have eight Cys residues in their LEL (Tspan5, Tspan10, Tspan14,
Tspan15, Tspan17 and Tspan33) belong to the TspanC8 family and they are known for
interacting with, and trafficking ADAM10, a metalloproteinase (Prox et al.,, 2012). The
interaction facilitates the trafficking of ADAM10 from the endoplasmic reticulum to either late

endosomes or the membrane.

CD81 is also involved in B cell receptor (BCR) signalling, forming part of the B cell co-receptor
complex with CD19 and CD21 (Carter & Barrington, 2004). CD19 is a transmembrane protein
consisting of just 1 TM and its interaction with CD81 was first seen using co-
immunoprecipitation (Bradbury et al., 1992). CD19 is crucial for both BCR dependent and
independent signalling due to its ability to lower the threshold for these signalling events (Susa
et al., 2020). When CD19 is stimulated it leads to a lower threshold by at least two orders of

magnitude for dependent or independent B cell activation (Carter & Fearon, 1992).

The importance of CD81 for correct CD19 function has been demonstrated in CD81-null mice
because these mice have a lower level of CD19 surface expression despite normal B cell
development (Susa et al., 2020; Miyazaki et al., 1997). CD19 interaction is CD81 specific
because the knockout of other tetraspanins has no effect on normal CD19 expression and
expressing CD81 in CD81-deficient mice leads to CD19 expression level returning to normal

but this is not seen when CD9 is expressed instead of CD81 (Levy, 2014).

L.M.Broadbent, PhD Thesis, Aston University, 2022 44



The interaction between CD81 and CD19 is believed to be a dynamic interaction whereby the
presence of the interaction is required for B cell activation but once the B cells are activated
CD19 is no longer interacting with CD81 (Susa et al., 2020). This dynamic interaction can be
exemplified by the role CD81 plays in the diffusion of CD19 (Figure 1.14). CD81 acts to prevent
CD19 movement in the membrane, almost tethering CD19 to a specific location in the
membrane (Cherukri et al., 2004). In this state the B cells are inactivated. B cells lacking CD81,
however, show an increase in the speed at which CD9 moves within the membrane (Mattila
et al., 2013).
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Figure 1.14. The interaction of CD81 with CD19 in resting and activated B cells. Proposed model
of CD81 and CD19 interaction in B cells where CD19 diffusion in the membrane is controlled by its
interaction with CD81 (Susa et al., 2020). In resting B cells there is a direct interaction between CD81
and CD19 but in an activated B cell, CD19 dissociates from CD81 and associates with the B cell
receptor complex (Created with BioRender.com).

While the hypothesis put forward by Susa et al. (2020) proposes that activation of B cells is
dependent on dissociation of CD19 from CD81 it is also possible that downstream signalling
plays a role in the CD81-CD19 and CD19-BCR interactions (Figure 1.14). In this case the
dissociation of CD81 and CD19 is because of CD81 relocating to the immune synapse of
activated B cells (Mittelbrunn et al., 2002). It has also been shown that integrins can be found
at the immune synapse of activated B cells interacting with CD81 (Levy et al., 1998).
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1.6.2. Tetraspanins interaction with integrins

Tetraspanins have also been found to interact with integrins. CD151, for instance, interacts
with the laminin-binding integrins a3p1, a6f1 and a6f4 which leads to the activation of
downstream signalling molecules, such as Akt, BCAR1 and Rho family GTPases (Charrin et
al., 2014). In these instances, CD151 is not directly involved in strengthening adhesion but it

can play a direct role (Figure 1.15).
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Figure 1.15. The interaction of CD151 with integrins. CD151 is directly involved in adhesion
strengthening via its interaction with integrins, as well as this interaction regulating the signalling of
downstream molecules, such as Akt, BRAC1 and Rho family GTPases.

CD151 can directly strengthen adhesion by interacting with integrins and clustering receptors
together within a specific region of the membrane (Puklin-Faucher & Sheetz, 2009). One
example of this can be found when CD151 interacts with the platelet fibrinogen receptor and
aiibB3 (Lau et al., 2004). Another example involving two other tetraspanins, CD81 and CD37,
controls the adhesion of lymphoid B cells to integrin a431 ligands (Charrin et al., 2014). The
importance of this interaction has been shown because in CD37-null B cells, integrin o431
activity is disrupted due to a difference in where integrin a41 is localised within the membrane
(van Spriel et al., 2012).

L.M.Broadbent, PhD Thesis, Aston University, 2022 46



1.6.3 The role of CD81 and CD9 in cell-cell fusion

CD81 and CD9 share a sequence similarity of 45% and have common partner proteins, such
as EWI-F/CD9P-1 and EWI-2 (Charrin et al., 2003). These similarities mean that they are
involved in cell-fusion. Their interaction, crucial for the interaction between a sperm and an
egg, is a well understood molecular event. Eggs that are CD9 deficient are unable to fuse to
a sperm (Miyado et al., 2000) which can partly be explained by the change of shape of egg
microvilli. In CD9-deficient eggs the microvilli have a different length, thickness, and density.
The thickness of the microvilli, for instance, are twice the radius of that seen in normal eggs

which is problematic because smaller microvilli are better for fusion (Runge et al., 2007).

The CD81-CDS9 interaction also acts as a negative regulator of muscle cell fusion and in the
repair of muscle cells (Charrin et al.,, 2013). The repair of muscle is, to some degree,
dependent on cells, such as myofibres to fuse but this is diminished, leading to abnormal
muscle regeneration when CD81 and CD9 are absent. The same occurs when the CD81 and
CD9 partner protein, CD9P-1, is silenced (Charrin et al., 2013), highlighting the importance of
tetraspanins as organisers within the membrane that ensure that partner proteins are correctly

localised.

1.7 Tetraspanin-enriched microdomains

Tetraspanin-enriched microdomains (TEMs) are regions within the plasma membrane that are
abundant in tetraspanins, cholesterol, gangliosides, and partner proteins like epidermal growth
factor receptor (EGFR) and integrins (Zuidscherwoude et al., 2015) (Figure 1.16). Due to the
number of biomolecules that conglomerate together in specific regions TEMs are crucial for
membrane organisation, with strong interactions formed between tetraspanins and non-
tetraspanin proteins (Florin & Lang, 2018). Weaker interactions exist between tetraspanins
and other tetraspanins via the d-loop in the LEL with homo-tetraspanin interactions preferred
to hetero-tetraspanin interactions (Kovalenko et al., 2004). Regions of the membrane high in
cholesterol and gangliosides are 10-200 nm in size and more rigid than other areas which will
have more phospholipids (Pike, 2009; Shaul & Anderson, 1998).

The regions are stabilised by palmitoylated regions of tetraspanins (Charrin et al., 2002). As
membrane organisers, palmitoylation is a post-translational modification of proteins which
involves the covalent attachments of palmitic acid to a Cys residue, aiding the relocation of
the palmitoylated protein to regions of the membrane that are cholesterol rich (Linder &
Deschens, 2003). Palmitoylation is important for maintaining the integrity of TEMs. Non-
palmitoylated CD9 does not interact with CD53 or CD81 (Charrin et al., 2002), while non-
palmitoylated CD151 weakens TEMs (Berditchevski et al., 2002). With each additional Cys
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residue linked to palmitoylation in CD81 mutated, its interaction with CD151 becomes weaker
(Zhu et al., 2012).
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Figure 1.16. lllustration of a tetraspanin-enriched microdomain. A basic diagram of a TEM showing
the accumulation of tetraspanins, along with partner proteins, such as integrins and EGFR, in a specific
region of the plasma membrane. Cholesterol, which is mostly found in the outer leaflet of the plasma
membrane, and gangliosides, which are only found in the outer leaflet of the plasma membrane, and
palmitic acid attached to tetraspanins help these proteins to interact and stabilise TEMs (Created with
BioRender.com).

1.7.1 Tetraspanin interactions with gangliosides

Much of our understanding of tetraspanin-ganglioside interactions comes from the study of
the tetraspanin CD82. For instance, the ganglioside GM2 interacts with CD82 and while no
direct interaction has been established between GM3 and CD82 it is known that GM2 (Figure
1.17), GM3 and CD82 form a complex (Todeschini et al., 2007; Todeschini et al., 2008).

Depletion of GM3 disrupts the CD82-EGFR-Caveolin-1-PKC-a complex and the CD82-EGFR-
Caveolin-1 (Wang et al., 2007). EGFR interacts with a series of gangliosides with a preference
for interacting with GM3 (Mlljan et al., 2002) which may be the reason why these complexes
are disturbed given that no direct interaction between GM3 and CD82 has been demonstrated.
While CD82 does not directly interact with GM3, an interaction between GM3 and the two
tetraspanins, CD9 and CD81 has been shown (Kawakami et al., 2002; Toledo et al., 2004).

TEMs are negatively affected when gangliosides are depleted with a ~25% decrease in the

association of CD82 with CD9 and a ~20% decrease between CD82 and a3 integrin subunit
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in HB2/CD82 cells (Odintsova et al., 2006). The biggest impact of the depletion of gangliosides
is seen on the interaction between CD82 and CD151 which results in a four-fold reduction in
their interaction. There was, however, no impact on the interaction between CD9 and CD151

under the same conditions (Odintsova et al., 2006).
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Figure 1.17. The chemical structure of the ganglioside GM2. The structure of GM2, a ganglioside
common to regions outside the brain. It has a ceramide tail that is situated in the membrane consisting
of a stearic acid and a shorter sphingosine. The glycan head is attached to the ceramide by a glycosidic
bond. The glycan head contains sugar residues. In GM2, it comprises a 3-D-glucose residue, a (-D-
galactose residue attached to sialic acid, and N-acetyl-B-D-galactosamine (Created with
BioRender.com).

With CD82, and to a lesser extent CD9, providing most of what is known about tetraspanin-
ganglioside interaction it would be beneficial to further probe the interaction of gangliosides
with CD81. The only experimental data on ganglioside-CD81 interactions is that CD81
interacts with GM3 (Toledo et al., 2004). Modelling of open CD81 indicates that it preferentially
interacts with gangliosides over phosphatidylcholine species (Schmidt et al., 2016). It
suggests that gangliosides mostly interact with the SEL, TM1 and TM2, while a small but not
insignificant interaction occurs between the d-loop in the LEL which may help to stabilise that

region of the protein.
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Plants lack gangliosides however, they do possess glycolsylinositolphosphoceramides
(GIPCs) which share some similarities with gangliosides, such as having a ceramide
backbone, sugar residues in the extracellular region and it is negatively charged (Gronnier et
al., 2016). In Arabidopsis rosette leaves the tetraspanin Tet8 plays a crucial role in GIPC
interaction and, consequently, extracellular vesicle formation. In Arabidopsis rosette leaves
with Tet8 knocked out there was a ~40% decrease in the formation of extracellular vesicles
and, while the level of all other lipids present in the leaf were unchanged or increased in the
knockout plant there was a ~22% reduction in the level of GIPCs (Liu et al., 2020).
Tetraspanins are present in extracellular vesicles and gangliosides play a crucial role in

membrane curvature (Bari et al., 2011).

Current knowledge of tetraspanin and ganglioside interactions is limited. It is known that the
two molecules are present in tetraspanin-enriched microdomains and that some tetraspanins
interact directly with some gangliosides (Odintsova et al., 2006). Despite this, little is known
about the precise nature of these interactions with regards to which amino acids in
tetraspanins are responsible for interacting with gangliosides. Disrupting the tetraspanin-
ganglioside interface by removing gangliosides from the membrane has a negative effect on
tetraspanin proteins and their ability to form complexes with partner proteins (Odintsova et al.,
2006; Wang et al., 2007). Discovering the mechanism of interaction between tetraspanins and
gangliosides could pave the way to therapeutics that target this interaction to treat infectious

diseases and some cancers which utilise TEMs and is one focus of this thesis.
1.7.2 Tetraspanin interactions with cholesterol

It is known that CD9, CD81 and CD82 have all been found to bind cholesterol (Charrin et al.,
2003; Silvie et al., 2006). The importance of tetraspanin-cholesterol interactions is further
exemplified by the fact that depletion of cholesterol from the membrane using methyl-3-
cyclodextrin or sequestration using saponin disrupts the interaction between tetraspanins
(Charrin et al., 2003). These findings are not surprising because of the propensity for
cholesterol to associate in TEMs alongside tetraspanins. Given that TEMs are occupied by
tetraspanins and cholesterol it is likely that most tetraspanins have some sort of interactions
with cholesterol. Four CRAC domains have been discovered in the tetraspanin CD82 and it
appears to be a common feature in tetraspanins. Out of 33 known human tetraspanins, 29 of

them have at least one cholesterol binding domain (Table 1.1) (Huang et al., 2020).

It had been predicted that CD81 can change conformation from an open to closed state and
vice versa. Molecular modelling suggests that the cholesterol molecule that was bound inside
the large cavity is responsible for the conformational change (Zimmerman et al., 2016). It has

been proposed that when cholesterol is present in the cavity, CD81 is found in the closed
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conformation and when cholesterol is removed it changes to the open conformation
(Zimmerman et al., 2016; Palor et al., 2019). Asn18 in TM1 and Glu219 have been identified

as the binding site for cholesterol (Zimmerman et al., 2016) (Figure 1.18).

Homology modelling and molecular dynamics experiments on another tetraspanin, CD151,
show a similar mechanism of action. Cholesterol forms hydrogen bonds with Tyr23 in TM1 of
CD151 and the backbone of Val233 in TM4 (Purushothaman & Thiruvenkatam, 2019). Like
modelling on CD81, CD151 adopts the closed conformation when cholesterol is docked in the

cavity but then changes to the open conformation when cholesterol is removed.

Figure 1.18. The interaction between cholesterol and CD81 in the CD81 cavity. The solved CD81
structure (Zimmerman et a., 2016) had a cholesterol molecule bound in the central cavity. All amino
acids within 4 A of the cholesterol molecule are highlighted with attention paid to Asn18 and Glu219
which form a hydrogen bond with the hydroxyl group of cholesterol. lllustration made with Swiss-
Pdbviewer (Guex & Peitsch, 1997) based on a figure from Zimmerman et al. (2016).

TEMs are exploited as entry points into cells by pathogens, such as hepatitis C virus (HCV),
human immunodeficiency virus (HIV) and human papillomavirus (HPV) (Florin & Lang, 2018).
The role of cholesterol in HCV infection is clear. Depleting cholesterol from the plasma
membrane using methyl-B-cyclodextrin has an inhibitory effect on HCV infection (Kapadia et
al., 2007). Cells depleted of cholesterol cannot form TEMs which are central to how HCV

enters host cells (Felmlee et al., 2013).

While our knowledge about the constituents of TEMs is advanced there is still a lack of detail
about the specific interactions between molecules such as tetraspanins and gangliosides.
Even the information that is known is only known about a select few tetraspanins, such as
CD81, CD9, CD82 and CD151 (Table 1.1). There are still large gaps about how many of the

other tetraspanins interact, if at all, with cholesterol and gangliosides.
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Deciphering more about how TEMs are formed, particularly with regards to how tetraspanins,

cholesterol and gangliosides interact with each other may open the door to research that

disrupts these microdomains to help alleviate HCV infection and is examined in this thesis.

Determining how some of them interact with these molecules could pave the way for research

into similar interactions into lesser researched tetraspanins. Looking at interactions between

a protein and a lipid can be performed in silico by making use of protein docking programs.

Table 1.1. Human tetraspanins and their interactions. A list of all known human tetrapanins and
whether they are a known interactor of cholesterol, ganglioside or a microbe that causes an infection.
The “Cholesterol binding domain” column refers to how many CRAC/CARC/CRAC-like or CARC-like
domains are in each tetraspanin. “Yes” means that there is a known interaction, whereas “-“ means that
there no known interaction.
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1.7.3 Protein-ligand docking

Molecular docking is a technique used in computational biology to investigate the interaction
between two molecules, such as protein-protein interaction or protein-ligand interactions
(Pietro-Martinez et al., 2018). Docking is based upon the molecular mechanics that take into
consideration aspects of molecular interactions, such as torsion angles and charges (Lopes
et al., 2015).

At one time it was accepted that a ligand fits a protein perfectly and vice versa with no
conformational change required by either molecule and it is on this basis that rigid docking
programs operate. The premise of rigid docking is that the two molecules fit together like a
“lock-and-key”, therefore both the protein and the ligand are rigid, unable to change
conformation. The affinity with which they bind is seen as a measure of how well they fit
together (Mezei, 2003).

Small differences, however, between the structures of proteins that are ligand free and those
that are interacting with a docked ligand indicate that neither the protein, nor the ligand, can
be considered rigid (Totrov & Abaggan, 1994). Rather than using rigid docking methods it
would be better to use “implied-fit” methods where the protein and the ligand are both
considered to be flexible molecules (Hammes, 2002). Many proteins undergo large
conformational changes, like the proposed conformational change between open and closed
in CD81 (Zimmerman et al., 2016). Another aspect to consider is that amino acid side chains
within a protein are often flexible, altering the interaction site for the ligand to dock (Pagadala
et al., 2017).

A program that uses this flexible docking method is Galaxy7TM (Lee & Seok, 2016) which is
predominantly used for GPCR-ligand docking but non-GPCR proteins can also be submitted.
In Galaxy7TM the receptor, both backbone and sidechains, and the ligand are both treated as

fully flexible molecules (Figure 1.19).

Full flexibility helps to create 30 structures based on the receptor that is submitted to the
server. The 30 structures are made after the initial structure is perturbed 200 times. The ligand
can then be docked to the range of structures that have been created using GalaxyDock (Shin
et al., 2013). To dock the ligand, it is possible to submit residues thought to interact with it. In
this instance any residue <4 A away from the centre of the residues thought to interact is
considered as a potential binding site. Refinement of 120 receptor-ligand complexes is
completed by GalaxyRefine (Heo et al., 2013). Sidechains are repacked, as well as the
complete receptor structure and the ligand undergoing relaxation to allow for full flexibility of
both molecules (Lee & Seok, 2016).
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Figure 1.19. Glucose molecule docked to closed CD81 in Galaxy7TM. An example of the output
from a run Galaxy7TM (Lee & Seok, 2016) run showing the molecule (glucose) docked to the receptor
(CD81). Interacting amino acids are shown. Overall structure flexibility is shown with the original
structure uploaded (grey) and the overlayed refined structure (green).

1.8 Expression of membrane proteins

Studying protein-lipid interactions is not confined to computational experiments. Membrane
proteins, such as tetraspanins, can be overexpressed in different expression systems,
followed by solubilisation and purification. After which proteins and lipids can be bound
together, although some expression and solubilisation methods are more amenable to

studying native protein-lipid interactions.
1.8.1 Expression of recombinant tetraspanins in Pichia pastoris

To study the biochemical and biophysical aspects of a membrane protein it is advantageous
to overexpress the membrane protein using an expression system. The protein can then be
purified and analysed. One such expression system is the methylotrophic yeast, Pichia
pastoris (Figure 1.20), which has previously been used to prepare purified samples of CD81
(Ayub et al., 2020). P. pastoris was also used as the expression system when the CD53
structure was solved, demonstrating that the structural integrity of tetraspanins can be

maintained in this expression system (Yang et al., 2020).

Using other common expression systems, such as the bacteria Escherichia coli, can

sometimes be problematic because some membrane proteins can be toxic to the cells
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(Gubellini et al., 2011). Toxicity of tetraspanins when attempting overexpression in E. coli has
been encountered. Expressing shortened versions of the tetraspanin CD151, also known as
Tspan24, that contain LEL-TM4 and TM3-LEL-TM4 is possible but expression of full-length
CD151 proved to be toxic to E. coli cells (Purushothaman & Thiruvenkatam, 2019).

P. pastoris, therefore, can be an attractive alternative to E. coli when expressing tetraspanins.
CD81 has been expressed in using a P. pastoris expression vector, pPICZB, which
incorporates a 6x His tag at the 3’ end (Jamshad et al., 2008). To prevent the aggregation of
CD81 and its interaction other proteins six intracellular Cys residues have been mutated to
Ala to stop palmitoylation. Making these alterations to the protein has no detrimental effects

on the stability and function (Berditchevski & Odintsova, 1999).

@ Grow and express P @ Slow centrifugation

pastoris cells

@ Streak R pastoris
cells

J

. . @Break cells with cell
ultracentrifugation @ Slow centrifugation disruptor

Fast

Figure 1.20. lllustration of the process of growing P. pastoris cells for membrane protein
overexpression. (1) P. pastoris cells that have been transformed with a plasmid containing a gene for
the protein of interest are streaked on an agar plate. (2) A colony is picked from the plate and grown in
liquid media. (3) After cell growth the cells are harvested using a slow speed centrifugation (~4,000 x
g). (4) Harvested cells are resuspended in a suitable buffer and broken using high pressure. (5) The
broken cells are centrifuged at slow speed (~4,000 x g) to remove debris and unbroken cells. (6) The
supernatant from step 5 is centrifuged at high speed (~100,000 x g) to obtain a pellet which contains
the membrane that is then resuspended in a suitable buffer (Created with BioRender.com).
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The benefits of using the P. pastoris expression include the fact that it can perform post-
translational modifications, such as phosphorylation, glycosylation and disulfide bond
formation (Daly & Hearn, 2005). Disulfide bond formation is particularly useful when
expressing tetraspanins because of the disulfide bonds formed between Cys residues in the
LEL (Kitakodoro et al., 2001).

Another benefit of P. pastoris is that it is a relatively cheap expression system and it can be
grown in media which uses methanol as a carbon source. Using methanol as a carbon source
is beneficial because the risk of contamination is lowered because contaminants that are
methanol intolerant are not able to grow (Routledge et al., 2016). The P. pastoris cells possess
two alcohol oxidase genes, AOX7 and AOX2, which are dependent on methanol. The inclusion
of methanol in the induction media induces AOX7, while other carbon sources, such as

glycerol used during the initial growth stages represses AOX7 (Routledge et al., 2016).

While there are many benefits of using P. pastoris to overexpress CD81 there may also be
some limitations. For instance, CD81 is known to interact with cholesterol (Charrin et al., 2003;
Zimmerman et al., 2016) but P. pastoris cells do not contain cholesterol (Grillitsch et al., 2014).
Instead of cholesterol, P. pastoris cells synthesise ergosterol. The amount of ergosterol in the
P. pastoris membrane is low in comparison to the other commonly used yeast expression
system, Saccharomyces cerevisiae. S. cerevisiae membranes have ~400 ug of ergosterol per
mg of protein in the membrane which is eight times as much as the ~50 pg/mg of protein which
is commonly found in P. pastoris membranes (Zinser et al., 1993; Grillitsch et al., 2014). It is
possible to utilise a strain of P. pastoris that has been engineered to synthesise cholesterol
(Hirz et al., 2013). Another expression system that can be used if the presence of cholesterol

is important is mammalian cell culture.
1.8.2 Expression of recombinant tetraspanins in mammalian cells

Mammalian cell expression for membrane proteins offers many advantages. The biggest
advantage of expressing a mammalian protein of interest in mammalian cells is that the protein
is expressed in an environment that is suited to its expression. Gene synthesis, processing
and post-translational modifications that can be tricky or impossible for other expression
systems can be done with ease in mammalian cells (Verma et al., 1998). Despite these
obvious advantages using mammalian cells does not come without its problems. It is an
expensive expression system, especially when compared to a cheap system like yeast. It
requires more hands-on work by the researcher, there is a risk of viral contamination and
scaling up to produce high quantities of protein can be difficult. Part of the issue with scalability

is that many cells used, such as human embryonic kidney cells (HEK293) exist as a 2D

L.M.Broadbent, PhD Thesis, Aston University, 2022 56



monolayer which means that high density growth seen in bacteria and yeast is not easy
(Forstner et al., 2007).

Commonly used cells are HEK293T cells and Chinese hamster ovary cells (CHO) which can
be transfected using either polyethylenimine (PEIl) or calcium phosphate (Khan, 2013).
HEK293 cells are particularly amenable to the use of PEI with expression of green fluorescent
protein (GFP) reaching 50-80% when transfected using this method (Huh et al., 2007).
Transfections can either be stable or transient with the difference between the two being that
in stable transfections the foreign DNA introduced to the host cells is integrated into the host
cell genome allowing for long term expression of the protein of interest, whereas there is no

integration of the DNA in transient transfections (Fus-Kujawa et al., 2021).

CD81 has previously been shown to express endogenously in HEK293 cells (Cevik et al.,
2012), so these cells fulfil the requirements to be able to produce CD81 efficiently and
correctly. When looking at the interaction between tetraspanins and gangliosides HEK293
offer a promising expression system because they express many of the main gangliosides.
GM3 and GM2 are known interactors with tetraspanins and both of these are expressed in
HEK293 cells, as well as GD3 and GT1b but not GM1 (Cho et al., 2010).

1.9 Solubilisation of tetraspanins

After expressing membrane proteins, such as tetraspanins, in a suitable expression system,
they can be extracted from the membrane for further study. The protein can either be extracted
using a detergent which removes almost all native lipids from around the protein or the newer
technology, styrene-maleic acid (SMA) copolymers, which extract the protein with its native

lipids.
1.9.1 Solubilisation of tetraspanins with detergents

CD81 has previously been solubilised with detergents and the resulting purified protein has
been used downstream for techniques such as, analytical ultracentrifugation, circular
dichroism spectroscopy, ELISA and dynamic light scattering (Jamshad et al., 2008; Ayub et
al., 2020). The three tetraspanins that have had their full-length structures solved were all
solubilised in a detergent (Zimmerman et al., 2016; Umeda et al., 2020; Yang et al., 2020)

further demonstrating that tetraspanins are amenable to detergent solubilisation.

After expressing a tetraspanin in a suitable expression system it needs to be solubilised so
that it can be purified for further downstream analysis. Membrane proteins are routinely
solubilised using amphipathic detergents that mimic the plasma membrane. Detergent
monomers are amphipathic due to their hydrophilic head group and their hydrophobic alkyl tail

(Prive, 2007). These properties are like those found in lipids in the lipid bilayer, therefore
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detergents are extensively used to extract membrane proteins in an environment like that

which is found in the membrane.

In solution detergent monomers will come together to form a detergent micelle which has a
hydrophobic core and a hydrophilic exterior because the tails of the detergent monomers point
inwards towards each other (Oliver et al., 2014). At low detergent concentrations detergent
monomers will form a monolayer at the air-water interface until the critical micelle
concentration (CMC) is reached by increasing the concentration of detergent (Moraes et al.,
2017). The CMC is the concentration at which the detergents will form micelles. Once the
concentration reaches the CMC the detergent monomers forming the monolayer will partition
into the water and eventually form micelles to protect their hydrophobic tails from the water
(Figure 1.21).
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Figure 1.21. Formation of detergent micelles in solution. (A) Basic diagram of a detergent monomer
showing the hydrophilic head and hydrophobic tail. (B) (1) At low CMC the detergent monomers form a
monolayer at the air-water interface with their hydrophilic heads entering the water while their
hydrophobic tails remain outside the water. (2) Increasing the concentration of detergent leads to
partitioning. (3) Detergent monomers that are in solution at a concentration above their CMC will form
micelles with a hydrophilic outside and hydrophobic inside to protect their hydrophobic tails from the
surrounding water environment (Created with BioRender.com).
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Low concentrations of detergent will not disrupt the membrane because the CMC is not
reached, and micelles cannot be formed. Detergent monomers, however, will intermittently
bind to the membrane. Increasing the concentration of detergent will disrupt the membrane
and allow for the encapsulation of membrane proteins in detergent micelles (Kalipatnapu &
Chattopadhyay, 2005) (Figure 1.22).
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Figure 1.22. lllustration of how high concentration of detergent is required to solubilise
membrane proteins. At low concentrations of detergent, below the CMC, monomers will be able to
bind to and insert into the membrane, but it will be unable to solubilise membrane proteins. Increasing
the concentration of detergent to a higher concentration, above the CMC, means that membrane
proteins can be solubilised (Created with BioRender.com).

Commonly used detergents are non-ionic ‘mild’ detergents, such as n-dodecyl-B-D-
maltopyranoside (DDM), n-decyl-B-D-maltopyranoside (DM) and n-octyl-B-D-glucopyranoside
(B-OG). These are mild in nature and are less likely to disrupt any protein-protein interactions,
unlike harsher detergents. They only disrupt interactions between lipids and between proteins
and lipids (Moraes et al., 2014). The chemical structures of detergents are a determining factor
for its CMC. The hydrophilic head group of detergent monomers interacts with the protein,
while the CMC is determined by the length of the alkyl chain. Detergents with longer alkyl
chains like DDM, which has a 12-carbon chain, have a much lower CMC (0.0087%) (Figure
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1.23) when compared to DM and B-OG which have 10 carbons and 8 carbons in their
respective chains and higher CMCs (0.087% and 0.53% respectively) (Prive, 2007).

HO

HO 0
HO HO
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Figure 1.23. The chemical structure of n-dodecyl-B-D-maltopyranoside. Structure of DDM showing
the 12-carbon hydrophobic chain as the tail and a hydrophilic maltose head consisting of two glucose
molecules (Created with BioRender.com).

While the amphipathic nature of detergents provides a membrane-like environment for
solubilised proteins it does not provide a native environment. Some membrane proteins are
reliant on the native lipids that surround and interact with them for their stability and function
(Seddon et al., 2004). For example, the maltose ABC transporter MalFGK2 which is kept in its
preferred low energy conformation state by phospholipids with long acyl chains, whereas
phospholipids with short acyl chains lead to the protein becoming unstable (Bao et al., 2013).
Therefore, removing a membrane protein from its native lipid environment can have a
detrimental impact on stability and function. It is possible, however, to extract the membrane
protein in its native lipid environment using newly developed styrene-maleic acid (SMA)

copolymers.
1.9.2 Solubilisation of tetraspanins with styrene-maleic acid

Using SMA copolymers means that the membrane protein can be solubilised with its
surrounding lipids intact, forming SMA lipid particles (SMALPs) nanodiscs (Overduin &
Esmaili, 2019). SMALP nanodiscs are formed because of the styrene ring, part of the SMA
copolymer, inserting into the membrane between the acyl chains of phospholipids (Orekhov
et al., 2019).

Commonly used SMA copolymers have a styrene-to-maleic acid ratio of 2:1 or 3:1 which
means that there are two or three styrenes for every maleic acid (Morrison et al., 2016).
SMA2000 is a 2:1 copolymer extensively used which is approximately 7.5 kDa in size on
average and has been used previously to efficiently solubilise CD81 expressed in P. pastoris
(Ayub et al., 2020).
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SMA copolymers are comprised of a series of styrene and maleic acid residues in anhydride
form. Styrene-maleic anhydride (SMAnNh) is hydrophobic, so it is unable to insert itself into the
plasma membrane and solubilise lipids and membrane proteins (Lee et al., 2016). To be able
to solubilise the plasma membrane it is vital that SMAnh is hydrolysed to form SMA which is
amphiphilic and soluble (Figure 1.24). The most common method used to hydrolyse SMAnh
is reflux, but it is also possible to autoclave on a conventional 121°C liquid cycle (Kopf et al.,
2019).

OH O
0 0 0
0 0
Hydrolysis
H20, OH
Styrene-Maleic Anhydride Styrene-Maleic Acid
(SMAnNh) (SMA)

Figure 1.24. Hydrolysis of styrene-maleic anhydride to styrene-maleic acid. The hydrophobic
styrene-maleic anhydride is hydrolysed by refluxing or autoclaving to the amphiphilic and soluble
styrene-maleic acid which can solubilise membranes (Created with BioRender.com).

Working with SMA comes with benefits and limitations. Aside the obvious benefit of being able
to solubilise membrane proteins in their native lipid environment (Figure 1.25), another benefit
is that when solubilising SMA is indiscriminate in what it solubilises with no preference for any
phospholipid (Overduin & Esmaili, 2019). As a result, subsequent studies can be carried out
using techniques like thin layer chromatography (TLC) and/or mass spectrometry to analyse
which lipids have been solubilised with the membrane protein. Another benefit of working with
SMA is that the solubilised membrane protein will remain stable at room temperature for days,
unlike detergent solubilised membrane proteins which usually need to be kept at 4°C
(Gulamhussein et al., 2019).

Despite these positives, SMA can come with some problems. For instance, it is susceptible to

divalent cations, although styrene-maleimide (SMI), which substitutes the maleic acid found
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in SMA for maleimide, and disobutylene-maleic acid, which substitutes styrene in SMA for
disobutylene, can be used to reduce cation sensitivity (Hall et al., 2018; Oluwole et al., 2017).
Even though some nanodiscs formed can be as large as 30 nm in diameter, the average size
is approximately 10 nm which may be problematic when working with large proteins (Craig et
al., 2016).

SMA
Solubilisation

SMA

SMALP
Encapsulated
Protein

Figure 1.25. Solubilisation of membrane proteins using SMA. Overexpressed membrane proteins
are solubilised using SMA co-polymers at an approximate concentration of 2.5% to extract the protein
from the membrane still surrounded by its native lipids (Created with BioRender.com).

Using SMA has provided new insights into certain membrane proteins. There have been
developments in recent years with regards to the use of Cryo-EM of membrane proteins
encapsulated in SMALPs to determine their structure. For instance, this technique was used
to determine the structure of the Flavobacterium johnsoniae protein, Alternative Complex lll,
at a resolution of 3.4A with some annular lipids detected (Sun et al., 2018). ArcB has also had
its structure solved after being solubilise with SMA at a resolution of 3.2A (Qiu et al., 2018).
Its structure showed a central cavity that was occupied by 24 lipids. Both examples
demonstrate the advantages of solubilising membrane proteins in SMALPs and retaining

some of the lipids that surround and interact with the proteins in biological membranes.
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Solubilising membrane proteins in SMALPs can also have a positive effect on the function of
the protein. Solubilising with detergents can have a detrimental effect on, such as on the
rhomboid protease GIpG but when it is solubilised using a polymer its functional activity is

closer to the activity seen when it is in the membrane (Barniol-Xicota & Verhelst, 2018).

The protein studied in this thesis is CD81, which is approximately 25 kDa, therefore 10 nm
diameter nanodiscs have proven suitable for solubilisation (Ayub et al., 2020). CD81 has
previously only been solubilised using SMA2000 that has been prepared by refluxing,
therefore part of this thesis will look at the solubilisation efficiency of SMA2000 prepared using

the autoclave method.

1.10 Aims and objectives

The objectives of this thesis were:

To create a universal residue numbering system for human tetraspanins.

e To characterise the structures of the LELs of tetraspanin subfamilies based on their

Cys patterns in the LEL.

o To optimise the purification of CD81 expressed in P. pastoris using SMA2000 prepared

by autoclaving.

e To purify CD81 mutants that can be used for PELDOR experiments to investigate the

conformational change in CD81.

e To investigate the interaction between tetraspanins and gangliosides using
Galaxy7TM.
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Chapter 2 — Materials and Methods

2.1 Materials

This project used Pichia pastoris X33 cells that have been transformed with human CD81-p-
null in the pPICZB expression plasmid containing a 6x His tag on the C-terminus (Figure 2.1)
(Jamshad et al., 2008). Cells were stored at -80°C.

| CD81 6x His |

AOX1TT

\ / PTEF1

5' AOX1 pPICZB +—— Pew7
3.3kb
~ Zeocin

5pUC ori cyerTT

Figure 2.1. The pPICZB plasmid map. pPICZB is a vector 3328 bp in length containing the CD81-p-
null gene. CD81-p-null has had all palmitoylation sites mutated out and it was cloned into the vector
with EcoRI and Xhol. The plasmid possesses a zeocin resistance gene for growth on zeocin resistance
agar plates and the AOXT1 promoter to induce expression in media containing methanol. At the C-
terminal of CD81-p-null is a 6x Histidine tag to aid purification with Ni-NTA resins and expression
analysis when doing Western blots.

SMA 2000 copolymer at a ratio of 2:1 was purchased from Cray Valley for SMA solubilisations,
while n-dodecyl-B-D-maltoside (ThermoFisher) was purchased as pure powder and

cholesteryl hemisuccinate (Sigma-Aldrich) were used for detergent solubilisation.

One Shot™ TOP10 Chemically Competent E. coli cells were purchased from ThermoFisher
Scientific and stored at -80°C.

Zeocin was purchased in 1.25 ml tubes at a concentration of 100 mg/ml from ThermoFisher
Scientific and stored at -20°C.
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HEK293T cells were obtained from ATCC (CRL-3216™) and stored in liquid nitrogen until their

use.

This project used a pEF6.A plasmid that contains wild-type CD81 (Figure 2.2) so that
HEK293T cells can be transfected with it to produce exogenous CD81. The plasmid was a gift

from Dr Mike Tomlinson at the University of Birmingham.

7
v
P FLAG CD81 |
BGH pA

PEF-1a 1 ori

SV40 ori

«—— EM-7
~bsd

Ampicillin/' \
/Y

SV40 pA

puUC

Figure 2.2. The pEF6.A plasmid map. pEF6.A is a vector 8980 bp in length containing the wild-type
CD1 gene. The plasmid contain a blasticidin and an ampicillin resistance gene. At the N-terminal of
CD81-p-null is a FLAG-tag to aid purification and expression analysis when doing Western blots.

2.2 Pichia pastoris growth

2.2.1 Stock solutions and growth media

Stock Solutions

10x Yeast Nitrogen Base (YNB) with Ammonium Sulphate and without Amino Acids

134 g YNB with ammonium sulphate and without amino acids was dissolved in 1 L of water.
To fully dissolve the solution was heated at approximately 70°C for 20-30 minutes. It was filter

sterilised using a 0.22 um filter and stored at 4°C.
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0.02% Biotin

20 mg of biotin was dissolved in 100 ml of water and filter sterilised using a 0.22 ym filter and
stored at 4°C.

20% Dextrose

200 g of D-glucose was dissolved in 1 L of water and autoclaved on a liquid cycle at 121°C for

20 minutes and then stored at 4°C.

5% Methanol

5 ml of 100% methanol was mixed with 95 ml of water and filter sterilised using a 0.22 pm filter
and stored at 4°C.

10% Glycerol

100 ml of glycerol was mixed with 900 ml of water and autoclaved on a liquid cycle at 121°C

for 20 minutes and then stored at room temperature.

1 M Potassium Phosphate Buffer, pH 6.0

132 ml of 1 M K:HPO4 was mixed with 868 ml of 1 M KH,PO. and the pH was adjusted to 6.0
1 0.1 if required using phosphoric acid or KOH. It was autoclaved on a liquid cycle at 121°C
for 20 minutes and stored at room temperature.

Growth Media

Yeast Extract Peptone Dextrose Medium (YPD)

1% yeast extract, 2% peptone, 2% dextrose, 2% agar, 100 mg/ml zeocin

In a 1 L solution 10 g yeast of yeast extract and 20 g peptone were dissolved in 900 ml of
water. When making plated 20 g of agar is also added. It was autoclaved on a liquid cycle at
121°C for 20 minutes. The solution was allowed to cool to =60°C and then 100 ml of 20%
dextrose was added. 100 mg/ml of zeocin was added as appropriate for a final concentration
of 100 pg/ml.
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Buffered Glycerol-complex Medium (BMGY) and Buffered Methanol-complex Medium
BMMY

1% yeast extract, 2% peptone, 100 mM phosphate buffer, pH 6.0, 1.34% YNB, 4 x 10°%

biotin, 1% glycerol or 0.5% methanol.

In a 1 L solution 10 g of yeast extract and 20 g of peptone were dissolved in 700 ml of water.
This was autoclaved on a liquid cycle at 121°C for 20 minutes and allowed to cool to room
temperature. The solution was made up to 1 L by adding 100 ml of 1 M potassium phosphate
buffer (pH 6.0), 100 ml 10X YNB, 2 ml of 0.02% biotin and 100 of 10% glycerol (for BMGY) or

100 ml 5% methanol (for BMMY). The solution was stored at 4°C for up to two months.

2.2.3 Expression of recombinant CD81-p-null

Large scale expression of recombinant CD81-p-null was done in large baffled shake flasks.
One P. pastoris colony was added to 50 ml of BMGY containing 100 pg/ml of zeocin in a 250
ml baffled flask and incubated at 30°C and 220 rpm overnight. The next day 5 ml of this seed
culture was added to 200 ml of BMGY in a 1 L baffled flask at 30°C and 220 rpm for 24 hours.
Cells in 200 ml BMGY were grown to ODsgo =8-10 and pelleted by centrifugation (4000 rpm
for 10 minutes). The pellet was resuspended in 500 ml of BMMY to induce recombinant CD81-
p-null expression in a 2 L baffled flask at 30°C and 220 rpm for 22-24 hours. After 22-24 hours
cells were supplemented with 5 ml 100% methanol (1% v/v) and grown for a further 22-24
hours. After which cells were harvested by centrifugation (4000 rpm for 20 minutes at 4°C) and
stored at -80°C.

2.3 Pichia pastoris membrane solubilisation

2.3.1 P. pastoris membrane preparation

Buffers

Breaking Buffer

5% glycerol, 2mM EDTA, 100 mM sodium chloride, 50 mM sodium phosphate monobasic
(NaH2PO4), 50 mM sodium phosphate dibasic (Na;HPO4), pH 7.4, 50 mM sodium phosphate
dibasic (Na;HPOQO,), pH 7.4

L.M.Broadbent, PhD Thesis, Aston University, 2022 67



In a 1 L solution 50 ml of 5 % glycerol, 4 ml of 0.5 M EDTA, 5.84 g NaCl, 11.3 ml of 1 M
NaH2POsand 38.7 ml of 1 M Na-HPO,were added to 800 ml of water and the pH was adjusted
to 7.4 and made up to 1 L. The solution was autoclaved on a liquid cycle at 121°C for 20

minutes and then stored at 4°C.

Resuspension Buffer (Buffer A)

20mM HEPES, 50mM sodium chloride, 10% glycerol, pH 7.0
In a 1 L solution 4.76 g of HEPES, 2.92 g of NaCl and 100 ml of glycerol were added to 800
ml water and the pH was adjusted to 7.0 and made up to 1 L. The solution was autoclaved on

a liquid cycle at 121°C for 20 minutes and then stored at 4 °C.

P._Pastoris Cell Lysis

P. pastoris cells frozen at -80°C were lysed using the Emulsiflex-C3 cell disruptor (Avestin).
First the cell pellet was mixed with ice-cold breaking buffer at a ratio of 1:3. For example if
there the cell pellet weighed 50 g then 150 ml of breaking buffer would be used. One protease
inhibitor cocktail tablet was dissolved for each 50 ml of breaking buffer, so in this scenario 3
tablets would be dissolved. The cells were run through the cell lyser approximately 5 times at
20,000 to 25,000 psi. Unbroken cells and debris were removed by centrifugation (10,000 x g
for 10 minutes at 4°C) and then the supernatant was collected at ultracentrifuged (100,000 x
g for 45 minutes at 4°C). The pellet was resuspended in Buffer A to give a wet pellet
concentration of 160 mg/ml and homogeniser using a glass homogeniser. The membrane

preparation was stored at -80°C for future use.

Solubilisation Buffer

20 mM HEPES, 200 mM sodium chloride, 10% glycerol, pH 8.0
In a 1 L solution 4.76 g of HEPES, 11.68 g of sodium chloride and 100 ml of glycerol were

added to 700 ml of water and the pH was adjusted to 8.0 with sodium hydroxide before making

the solution up to 1 L.
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SMA Solubilisation

SMAnNh co-polymer was refluxed or autoclaved to hydrolyse the co-polymer as previously
described (Lee et al., 2016; Rothnie, 2016; Kopf et al., 2019). When autoclaving, the SMA was
autoclaved for two and three cycles so that the solubilisation efficiency of each could be tested.
Yeast membranes was solubilised with SMA 2000. P. pastoris membranes expressing CD1-p-
null at a wet pellet of 160 mg/ml were diluted four three fold with solubilisation buffer and
incubated with 2.5% of the SMA polymer for 1 hour at room temperature on a roller. Solubilised
material was ultracentrifuged by ultracentrifugation (100,000 x g for 20 minutes at 4 -C) to give

a supernatant containing soluble CD81-p-nuill.

Detergent Solubilisation

P. pastoris membranes expressing CD81-p-null were solubilised with DDM (n-dodecyl-3-D-
maltoside) in solubilisation buffer supplemented with 1% DDM and 0.1% cholesteryl
hemisuccinate. Solubilisation was performed for 1 hour at 4°C using a magnetic stirrer.
Solubilised material was ultracentrifuged by ultracentrifugation (100,000 x g for 1 hour at 4 -C)

to give a supernatant containing soluble CD81-p-null.

2.4 CD81 Purification

2.4.1SMALP-CD81 Purification

Ni-NTA resin and buffers

The optimised protocol for small scale purification used 3 ml of membrane preparation at a

concentration of 60 mg/ml. 500 ul of Ni-NTA resin was used for the small scale purification.
Wash 1 buffer— 10 ml of solubilisation buffer supplemented with 30 mM imidazole
Wash 2 buffer — 5 ml of solubilisation buffer supplemented with 60 mM imidiazole

Elution buffer — 1 ml of solubilisation buffer supplemented with 300 mM imidazole

Purification Method

Solubilised membranes were incubated with Ni-NTA resin that had been washed twice with
water and once with the solubilisation buffer supplemented with 20 mM imdiazole at 4°C
overnight on a rocker. The next day the solution was poured through a chromatography

column that had been washed with sodium hydroxide, then water and finally the solubilisation
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buffer. The flow through was collected. The resin was washed with 20x the resin volume of
wash 1 buffer, followed by a second wash of 10x the resin volume of wash 2 buffer. Finally,
CD81-p-null was eluted off the column with 5x the resin volume with the elution buffer. Elution

fractions were collected in 200 pl volumes.

2.4.2 DDM-CD81 Purification

Ni-NTA Resin and Buffers

Small scale purification used 3 ml of membrane at a concentration of 180 mg/ml mixed with

24 ml of solubilisation buffer. 500 ul of Ni-NTA resin was used for the small scale purification.

Wash 1 buffer — 5 ml of solubilisation buffer supplemented with 30 mM imidazole, 0.1% DDM
and 0.01% CHS

Wash 2 buffer — 5 ml of solubilisation buffer supplemented with 40 mM imidazole, 0.1% DDM
and 0.01% CHS

Elution buffer — 2.5 ml of Solubilisation buffer supplemented with 300 mM imidazole, 0.1%
DDM and 0.01% CHS

Purification method

Solubilised membranes were incubated with Ni-NTA resin that had twice been washed with
water and once with the detergent solubilisation buffer at 4°C for two hours while gently stirring.
The solution was poured through a chromatography column which had been washed with
sodium hydroxide, water and the detergent solubilisation buffer. The flow through was
collected. The resin was washed 10x resin volume with wash 1 buffer, followed by a second
wash of 10x resin volume with wash 2 buffer. Finally, the CD81 was eluted off the column with

5x resin volume of elution buffer. The elutions were collected in 500 pl volumes.
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2.5 SDS-PAGE Gel Electrophoresis

Buffers

4x Laemmli sample buffer

4x Laemmli buffer was prepared using 2.4 ml 1 M tris pH 6.8, 0.8 ml 10% sodium dodecyl
sulphate (SDS) stock, 4 ml glycerol, 0.01% bromophenol blue, 1ml B-mercaptoethanol and

2.8 ml water. The solution was thoroughly mixed and stored at room temperature.

Running Buffer

100 ml of 10x Tris/Glycine/sodium dodecyl sulfate (SDS) buffer (National Diagnostics)
containing 0.25 M tris, 1.92 M glycine and 1% SDS was diluted in 900 ml water.

SDS-PAGE Method

12% separating gels were prepared with reference to the recipe in (Table 2.1). APS and
TEMED added last due to their quick polymerisation properties. The gel solution was poured
and topped with isopropanol to ensure that the gel was level. After the separating gel (Table
2.2) had set the isopropanol was removed with filter paper to ensure all isopropanol was
removed and the 4% stacking gel was poured on top of the separating gel and a 10 well comb

was inserted into the solution and removed once set.

Table 2.1. SDS-PAGE 12% separating gel recipe.

Ingredient Volume (to make 4 gels)
ddH:20 7.2 ml

30% Polyacrylamide 9ml

1.5 M Tris-HCI, pH 8.8 6 ml

10% SDS 240 pl

Ammonium persulphate (APS) 80 ul

Tetramethyl ethylenediamine (TEMED) |18 pl

A 30 pl sample was mixed with 10 pl of 4x Laemlli sample buffer and heated at 95°C for 10
minutes. 25 pl of sample was loaded into the gel alongside 3 pl of protein ladder (Fisher). 1 L

of Running buffer was poured into the gel tank and the gel was run at 160 volts for 1 hour or
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until the dye front had reached the bottom of the gel. SDS-PAGE gels were then stained by
incubated them with InstantBlue Coomassie protein stain (Expedeon) at room temperature

and with gentle rocking.

Table 2.2. SDS-PAGE 4% stacking gel recipe.

Ingredient Volume (to make 4 gels)
ddH:20 6.2 ml

30% Polyacrylamide 1.4 mi

0.5 M Tris-HCI, pH 6.8 2.6 ml

10% SDS 50 pl

Ammonium persulphate (APS) 40 pl

Tetramethyl ethylenediamine (TEMED) |10 nl

2.6 Western Blotting

Buffers

Western Transfer Buffer

100 ml of 10x Tris/Glycine buffer (National Diagnostics) containing 0.25 M tris and 1.92 glycine

was diluted with 700 ml of water and 200 ml of absolute methanol.

Phosphate Buffered Saline (PBS)

10 PBS tablets were dissolved in 1 L of water.

Blocking Buffer

20% blocking buffer was prepared by adding 2 g of Blotting-Grade Block Non-Fat Dry Milk
(Bio-Rad) in 10 ml of PBS.

PBS-T Wash Buffer

1 L of PBS was mixed with 2 ml of tween-20 (0.2%).
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Antibodies

The following antibodies were used in this thesis:

Table 2.3. Primary and secondary antibodies for Western blots. Primary antibodies were used
against the 6xHis tag at the C-terminal of CD81-p-null, the LEL epitope in CD81 and the FLAG-tag at
the N-terminal of wild-type CD81. The secondary antibodies bound to the primary antibodies to allow
chemiluminescence.

Primary antibody Dilution
6xHis monoclonal antibody (albumin free) 1:5,000
Anti-CD81 25131 1:100
Rabbit anti-FLAG antibody (Sigma-Aldrich) 1:5,000
Secondary antibody Dilution
Anti-mouse HRP-conjugated 1gG (Cell Signalling|1:2,000
Technology)

Anti-rabbit HRP-conjugated antibody (Cell Signalling |10 pl
Technology)

Western Blotting Method

Immediately after SDS-PAGE the gel was taken and the proteins were transferred from the
gel to a 0.2 ym nitrocellulose membrane (ThermoScientific). The membrane along with four
fibre pads and four filter papers (Whatman 3mm chromatography paper) were soaked for

approximately 10 minutes in Western transfer buffer.
The transfer was prepared in the following order:

- 1 fibre pad

- 2 filter papers

- SDS-PAGE gel

- 0.2 ym nitrocellulose membrane

- 2 filter papers

- 1 fibre pad

This preparation was loaded into the gel tank alongside an ice block and 1 L of Western

transfer buffer was poured into the tank. The transfer was run at 90 volts for 75 minutes.
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After the transfer the nitrocellulose membrane was removed and placed in a 50 ml Falcon tube
with 10 ml of blocking buffer on a rocker for 1 hour at room temperature. The membrane was
then removed from the tube and washed 3x for 15 minutes each time with PBS-T buffer. The
membrane was then incubated in 10 ml of PBS-T with the appropriate concentration of primary
antibody overnight at 4°C on a rocker. The following day the membrane was washed 3x for 15
minutes each time with PBS-T buffer. The membrane was then incubated in 10 ml PBS-T with
the appropriate concentration of secondary antibody for 1 hour at room temperature. After that
the membrane was washed 5x for 5 minutes each with PBS-T buffer. 4 ml of ECL Western
Blotting Substrate (Pierce) was poured onto the membrane at the membrane was visualised

using a G:Box Chemi XRQ (Syngene).

2.7 Site-Directed Mutagenesis

Plasmid

pPICZB plasmid containing human CD81-p-null (Figure 2.3) was used as a template for

mutagenesis (Fig. 2.1) (Jamshad et al., 2008).
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Figure 2.3. The CD81-p-null amino acid sequence. Amino acid sequence of CD81-p-null (Jamshad
et al., 2008) with the wild-type CD81 sequence. Mutations are highlighted in the red boxes. Six Cys
residues were mutated to Ala to make the protein palmitoylation deficient. A further Gly to Ser mutation
was done in the second position. The 6x His tag can be seen at the end of the CD81-p-null sequence
in the blue box.
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Primers

The following primers were ordered from Eurofins Genomics for site-directed mutagenesis:

Table 2.4. Primers used in mutations of CD81-p-null. Forward and reverse primers for C97A, C104A,
D122A and D128C mutations. C97A, C104A and D128C mutations were used in PELDOR work and
D122A was used for CD81-ganglioside interactions.

Mutation Primer Sequence
C97A Forward 5GGGGACGTTCTTCACCGCGCTGGTCATCCTGTTTG &
Reverse 5" CAAACAGGATGACCAGCGCGGTGAAGAACGTCCCC 3’
C104A Forward 5 CTGGTCATCCTGTTTGCAGCGGAGGTGGCAGCAGGTATC 3
Reverse 5" GATACCTGCTGCCACCTCCGCTGCAAACAGGATGACCAG 3’
D122A Forward 5" CAGATCGCCAAGGCTGTGAAGCAGTTC 3
Reverse 5" GAACTGCTTCACAGCCTTGGCGATCTG 3’
D128C Forward 5 GTGAAGCAGTTCTATTGCCAGGCCCTACAGC 3
Reverse 5" GCTGTAGGGCCTGGCAATAGAACTGCTTCAC &

The AOX1 Forward Primer (5 GACTGGTTCCAATTGACAAGC 3’) was used for sequencing.

PCR Reaction

The following PCR mix was created:

Table 2.5. Recipe for the PCR reaction for site directed mutagenesis.

Ingredients Volume
PfuUltra Il Hotstart 2x Master Mix (Agilent) 25 pl
Forward primer (10 uM) (|
Reverse primer (10 uM) (|
pPICZB CD81-p-null plasmid (100 ng/ul) 1l
ddH20 22 ul
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The following PCR reaction conditions were set up:

Table 2.6. PCR reaction temperature and timings for site-directed mutagenesis.

Step Temperature Time

1 95°C 2 minutes

2 95°C 20 seconds

3 65°C 20 seconds

4 72°C 60 seconds

5 Repeat 2", 3" and 4™ step 18 times

6 72°C 3 minutes

7 4°C Until collection

Agarose Gel electrophoresis

A 1% agarose gel was made by mixing 1 g of agarose with 50x TAE (ThermoFisher) diluted
into 100 ml of water. The mixture was boiled in a microwave until the agarose had fully
dissolved. The solution was cooled to 50°C and 3 pl of 20,000x RedSafe™ (Intron
Biotechnology) was added. The gel was poured and an eight well comb was inserted and
removed when set. 1x TAE was poured into the gel tank until the gel was completely covered
and 6 pl of sample (5 ul of DNA and 1 pl of 6x loading dye (New England Biolabs) was loaded
into each well alongside the DNA ladder. The gel was run at 80 volts for 1 hour. The gel was

removed from the tank and visualised on a G:Box Chemi XRQ (SynGene).

2.8 Transformations

2.8.1 E. coli Transformation

Low Salt LB Media

Ina 1L solution 10 g tryptone, 5 g sodium chloride and 5 g yeast extract (15 g agar if making
plates) were dissolved into 950 ml of water and the pH was adjusted to 7.5 with sodium
hydroxide before making the volume up to 1 L. The solution was autoclaved on a liquid cycle
at 121°C for 20 minutes and then stored at room temperature. Zeocin at a final concentration

of 100 pg.ml was added as appropriate.
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Transformation

2 pl of mutated DNA (50 ng/pl) was mixed with 200 yl of TOP10 competent cells and incubated
on ice for 30 minutes. The mixture was then transferred to a 42°C heat block for heat shock of
bacterial cells for 45 seconds and then placed immediately back on ice for 10 minutes. 1 ml of
low salt LB media was added the heat shocked bacteria and incubated at 37°C and 200 rpm
for 1 hour. After which the 200 pl cells were plated a low salt LB agar plate and left to grow for
16 hours at 37°C.

Miniprep

The next day a colony was picked and grown in 5 ml of low salt LB with the appropriate
concentration of zeocin at 37°C for 16 hours at 200 rpm. After growth the cells were pelleted
and the supernatant discarded. A miniprep was then performed according to the protocol in
the GeneJET Plasmid Miniprep Kit (Thermo Scientific).

Sequencing

15 ul of miniprepped plasmid (50 ng/pl) was mixed with 2 ul of AOX7 forward primer and sent
to Eurofins Genomics for sequencing. Results were translated using ExPasy’s Translate tool

and the sequence was aligned with wild type human CD81 using Clustal Omega.

2.8.2 Yeast Transformation

For yeast transformations, 2 pg of mutated DNA was added to 25 pl of 2 mg/ml salmon sperm
DNA, 36 ul 1 M lithium chloride, 200 pl of competent P. pastoris X33 cells and 240 ul 50%
PEG solution. Tubes were vortexed to ensure they were mixed and incubated at 30°C for 30
min. Cells were then heat shocked at 42°C for 20 minutes. Cells were centrifuged at 6,000
rpm and resuspended in 1 ml YPD and allowed to recover at 30°C for 2 hours before plating

100 pl onto YPD agar plates and left to grow at 30°C for 3-4 days.
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2.9 CD81 expression in HEK293T cells

2.9.1 HEK293T cell growth

Cell revival

HEK293T cells in a cryovial that were stored in liquid nitrogen were revived by warming the
cells rapidly by holding it in the hands. The defrosted cells in the vial were slowly added to a
T75 flask containing 5 ml of media. The flask containing the cells were incubated at 37°C in
5% CO..

Passaqging cells

Dulbecco’s Modified Eagle’s Medium (DMEM) with Fetal Bovine Serum (FBS) added for a final
concentration of 10% FBS was pre-warmed, along with autoclaved PBS and trypsin in a 37°C
incubator for approximately 30 minutes before use. Media was removed from the flask and
the cells were washed with 10 ml of PBS to ensure the removal of all old media. 2 ml of trypsin
was added to the flask and incubated at 37°C for 5 minutes. After 5 minutes 10 ml of DMEM
with FBS media was added to stop trypsinisation. A new flask was prepared by adding fresh
DMEM with FBS media into the flask and trypsinised cells to a concentration of 1:5 (for 2 days
before next passage) or 1:10 (for 3 days before next passage) and grown until cells reached

a confluency of 80%. The new flask with cells was places in the incubator at 37°C in 5% CO..

Counting cells

HEK293 cells were counted by taking 90 pl of cells in media and mixing them with 10 pl of
trypan blue in an Eppendorf tube. 10 pl of the cells-trypan mixture were pipetted onto a

hemocytometer and cells were counted under a microscope.

2.9.2 PEI transfection of CD81 in HEK293 cells

Preparation of PEI solution

A stock polyethylenimine (PEI) solution at a concentration of 1 mg/ml was made by taking

approximately 30-40 mg of PEI weighed on a fine balance. The PEI was transferred to a 50
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ml falcon tube and distilled water was added to a few ml below the required amount for a
1mg/ml solution. The tube was left overnight on a roller to ensure it is thoroughly mixed. The
next day the solution was adjusted to pH 7.5 and filter sterilised under a tissue culture hood

with a 0.22 pm filter. The stock PEI solution was stored at 4°C.

PE| transfection

One day before transfection 500,000 and 800,000 HEK293 cells in 2 ml of DMEM were plated
in a 6-well plate and placed in the incubator at 37°C in 5% CO.. The following day 2 ug of
pEF6.2-wtCD81 DNA was added to 100 ul of serum free media in a 1.5 ml Eppendorf tube.
DNA was mixed with the media by gently flicking the tube. 12 pl of the stock PEI solution was
added to the serum free media and DNA mixture and mixed by vortexing in pulses. So, 15 one
second pulses on the vortex to mix the solution. This solution was incubated at room
temperature for 10 minutes. 0.6 ml of full media was added to the solution and mix. Media in
the 6-well plate after one day of growth was removed and the complete transfection mix was
added dropwise to the cells. Cells were placed in the incubator at 37°C in 5% CO2 for 2 hours.
After 2 hours the 2 ml of full media was supplemented, and cells were placed in the incubator
at 37°C in 5% CO, for 24 hours.

2.9.3 HEK293 cell lysis

Preparation of RIPA buffer

150 mM sodium chloride, 50 mM Tris-HCL, pH 8.0, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS

100 ml of radioimmunoprecipitation assay (RIPA) buffer was prepared by mixing 3 ml of 5 M
sodium chloride, 5 ml of 1 M Tris-HCI, 1 ml of Triton X-100, 5 ml of 10% sodium deoxycholate
and 1ml of 10% SDS. The solution was made up to 100 ml with ddH>0 and then stored at 4°C.

Cell lysis

RIPA buffer containing a protease inhibitor cocktail (now referred to as the lysis buffer) was
placed on ice. In the meantime, media was removed from cells and they were washed twice
with ice-cold 1 ml of PBS. 250 pl of lysis was added to each well and pipetted numerous times

onto the cells with the plate tilted on an angle to ensure that all cells are dislodged. The 250
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ul lysis buffer with cells was transferred to Eppendorf tubes and incubated at 4°C on a spinning
wheel for 45 minutes. After 45 minutes it was centrifuged for 10 minutes at 14,000 rpm at 4°C.

The supernatant was collected and mixed with LSB for Western blot analysis.

2.10. Tetraspanin sequence and structural alignment

Tetraspanin sequences

The following tetraspanin sequences used in this thesis were taken from Uniprot:

Table 2.7. Uniprot codes for human tetraspanins.

Uniprot Code Tetraspanin Uniprot Code Tetraspanin
P60033 CD81 A1L157 Tspan11
P21926 CD9 095859 Tspan12
P19397 CD53 095857 Tspan13
P27701 CD82 Q8NG11 Tspan14
P48509 CD151 095858 Tspan15
P08962 CD63 Q9UKRS8 Tspan16
P11049 CD37 Q96FV3 Tspan17
060635 Tspan1 Q96SJ8 Tspan18
060636 Tspan2 P0C672 Tspan19
060637 Tspan3 Q12999 Tspan31
014817 Tspan4 Q96QS1 Tspan32
P62079 Tspan5 Q86UF1 Tspan33
043657 Tspan6 000322 UP1a
P41732 Tspan7 075841 UP1b
P19075 Tspan8 Q03395 ROM1
075954 Tspan9 P23942 PRPH2
Q9H1Z9 Tspan10

2.10.1 Alignment of human tetraspanin TMs

Sequence alignment of human tetraspanin TMs

The sequences from Table 2.7 were aligned with Clustal Omega using the default settings

(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011). TM regions were located in

L.M.Broadbent, PhD Thesis, Aston University, 2022 80


https://www.ebi.ac.uk/Tools/msa/clustalo/

the MSA using a combination of the three known full-length structures of CD81 (PDB: 5tcx),
CD9 (PDB: 6k4j) and CD53 (PDB: 6wvg). The transmembrane helices prediction server
TMHMM 2.0 was also used (https://services.healthtech.dtu.dk/service.php?TMHMM-2.0)
(Moller et al., 2001; Krogh et al., 2001). Any gaps in the sequence alignment in the TM regions

were manually removed.

Analysis of TM sequence alignments

Aligned sequence were analysed in JalView (Waterhouse et al., 2009) with particular attention
paid to the “Quality” score which is analogous to the BLOSUMG62 score (Henikoff & Henikoff,
1992). These scores were taken and displayed in this thesis as BLOSUMG62 scores to help
determine conserved residues. The Sequence Manipulation Suite: Color Align Conservation
(Stothard, 2000) was used to analyse and visualise the conservation in TM domains. The
sequence conservation threshold was set at >70% or >80%. In some instances, amino acids

were grouped together based on chemical and structural similarity.

The amino acid groups in the Sequence Manipulation Suite: Color Align Conservation
(Stothard, 2000) were as follows:

Table 2.8. Amino acid groups in the Sequence Manipulation Suite: Color Align Conservation.

Group Amino Acids

Gly, Ala, Val, Leu, lle
Phe, Tyr, Trp

Cys, Met

Lys, Arg, His

Asp, Glu, Asn, GIn
Ser, Thr

Pro

N OO WIN|I—~

If the conservation threshold was set at >80% conservation, for example, then positions that
had one amino acid with >80% were coloured with a black background, while positions that
consisted of >80% of amino acids belonging to one of the groups (Table 2.8) were coloured

with a grey background.

2.10.2 Alignment of human tetraspanins LEL regions

The same human tetraspanin amino acid sequence from Uniprot were used, as above (Table
2.7), and the different region of the LEL, the a helix, the B helix, the variable loop and the ¢
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helix were located using the known structures of CD81 (PDB: 5tcx), CD9 (PDB 6k4j) and CD53
(PDB: 6wvg). For all other tetrapsanins with no structural information available the secondary
structures  were  predicted using the prediction server PSIPRED 4.0
(http://bioinf.cs.ucl.ac.uk/psipred/) (McGuffin et al., 2000; Buchan & Jones, 2019). The amino
acid sequences of each human tetraspanin was put into the PSIPRED 4.0 web server and
predicted helical structures in the LEL were noted so that each specific structure could be

isolated and analysed for sequence conservation.

In some instances, significant places in the sequences were used as a cut-off point for different
structural regions. For instance, the end of the B helix was determined, in all human
tetraspanins, to the first Cys residue in the CCG-motif at the start of the loop in the LEL region.
The start of the € helix was determined, in all human tetraspanins, to be the final Cys residue
in the loop of the LEL region. These specific points in the sequences make good places to
start or end a specific structural region because they are ubiquitous across all human

tetraspanins.

Each helical structure in the LEL was aligned and analysed in JalView (Waterhouse et al.,
2012) with the “Quality” highlighted as it is analogous to the BLOSUMG62 score (Henikoff &
Henikoff, 1992). The Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000)
was used to analyse and visualise the conservation in the helical LEL regions. The sequence

conservation threshold was set at >80%.

2.10.3 Alignment of 3D structures of tetraspanins

To analyse the structural similarity of the TM domains and helical structure in the LEL the three
full-length structures of CD81 (PDB:5tcx), CD9 (PDB: 6k4j) and CD53 (PDB: 6wvg) were used.
In Swiss-pdbviewer (Guex & Peitsch, 1997) each specific region was isolated and locally
superimposed on top of each other. For example, CD81 was opened in Swiss-pdbviewer and
TM1 was isolated by removing all amino acids in the structure except for the amino acids in
TMA1. To do this all, amino acids that were to be removed were highlighted and then removed
by selecting “Build” and then “Remove selected residues...”. The same was done with CD9
and CD53. These regions were then superimposed on top of each using the “Magic Fit”
function in Swiss-pdbviewer. The RMSD between was calculated using the “Calculate
RMSD...” function. The RMSD was calculated between CD81-CD9, CD81-CD53 and CD9-

CD53 and then the average of these three was calculated.
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2.11 Protein structure prediction of human tetraspanin LELs

Amino acids sequences of human tetraspanin LELs from at least one of each tetraspanin
subfamily were entered in the submission page on Robetta

(https://robetta.bakerlab.org/submit.php). The LEL sequences were taken from the end of TM3

to the start of TM4. The TrRosetta (TR) program was selected from the modelling options

underneath the box where the sequence is entered (Figure 2.4).

Robetta Project v  Structure Prediction ~ I8

Submit a job for structure prediction
Please do not submit jobs under different user accounts. Such jobs will be removed.

TargetName @ ROM1_LEL

Protein sequence @  pGSLDEALEEGLVTALAHYKDTEVPGHCQAKRLVDELQLRYHCCGRHGYKDWFGV
QWVSSRYLDPGDRDVADRIQSNVEGLYLTDGVPFSCCNPHSPRPCLQNRLSDSYAHPLFD
PRQPNQNLWAQGCHEVLLEHLQD

or upload FASTA | Choose File | No file chosen

Optional

RoseTTAFold @ O TR @ cv@®@ O AB@® O  Predict domains @ O

Upload MSA @ B | Choose File | No file chosen

3+2 =\:| Keep private @ O

Figure 2.4. The input page on Robetta with TrRosetta. The LEL amino acid sequence for ROM1
entered in the input page on Robetta. “TR” is selected to use the TrRosetta prediction server (Yang et
al.,, 2020, Du et al., 2021). At the time of entering the sequence TrRosetta was the most accurate
prediction server on Robetta. It is now RoseTTAFold.
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2.12 Disulfide bond prediction in human tetraspanin LELs

To analyse the LEL structures created with TrRosetta the structures were uploaded to the
SSBondPre prediction server (Gao et al., 2020) to predict disulfide bonds in the LEL. The PDB

file for the predicted structure was uploaded and submitted to the server (Figure 2.5).

PredDisulfideBond FRE INDEX
entered

here

Figure 2.5. The input page for SSBondPre. The ROM1 predicted LEL structure was uploaded to the
SSBondPre server (Gao et al., 2020) using the “Select File” option. After uploading the “Predict” button
to the right of “Select File” was pressed.

The results of the SSBondPre were analysed with attention paid to disulfide bonds with an
energy score of 0 (Figure 2.6). SSBondPre is prediction primarily used to look for residues
that can be mutated to Cys to form new disulfide bonds, therefore these mutations will cause
a change in energy. Looking at disulfide bonds between native Cys residues means that there
will be no change in energy, therefore predicted disulfide bonds in the LEL structures were

located by selected bonds with an energy score of 0.
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AutoSave D~ = ROM1 Model1 ~

File Home Insert Page Layout Formulas Data Review Vie

= X cut

Calibri in_ HA A ==E 4
Paste E[}Copy v | (e e | A — = =
¥ @Format Painter = —— . = = =|H
Clipboard N Font N
Al o Je
A | B C D E F
1 | key |probabi|ity entropy | energy | Energy =0
2 0 CYSA43-VALA131 0,995 -57.9369 -1.5518
3 a CYSA43-CYSA128 0.994 -57.5043 0
4 2 SERA96-ASNA122 0.994 -42.7317 -2.0615
5 3 LYSA20-TRPAS7 0.991 -47.1318 -0.7085
6 4 ASNA103-ALAA110 0.991 -26.3674 -1.7261
7 5 TYRA19-VALA34 0.99 -35.8721 0.8858
8 6 CYSA92-CYSA100 0.989 -28.0327 0
9 7 LEUA12-ARGA46 0.988 -46.0772 -0.5761
10 8 HISA18-ALAA30 0.987 -33.0893 -0.5712
1 9 TRPAS2-VALA87 0.981 -46.4387 -1.3926
12 10 CYSA100-LEUA123 0.98 -41.2027 -1.1066
13 11 ALAA15-VALA34 0.979 -38.8201 0.7549
14 12 CYSA44-CYSA91 0.978| -50.1152 0
15 13 LEUA81-PHEA89 0.974 -28.0327 -0.6388
16 14 ASPAB5-SERA106 0.973 -40.0682 -0.4272
7 15 ASNA103-PHEA114 0.972 -32.0042 -0.9227
18 16 TYRA49-GLNA102 0.97 -51.6135 -1.4197
19 17 VALA24-CYSA28 0.943 -19.3885 -0.6973
20 18 HISA18-HISA27 0.938 -29.5016 -0.5052
21 19 LEUA8-LEUA133 0.925 -62.3139 -0.1114

Figure 2.6. The SSBondPre prediction of disulfide bonds in ROM1. The Excel file of predicted
disulfide bonds by the SSBondPre prediction server (Gao et al., 2020). Energy scores of 0 were
highlighted as potentially native disulfide bonds.

2.13. Homology modelling of CD82

The amino acid sequence of CD82 (Uniprot: P27701) was uploaded to SWISS-MODEL
(Waterhouse et al., 2018) using CD9 (PDB: 6k4j) as a template. The structure assessment
feature on SWISS-Model was used to analyse the structure that was created. Attention was
paid to the Ramachandran plot (Ramachandran et al., 1963) but more attention was to the
QMEANBrane analysis (Studer et al., 2014). Due to the difficulty of modelling large
unstructured loops like the one seen in CD82 the QMEANBrane score provided a score for
the local quality of the structure produced. QMEANBrane gives a score from 0-1 with scores
lower than 0.50 considered to be areas of lower quality.
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2.14. Docking ganglioside sugars to tetraspanins

2.14.1 Prediction of tetraspanin binding pockets

CD81 (PDB: 5tcx) and CD82 (modelled for this thesis) were uploaded to DeepSite
(https://playmolecule.com/deepsite/) (Jimenez et al., 2017), a server which utilises neural
networks to find binding pockets in a protein (Figure 2.7).

=1 Input

Browse... | cd81-closed.pdb
A o

+ | agree to the Terms of Use and to cite this application if results are published

< >

SUBMIT ETA ~ 1-2 min

Figure 2.7. The input page for DeepSite. The closed CD81 structure (PDB: 5tcx) was uploaded to the
DeepSite server (Jimenez et al., 2017) and submitted.
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Potential binding sites were analysed by looking for binding pockets that had the highest score
but were located at, or around, the membrane-water interface because this is where the

ganglioside sugars will be situated when they are interacting with a protein (Figure 2.8).

» Job Configuration

v DeepSite prediction results

centers

[-15.3,0.4,3.9]
[1.3,0.4,-22.1])
[15.3,0.4,25.9]

[0.7,-13.6,-16.1]

DOWNLOAD RESULTS

DOWNLOAD CUBE FILE

Figure 2.8. The DeepSite results page. DeepSite (Jimenez et al., 2017) results showing four potential
binding pockets, their coordinates, and their scores. Since ganglioside sugars are situated around the
membrane water interface (red line), binding pockets around this area (yellow box) were investigated
further.

Clicking on the binding pocket under “DeepSite prediction results” zoomed in on the binding
pocket on the ribbon structure. After finding suitable binding pocket at the membrane-water

interface the amino acids within in the binding pocket were noted.

2.14.2 Docking of ganglioside sugars with Galaxy7TM

The Ganglioside sugars (glucose, galactose and disaccharide or glucose and galactose) were
drawn using Corina (https://www.mn-am.com/online_demos/corina_demo_interactive) so that
each one could be docked with CD81 (PDB: 5tcx) and CD82 (modelled in this thesis)
separately. The amino acids found in the binding pocket from DeepSite (Jimenez et al., 2017)
analysis were entered into the Galaxy7TM server ( https://galaxy.seoklab.org/cgi-
bin/submit.cgi?type=7TM) (Seok & Lee, 2016) to dock the sugars in the binding pocket (Figure
2.9).
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User Information

Job name [cD81 Closed Galactose |

E-mail address (Optional) |093162849@aston.ac.uk ‘

Input GPCR and ligand structures

PDB File Browse... cd81-closed.pdb

(<1000 AA) Protein Structure File (allowed fjle extensions: pdb, txt)
Sequence File (Optional) | Browse... | No file selected.

(1000 AA) Protein Sequence File (allowed file extensions: fa, fasta, seq)

Ligand File Browse... B-D-Galactose.pdb
(<150 atoms) Ligand Structure File (allowed file pxtensions: mol2, pdb, xyz)
chemically wrong topology might results in

inaccurate docking. (e.g. 2D-projected structure of non-planar ligands)

Binding pocket residues (Optional)

Binding pocket residues | (108,111,119,122,123

(=10res) Residue numbers should follow the input PDB file residue numbering.
Up to 10 residue numbers can be submitted in integers separated by commas
(example: 51,64,78).

Refinement option

Energy function @® GPCR (default)
O Soluble protein (binding pocket residue numbers must be assigned above)

submit  reset

Figure 2.9. The input page for Galaxy7TM. CD81 was uploaded to the Galaxy7TM web server (red
box), as well as one of the ganglioside sugars as the ligand file (green box). The residues situated in
the binding pocket that was found using DeepSite were entered in the “Binding pocket residues” section
(light blue box).

Results from the docking were analysed by looking for docked sugars that align with each. For
instance, the ideal situation would be to have a glucose, galactose and lactose molecule that
have been docked in the place on the protein and overlay perfectly. To analyse this PDB files
from the Galaxy7TM docking results were analysed in Swiss-pdbviewer (Guex & Peitsch,
1997). Sugars were overlayed to find sugars that were docked in a similar position. Using the
LIGPLOT (Wallace et al., 1996) output on Galaxy7TM as a guide 2D images of sugar-protein

interactions were drawn showing hydrogen bonds and hydrophobic interactions.

Amino acids involved in hydrogen bonds with the sugar residues were mutated to Ala by using
the “Mutate” function in Swiss-pdbviewer (Guex & Peitsch, 1997). The mutated protein was
uploaded to Galaxy7TM again, as well the ganglioside sugar residues. The docking energies

of all 10 docked results were noted and the average docking energy was calculated.
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Chapter 3 — Establishing a universal numbering system for human tetraspanins

Despite having three solved full length tetraspanins structure (CD81, CD9 and CD53) there is
still much to be discovered with regards to the structure and function of tetraspanins. In order
to shed light on some gaps in our knowledge the sequences and structures were aligned in
combination to add greater clarity. In doing so, it has prompted the introduction of a universal
numbering system for human tetraspanins to enable researchers to quickly and accurately
describe the location of an amino acid. Introducing a universal numbering system to the field
of tetraspanin research requires ‘anchor’ residues in each structured region (Figure 3.1) of

tetraspanins to build the system around.

o Helix

Figure 3.1. Structure of CD81 with regions labelled. The structure of CD81 (PDB: 5tcx) with the
regions of the protein labelled. TM1 = Blue, TM2 = Light Blue, TM3 = Cyan, TM4 = Red, a Helix =
Green, B Helix = Light Green, € Helix = Orange.

3.1 Sequence and structural alignment of the TM1 domains of human tetraspanin

To find anchor residues for a universal numbering system the first step was to highlight the
TM regions in human tetraspanins. Protein sequences of all known human tetraspanins were
obtained from Uniprot and they were aligned using Clustal Omega (Sievers et al., 2011). The
region of the alignment likely to include TM1 was located at the beginning of the sequences
because it is known that all but a few human tetraspanins have small N-terminal tails (Figure
3.2A). Using the web server TMHMM (Moller et al., 2001) a prediction of amino acids that form
TM1 in CD81 was produced (Figure 3.2B).
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A) cpel LEVENFVEWLAGGVILGVALWLRHDEQ
CDS [YLLEFGENFIFWLAGIAVLAIG REDSQ
CcD53 ¥V LEFFNLLEWICGCCILGFGYLLI-HN
cD82 FLFLENLIFFILGAVILGFGVW LADKS
CDl1351 LETYNCCFWLAGLAVMAVG LALKS
cD63 LYVLLLAFCACAVGLIAVG QLVLS B} Probabhility of Amino Acid Being Locatedin the
cD37 'FLEVENLFFFVLGSLIFCFGIWELIDKT Transmembrane Helix of CD81 TM1
TSPAN1 MILENLLIFLCGAALLAVGIWWSIDGA g
TSPAN2 LLGENLLEWLAGSAVIAFGIWFREGGA
TSPAN3 LVFLNLIFWGAAGILCYVGAYNFITYD .
TSPAN4 Y LMFAFNLLFWLGGCGVLGVGYWLAATQG T\ ooom
TSPANS IFGFNVIFWFLGITFLGIGLWRWNEKG ]
TSPANE LLIYTFIFWITGVILLAVGIWEKVSLE E
TSPANT LIIYSFVFWITGVILLAVG KLTLG E
TSPANS EMFTFNFLFWLCGILILALATWWRVSND £ EN
TSPANY IMFLFNLIFWLCGCGLLGVGYWESVSQG 8
PAN1 [YLIFLSNFPFSLLGLLALAIGLWLAVKG E
LFVENFFFWVGGAAVLAVGIWLLVEKS 2 A8
LYALNLLEWLMSISVLAVSAWMRDYLN g
LCALNLLYTLVSLLLIGTARWRIGFGL 2
LESYNIIFWLAGVVFLGVGIWRWSEKG E DAAvo0.
BLIIYSTVEWLIGALVLSVGIYREVERQ =
TSPAN1G LSLLNGFVAVSGT ILVGLGIGRKCGGA =
TSPAN17 LEGEFNIVEWVLGALFLAIGLWRWGEKG £ oa0000
TSPAN1B MEVENFFIFLGGACLLAIGIWWMVDET &
TSPAN1S IIIKYFLNLINGAFLVLGLLFMGFGAWLLLDRN
TSPAN31 hLCALNVVYMLVSLLLIGVAAWSKGLGL 0,00000
TSPAN32 RVAHCPMLVTCFFILLLGLSVATMVILIYFGAH HarGl Rk ek SRR SR AR S pRASE S Qi eal SIS NS AL AW e S D R
TSPAN33 v L LEFENMLEWV I SMVMVAVGYYRRLMKH AMINARIC
urla SLLVVGNIIILLSGLSLFAETIWFTADQY
UPlb JGLLIFGNVIIGCCGIALTAECYFFVSDQH
ROM1 SLWLLSWLLALAGGVILLCSEHLLVQLR
PRFPHZ LWLMNWFSVLAGIIIFSLGLFLEIELR

Figure 3.2. Determination of the TM1 region of human tetraspanins. (A) Sequence alignment of the
regions containing TM1 of all known human tetraspanins aligned using Clustal Omega (Sievers et al.,
2011) with residues that form part of an “aromatic belt” in the interfacial region highlighted in the black
boxes. (B) Prediction of the probability that an amino acid in CD81 is likely to form part of the TM1
transmembrane helix using TMHMM (Moller et al., 2001).

The prediction indicates 22 amino acids with a high probability of forming part of TM1 starting
at Leu-Leu-Phe and ending at Ala-Leu-Trp (Figure 3.2B). It was previously reported when the
CD81 structure was elucidated and when subsequent tetraspanin structures have been solved
that the Trp residue at position 23 is not part of the TM region (Zimmermann et al., 2016; Susa
et al., 2021). The Trp residue is highly conserved with 70% sequence conservation (Figure
3.2A, 2" black box) and as an aromatic residue Trp residues are often found in the interfacial
region forming an “aromatic belt” (Braun & von Heijne, 1999). Combining the likelihood that
the Trp residue is situated at the membrane-water interface and that previous literature has

not included Trp in the TM1 it was omitted from further TM1 alignment analysis.

Aligning the TM1 regions of the known 33 human tetraspanins shows a high degree of
conservation (Figure 3.3). Of the 21 amino acid positions that comprise TM1, 8 of them have
>50% sequence conservation for one amino acid. Leu in the 2" position (76% sequence
conservation), Asn in the 6" position (82%), Phe in the 9" position (70%), Trp in the 10"
position (55%), Leu in the 11" position (58%), Gly in the 13" position (82%), Leu in the 17
position (58%) and Gly in the 20™ position (73%) all have >50% sequence conservation.
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Figure 3.3. Sequence alignment and conservation of the TM1 domain in human tetraspanins.
The TM1 domains of all known human tetraspanins were determined using TMHMM (Moller et al., 2001)
and were aligned using Clustal Omega (Sievers et al., 2011). Sequence conservation was determined
using Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) by looking for residues
that are >80% conserved with identical amino acids highlighted in black and similar amino acids
highlighted in grey. Similar amino acids were grouped based on chemical and structural similarity.
Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group 4: Lys,
Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.

Two of these positions, Asn in the 6" position and Gly in the 13" position, have the highest
sequence conservation at 82% (Figure 3.3). These two residues form part of the highly
conserved NGG7 motif found in TM1 of human tetraspanins (Kovalenko et al., 2005). In trying
to find an ‘anchor’ residue in the TM1 region on which to base a proposed universal numbering
system, further analysis of the sequence alignment was needed. BLOSUM®62 scores were
taken from JalView (Waterhouse et al., 2009) to look for conserved positions. BLOSUMG62
long-odds score represents the biological probability of a substitution relative to the chance
probability of the substitution. The substitution of chemically similar amino acids receives a
positive score, and the substitution of chemically dissimilar amino acids receives a negative
one (Henikoff & Henifoff, 1992).
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The BLOSUMG62 scores of each position in TM1 shows 9 positions with a BLOSUM62 score
of >150 (Figure 3.4). The three most significant of these positions are the 2" position, the 6™
position and the 13" position. The 2" position which is 76% Leu possesses the highest
BLOSUMB62 score of 204.36. Of the other two highlighted positions it is the 13" position which
is 82% Gly which has a higher BLOSUMG62 score of 192.19 compared to a score of 160.22 for
the 6" position with is 82% Asn (Figure 3.4). The higher BLOSUM®62 score means that the Gly
at the 13" position is more often found by chance at this position than the Asn at the 6™

position.

225.00
200.00 G

175.00 L L L

150.00

I/L \

125.00 A

100.00 L F L I/L

BLOSUM®62 Score
—

75.00

50.00

25.00

0.00
1st  2nd 3rd 4th 5th  e6th 7th  8th 9th 10th 11th 12th 13th 14th 15th 16th 17th 18th 19th 20th 21st

Position of Amino Acid in TM1 of Human Tetraspanins from the N-terminus te the C-terminus

Figure 3.4. BLOSUMG62 scores for each amino acid position in TM1 of human tetraspanins. The
aligned TM1 domains were analysed in JalView (Waterhouse et al., 2009) to obtain BLOSUM®62 scores.
BLOSUM®62 scores were plotted against each position located in TM1 with the residues located at the
N-terminal end of TM1 and moving right leads to residues located at the C-terminal end of TM1. The
most conserved residue in each position is written above the corresponding bar on the graph.

Analysis of the primary amino acid sequences provides a limited view of the tetraspanins
family. The primary sequence was therefore examined in conjunction with the known full-
length structures of human tetraspanins. To date, three human tetraspanins have had their
full-length structures solved (CD81, CD9 ad CD53). The isolated TM1 regions of these three
structures were locally aligned in DeepView and the RMSDs of each pairing were determined.
The average of the three pairings was calculated giving a RMSD of 0.56 A. This low RMSD

indicates that the TM1 regions are structurally similar (Figure 3.5B).
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NGG7 Motif

Figure 3.5. Sequence and structural alignment of the TM1 domain of human tetraspanins. (A)
The sequence alignment of TM1 in which residues with >80% sequence conservation for one amino
acid are highlighted in black. This shows two conserved residues; Asn in the 6" position (82%) and Gly
in the 13 position (82%). The NGG7 motif that the Asn and Gly residue are constituents of is labelled
underneath the sequence alignment. (B) The 3D structures of the TM1 domains of the solved human
tetraspanin structures CD81 (PDB: 5tcx, in red), CD9 (PDB: 6k4j, in green) and CD53 (PDB: 6wvg, in
blue) were locally superimposed in Swiss-PdbViewer and the average RMSD of 0.56 A between the
three structures was calculated. As the anchor residue, Gly (82% conserved) in the 13t position is
highlighted in the black circle.

Given the Gly residue in the 13™ position exhibits a high level of conservation and it occupies
a similar position in the known 3D structures (Figure 3.5B, black circle) it was selected as the

anchor residue in TM1 for the universal numbering system.

3.2 Sequence and structural alignment of the TM2 domains of human tetraspanins

The amino acids located in TM2 of CD81 were predicted using TMHMM (Moller et al., 2001)
with 16 residues showing high probability of forming part of TM2 starting from lle-Tyr-lle to
Val-Gly-Phe (Figure 3.6B). When looking at >80% conservation of the hydrophobic residues
(Gly, Ala, Val, Leu and lle) in the TM2 region the predicted lle and Tyr residues at the start of
the TM are not well conserved (Figure 3.6A). There is a >80% conservation of hydrophobic

residues in the 13 positions highlighted between the two black boxes in Figure 3.6A. The Ala
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and lle in CD81 closest to the second black box have low probabilities in the TMHMM
prediction (Figure 3.6B). They are, however, included in the TM2 region because they are
flanked on their C-terminal side by a position which is occupied in 63% of cases by the
positively charged Lys or Arg which can be found “snorkelling” at the membrane-water
interface (Kim et al., 2011).
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Figure. 3.6. Determination of the TM2 region of human tetraspanins. (A) Sequence alignment of
the regions containing TM2 of all known human tetraspanins aligned using Clustal Omega (Sievers et
al., 2011) with potential “snorkelling” residues at the membrane-water interface and residues that form
part of an “aromatic belt” in the interfacial region highlighted in the black boxes. Hydrophobic residues
with >80% conservation are highlighted in black for a single amino acid at that position and in grey if
the residue is one of Gly, Ala, Val, Leu or lle. (B) Prediction of the probability that an amino acid in CD81
is likely to form part of the TM2 transmembrane helix using TMHMM (Moller et al., 2001).

Like TM1, TM2 has a high degree of conservation with 9 of the 21 positions having >50%
sequence conservation of a specific amino acid (Figure 3.7). Leu in the 2" position (55%
sequence conservation), lle in the 3™ position (64%), Gly in the 6™ position (97%), Gly in the
13" position (61%), Phe in the 14" position (52%), Gly in the 16" position (94%), Cys in the
17" position (64%), Gly in the 19" position (70%) and Ala in the 20" position (58%) all have

>50% sequence conservation.
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Figure 3.7. Sequence alignment and conservation of the TM2 domain in human tetraspanins.
The TM2 domains of all known human tetraspanins were determined using TMHMM (Moller et al., 2001)
and were aligned using Clustal Omega (Sievers et al., 2011). Sequence conservation was determined
using Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) by looking for residues
that are >80% conserved with identical amino acids highlighted in black and similar amino acids
highlighted in grey. Similar amino acids were grouped based on chemical and structural similarity.
Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group 4: Lys,
Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.

The 6" residue in TM2, located near the extracellular region, has the highest conservation
with 97% (Figure 3.8A). All 33 human tetraspanins have a Gly residue at the 6™ position except
for Tspan12 which has a Cys residue. The Gly at the 6™ position forms the start of the GGA7
motif found in TM2 of human tetraspanins with the less well conserved Gly residue at the 13"
position and the Ala at the 20™ position (Kovalenko et al., 2005). The superimposed structures
of the TM2 region of CD81, CD9 and CD53 have an average RMSD of 0.93 A (Figure 3.8B).
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Figure 3.8. Sequence and structural alignment of the TM2 domain of human tetraspanins. (A)
The sequence alignment of TM2 showing only residues with >80% sequence conservation for one
amino acid highlighted in black. This shows the two conserved Gly residues in the 6™ position (97%)
and the 16" position (94%). The GGA7 motif of which the 97% conserved Gly in the 6™ position is a
constituent is labelled underneath the sequence alignment. (B) The 3D structures of the TM2 domains
of the solved human tetraspanin structures CD81 (PDB: 5tcx, in red), CD9 (PDB: 6k4j, in green) and
CD53 (PDB: 6wvg, in blue) were locally superimposed in Swiss-PdbViewer and the average RMSD of
0.93 A between the three structures was calculated. The proposed anchor residue, Gly (97%
conserved) in the 6™ position is highlighted with a black circle.

Due to the high level of conservation seen at the 6" residue of TM2 and the similar position
that the three residues at this position occupy in the known 3D structures (Figure 3.8B, black

circle) it was selected as the anchor residue in TM2 for the universal numbering system.

3.3 Sequence and structural alignment of the TM3 domains of human tetraspanins

The human tetraspanin TM3 region is connected to TM2 by a short chain of approximately
five amino acids that forms the small intracellular loop. The TM3 was defined using
tetrsaspanin sequence alignments. Residues showing >80% sequence conservation for
hydrophobic residues (Gly, Ala, Val, Leu and lle) usually found in TM domains are highlighted
(Fig 3.9A). TM3 has a hydrophobic region starting immediately after the Cys residue in CD81
with Leu-Leu-Gly but the TMHMM (Moller et al., 2001) analysis only predicts with relatively
high confidence that the second Leu residue is the start of the TM helix (Figure 3.9B).
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According to the TMHMM analysis, TM3 then extends to lle-Trp-Gly. The possibility of TM3
going further is illustrated by the Gly-Phe-Val region of CD81 (Figure 3.9A), however the Val
residue only has a 0.20910 probability of being in the TM helix (Figure 3.9B). Given that Phe,
like Trp, is an aromatic residue that can exist at the membrane-water interface, lle-Trp-Gly

was defined as the end of the TM3 helix.
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Figure 3.9. Determination of the TM3 region of human tetraspanins. (A) Sequence alignment of the
regions containing TM3 of all known human tetraspanins aligned using Clustal Omega (Sievers et al.,
2011) with residues that form part of an “aromatic belt” in the interfacial region highlighted in the black
box. Residues with >80% conservation are highlighted in black if there is a single amino acid at that
position and in grey if the hydrophobic residue is Gly, Ala, Val, Leu or lle. (B) Prediction of the probability
that an amino acid in CD81 is likely to form part of the TM3 transmembrane helix using TMHMM (Moller
etal., 2001).

TM3 exhibits slightly lower levels of conservation compared to TM1 and TM2 (Figure 3.10).
There are 7 of its 23 positions with >50% sequence conservation for one amino acid. Leu in
the 1%t position (64% sequence conservation), Leu in the 2" position (88%), Phe in the 5%
position (52%), Leu in the 9" position (70%), Leu in the 10" position (52%), Phe in the 13"
position (64%) and Glu in the 16™ position (70%).
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Figure 3.10. Sequence alignment and conservation of the TM3 domain in human tetraspanins.
The TM3 domains of all known human tetraspanins were determined using TMHMM (Moller et al., 2001)
and were aligned using Clustal Omega (Sievers et al., 2011). Sequence conservation was determined
using Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) by looking for residues
that are >80% conserved with identical amino acids highlighted in black and similar amino acids
highlighted in grey. Similar amino acids were grouped based on chemical and structural similarity.
Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group 4: Lys,
Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.

The standout residue in TM3 is the 88% conserved Leu residue in the 2™ position. When
deciding on potential anchor residues it is better to look for residues located nearer to the
centre of the TM region. Leu in the 9™ position and Glu in the 16" position are the next highest
with 70% conservation and both are located nearer the centre of the TM region. To distinguish
between the two and find an anchor residue, one method that can be used is to look at the
sequence conservation when grouping Glu and GIn together due to their structural similarity
(despite Glu being negatively charged in a medium to high pH environment). The similarity
between the two residues is exemplified by the positive score of 2 given to this substitution in
the BLOSUMG62 score matrix (Henikoff & Henikoff, 1992). Another method that can be used

to help determine an anchor residue is looking at the BLOSUM®62 scores.

The highest BLOSUMG62 score in TM3, unsurprisingly, is in the 2™ position with a score of

203.26. There next three highest scoring positions are the 9™, 12" and 16™ positions (Figure
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3.11). Of these three the 9" position has the highest BLOSUM®62 with 179.39, while the other

candidate anchor residue, the 16" position, has the lowest score of the three with 172.48.

225.00
200.00
175.00 E

150.00 F

125.00 L A

100.00 | L

BLOSUMG2 Score

75.00 e A

50.00

25.00

0.00
1st 2nd 3rd 4th Sth  6th 7th 8th 9th 10th 11th 12th 13th 14th 15th 16th 17th 18th 19th 20th 21st 22nd 23rd

Position of Amino Acid in TM3 of Human Tetraspanins from the N-terminus to the C-Terminus

Figure 3.11. BLOSUMG62 scores for each amino acid position in TM3 of human tetraspanins. The
aligned TM3 domains were analysed in JalView (Waterhouse et al., 2009) to obtain BLOSUMG62 scores.
BLOSUMG62 scores were plotted against each position located in TM3 with the residues located at the
N-terminal end of TM1 and moving right to residues located at the C-terminal end of TM3. The most
conserved residue in each position is written above the corresponding bar on the graph.

Analysing the sequence alignment by setting it so that all amino acids are treated separately
except for Glu and GIn which are grouped together shows 94% conservation of Glu/GlIn at the
16" position (Figure 3.12A). The Leu residue in the 9™ position can be grouped with lle
because they are similar and, like Glu and GIn, have a positive score of 2 in the BLOSUM62

score matrix. Leu/lle have 82% conservation in the 9" position.

Due to the high conservation of Glu/GIn of 94% when grouped together and the recognisable
feature of a charged residue in the transmembrane region, the 16" position makes a good
candidate for an anchor residue. The locally aligned TM3 structures of CD81, CD9 and CD53
have an average RMSD of 0.77 A and the Glu residue found at this position in all three proteins

is in a structurally similar place (Figure 3.12B, black circle).
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Figure 3.12. Sequence and structural alignment of the TM3 domain of human tetraspanins. (A)
The sequence alignment of TM3 showing residues with >80% sequence conservation for one amino
acid highlighted in black at Leu in the 2" position (88% conservation). Residues with >80% sequence
conservation of Glu/GIn are highlighted in grey at Glu/GIn in the 16™ position (94% conservation). (B)
The 3D structures of the TM3 domains of the solved human tetraspanin structures CD81 (PDB: 5tcx, in
red), CD9 (PDB: 6k4j, in green) and CD53 (PDB: 6wvg, in blue) were locally superimposed in Swiss-
PdbViewer and the average RMSD of 0.77 A between the three structures was calculated. As the
anchor residue, Glu/GIn (94% conserved) in the 16t position is highlighted in the black circle.

3.4 Sequence and structural alignments of the TM4 domains of human tetraspanins

The human tetraspanin TM4 region immediately follow the € helix in the LEL. To locate the
TM4 region the sequences were aligned and positions with >80% sequence conservation for
hydrophobic residues (Gly, Ala, Val, Leu and lle) usually found in TM regions were highlighted
(Figure 3.13A). Sequence conservation of hydrophobic residues in TM4 is not as high in the
other three TM regions with just eight positions within the region that contains TM4 showing
>80% conservation. This region begins at lle-Gly-lle in CD81 and these three positions are
well conserved for hydrophobicity. TMHMM (Moller et al., 2001) analysis indicates that these
three residues are situated in the TM domain but the preceding Leu residue in CD81 has a
>0.6 probability of being in the TM region (Figure 3.13B). When also considering the CD81
structure (PDB: 5tcx) the helical structure is likely to begin at either the preceding Tyr residue
or the Leu before the Tyr. These residues may form part of the same helical structure, but they

may not be in the TM domain, however, the Leu-Tyr-Leu of CD81 was taken to be the start of
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TM4. The end of the TM4 domain extends to the Met-Val-Leu region in CD81 when analysing
the sequence with TMHMM. All three of these residues have a probability >0.7. It is possible
that one or both Cys residues that follow the Met-Val-Leu region are in TM because some of
the other tetraspanins will have TM4 regions containing one or two Cys residues at its C-
terminal end, such as CD151, CD63 and Tspan11 (Figure 3.13A). Nevertheless, the Met-Val-

Leu region was taken to be the end of TM4.
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Figure 3.13. Determination of the TM4 region of human tetraspanins. (A) Sequence alignment of
the regions containing TM4 of all known human tetraspanins aligned using Clustal Omega (Sievers et
al., 2011). Residues with >80% conservation are highlighted in black if there is a single amino acid at
that position and in grey if the hydrophobic residue is Gly, Ala, Val, Leu or lle. (B) Prediction of the
probability that an amino acid in CD81 is likely to form part of the TM4 transmembrane helix using
TMHMM (Moller et al., 2001).

TM4 in human tetraspanins is the least conserved of all four TMs with just 4 out of the 23
positions having >50% sequence conservation (Figure 3.14), Gly in the 6" position (52%
sequence conservation), Gly in the 10" position (55%), Gly in the 18™ position (67%) and Leu
in the 215t position (52%).

Analysis of the sequence alignments was performed by looking for >80% sequence
conservation with similar amino acids grouped together using the default setting on the
Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000). Hydrophobic
residues (Gly, Ala, Val, Leu and lle) are one group, aromatic residues (Phe, Tyr and Trp) are
a second group, sulfur containing residues (Cys and Met) are a third group, positively charged

residues (Lys, Arg and His) are a fourth group, negatively charged and structurally similar
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residues (Asp, Glu, Asn, GIn) are a fifth group, polar, uncharged residues (Ser and Thr) are a

sixth group and Pro is on its own.
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Figure 3.14. Sequence alignment and conservation of the TM4 domain in human tetraspanins.
The TM4 domains of all known human tetraspanins were determined using TMHMM (Moller et al., 2001)
were aligned using Clustal Omega (Sievers et al., 2011). Sequence conservation was determined using
Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) by looking for residues that
are >80% conserved for a single amino acids (highlighted in black) or similar amino acids (highlighted
in grey). Similar amino acids were grouped based on chemical and structural similarity. Group 1: Gly,
Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group 4: Lys, Arg and His.
Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.

Even doing this does not provide any obvious candidates for an anchor residue in TM4. There
are eight positions that have >80% sequence conservation when amino acids such as Gly,
Ala, Val, Leu and lle are grouped but to reach that threshold at least three of those amino
acids are needed in each of the eight positions (Figure 3.14). This does not lead to an obvious

anchor residue.

Lowering the threshold required for sequence conservation by 10% to >70% results in three
more positions (Figure 3.15), as well as the eight seen previously when the threshold was
>80%. Two of them in the 3 and 7™ position consist largely of the hydrophobic residues found

in the large numbers in the eight positions previously described. The third new position
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highlighted is the 15" position which is 75% GIn/Glu (Figure 3.15, black box). The GIn residue

is 45% conserved and Glu is 30% conserved.
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Figure 3.15. Sequence alignment and residues with >70% conservation of the TM4 domain in
human tetraspanins. The TM4 domains of all known human tetraspanins were determined using
TMHMM (Moller et al., 2001) were aligned using Clustal Omega (Sievers et al., 2011). Sequence
conservation was determined using Sequence Manipulation Suite: Color Align Conservation (Stothard,
2000) by looking for residues that are >70% conserved for a single amino acid (highlighted in black) or
similar amino acids (highlighted in grey). Similar amino acids were grouped based on chemical and
structural similarity. Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and
Met. Group 4: Lys, Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro. The
75% conserved Glu/GIn residue in the 15t position is highlighted in the black box.

Its conservation of 75% is higher than the 67% for the highest single amino acid conservation
of TM4 which is Gly in the 18" position (Figure 3.16A) making it a good candidate as TM4
anchor residue. The locally aligned TM4 regions of CD81, CD9 and CD53 have an average
RMSD of 0.59 A indicating structural similarity. The GIn/Glu position, occupied by Met and Glu
in CD81, CD9 and CD53, are in a near identical position structurally in TM4 (Figure 3.16B,

black circle).
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Figure 3.16. Sequence and structural alignment of the TM4 domain of human tetraspanins. (A)
The sequence alignment of TM4 showing residue with >70% sequence conservation of Glu/Gin
highlighted in grey. The 75% conserved Glu/GIn residue in the 15™ position is highlighted in grey. (B)
The 3D structures of the TM4 domains of the solved human tetraspanin structures CD81 (PDB: 5tcx, in
red), CD9 (PDB: 6k4j, in green) and CD53 (PDB: 6wvg, in blue) were locally superimposed in Swiss-
PdbViewer and the average RMSD of 0.59 A between the three structures was calculated. As the
anchor residue, Glu/GIn (75% conserved) in the 15t position is highlighted in the black circle.

3.5 Anchor residue in the 4 transmembrane regions of tetraspanins

Figure 3.17 shows the location of all four TM anchor residues within the closed conformation
of CD81. The closed CD81 structure was chosen to display the anchor residues because it
was the first high resolution tetraspanin structure to be solved. The 82% conserved Gly residue
in TM1 is Gly25 of CD81 (Figure 3.17B), the 97% conserved Gly residue in TM2 is Gly69
(Figure 3.167C) and the 94% conserved Glu/GIn residue in TM3 is Glu105 (Figure 3.167D).
CD81 does not have a Glu or GIn residue in the position that contains 75% conservation of
Glu/GIn in TM4. Instead, CD81 has a Met residue at this position which can be seen in TM4
of the full-length protein (Figure 3.17E).

In CD81, we propose that Gly25 is labelled Gly1.50; 1 represents TM1 and 50 indicates that
Gly25 is the TM anchor residue. Its position within the complete primary sequence of CD81

may also be added, such that the notation is Gly1.50¢%).
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Figure 3.17. Ball and stick representation of CD81 showing the position of the anchor residues
in the TMs of human tetraspanins. (A) Ball and stick representation of CD81 in its closed conformation
(5tex) with TM1 (dark blue), TM2 (light blue), TM3 (cyan) and TM4 (red) labelled. (B) Location of the
82% conserved glycine residue (G25 in CD81) in full length CD81 viewed 90° clockwise compared to
(A). (C) Location of the 97% conserved glycine residue (G69) in full length CD81 viewed 180° clockwise
compared to (B). (D) Location of the 94% conserved glutamic acid/glutamine residue (E105 in CD81)
in full length CD81 viewed 90° anti-clockwise compared to (C). (E) Location of the 75% conserved
glutamic acid/glutamine residue (M216 in CD81) in full length CD81 viewed 90° anti-clockwise
compared to (D).

Anchor residues have been determined for the four TM domains in human tetraspanins.
However, in order to compile a comprehensive numbering system for tetraspanins other
conserved regions will need to be included. Analysis, therefore, will be carried out on q, B and

€ helices in the LEL to determine anchor residues in each of these regions.

3.6 Sequence and structural alignments of the a helix of the large extracellular loop of

human tetraspanins

The LEL a helix is located on the TM2-TM3 side of the protein and rests parallel to the
membrane when it is in the closed conformation (Figure 3.1). The a helix ranges in length from
approximately 12 to 20 amino acids (Figure 3.18A). Sequence alignment using Clustal Omega
(Sievers et al., 2011) produced no position with >40% conservation of any one single amino
acid.

Grouping chemically and structurally similar amino acids together in the following groups
results in position five for the majority of tetraspanins having >80% sequence conservation.
The groups are: Group 1: Gly, Ala, Val, Leu and lle, Group 2: Phe, Tyr and Trp, Group 3: Cys
and Met, Group 4: Lys, Arg and His, Group 5: Asp, Glu, Asn, GIn, Group 6: Ser and Thr and
Group 7: Pro. This position in the sequence is largely hydrophobic with 87% of the amino acids

at this position either lle, Val, Leu or Ala (Figure 3.18B).
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Figure 3.18. Sequence and structural alignment of the a helix in the large extracellular loop of
human tetraspanins. (A) The sequence alignment of the a helix within the large extraceullar loop.
Residues that are >80% conserved for similar amino acids are highlighted in grey. Similar amino acids
were grouped based on chemical and structural similarity. Group 1: Gly, Ala, Val, Leu and lle. Group 2:
Phe, Tyr and Trp. Group 3: Cys and Met. Group 4: Lys, Arg and His. Group 5: Asp, Glu, Asn, Gin.
Group 6: Ser and Thr. Group 7: Pro. The 87% conserved lle/Val/Leu/Ala residue in the 4t/5% position
is highlighted in grey. (B) The 3D structures of the a helix of the solved human tetraspanin structures
CD81 (PDB: 5tcx, in red), CD9 (PDB: 6k4j, in green) and CD53 (PDB: 6wvg, in blue) were locally
superimposed in Swiss-PdbViewer and the average RMSD of 0.57 A between the three structures was
calculated. As the anchor residue, lle/Val/Leu/Ala (87% conserved) in the 4/5t position is highlighted
in the black circle.

The a helices of the solved structures, CD81, CD9 and CD53 were locally aligned and the
average RMSD between the three structures was calculated to be 0.57 A (Figure 3.18B). The
low RMSD between the structures highlights the structural similarity despite a lack of
sequence conservation in the a helices of tetraspanins. The 87% conserved hydrophobic
residue in the 5" position of the majority of tetraspanins a helices (it is in the 4" position in
CD81, CD9 and CD53) is situated in the same position structurally, therefore it is an ideal

position for an anchor residue for the universal numbering system (Figure 3.18B, black circle).

3.7 Sequence and structural alignments of the B helix of the large extracellular loop of

human tetraspanins

The B helix is located on the TM1-TM4 side of human tetraspanins. It forms part of the large
extracellular loop, resting perpendicular to the membrane in the closed conformation and

varies in length. The longest belongs to Tspan31 which is 15 residues long, while the shortest
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is in Tspan2 which is just 9 residues long (Figure 3.19A). The vast majority, however, are 13
residues long. Only six (CD37, Tspan2, Tspan8, Tspan16, Tspan31 and PRPH2) of the 33
human tetraspanins possess a B helix that is not 13 residues long, therefore any reference
hereafter to residue positions in the 3 helix will be with regards to a structure that is 13 residues

long.

Only two of the 13 positions in the B helix have >50% sequence conservation. Asp in the 8"
position (61% sequence conservation) and GIn in the 11" position (73%). Neither of these
positions has >80% sequence conservation for any one specific amino acid. GIn in the 11"
position, however, is situated just two residues away from the C-terminal end of the 8 helix

which means that it would not make an ideal candidate for an anchor residue.
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Figure 3.19. Sequence and structural alignment of the B helix in the large extracellular loop of
human tetraspanins. (A) The sequence alignment of the B helix within the large extraceullar loop.
Residues that are >80% conserved for a single amino acid are highlighted in black and those for similar
amino acids are highlighted in grey. Similar amino acids were grouped based on chemical and structural
similarity. Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group
4: Lys, Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro. The 82%
conserved Asp/Asn residue in the 8" position is highlighted in grey. (B) The 3D structures of the 8 helix
of the solved human tetraspanin structures CD81 (PDB: 5tcx, in red), CD9 (PDB: 6k4j, in green) and
CD53 (PDB: 6wvg, in blue) were locally superimposed in Swiss-PdbViewer and the average RMSD of
0.55 A between the three structures was calculated. As the anchor residue, Asp/Asn (82% conserved)
in the 8™ position is highlighted in the black circle.
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Asp in the 8" position, on the other hand, is situated closer to the centre of the B helix and
when combined with the structurally similar residue, Asn, there is 82% sequence conservation
for Asp/Asn (Figure 3.19A). The positive score of 1 in the BLOSUMG62 score matrix highlights
the chemical similarity between Asp and Asn with the most significant difference being that
Asp is negatively charged (Henikoff & Henikoff, 1992).

The locally aligned B helix structures of CD81, CD9 and CD53 have an average RMSD of 0.55
A demonstrating the structural similarity of the region despite little primary sequence
conservation. The Asp/Asn position, occupied by Lys and Asp in CD81, CD9 and CD53, are
in a similar position structurally making it ideal to act as anchor residue in the universal

numbering system (Figure 3.19B, black circle).

3.8 Sequence and structural alignments of the € helix of the large extraceullar loop of

human tetraspanins

The ¢ helix is located on the TM1-TM4 side of tetraspanins in the large extracellular loop
immediately before TM4. The longest belongs to Tspan32 which is 20 residues long, while the
shortest is in ROM1 which is 11 residues long (Fig. 3.20). All but four (Tspan12, Tspan32,
ROM1 and PRPH2) of the 33 human tetraspanins possess an € helix that is 12 residues in
length, therefore any reference hereafter to residue positions in the € helix will be with regards

to a structure that is 12 residues long.

Only one of the 12 positions in the € helix has >50% sequence conservation, which is the first
Cys at its N-terminal end. It has 100% sequence conservation and forms a disulfide bond with
the first Cys residue in the CCG motif situated immediately after the B helix. No other position
has >50 sequence conservation for a single amino acid (Figure 3.20). The closest to reaching

this threshold is Asn in the 12", and final, position which is 48% conserved.

Neither the Cys residue in the 15 position, nor the Asn residue in the final position would make
a good anchor residue because their position at the extreme ends of the ¢ helix would make

a numbering system redundant.
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Figure 3.20. Sequence alignment and conservation of the £ helix in the large extracellular loop
of human tetraspanins. The sequence alignment of the € helix. Residues that are >80% conserved
for a single amino acid are highlighted in black. This highlights the 100% conserved Cys residue in the
1st position.

The BLOSUMG62 scores for the € helix can help locate an anchor residue. Two of the 12
positions have a BLOSUMG62 score >150. The 15t position has a score of 215.65 and the 5%
position has a score of 173.04 (Figure 3.21). With the 1t position not offering a viable position
for an anchor residue, the 5" position with the second highest BLOSUM®62 score is a suitable
position. It is located near the centre of the € helix and is a largely hydrophobic position. When
grouping the hydrophobic Gly, Ala, Val, Leu and lle residues together because of their similar
chemical properties (and using the default groupings on the Sequence Manipulation Suite
highlighted previously) the conservation seen in the 5" position is 84% (Figure 3.22A).
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Figure 3.21. BLOSUMG62 scores for each amino acid position in the € helix in the large
extracellular loop of human tetraspanins. The aligned € helices were analysed in JalView
(Waterhouse et al., 2009) to obtain BLOSUMG62 scores. BLOSUMG62 scores were plotted against each
position located in TM3 from the N-terminal end of TM3 to its C-terminus. The most conserved residue
in each position is written above the corresponding bar on the graph.

The locally aligned ¢ helix structures of CD81, CD9 and CD53 have an average RMSD of 1.16
A (Figure 3.22B). This relatively high RMSD can be attributed to the structural difference seen
at the C-terminal end of the € helix where it meets TM4. The average RMSD for the final four
residues at the C-terminal end is 2.12 A, whereas the average RMSD for the first eight
residues is 0.73A.

Despite being made up largely of three amino acids (lle, Leu and Ala) the 5" position with its
high BLOSUMG62 score and the similarity in structural position in CD81, CD9 and CD53 makes
it a good candidate for an anchor residue (Figure 3.22B, black circle).
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Figure 3.22. Sequence and structural alignment of the € helix in the large extracellular loop of
human tetraspanins. (A) The sequence alignment of the € helix. Residues with >80% sequence
conservation for a single amino acid are highlighted in black and for similar amino acids are highlighted
in grey. Similar amino acids were grouped based on chemical and structural similarity. Group 1: Gly,
Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group 4: Lys, Arg and His.
Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro. The 84% conserved lle/Leu/Val
residue in the 5" position is highlighted in grey. (B) The 3D structures of the € helix of the solved human
tetraspanin structures CD81 (PDB: 5tcx, in red), CD9 (PDB: 6k4j, in green) and CD53 (PDB: 6wvg, in
blue) were locally superimposed in Swiss-PdbViewer and the average RMSD of 1.16 A between the
three structures was calculated. As the anchor residue, lle/Leu/Val (84% conserved) in the 51 position
is highlighted in the black circle.

3.9 A universal tetraspanin numbering system

Anchor residues have been determined for the main conserved structural region of human
tetraspanins (Figure 3.23). The conserved structural regions are the four transmembrane
domains (TM1, TM2, TM3 and TM4) and the three common regions in the large extracellular

loop (the a helix, the B helix and the € helix).

The basic principle is that each anchor residue serves as a reference point. For instance, the
anchor residue of TM1 is 1.50. Moving towards the N-terminus results in the number 50
decreasing, while moving towards the C-terminus results in the number increasing. For
example, the 22" residue in TM1 of CD81 is Trp and is three residues closer to the N-terminus

than the anchor residue, meaning it is labelled Trp1.47 or Trp1.47(2),
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Figure 3.23. A universal tetraspanin residue numbering system. A snake plot of CD81 produced
using Protter (Omasits et al., 2014) is used to exemplify the numbering system. In TM1 the reference
residue is Gly1.50. Gly refers to the amino acid present in that position, 1 refers to the TM and 50 is the
most conserved (anchor) residue. Moving towards the N-terminus, the last number in this notation
decreases, so the adjacent upstream residue is Ala1.49 and the first residue in TM1 is Leu1.38. Moving
towards the C-terminus, the next residue in CD81 is Gly1.51. The final residue in TM1 is Leu1.58. The
anchor residues, as well the first and last residues in TM2, TM3 and TM4 of CD81 are highlighted. It is
also possible to denote the position of any residue in the primary sequence, as exemplified by
Met4.58(224),

3.10 Conclusion

In conclusion, a universal tetraspanin numbering system has been proposed that categorises
conserved regions in human tetraspanins. A reference point, or anchor residue, has been
highlighted in each conserved region allowing for a simple way for tetraspanin researchers to
communicate the position of a specific amino acid. The variable loop region between the 3
helix and the € helix in the LEL is less well conserved, both structurally and with regards to
primary sequence, therefore the next chapter will look at these variable loop sequences and

structures.
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Chapter 4 — Characterisation of the loops in the LELs of tetraspanins

Defining a comprehensive universal numbering system for tetraspanins proved challenging.
Numbering the membrane domains was feasible (Chapter 3) but for the loops situated in the
LEL between the 3 helix and the ¢ helix (Figure 4.1), and the SEL, robust numbering was less
straightforward, especially as these regions have significantly different lengths within the
family. To analyse these loop regions, they were divided into sub-categories based on the
arrangement of the Cys resides within them. Some of the LELs from these subfamilies were
modelled using trRosetta (Yang et al., 2020; Du et al., 2021).

A
' l)y Loop in
/> ) thelEL

a Helix B Helix Loop in the LEL € Helix

CcD81 :_VN‘[KDQIAKDVKQFYDQALQQ}QVVDBD NNAKAVVKTFHETLDCCGSSTLTALTTSVLEKNNLCPSGSNIISNLFKED

Figure 4.1. Location of the loop in the LEL of closed CD81. The position of the loop (light blue) in
the LEL of closed CD81 (PDB: 5tcx) between the B helix and the ¢ helix. Underneath the structure is
the CD81 LEL sequence with the LEL helices and the loop highlighted.

4.1 Sequence Alignment of the loops in the LELs of tetraspanins

The sequences of the loops in the LEL, which are the regions between the (3 helix and the €
helix, were taken from all known 33 human tetraspanins and aligned using Clustal Omega
(Sievers et al., 2011). The start of the sequence was taken as the first residue of the CCG
motif which is ubiquitous across all tetraspanins. The alignments were then analysed in the
Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) with residues
grouped together using the default setting because of their chemical and structural similarities
so that sequence conservation could be analysed. Amino acids were grouped together in the

following groups: Group 1: Gly, Ala, Val, Leu and lle, Group 2: Phe, Tyr and Trp, Group 3: Cys
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and Met, Group 4: Lys, Arg and His, Group 5: Asp, Glu, Asn and GIn, Group 6: Ser and Thr
and Group 7: Pro. Using the default amino acid groups, any part of the sequence that had
>80% conservation but <100% conservation is shown in light grey, while any part of the

sequence with 100% conservation is shown in black.

There is little conservation in the loop regions of tetraspanins with only one residue that is
100% conserved, namely a Cys residue in the middle of the loop in the LEL (Figure 4.1). The
only other notable position in loop in the LEL is the (largely) Trp residue found seven residues
from the start of the loop in most tetraspanins. This position is 73% Trp but rises to >80%
conservation when grouped together with other amino acids that have an aromatic ring, such
as Phe and Tyr. When including these residues every tetraspanin that has a residue at that
position on the alignment has one of those three residues except for Tspan18 which has a Val

residue (Figure 4.2).
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Figure 4.2. Sequence alignment and conservation of the loops between the B helix and the €
helix in the LELs of human tetraspanins. The loops in the LELs of all human tetraspanins were
aligned using Clustal Omega (Sievers et al., 2011). Sequence conservation was determined using
Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) by looking for residues that
were >80% conserved with identical amino acids highlighted in black and similar amino acids
highlighted in grey. Similar amino acids were grouped based on chemical and structural similarity.
Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group 4: Lys,
Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.
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Despite the ideal location of a 100% conserved Cys residue in the middle of the loop in the
LEL in every human tetraspanin, it would be challenging to devise a numbering system for the
loops in the LEL because of the large differences in sequence length within the family, which

ranges from 20 residues in Tspan2 to 82 residues in PRPH2 (Figure 4.2).

4.2 Cysteine arrangement in the LEL of human tetraspanins

In order to look at LEL sequence conservation, the constituent loops were divided into
subfamilies that had previously been suggested in the literature (Huang et al., 2005; De Salle
et al., 2010). These subfamilies are defined by the number and arrangement of Cys residues
in the LEL. All known human tetraspanin loop sequences were divided into these subfamilies
and the sequences were aligned using Clustal Omega (Sievers et al., 2011). The subfamilies
are named as follows: TspanC4 (CD81, CD9, CD53, Tspan2, Tspan32), TspanC6-CC
(CD151, CD63, Tspan1, Tspan3, Tspan4, Tspan6, Tspan7, Tspan9, Tspan11, Tspani2,
Tspan16, Tspan18, Tspan19, UP1a, UP1b), TspanC6-CxC (CD82, CD37, Tspan8, Tspan19),
TspanC6-CxxxC (Tspan13, Tspan31), TspanC6B3 (ROM1, PRPH2) and TspanC8 (Tspan5,
Tspan10, Tspan14, Tspan15, Tspan17, Tspan33) (Figure 4.3).

In Huang et al. (2005) and De Salle et al. (2010) each subfamily was given a generic name,
such as 6a for the TspanC6-CC family. Names like TspanC4 and TspanC8 are in common
usage, therefore the same nomenclature was used to name the tetraspanins that have six or
seven Cys residues in the LEL. These families have been named to specifically indicate the
arrangement of the middle two Cys residues in the LEL. TspanC6-CCs, for instance, contain
six Cys residues in the LEL, as indicated by “C6”, and the two middle Cys residues are
consecutive in the sequence. An “X” in between the “CC” is representative of any amino acid.
TspanC6fs have the same Cys arrangement as TspanC6-CCs except for the distinguishing
feature of an extra Cys residue in the B helix, giving rise to its name. The new names for
tetraspanin subfamilies proposed in this thesis are: TspanC6-CC, TspanC6-CxC, TspanC6-
CxxxC and TspanC6p.
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TspanC4 CCG C C

TspanC6-CC CCG cC C C
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[TspanCS C(CG—Cc—C cc C C

Figure 4.3. The arrangement of cysteines in the LELs of human tetraspanins. The Cys patterns
found in the LELs of human tetraspanins with “C4”, “C6” and “C8” representing the number of Cys
residues in the loops of the LELs. In the “C6” families this is followed by the arrangement of the two Cys
residues situated near the middle of the loops. An “x” between the “CC” represents any amino acids.
The “B” in TspanC6f indicates that another Cys residue is found those LELs, 15 amino acids before

the CCG-motif in the B helix.

4.3 Disulfide bond formation in the LEL of CD81

With the arrangement of Cys residues in the loop being a crucial factor in the structural
classification of tetraspanins, the likelihood of disfulfide bond formation was analysed using
SSBondPre (Gao et al., 2020). The primary function of SSBondPre is to find residues that can
be mutated to Cys to introduce new disulfide bonds into a protein, giving a probability from 0-
1 on disulfide bond formation. The output highlights native Cys residues that are likely to form

disfulfide bonds with an energy score of 0 since no mutations need to be done to the protein.

To ensure that SSBondPre recognises and predicts disulfide bonds that are known to form in
tetraspanins, the solved open and closed structures of CD81 were uploaded to the SSBondPre
web server for analysis. CD81 has four Cys residues in its loop and is known to form two
disulfide bonds with one bond between the first Cys residue in the CCG motif and the final
Cys residue in the loop located at the start of the € helix. The second disulfide bond exists
between the second Cys residue in the CCG motif and a Cys residue situated near the centre
of the loop. SSBondPre was able to detect the two disulfide bonds that form in the loop of the
closed structure of CD81 with a probability of 0.995 for Cys156-Cys190 bond and 0.985 for
the Cys157-Cys175 bond (Figure 4.4B). In the solved closed CD81 structure Cys156 and
Cys190 are 2.02 A apart and form a disulfide bond, however, Cys157 and Cys175 are 4.85 A
apart which is too far to form a disulfide bond (Figure 4.4A). Despite the lack of disulfide bond
between Cys157 and Cys175 in the structure, SSBondPre predicted that a disulfide bond
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between these two residues is highly likely, giving a high degree of confidence in SSBondPre

to be able to predict the presence of disulfide bonds.

A)

4.85 A

L
Cys157

Cys190

Cys156-Cys190 0.995
Cys157-Cy175 0.985

Figure 4.4. Disulfide bond pattern in the loop of the LEL in the closed structure of CD81. (A) The
solved closed structure of CD81 (PDB: 5TCX) with the Cys residues in the loop of the LEL highlighted.
A close-up of the LEL of closed CD81 with the Cys residues and their disulfide bonds. (B) The probability
of disulfide bond formation between two named Cys residues in the loops of the LEL of closed CD81
as predicted by SSBondPre (Gao et al., 2020).

In the solved open structure of CD81, the Cys156-Cys190 disulfide bond remains largely
unchanged with 2.01 A between the residues (Figure 4.5A), just 0.01 A less than the distance
in the closed structure. The probability predicted by SSBondPre is only 0.002 lower than that
found in the closed structure at 0.993 (Figure 4.5B). Unlike in the closed structure, Cys157-
Cys175 do form a disulfide bond in the solved open structure of CD81 with 2.03 A between
the residues (Figure 4.5A). The probability of these residues forming a disulfide bond,
according to SSBondPre, increases slightly by 0.002 to 0.987 (Figure 4.5B).
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Cys156-Cys190 0.993
Cys157-Cy175 0.987

Figure 4.5. Disulfide bond pattern in the loop of the LEL in the open structure of CD81. (A) The
solved open structure of CD81 (PDB: 7JIC) with the Cys residues in the loop of the LEL highlighted. A
close-up of the LEL of open CD81 with the Cys residues and their disulfide bonds. (B) The probability
of disulfide bond formation between two named Cys residues in the loops of the LEL of open CD81 as
predicted by SSBondPre (Gao et al., 2020).

Given that there is little sequence conservation in the loops of tetraspanins (Figure 4.1),

dividing them into their subfamilies and performing a sequence alignment might provide an

insight into each subfamily. The first subfamily to have its loops aligned was TspanC4.
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4.4 Sequence conservation in the loops of the LEL of TspanC4s

The TspanC4 subfamily consisting of CD81, CD9, CD53, Tspan2 and Tspan32 are one of the
most widely studied subfamilies. All three of the full length solved structures of tetraspanins
come from this family but there is little sequence conservation between the members in their

loops.

r—"==-"=-=-=-=-=1

CD81 SSTLTALTTSVLKNNL
CD9 LAGGVEQF-——-1ISDI
CD53 INGTSDWTS——-GPPAS
TSPANZ KESSEQVQ—————— PT
TSPAN32 KKSPFSRLG-STEADL

Figure 4.6. Disulfide bond pattern in the loop of the LEL in the closed structure of CD81 and
sequence alignment of the loops of TspanC4s. (A) The solved closed structure of CD81 (PDB:
5TCX) with the Cys residues in the loop of the LEL highlighted. A close-up of the LEL of closed CD81
with the Cys residues and their disulfide bonds. (B) Sequence alignment of the loops in the LELs of
TspanC4s aligned using Clustal Omega (Sievers et al., 2011). Sequence conservation was determined
using Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) by looking for residues
that are >80% conserved with identical amino acids highlighted in black and similar amino acids
highlighted in grey. Similar amino acids were grouped based on chemical and structural similarity.
Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group 4: Lys,
Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.

Other than the four Cys residues and the Gly in the CCG motif at the start of the loop the only
other position that shows significant conservation is an 80% conserved Pro residue
immediately after the middle Cys residue in all the proteins except Tspan32 which has a GIn

residue (Figure 4.6B).
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4.5 Structural characterisation and sequence conservation of the LEL in TspanC6-CCs

To try to further characterise the LELs, at least one loop from each subfamily was modelled
by uploading the LEL sequence to trRosetta (Yang et al., 2020, Du et al., 2021). Doing this
provided an insight into the structural characteristics of the tetraspanins which is beneficial
because, to date, the only full-length structures of human tetraspanins all belong to the
TspanC4 subfamily. Secondary structure prediction was performed by uploading the full-
length sequences to PSIPRED (McGuffin et al., 2000) as a comparison with the 3D structure
produced by trRosetta.

The LEL region of CD151, a member of the TspanC6-CC subfamily, was modelled using
trRosetta to produce a typical looking tetraspanin LEL with an a helix,  helix and € helix which
are believed to be consistent through all tetraspanins. Between the 8 helix and the € helix,

there are two more, short, helical structures known as the y helix and the & helix (Figure 4.7A).
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Figure 4.7. Modelled structure of the LEL of CD151 with secondary structure prediction. (A)
Structure of the LEL of CD151, a member of the TspanC6-CC subfamily, modelled using trRosetta
(Yang et al., 2020). Structured regions with the loop connecting the 8 helix to the ¢ helix are highlighted
in black boxes. (B) Plot of the estimated error in A for each amino acid in the modelled structure in (A).
(C) Secondary structure prediction of the loop in the LEL of CD151 using PSIPRED (McGuffin et al.,
2000). The start and end of the loop are situated between the two black lines. Amino acids forming part
of a predicted helical structure are coloured in a pink background. Amino acids that make up secondary
structures predicted by the trRosetta model of CD151 (A) are highlighted in the black boxes.
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The y helix is a short helical structure consisting of three amino acids (GIn162, Asp163 and
Trp164) which is partly predicted by PSIPRED. PSIPRED predicts that a helical structure is
formed by Trp164 and Arg165 (Figure 4.7C). The secondary structure prediction by PSIPRED
is closer to the structure predicted using trRosetta for the y helix because it predicts a five-
residue helical structure comprising Glu168, Trp169, lle170, Arg171 and Ser 172 (Figure
4.7C). This prediction matches the trRosetta structure except for the inclusion of GIn173 in the
helical structure in the predicted model (Figure 4.7A). There is little error predicted in the first
half of the CD151 LEL, which is likely because the first half is well structured consisting of four
helical structure, whereas there is an estimated 3 A error for some of the residues in the

second, largely unstructured, half of the LEL before the € helix (Figure 4.7B).

The disulfide bond patterns, using the modelled CD151, and sequence conservation in the
loops of the LEL of TspanC6s were investigated. CD151 modelled with trRosetta has three
disulfide bonds (Figure 4.8A). The first disulfide bond is formed between Cys145, which is the
first Cys residue in the CCG motif, and Cys191 and the probability of a disulfide bond between
these residues is 0.994, as predicted by SSBondPre (Figure 4.8B). The second disulfide bond,
Cys146-Cys169, exists between the second Cys residue in the CCG motif and the first of the
two Cys residues that are located next to each other in the middle of the loop (Figure 4.8A).
SSBondPre predicts that the probability of a disulfide bond between Cys146 and Cys169 is
0.983 (Figure 4.8B). The disulfide bond with the highest probability, at 0.996 (Figure 4.8B), is
between the second Cys residue of the two situated next to each other in the middle of the
loop, Cys170, and the fifth Cys of the six in the loop, Cys177 (Figure 4.8A).

Aligning the sequences of the TspanC6-CC loops highlights some positions other than the
Cys residues that have significant sequence conservation (Figure 4.8C). There is a 100%
conserved Pro residue three amino acids before the two middle Cys residues, as well as a Gly
residue one amino acid before the last Cys residue in all but one protein. The exception is
Tspan4 which has a Pro residue immediately preceding the final Cys residue (Figure 4.8C).
TspanC6-CCs have a position entirely occupied by aromatic amino acids near the beginning
of the loop. The 10" position consists of 79% Trp residues and 21% Phe residues, while the
9th position is 93% Asp and 7% Asn (Figure 4.8C).
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Cys170-Cys177 0.996
Cys145-Cys191 0.994
Cys146-Cys169 0.983
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Figure 4.8. Disulfide bond pattern in the loop of the LEL in the modelled structure of CD151 and
sequence alignment of the loops of TspanC6-CCs. (A) The modelled structure of CD151 with the
Cys residues in the loop of the LEL highlighted. A close-up of the LEL of modelled CD151 with the Cys
residues and their disulfide bonds. (B) The probability of disulfide bond formation between two named
Cys residues in the loops of the LEL of modelled CD151 as predicted by SSBondPre (Gao et al., 2020).
Disulfide bonds formed in the modelled are indicated in bold. (C) Sequence alignment of the loops in
the LELs of TspanC6-CCs aligned using Clustal Omega (Sievers et al., 2011). Sequence conservation
was determined using Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) by
looking for residues that are >80% conserved with identical amino acids highlighted in black and similar
amino acids highlighted in grey. Similar amino acids were grouped based on chemical and structural
similarity. Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group
4: Lys, Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.

4.6 Structural characterisation and sequence conservation of the LEL in TspanC6-
CxCs

CD37 is a member of the TspanC6-CxC subfamily and has the third longest loop of all human
tetraspanins at a length of 79 residues. CD37’s LEL was modelled using trRosetta and the
result was a more complex structure than the CD81 and CD151 tetraspanin LELs. Near the
start of the loop, just after the B helix is a short, four residue, helical structure which has been
seen in other models and would be called the y helix. This helical structure consists of GIn159,
Asp160, Trp161 and Phe162 (Figure 4.6A). Trp161 and Phe162 are predicted to be the start
of a three-residue helix using PSIPRED, which also predicts another three residue helix two

residues after this one (Figure 4.6C).
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Figure 4.9. Modelled structure of the LEL of CD37 with secondary structure prediction. (A)
Structure of the LEL of CD37, a member of the TspanC6-CxC subfamily, modelled using trRosetta
(Yang et al., 2020). Structured regions with the loop connecting the 8 helix to the ¢ helix are highlighted
in black boxes. (B) Plot of the estimated error in A for each amino acid in the modelled structure in (A).
(C) Secondary structure prediction of the loop in the LEL of CD37 using PSIPRED (McGuffin et al.,
2000). The start and end of the loop are situated between the two black lines. Amino acids forming part
of a predicted helical structure are coloured in a pink background. Amino acids that make up secondary
structures predicted by the trRosetta model of CD37 (A) are highlighted in the black boxes.

The second predicted helix by PSIPRED is not present in the trRosetta structure. The next
structured region in the model is a short sheet comprising Cys181, Tyr182 and Asn183 (Figure
4.9A) which was not predicted by PSIPRED (Figure 4.9C). Following this sheet is a long, 15
residue, helix that is partially predicted by PSIPRED. PSIPRED predicts a lle192 and Leu193
helix followed by four unstructured residues and then a ten-residue helix (Figure 4.9C).
Combining these two predicted helices together means that nine of the residues predicted to
be in a helical structure by PSIPRED are in the 15-residue helix modelled by trRosetta. The
modelled helix consists of Ser190, Thr191, 11e192, Leu193, Asp194, Lys195, Val196, 1le197,
Leu198, Pro199, GIn200, Leu 201, Ser 202, Arg203 and Leu204 (Figure 4.9A).

The final structured region in the modelled CD37 loop has good agreement between the
trRosetta model and the PSIPRED prediction with regards to the residues involved but not the
structure. In the model a sheet comprising His224, 11e225 and Tyr226 is situated just before
the end of the loop and the ¢ helix (Figure 4.9A). PSIPRED predicts that His224 and lle225
form a helix, not a sheet (Figure 4.9C). The first half of the modelled CD37 LEL structure has

small levels of estimated error with much of this region having an estimated error of >2 A
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(Figure 4.9B). The greater estimated error in the model occurs in the second half of the
structure with significant parts between 6-8 A estimated error. The 19-residue strand between
the 15-residue helix and the second sheet has particularly high levels of estimated error which

go above 8 A, nearly reaching 10 A (Figure 4.9B).

The disfulfide bond pattern of the CD37 model that was modelled using trRosetta
demonstrated a disulfide bond pattern not seen before in any of the other tetraspanin. In other
tetraspanins the second Cys residue in the CCG motif forms a disulfide bond with the first Cys
of the middle two. In CD37, however, the second Cys in the CCG motif forms a disulfide bond
with the second Cys of the middle two, leaving the first Cys of the middle two to form a disulfide
bond with the fifth Cys residue in the loop (Figure 4.10A). This finding is backed up by the
SSBondPre prediction because the only possible disulfide bonds predicted are the ones that
are formed in the model. They are the Cys162-Cys230, Cys163-Cys181 and Cys179-Cys217
bonds which have probabilities of 0.990, 0.979 and 0.961 respectively (Figure 4.10B).
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Figure 4.10. Disulfide bond pattern in the loop of the LEL in the modelled structure of CD37 and
sequence alignment of the loops of TspanC6-CxCs. (A) The modelled structure of CD37 with the
Cys residues in the loop of the LEL highlighted. A close-up of the LEL of modelled Cd37 with the Cys
residues and their disulfide bonds. (B) The probability of disulfide bond formation between two named
Cys residues in the loops of the LEL of modelled CD37 as predicted by SSBondPre (Gao et al., 2020).
Disulfide bonds formed in the modelled are indicated in bold. (C) Sequence alignment of the loops in
the LELs of TspanC6-CxCs aligned using Clustal Omega (Sievers et al., 2011). Sequence conservation
was determined using Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) by
looking for residues that are >80% conserved with identical amino acids highlighted in black and similar
amino acids highlighted in grey. Similar amino acids were grouped based on chemical and structural
similarity. Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group
4: Lys, Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.
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Other than a (D/N)-W region near the start of the loop and a YXEx region immediately before
the final Cys residue there is no sequence conservation (Figure 4.10C). TspanC6-CxC loops
also have vastly different lengths ranging from the shorter Tspan8 and Tspan19 loops with 44
and 48 amino acids respectively to CD82 and CD37 with 68 and 79 amino acids respectively
(Figure 4.10C).

Given that the CD37 LEL model had an unusual and unexpected disulfide bond pattern the
other three TspanC6-CxCs, CD82, Tspan19 and Tspan8, LELs were modelled using trRosetta
to see if this disulfide bond pattern is a characteristic of this subfamily or just CD37. The CD82
LEL model has the normal disulfide bond between the first and last Cys in the loop between
Cys149-Cys216 (Figure 4.11A) with a probability of 0.991 predicted by SSBondPre (Figure
4.11B). Except for CD37, all other modelled LELs have a disulfide bond between the second
and third Cys residues, however, CD82, like CD37, has a disulfide bond between the second
and fourth Cys residues (Figure 4.11A). The Cys150-Cys176 bond has a probability of 0.986
(Figure 4.11B). There is no third disulfide bond formed in the CD82 LEL model because Cy174
and Cys193 are 9.14 A apart which is too great a distance for disulfide bond formation (Figure
4.11A). SSBondPre does not predict a bond between these two residues either. It does,
however, predict with a high probability of 0.982 a disulfide bond between Cys176 and Cys193
(Figure 4.11B). In the event of this bond forming, it would free Cys150, which is bound to
Cys176 in the CD82 LEL model, to bind to Cys174 which would be the usual disulfide bond

between the second and third Cys residues in the loop.

Cy5178

B) D) F)
Cys149-Cys216 0.991 Cys153-Cys200 0.991 Cys151-Cys194 0.992
Cys150-Cys176 0.986 Cys154-Cys178 0.987 Cys172-Cys181 0.972
Cys176-Cys193 0.982 Cys176-Cys188 0.982 Cys152-Cys172 0.525

Figure 4.11. Disulfide bond pattern in the loop of the LEL in the modelled structure of CD82,
Tspan19 and Tspan8. (A) The modelled structure of CD82 with the Cys residues in the loop of the LEL
highlighted. A close-up of the LEL of modelled CD82 with the Cys residues and their disulfide bonds.
(B) The probability of disulfide bond formation between two named Cys residues in the loop of the LEL
of modelled CD82 as predicted by SSBondPre (Gao et al., 2020). Disulfide bonds formed in the
modelled are indicated in bold. (C) The modelled structure of Tspan19 with the Cys residues in the loop
of the LEL highlighted. A close-up of the LEL of modelled Tspan19 with the Cys residues and their
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disulfide bonds. (D) The probability of disulfide bond formation between two named Cys residues in the
loop of the LEL of modelled Tspan19 as predicted by SSBondPre (Gao et al., 2020). Disulfide bonds
formed in the modelled are indicated in bold. (E) The modelled structure of Tspan8 with the Cys residues
in the loop of the LEL highlighted. A close-up of the LEL of modelled Tspan8 with the Cys residues and
their disulfide bonds. (B) The probability of disulfide bond formation between two named Cys residues
in the loop of the LEL of modelled Tspan8 as predicted by SSBondPre (Gao et al., 2020). Disulfide
bonds formed in the modelled are indicated in bold.

The Tspan19 LEL model exhibits the same disfulfide bond arrangement as that seen in the
CD37 LEL model (Figure 4.11C). Cys153, the first Cys residue, forms a bond with Cys200,
the last Cys residue and the probability of this is 0.991, as predicted by SSBondPre (Figure
4.11D). The second Cys residue, Cys154, forms a disulfide bond with the fourth Cys residue,
Cys178, not the third third Cys residue as seen in other tetraspanin models. As a result, the
third Cys residue, Cys176, and the fifth Cys residue, Cys188, interact with each other (Figure
4.11C). The probability of the formation of these disulfide bonds according to SSBondPre is
0.987 and 0.982 respectively (Figure 4.11D).

Tspan8, however, does not have a disulfide bond between the second Cys residue and the
fourth Cys residue, a phenomenon seen in the other member of the TspanC6-CxC subfamily.
It has the more common second Cys and third Cys disulfide bond formed between Cys152-
Cys172 (Figure 4.11E). Interestingly, however, despite this bond existing the Tspan8 LEL
model the probability predicted by SSBondPre is only 0.525 (Figure 4.11F). The probability of
Cys172, the third Cys residue, forming a disulfide bond with Cys181, the fifth Cys residue, is
much higher at 0.972 (Figure 4.11F). If this bond did form, then the possibility exists for the
second and fourth Cys to form a disulfide bond like in the other TspanC6-CxC LEL models.
However, there is no predicted bond between these cysteines by SSBondPre. The only other
predicted disulfide bond is the usual bond between the first Cys residue, Cys151, and the sixth
Cys residue, Cys194, with a probability of 0.992 (Figure 4.11F). No bond is predicted or
present in the Tspan8 LEL model between Cys174-Cys181, the fourth and fifth Cys residues,
because there is an 11.42 A distance between them which is too big for disulfide bond

formation (Figure 4.11E).

4.7 Structural characterisation and sequence conservation of the LEL in TspanC6-

CxxxCs

Tspan13 and Tspan31 make up a small subfamily called TspanC6-CxxxC, so Tspan13 was
modelled using trRosetta. The predicted secondary structure using PSIPRED did not predict
any structured region between the 3 helix and the ¢ helix (Figure 4.12C), however, the
trRosetta predicted structure predicts a helical structure in the middle of the loop between the

B helix and the ¢ helix (Figure 4.12A). The helical structure comprises Cys140, Leu141,
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Ala142, Ser143 and Cys144, so this structure contains the two middle Cys residues, separated
by three amino acids, that form disulfide bonds with other Cys residues in the loop. The
estimated error in the model follows a similar pattern to that seen the CD151 LEL model with
less error in the first half of the structure and more error in the second half, especially between
the B helix and the ¢ helix (Figure 4.12B).
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Figure 4.12. Modelled structure of the LEL of Tspan13 with secondary structure prediction. (A)
Structure of the LEL of Tspan13, a member of the TspanC6-CxxxC subfamily, modelled using trRosetta
(Yang et al., 2020). Structured regions with the loop connecting the 8 helix to the € helix are highlighted
in black boxes. (B) Plot of the estimated error in A for each amino acid in the modelled structure in (A).
(C) Secondary structure prediction of the loop in the LEL of Tspan13 using PSIPRED (McGuffin et al.,
2000). The start and end of the loop are situated between the two black lines. Amino acids forming part
of a predicted helical structure are coloured in a pink background. Amino acids that make up secondary
structures predicted by the trRosetta model of Tspan13 (A) are highlighted in the black boxes.

TspanC6-CxxxCs have a similar cysteine arrangement to TspanC6-CCs with the notable
difference of three amino acids between the two middle Cys residues, hence the nomenclature
TspanC6-CxxxC. Tspan13 was modelled using trRosetta and the resulting structure has three
disulfide bonds between the six Cys residues (Figure 4.13A).
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Figure 4.13. Disulfide bond pattern in the loop of the LEL in the modelled structure of Tspan13
and sequence alignment of the loops of TspanC6-CxxxCs. (A) The modelled structure of Tspan13
with the Cys residues in the loop of the LEL highlighted. A close-up of the LEL of modelled Tspan13
with the Cys residues and their disulfide bonds. (B) The probability of disulfide bond formation between
two named Cys residues in the loops of the LEL of modelled Tspan13 as predicted by SSBondPre (Gao
et al., 2020). Disulfide bonds formed in the modelled are indicated in bold. (C) Sequence alignment of
the loops in the LELs of TspanC6-CxxxCs aligned using Clustal Omega (Sievers et al., 2011).
Sequence conservation was determined using Sequence Manipulation Suite: Color Align Conservation
(Stothard, 2000) by looking for residues that are >80% conserved with identical amino acids highlighted
in black and similar amino acids highlighted in grey. Similar amino acids were grouped based on
chemical and structural similarity. Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group
3: Cys and Met. Group 4: Lys, Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group
7: Pro.

The three disulfide bonds are formed between Cys128-Cys154, Cys129-Cys140 and Cys144-
Cys151, which have probabilities of forming disulfide bonds predicted by SSBondPre of 0.994,
0.987 and 0.961 respectively (Figure 4.13B). SSBondPre, however, highlights three other
potential disfulfide bonds between these six Cys residues. Two of them, Cys128-Cys151 and
Cys129-Cys151, have a lower probability than three disulfide bonds that are formed in the
Tspan13 model. Cys128-Cys151 has a probability of 0.811 and Cys129-Cys151 has a
probability of 0.783 (Figure 4.13B). A predicted bond between Cys129 and Cys144, on the
other hand, has a higher probability than the Cys144-Cys151 bond found in the Tspan13
model with a probability of 0.964, which is 0.003 higher than Cys144-Cys151 (Figure 4.13B).

Besides the six conserved Cys residues, TspanC6-CxxxCs have a conserved Ala residue in
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the middle of the CxxxC arrangement in the centre of the loop (Figure 4.13C). Two residues

before the CxxxC sequence is a conserved Asp residue.

4.7 Structural characterisation and sequence conservation of the LEL in TspanC6fs

ROM1 is one of two members of the TspanC6p subfamily and its structure, modelled by
trRosetta, has similar levels of complexity to CD37, due in large part because it has the joint
longest loop in human tetraspanins with 86 residues. The other human tetraspanin with 86
residues is the other member of the TspanCG6 subfamily, PRPH2. Of all the LELs modelled
ROM1 has the biggest discrepancy between the trRosetta model and the PSIPRED secondary
structure prediction. PSIPRED only predicts the presence of one helical structure in the loop

(Figure 4.14C) but the trRosetta model has four helices in the loop (Figure 4.14A).
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Figure 4.14. Modelled structure of the LEL of ROM1 with secondary structure prediction. (A)
Structure of the LEL of ROM1, a member of the TspanC6f subfamily, modelled using trRosetta (Yang
et al., 2020). Structured regions with the loop connecting the 8 helix to the € helix are highlighted in
black boxes. (B) Plot of the estimated error in A for each amino acid in the modelled structure in (A).
(C) Secondary structure prediction of the loop in the LEL of ROM1 using PSIPRED (McGuffin et al.,
2000). The start and end of the loop are situated between the two black lines. Amino acids forming part
of a predicted helical structure are coloured in a pink background. Amino acids that make up secondary
structures predicted by the trRosetta model of ROM1 (A) are highlighted in the black boxes.

The first two helices in the modelled loop are not predicted by PSIPRED (Figure 4.14C). The
first modelled loop is near the beginning of the loop and is made up of Lys175, Asp176 and

Trp177, while the second helix starts four residues after the end of the first one and consists
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of GIn181, Trp182, Val183, Ser184, Ser185, Arg186 and Tyr187 (Figure 4.14A). Although
PSIPRED only predicts one helix is in the loop the one it does predict is almost entirely in
agreement with the third helix in the modelled LEL. In the modelled ROM1 the next helix
contains Arg193, Asp194, Val195, Ala196, Asp197, Arg198, lle199, GIn200, Ser201 and
Asn202 (Figure 4.14A), which is the same as the helix predicted by PSIPRED except for the
omission of Asn202 (Figure 4.14C). A final short helix consisting of Arg229, Leu230 and
Ser231 is situated in the middle of a large unstructured strand after the third helix in the model
(Figure 4.14A).

Like the other modelled LELs most of the first half of the structure of ROM1 has error estimate
for each position of <2 A, while the second half having a higher error estimate of between 4-8
A (Figure 4.14B).

The first two helices in the modelled loop are not predicted by PSIPRED (Figure 4.14C). The
first modelled loop is near the beginning of the loop and is made up of Lys175, Asp176 and
Trp177, while the second helix starts four residues after the end of the first one and consists
of GIn181, Trp182, Val183, Ser184, Ser185, Arg186 and Tyr187 (Figure 4.14A). Although
PSIPRED only predicts one helix is in the loop the one it does predict is almost entirely in
agreement with the third helix in the modelled LEL. In the modelled ROM1 the next helix
contains Arg193, Asp194, Val195, Ala196, Asp197, Arg198, lle199, GIn200, Ser201 and
Asn202 (Figure 4.14A), which is the same as the helix predicted by PSIPRED except for the
omission of Asn202 (Figure 4.14C). A final short helix consisting of Arg229, Leu230 and
Ser231 is situated in the middle of a large unstructured strand after the third helix in the model
(Figure 4.14A). Like the other modelled LELs most of the first half of the structure of ROM1
has error estimate for each position of <2 A, while the second half having a higher error
estimate of between 4-8 A (Figure 4.14B).

The TspanC6 subfamily is a unique subfamily of human tetraspanins. They not only have six
Cys residues in their loops but they also have a seventh Cys residue in the LEL which is
located 15 residues before the CCG motif in the B helix (Figure 4.15C). TspanC63 proteins
have the same cysteine arrangement as TspanC6-CCs with the two middle Cys residues
situated next to each other. Like the other subfamilies previously investigated with six Cys
residues in the loop the cysteine arrangement is a disulfide bond between the first Cys residue
in the CCG motif and the sixth Cys residue in the loop. In ROM1, which was modelled using
trRosetta (Figure 4.15A), this disulfide bond is formed between Cys168 and Cys253 with a
0.994 probability predicted by SSBondPre (Figure 4.15B). The second Cys residue in the CCG
motif, Cys169 in ROM1, forms a disulfide bond with the first Cys residue of the middle two,
Cys216 in ROM1 (Figure 4.15A), with a probability of 0.978 (Figure 4.15B). The third disulfide
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bond in TspanC6[3s is between the fourth and fifth Cys residue in the loop. Cys217, the second
Cys of the middle two, forms a disulfide bond with the fifth Cys residue in the loop, Cys225 in
ROM1 (Figure 4.15A) with a probability of 0.989 (Figure 4.15B). SSBondPre also predicts the
possibility of a disulfide bond between Cys216 and Cys225, although the probability of this
bond is much lower than the three formed in the ROM1 model with a probability of 0.605
(Figure 4.15B).
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Cys169-Cys216 0.978
Cys216-Cys225 0.605
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Figure 4.15. Disulfide bond pattern in the loop of the LEL in the modelled structure of ROM1 and
sequence alignment of the loops of TspanC6s. (A) The modelled structure of ROM1 with the Cys
residues in the loop of the LEL highlighted. A close-up of the LEL of modelled ROM1 with the Cys
residues and their disulfide bonds. (B) The probability of disulfide bond formation between two named
Cys residues in the loops of the LEL of modelled ROM1 as predicted by SSBondPre (Gao et al., 2020).
Disulfide bonds formed in the modelled are indicated in bold. (C) Sequence alignment of the loops in
the LELs of TspanC6ps aligned using Clustal Omega (Sievers et al., 2011). Sequence conservation
was determined using Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) by
looking for residues that are >80% conserved with identical amino acids highlighted in black and similar
amino acids highlighted in grey. Similar amino acids were grouped based on chemical and structural
similarity. Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group
4: Lys, Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.

Sequence alignment of TspanC6Bs shows large amounts of sequence conservation (Figure
4.15C). The loops of ROM1 and PRPH2 are identical lengths, both containing 86 amino acids,
48 of which are conserved and a further 14 are similar amino acids. Most of the conserved
residues are in the first two thirds of the loop sequence with just nine of the 48 conserved
residues located in the final third (Figure 4.15C).
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4.7 Structural characterisation and sequence conservation of the LEL in TspanC8s

Tspan15 belongs to the TspanC8 subfamily and its LEL region was modelled using trRosetta,
resulting in a similar structure to Tspan13 (Figure 4.12A), albeit with a much longer
unstructured region between the B helix and the ¢ helix (Figure 4.16A). Like Tspan13, there is
a small helical structure between the B helix and the € helix comprised of Arg161, Asp162,
Trp163 and Ser164 (Figure 4.16A). PSIPRED does predict that that there is one helical
structure in the loop of Tspan15 but it is predicted to be just two amino acids in length (Figure
4.16C). Despite this, there is some overlap between the PSIPRED prediction and the trRosetta
structure. The helical structure predicted by PSIPRED includes the last residue in the helical

structure predicted by trRosetta, Ser164, and includes the following residue, Lys165.
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Figure 4.16. Modelled structure of the LEL of Tspan15 with secondary structure prediction. (A)
Structure of the LEL of Tspan15, a member of the TspanC8 subfamily, modelled using trRosetta (Yang
et al., 2020). Structured regions with the loop connecting the  helix to the € helix are highlighted in
black boxes. (B) Plot of the estimated error in A for each amino acid in the modelled structure in (A).
(C) Secondary structure prediction of the loop in the LEL of Tspan15 using PSIPRED (McGuffin et al.,
2000). The start and end of the loop are situated between the two black lines. Amino acids forming part
of a predicted helical structure are coloured in a pink background. Amino acids that make up secondary
structures predicted by the trRosetta model of Tspan15 (A) are highlighted in the black boxes.

Due to the well-defined a and 8 helices there is little error estimated in the trRosetta model in
the first half of the structure but there are more pronounced error estimates in the second half

of the structure which is mostly a long unstructured strand before the € helix (Figure 4.16B).
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As a result of this large unstructured region the estimated error for some of the amino acids
rises as high as 5 A.

Since producing the Tspan15 LEL model a solved structure of this region has been published
(Lipper et al., 2022). The solved structure of the Tspan15 LEL is like the one modelled by
trRosetta except for the inclusion of two short sheets and another short helical structure
between the predicted helical structure in the loop and the ¢ helix (Figure 4.17B). The first
helical structure in the solved structure is identical to the modelled structure because it
contains the same four residues. Overlaying the two structures (Figure 4.17C) demonstrates
the similarity with regards to the first half of the LEL and the core structures, the a,  and €
helices. The RMSD between the two molecules is 4.09 A, highlighting both the strengths of
using computational methods to predict protein structure and its limitations because neither
trRosetta or PSIPRED predicted the two sheets and extra helix in the loop.

B)

Figure 4.17. Comparison of the modelled Tspan15 LEL and the solved structure of Tspan15. (A)
The modelled structure of the LEL of Tspan15 using trRosetta (Yang et al., 2020). (B) The solved
structure of the LEL of Tspan15 (PDB: 7RDB). (C) The modelled structure of the LEL of Tspan15
overlayed with the solved structure of Tspan15 with an RMSD between the two molecules of 4.09 A.

TspanC8s, named because they are the only subfamily of tetraspanins to have eight Cys
residues in their loops, consist of Tspan5, Tspan10, Tspani4, Tspan 15, Tspan17 and
Tspan33 (Figure 4.18C). Despite having two more Cys residues than other known human
tetraspanins the Cys arrangement is the same as that found in TspanC6-CCs except for two
Cys residues between the CCG motif and the middle two Cys residues which form a disulfide
bond with each other, as seen in the Tspan15 LEL model (Figure 4.18A). The disulfide bonding
pattern between the eight Cys residues is 1-8, 2-5, 3-4 and 6-7.
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Figure 4.18. Disulfide bond pattern in the loop of the LEL in the modelled structure of Tspan15
and sequence alignment of the loops of TspanC8s. (A) The modelled structure of Tspan15 with the
Cys residues in the loop of the LEL highlighted. A close-up of the LEL of modelled Tspan15 with the
Cys residues and their disulfide bonds. (B) The probability of disulfide bond formation between two
named Cys residues in the loops of the LEL of modelled Tspan15 as predicted by SSBondPre (Gao et
al., 2020). Disulfide bonds formed in the modelled are indicated in bold. (C) Sequence alignment of the
loops in the LELs of TspanC8s aligned using Clustal Omega (Sievers et al., 2011). Sequence
conservation was determined using Sequence Manipulation Suite: Color Align Conservation (Stothard,
2000) by looking for residues that are >80% conserved with identical amino acids highlighted in black
and similar amino acids highlighted in grey. Similar amino acids were grouped based on chemical and
structural similarity. Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and
Met. Group 4: Lys, Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.

The 1-8 bond between Cys154-Cys218 in Tspan15 has a probability of 0.992, as predicted by
SSBondPre (Figure 4.18B). The predicted probability of a disulfide bond between the 2-5 Cys
residues, Cys155-Cys185, is lower at 0.983, while the 6-7 bond between Cys186-Cys198 has
a probability of 0.992, the same as the Cys154-Cys218 bond. The unique 3-4 bond is formed
between Cys171-Cys179 in Tspan15 and has the highest probability of 0.996 (Figure 4.18B).
SSBondPre also predicts the potential for a disulfide bond between Cys185-Cys198, which
would be a 5-7 bond, although the probability of this disulfide bond is much lower at 0.677.

TspanC8s have a high degree of sequence conservation in the loop (Figure 4.18C). Six amino
acids after the CCG motif at the start of the loop is a conserved DWxxNXxY region which ends
three amino acids before the third Cys residue. Except for Tspan15 this conserved region
extends up to the third Cys residue for Tspan5, Tspan10, Tspan14, Tspan17 and Tspan33
with all of them having a DWxxNxYFN conserved region immediately before the third Cys
residue in the loop (Figure 4.18C). Between the fourth and fifth Cys residue is another region

with high conservation. The four residues prior to the fifth Cys residue are (V/L)-Px-(S/T) with
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Val 80% conserved at the start and Ser 80% conserved at the end. Five amino acids before
the seventh Cys residue is a V-(V/I/L)-NT region in all but Tspan10 which has a Ser residue
in place of Val at the beginning and an Asp residue instead of the Thr at the end (Figure
4.18C). Like the TspanC6p subfamily most sequence conservation in the loops of TspanC8s

is in the first two thirds of the sequence.

4.8 Conservation in the SEL of tetraspanins by subfamily

Having characterised the TMs, the a, B and ¢ helices in the LEL (Chapter 3) and the loop in
region in the LEL in this chapter the only significant region of tetraspanins yet to be explored
is the small extracellular loop which connects TM1 and TM2. Conservation in this region was
initially explored by aligning all 33 human tetraspanin SELs with Clustal Omega (Sievers et
al., 2011) (Figure 4.19).
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Figure 4.19 Sequence alignment and conservation of the SELs of human tetraspanins. The SELs
of human tetraspanins were aligned using Clustal Omega (Sievers et al., 2011). Sequence conservation
was determined using Sequence Manipulation Suite: Color Align Conservation (Stothard, 2000) by
looking for residues that are >70% conserved with identical amino acids highlighted in black and similar
amino acids highlighted in grey. Similar amino acids were grouped based on chemical and structural
similarity. Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group
4: Lys, Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.
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The SEL is one region of tetraspanins that will almost no conservation when all 33 human
tetraspanins are aligned. The SELs range in length from as little as 15 residues to 32 residues,
making aligning the sequences difficult. Once the sequences were aligned with Clustal Omega
(Sievers et al., 2011) only the first two residues in the SEL exhibit significant conservation
(Figure 4.19).

Neither of these positions have one amino acid that is >70% conserved. The first two positions
are 70% conserved when the amino acids are grouped together in the following groups: Group
1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and Met. Group 4: Lys,
Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro. The first
position in the SEL of human tetraspanins is 88% a residue from Group 2, with Trp making up
the most significant portion (Figure 4.19), while the second position consists of 75% of

residues from Group 1.

Separating the alignments of the SEL up into groups based on their Cys arrangement in the
loop provides some insight into sequence conservation for some of the subfamilies.
Nevertheless, TspanC4 (Figure 4.20A) and TspanC6-CC (Figure 4.20E) do not have much
sequence conservation. There is not one amino acid anywhere in the TspanC4 SEL that is
>70% conserved (Figure 4.20A).
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Figure 4.20 Sequence alignment and conservation of the SELs by subfamily of human
tetraspanins. The SELs of human tetraspanins were separated into their subfamilies based on Cys
arrangement in their loops: (A) TspanC4 (B) TspanC6-CxC (C) TspanC6p (D) TspanC6-CxxxC (E)
TspanC6-CC (F) TspanC8. They were aligned using Clustal Omega (Sievers et al., 2011). Sequence
conservation was determined using Sequence Manipulation Suite: Color Align Conservation (Stothard,
2000) by looking for residues that are >70% conserved with identical amino acids highlighted in black
and similar amino acids highlighted in grey. Similar amino acids were grouped based on chemical and
structural similarity. Group 1: Gly, Ala, Val, Leu and lle. Group 2: Phe, Tyr and Trp. Group 3: Cys and
Met. Group 4: Lys, Arg and His. Group 5: Asp, Glu, Asn, GIn. Group 6: Ser and Thr. Group 7: Pro.
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TspanC6-CxC SELs are highly conserved in the first half of their sequences (Figure 4.20B).
All four of them start with a Trp residue followed by three small hydrophobic residues (Ala,
Leu, lle or Val), except for the third residue in the Tspan8 SEL which is an Arg residue. The
next residue is a 75% conserved Asp, except for Tspan8 which has a Ser instead. CD82,
CD37 and Tspan19 have a positively charged residue that follows the Asp residue, while
Tspan8 differs again with an Asn residue (Figure 4.18B). Two positions after the positively
charged residue is a 75% conserved Ser which appears in all but Tspan19 which has an Asn,
while the next residue is a 75% conserved Phe except for Gln in Tspan8. The second half of

the TspanC6-CxC sequences have little conservation (Figure 4.20B).

The two TspanC6Bs, ROM1 and PRPH2, have conserved residues near the start of the SEL
(Figure 4.20C). The second residue is a conserved Leu, as is the sixth residue which is
followed by a conserved Arg. Immediately preceding the second conserved Leu residue is a
small hydrophobic amino acid followed by the chemical and structurally similar amino acids
GIn/GIn (Figure 4.20C). The residue after the conserved Arg in ROM1 is a His and a Lys in
PRPH2, both of which are positively charged. Other than a conserved Ser in the 16" position
and a conserved Pro in the penultimate position of the SEL, there is not any more conservation
in TspanC6p SELs (Figure 4.20C).

Tspan13 and Tspan31, members of the TspanC6-CxxxC subfamily, are the most conserved
subfamily when looking at the SEL (Figure 4.20D). They both have the SEL length at 15
residues which are also the shortest SELs of any human tetraspanin. Only two of the 15
residues have no similarity and eight of them are identical. TspanC6-CxxxCs begin with a Trp
residue and five of the next seven residues are small hydrophobic residues. One area of
particular interest could be the next two amino acids which are two Ser residues in both

proteins (Figure 4.20D).

The TspanC8 SEL has little conservation in the middle of the sequence but some conservation
at the ends of the sequence (Figure 4.20F). The first residue in all TspanC8 SELs is an
aromatic amino acid (67% Trp and 33% Tyr), followed by an 83% Ala residue. An 83%
conserved Lys residue is situated in the sixth position. The only TspanC8 that does not have
a Lys residue here is Tspan15 which has another positively charged residue, Arg (Figure
4.20F). Four positions from the end of the SEL is an 83% conserved Asp residue with Tspan15
being the only exception again because it has an Ala residue. The next position, three residues
from the end of the SEL is a 100% conserved Pro (Figure 4.20F).

4.8 Conclusion

It was difficult to align the sequences of the loops in the LEL so that a numbering system could

be devised but through analysis of tetraspanins by subfamily based on Cys residuesthis thesis
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has shed some light on disulfide bond arrangement. Tetraspanins were divided into their
subfamilies and disulfide bonds were predicted with surprising results for the TspanC6-CxC
family which in three of the four members forms a disulfide bond between the second Cys
residue in the CCG-motif and the second Cys residue os the two middle Cys residues in the
loop. This provides some insight into tetraspanin disulfide bonds and raises the question as to
whether other tetraspanins may have a similar or whether disulfide bond arrangement is
flexible but certain subfamilies of tetraspanin have a preference for one disulfide bond over

another.

This work has also shown that while sequence conservation in the loop across all human
tetraspanins is scarce it is much higher when dividing them into their subfamilies which could
pave the way for researchers to look at specific conserved residues, particularly in under-

researched tetraspanins, such as the TspanC6-CxxxC.

Separating the human tetraspanins into subfamilies also demonstrates that the SELs of the
same family members are more likely to exhibit conservation than human tetraspanins as a
whole family. Further analysis of some of these conserved residues could shed some light on

some of the functions of the SEL.

This thesis also proposes new, clearer names for each subfamily which gives a clear
description of how many Cys residues are in the LEL and the sequence of the two middle Cys

residues.

Finally, it has been shown through modelling of tetraspanin LEL structures that some of them
are more complex with more structural regions in the loop between the B helix and the ¢ helix

than had previously been thought.
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Chapter 5 — Expression and purification of the tetraspanin, CD81

The structures of three tetraspanins, CD81, CD9 and CD53, have been elucidated in recent
years. CD81 and CD9 have been captured in a closed conformation and CD81 has also been
captured in an open conformation, while CD53 was in a semi-open conformation (Zimmerman
et al., 2016; Umeda et al., 2020; Susa et al., 2021). The discovery of CD81 in a closed and
open conformation raises the question of what causes this change in conformation. Molecular
modelling suggests that the binding of cholesterol to the TM region cavity is a determining
factor with the closed conformation preferred when cholesterol is bound and the open
conformation preferred when cholesterol is not bound. To see whether CD81 changes
conformation and if so, whether the binding of cholesterol is a factor, the aim of this chapter

was to purify a mutated CD81 protein to probe conformational change using EPR.

To study the conformational change of CD81 using EPR requires sufficient amounts of pure
protein. To do this CD81-p-null, a human CD81 protein with all palmitoylation sites removed
to prevent unwanted protein-protein interactions, has previously been cloned in Pichia pastoris
for overexpression. P. pastoris cells are grown and the membrane isolated to be able solubilise
CD81-p-null (Jamshad et al., 2008). Being able to solubilise a membrane protein, such as
CD81-p-null, with surrounding lipids is advantageous because it can increase stability of the
protein and lipids are known to have a functional role for some membrane proteins. To capture
the surrounding lipids SMA2000 can be used and a recently developed method whereby
SMA2000 is hydrolysed by autoclaving was investigated to see if it offered similar
solubilisation efficiency to that of refluxed SMA2000, which is the traditional method of
hydrolysation. Furthermore, given that pure protein was required for further experimentation

to be done, the purification protocol for CD81-p-null solubilised with SMA2000 was optimised.

5.1 Solubilisation Efficiency of Autoclaved SMA2000

The hydrolysis of styrene-maleic anhydride polymer to the membrane active styrene-maleic
acid form has usually been carried out using reflux in NaOH for several hours (Lee et al., 2016;
Rothnie, 2016), which required some specialist equipment. However, it was reported in 2019
that autoclaving could substitute for the reflux and that full hydrolysis of the SMA2000 occurs
after two autoclave cycles (Kopf et al., 2019). Therefore, solubilisation of CD81-p-null was
tested using SMA2000 that had been autoclaved for two or three cycles for a greater
comparison. To see if there was any difference between the solubility of SMA2000 when
solubilising CD81-p-null in P. pastoris membranes the autoclaved SMA2000 was compared
to refluxed SMA2000.

CD81-p-null is sufficiently solubilised after one hour (Figure 5.1A), so solubilisation efficiency

was checked after one hour and two hours. After one hour the SMA2000 prepared using the

L.M.Broadbent, PhD Thesis, Aston University, 2022 139



reflux method had a solubilisation efficiency of 65.82% +13.46, whereas the autoclave method
had a solubilisation efficiency of 52.93% +10.82 and 52.31% +12.06 for two autoclave cycles
and three autoclave cycles respectively with a P value determined by one-way ANOVA >0.05
at 0.09 indicating that the results are not statistically significant (Figure 5.1B). The difference
between the solubilisation efficiency of the reflux method and the autoclave method is 12.89%
when compared to the SMA2000 autoclaved for two cycles and 13.51% when compared to
the SMA2000 autoclaved for three cycles. There is just a small difference of 0.62% in

solubilisation efficiency between the SMA2000 autoclaved for two and three cycles.

After two hours the SMA2000 prepared using the reflux method had a solubilisation efficiency
of 69.91% +9.44, whereas the autoclave method has a solubilisation efficiency of 56.53%
17.95 and 57.58% +12.75 for two autoclave cycles and three autoclave cycles respectively
with a P value determined by one-way ANOVA >0.05 at 0.07 indicating that the results are not
statistically significant (Figure 5.1B). The difference between the solubilisation efficiency of the
reflux method and the autoclave method is 13.38% when compared to the SMA2000
autoclaved for two cycles and 12.33% when compared to the SMA2000 autoclaved for three
cycles. The difference between the solubilisation efficiency of SMA2000 autoclaved for two

and three cycles is 1.05%.
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Figure 5.1. Comparison of the solubilisation efficiency of autoclaved SMA2000 compared with
refluxed SMA2000. (A) Western blot of the solubilisation of CD81-p-null at 1 hour and 2 hours with
refluxed SMA2000 and SMA2000 autoclaved for 2 cycles and 3 cycles. 20 yl of sample was loaded into
each well and the nitrocellulose membrane was incubated with a 1:5000 dilution of 6x His monoclonal
antibody (Takara) and then incubated with a 1:10,000 of HRP conjugated anti-mouse IgG antibody (Cell
Signaling Technology). The membrane was then incubated with ECL Western blotting substrate
(Pierce) and imaged using a G:BOX Chemi XRQ (Syngene). Mem = Membrane fraction, | = Insoluble
fraction and S = Soluble fraction (B) Bar chart of the average solubilisation efficiency at 1 hour and 2
hours of refluxed SMA2000 and SMA2000 autoclaved for 2 cycles and 3 cycles. Error bars = SD (n =
3).
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Despite a decrease in solubilisation efficiency of between 12.33%-13.51% when using the
autoclaved SMA2000 when compared to the reflux method, the autoclaved method still
produced a solubilisation efficiency >50%. Given the solubilisation efficiency is >50% and the
small difference between the SMA2000 autoclaved for two cycles and three cycles all future

SMA2000 used was prepared by autoclaving for two cycles.

When preparing the autoclaved SMA2000 it was noticeable that transferring the SMA2000
that had been left to dissolve in 1 M NaOH overnight into a glass bottle and leaving it to rest
for approximately 15-30 minutes resulted in an accumulation of solid SMA2000 stuck to the
bottom of the bottle after the first autoclave cycle (Figure 5.2A). To overcome this problem the
SMA2000 dissolved in 1 M NaOH was autoclaved immediately after being transferred to the

bottle which resulted in a clear bottom on the base of the bottle (Figure 5.2B).

Figure 5.2. Comparison of SMA2000 stuck to the bottom of the bottle after first the autoclave
cycle. (A) The bottom of the bottle containing dissolved SMA2000 in 1 M NaOH that was left static for
30 minutes before autoclaving. After the first autoclave cycle an accumulation of SMA2000 stuck to the
bottom of the bottle can be seen. (B) The bottom of the bottle containing dissolved SMA2000 in 1 M
NaOH that was autoclaved immediately after being transferred to the bottle. After the first autoclave
cycle a clear bottom of the bottle can be seen.

5.2 Optimisation of the Purification of CD81-p-null Solubilised with SMA2000

To be able to perform experiments, such as EPR, to shed light on the mechanism of action
with regards to CD81 adopting the open and closed conformation purified protein is required.
In the first instance, it was shown that CD81-p-null could be expressed in P. pastoris and
purified before trying to express and purify any mutants of CD81-p-null that would be required

for EPR experiments.

A small scale purification of CD81-p-null was performed by solubilising 3 ml of P. pastoris
membrane expressing CD81-p-null (Jamshad et al., 2008; Ayub et al., 2020) with 2.5% (w/v)
SMA2000. The solubilised protein was incubated with Ni-NTA resin overnight at 4°C. The resin
was then washed with 20 mM and 40 mM imidazole and the protein was eluted with 300 mM

imidazole.
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Under these conditions a clear, dense band can be seen in the 3™ and 4" 300 mM imidazole
elution (Figure 5.3) which is similar to what has been shown previously (Ayub et al., 2020).
CD81 has a mass of 25,809 Da and these clear bands are situated just below the 25 kDa

marker on the protein ladder.
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Figure 5.3. SDS-PAGE analysis of a small scale SMA2000 purification of CD81-p-null expressed
in P. pastoris. A small scale (3 ml of membrane preparations at 60 mg/ml) solubilisation and purification
of CD81-p-null with 20 mM and 40 mM wash steps followed by elution of the protein with 300 mM
imidazole. The gel was stained with InstantBlue Coomassie protein stain (Expedeon).

The SDS-PAGE gel (Figure 5.3) shows a relatively pure CD81-p-null, but with many other
proteins present in the elution fractions besides CD81-p-null. In particular, there is an
abundance of protein at approximately 100-130 kDa. To try and improve the purity of CD81-
p-null in the elution fractions an optimisation strategy was devised to include the doubling of
the volume of both wash steps, an increase in imidazole concentration in the wash steps and
the introduction of imidazole into the binding buffer when incubating the protein with the Ni-
NTA resin.

The first strategy employed was to keep the concentration of imidazole in the wash steps at
20 mM and 40 mM but to double the volume of each wash step. In the first purification (Figure
5.3) the wash steps were 10x the bed volume of Ni-NTA resin used, therefore when the volume
was doubled 20x the bed volume was used. Doubling the volume of the wash steps had little
effect on the purity of CD81-p-null with bands at around the 100-130 kDa region still clearly

visible (Figure 5.4). Far less protein is visible in the second wash step, however, which
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indicates that more of the proteins that are binding to the Ni-NTA resin are eluting off the resin

in the first wash step.
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Figure 5.4. SDS-PAGE analysis of a small scale SMA2000 purification of CD81-p-null expressed
in P. pastoris with the volume of the wash steps doubled. A small scale (3 ml of membrane
preparations at 60 mg/ml) solubilisation and purification of CD81-p-null with 20x Ni-NTA resin bed
volume in the wash steps followed by elution of the protein with 300 mM imidazole. The gel was stained
with InstantBlue Coomassie protein stain (Expedeon).

Keeping the wash steps at 10x the bed volume of Ni-NTA resin and increasing the
concentration of imidazole in the wash steps from 20 mM and 40 mM to 30 mM and 60 mM
had a more significant effect on the purity of CD81-p-null (Figure 5.5). Increasing the imidazole
concentration had a similar effect to doubling the volume of the wash steps with regards to a
lack of protein in the second wash step. The significant difference, however, is in the 300 mM

imidazole elution steps with less protein visible at around the 100-130 kDa mark.
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Figure 5.5. SDS-PAGE analysis of a small scale SMA2000 purification of CD81-p-null expressed
in P. pastoris with the concentration of imidazole in the wash steps increased. A small scale (3
ml of membrane preparations at 60 mg/ml) solubilisation and purification of CD81-p-null with the
concentration of imidazole in the wash steps increased from 20 mM and 40 mM to 30 mM and 60 mM
followed by elution of the protein with 300 mM imidazole. The gel was stained with InstantBlue
Coomassie protein stain (Expedeon).

To try to improve the purity of CD81-p-null further, the addition of 20 mM imidazole to the
binding buffer when incubating the solubilised protein with the Ni-NTA resin was investigated.
The inclusion of imidazole in the binding buffer is known to reduce non-specific binding of
proteins that are not the protein of interest due to imidazole binding to the Ni-NTA resin

instead.

The same conditions used in the two previous purifications of doubling the volume of the wash
steps and increasing the concentration of imidazole in the wash steps were used again. In
both instances, however, 20 mM imidazole was included in the binding buffer. Combining a
small concentration of imidazole in the binding buffer had a significant effect on the purity of
CD81-p-null in the case of both purifications with almost no contaminating proteins visible in

any of the elution steps.

When combining 20 mM imidazole in the binding buffer with doubling the volume of the wash
steps, CD81-p-null purity is higher (Figure 5.6). There are no contaminating bands visible at
the higher molecular weight of 100-130 kDa.
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Figure 5.6. SDS-PAGE analysis of a small scale SMA2000 purification of CD81-p-null expressed
in P. pastoris with 20 mM imidazole in the binding buffer and the volume of the wash steps
doubled. A small scale (3 ml of membrane preparations at 60 mg/ml) solubilisation and purification of
CD81-p-null with 20 mM imidazole included in the binding buffer. The Ni-NTA resin was washed with
20x bed volume followed by elution of the protein with 300 mM imidazole. The gel was stained with
InstantBlue Coomassie protein stain (Expedeon).

Adding 20 mM imidazole to the binding buffer and increasing the concentration of imidazole
in the wash steps to 30 mM and 60 mM has a similar effect on the purity of CD81-p-null. The
contaminating proteins at approximately 100-130 kDa are no longer visible (Figure 5.7). The
one notable difference, however, is that using this combination of purification conditions yields
more CD81-p-null in the elution fractions which can be seen by the darker, more dense bands

corresponding with the molecular weight of CD81 (Figure 5.7).
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Figure 5.7. SDS-PAGE analysis of a small scale SMA2000 purification of CD81-p-null expressed
in P. pastoris with 20 mM imidazole in the binding buffer and the increased imidazole in the wash
steps. A small scale (3 ml of membrane preparations at 60 mg/ml) solubilisation and purification of
CD81-p-null with 20 mM imidazole included in the binding buffer. The Ni-NTA resin was washed with
30 mM and 60 mM imidazole followed by elution of the protein with 300 mM imidazole. The gel was
stained with InstantBlue Coomassie protein stain (Expedeon).

Given the improved purity of the purification method that includes 20 mM imidazole in the
binding buffer and an increase of imidazole in the wash steps from 20 mM and 40 mM to 30
mM and 60 mM these conditions were chosen for future purifications. To further validate this
new optimised purification method for CD81-p-null a comparison between the new method

(Figure 5.7) and the original purification method (Figure 5.3) was required.

To compare between these two methods CD81-p-null was purified using both methods and
all the relevant fractions collected compared on a Western blot. With the introduction of 20
mM imidazole to the binding buffer to reduce non-specific binding it also introduces the
possibility of reducing the amount of the protein of interest, CD81-p-nulll, that binds to the Ni-
NTA resin. The Western blots, therefore, were done to check that there was not an excessive
amount of CD81-p-null being lost in the flow through as a result of not being able to bind to

the Ni-NTA resin because of the 20 mM imidazole in the binding buffer.

The Western blot of the original purification method shows minimal loss of CD81-p-null in the
flow through (Figure 5.8A) which is to be expected dues to a lack of imidazole in the binding
buffer. In the optimised purification a marked increase in CD81-p-null present in the flow
through could be seen (Figure 5.8B). Also, the intensity of the CD81 bands in the elution
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fraction (compared to the membrane starting material) are a little lower. However, it was

decided this small loss in protein was acceptable given the improvements in purity.

Figure 5.8. Western blot analysis of the optimised CD81-p-null purification. Small scale (3 ml
membrane preparation at 60 mg/ml) solubilisation of CD81-p-null. Western blot of the original method
(A) and the optimised method (B). 20 ul of sample was loaded into each well and the nitrocellulose
membrane was incubated with a 1:5000 dilution of 6x His monoclonal antibody (Takara) and then
incubated with a 1:10,000 of HRP conjugated anti-mouse IgG antibody (Cell Signaling Technology).
The membrane was then incubated with ECL Western blotting substrate (Pierce) and imaged using a
G:BOX Chemi XRQ (Syngene).

The final step in optimising the purification protocol for CD81-p-null was to ensure that all the
protein was being eluted off the Ni-NTA resin. Until now CD81-p-null has been eluted with 300
mM imidazole but it is possible that a higher concentration of imidazole is required to elute all

of the protein.

To investigate this the optimised purification method was performed but instead of just eluting
the protein with 300 mM imidazole a further 500 mM imidazole step was added. An SDS-
PAGE gel was run which included five 300 mM fractions and four 500 mM fractions (Figure
5.9). More protein was eluted in the 500 mM fractions, however, the densest band appeared
in the fifth 300 mM fraction which means that a higher concentration than 300 mM imidazole
is not required to elute all the protein. Increasing the volume of the 300 mM elution steps

instead ensured that all the CD81-p-null that bound to the Ni-NTA resin was eluted.
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Figure 5.9. SDS-PAGE analysis of a small scale SMA2000 purification of CD81 using the
optimised method with increased elution steps. Small scale (3 ml membrane preparation at 60
mg/ml) solubilisation of CD81-p-null. After using the optimised solubilisation and purification method
elution steps were continued after the 300 mM imidazole elution to a concentration of 500 mM
imidazole. The gel was stained with InstantBlue Coomassie protein stain (Expedeon).

It has been shown that modifying the protocol for the purification of CD81-p-null to include 20
mM imidazole in the binding buffer and to increase the imidazole concentration to 30 mM and
60 mM in the two wash steps stopped non-specific binding to the Ni-NTA resin and yielded
purer protein. Confirming that only small quantities of CD81-p-null were lost in the flow through

means that any future purification was carried out using the modified protocol.

5.3 CD81-p-null Mutations for PELDOR Experiments

To investigate the change in CD81 conformation if cholesterol is present using PELDOR
required the introduction of two spin labels in the protein so that the distance between the two
could be measured. The spin labels are bonded to Cys residues. CD81 has six intracellular
Cys residues but they have been mutated out in the CD81-p-null construct used to avoid
palmitoylation (Jamshad et al., 2008). CD81 has four more Cys residues in the LEL which
form disulfide bonds with each other (Kitadokoro et al., 2001), so they are not free Cys
residues, therefore they will not be labelled with the spin label. CD81-p-null possesses two
further native Cys residues, located in TM3 which would have to be mutated out to introduce
a Cys residue elsewhere for spin labelling. To avoid needlessly mutating both Cys, if one is
mutated then the other one can be spin labelled. With one spin label in the TM region, an
additional Cys residue would have to mutated into the LEL region so that the distance between

the two spin labels can be measured using PELDOR.
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Initial candidates for the introduction of a Cys residue in the LEL were Asp128, Val136 and
Asp137 because these are all part of the LEL that have no known interaction with hepatitis C
virus E2 protein. They are also part of the a helix which lies perpendicular to the membrane in
the closed conformation and is expected to extend upwards away from the membrane when
in the open conformation. Advice from Dr Christos Pliotas, an expert in EPR, was to mutate
Asp128.

To produce the desired mutants of CD81 site directed mutagenesis was performed. In the first
instance mutants with Cys97 and Cys104 mutated to alanine were created. Cys residues are
typically mutated to either Ser or Ala. Mutations to alanine were done because serines may
undergo unexpected post-translational modifications, such as phosphorylation or
glycosylation. Ala, on the other hand, is only post-translationally modified when it is situated

at the N-terminus.

Two separate mutants of CD81-p-null were created by mutating Cys97Ala and Cys104Ala
separately. After site-directed-mutagenesis, the plasmids were run on an agarose gel (Figure
5.10) which shows a PCR product at approximately 4.0 kb. This corresponds with the size of
the 3.3 kb pPICZB plasmid and the 708 bp CD81-p-null gene.

Mock mutagenesis experiments were also run and digested with Dpn1 and, as expected, no
PCR product is visible on the agarose gel (Figure 5.10). The presence of two bands for each
of the mutagenesis experiments is surprising because the expectation is that any templates
that have not been mutated will be removed by Dpn1. Nevertheless, with bands visible at the
appropriate size the next step was the transformation of the mutated plasmids into competent

E. coli cells.

L.M.Broadbent, PhD Thesis, Aston University, 2022 149



/\
Kilobases &

10.0
8.0
6.0
5.0

4.0
3:0
2:0

15

1.0

0.75

Figure 5.10. Agarose gel of PCR product after site-directed mutagenesis of CD81-p-null to create
single cysteine mutants. pPICZB plasmids containing CD81-p-null were mutated by site-directed
mutagenesis to produce single cysteine mutants with just Cys97 or Cys104 remaining, except the
cysteines in the LEL. 6 yl of each sample loaded onto the agarose gel, along with mock mutations as
controls to ensure that Dpn1 digestion removes non-mutated plasmids.

The mutants that had been created were transformed into TOP10 E. coli cells, followed by a
mini-prep so that a sample could be sent to Eurofins Genomics for sequencing. Sequencing
would ensure that the correct mutation had been introduced. The nucleotide sequence was
analysed using ExPasy’s Translate tool so that the protein sequence could be determined.
The frame containing the desired sequence could easily be located in six frames because of
the 6x His tag at the end of CD81-p-null at the N-terminal (Jamshad et al., 2008). Once the
correct amino acid sequence was found the sequence was compared to the wild-type CD81
sequence to ensure that the desired mutation had been introduced. Using Clustal Omega to
align the sequence it was shown that C97A (Figure 5.11A) and C104A (Figure 5.11B) mutants
had been created.
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A) CD81-p-null-C97A MSGVEGATKAIKYLLFVFNFVFWLAGGVILGVALWLRHDPQTTNLLYLELGOKPAPNTFY 60
sp|P6@@33 | CD81_HUMAN -MGVEGCTKCIKYLLFVFNFVFWLAGGYILGVALWLRHOPQTTNLLYLELGDKPAPNTFY 59
CD81-p-null-C97A VGIYILIAVGAVMMFVGFLGAYGAIQESQALLGTFFYALVILFACEVAAGINGFVNKDQI 120
5p|P60@33|CD81_HUMAN VGIYILIAVGAVMMFVGFLGCYGAIQESQCLLGTFFCLVILFACEVAAGINGFVNKDQI 119

BEEEEEEEENEENEEEREENSE EEXENEEE EXNEXRE EEEEEREEEEEEREEEERERNER
CD81-p-null-C97A AKDVKQFYDQALQQAVVDDDANNAKAVVKT FHETLDCCGSSTLTALTTSVLKNNLCPSGS 180
sp|P60@33 | CD81_HUMAN AKDVKQFYDQALQQAVVDDDANNAKAVVKT FHETLDCCGSSTLTALTTSVLKNNLCPSGS 179
CD81-p-null-C97A NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIWAVIMIFEMILSMVLAAGIRNSSVYGGG 2490
sp|P6@O33| CD81_HUMAN NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIWAVIMIFEMILSMVLCCGIRNSSVY--- 236
;xuuxu;nt:uxuzutuux::uu::xtguxu:xtgtx::uzutuu::..tu::xxut
CD81-p-null-C97A HHHHHH 246
sp|P60@33|CD81_HUMAN ~  ------ 236
B)  co81-p-null-C1044 MSGVEGATKAIKYLLFVFNFVFINLAGGVILGVALWLRHDPQTTNLLYLELGDKPAPNTFY 60

sp| P6033 | CO81_HUMAN

CD81-p-null-C104A
5p|P60033|COB1_HUMAN

CD81-p-null-C104A
5p| P6G033| CDB1_HUMAN

CD81-p-null-C104A
5p| P60033| CDB1_HUMAN

(D81-p-null-C104A
5p| P60033|CO81_HUMAN

~MGVEGCTKCIKYLLFVFNFVFWLAGGVILGVALWLRHOPQTTNLLYLELGOKPAPNTFY 59

KEEE SF EXEAEEEENEEEERNENEEE RN RN AR NN NN

VGIYILIAVGAVMMFVGF LGAYGAIQESQALLGTFFTCLVILF

VAAGINGFVNKDQI 120

VGIYILIAVGAVMMFVGFLGCYGAIQESQCLLGTFFTCLVILFACEVAAGINGFVNKDQI 119

HEEEEEEEERRENERERNNE SENNENEE NEENEEERNENERE EEEEEENEERERRN
. . .

AKDVKQFYDQALQQAVVDDDANNAKAVVKTFHETLDCCGSSTLTALTTSVLKNNLCPSGS 180
AKDVKQFYDQALQQAVVDDDANNAKAWKT FHETLDCCGSSTLTALTTSVLKNNLCPSGS 179

AEEEEE R R RN RN AN RN RN NN

NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIWAVIMIFEMILSMVLAAGIRNSSVYGGG 240
NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIVVAVIMIFEMILSMVLCCGIRNSSVY--- 236

AEEEEEERERREREEERERN NN RN NN RN
e

HHHHHH 246
------ 236

Figure 5.11. Single cysteine mutant sequences compared to human CD81. Transformed mutants
were sequenced by Sanger sequencing with a sample of 15 ul (50 ng/ul) with 2 pl of forward AOX1
primer (10 pmol/ul). The sequences were translated using ExPasy’s translate tool and the sequences
were aligned using Clustal Omega. The desired mutations, (A) C97A and (B) C104A are shown in the
boxes.

With the single mutants successfully created these mutants were taken and mutated further
to create the double mutants that include the D128C mutation so that the protein can be
After

transformations of the double mutants were successful (Figure 5.12) when they were

purified and used in PELDOR experiments. site-directed mutagenesis the

transformed into E. coli TOP10 cells on LB agar plates which contained a 100 ug/ml zeocin

concentration. For further validation there was no growth on the mock transformation plates.
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A)

Figure 5.12. Low salt LB agar plates with transformed cells after site-directed mutagenesis.
pPICZB plasmids containing CD81-p-null were mutated by site-directed mutagenesis to produce (A)
Cys-less, (B) C97A-D128C and (C) C104A-D128C mutants. 150 ul of cells after transformation and
recovery step were plated. Mock transformations were performed.

The three mutated proteins represented a double C97A-C104A mutant referred to as Cys-less

because it has all free Cys residues removed. The only remaining Cys residues all form

disulfide bonds in the LEL and are not relevant for EPR studies. The other two double mutants
were the C97A-D128C and C104A-D128C mutants which can be used to investigate

conformational change in CD81. All three mutants were confirmed to be successful when they

were mini-prepped and sent for sequencing at Eurofins Genomics (Figure 5.13).

A) CD81-p-null-C97A-C104A
sp|P6@@33|CDB1_HUMAN

CD81-p-null-C97A-C104A
sp|P60@33 | CDB1_HUMAN

CD81-p-null-C97A-C104A
sp|P6©@33|CD81_HUMAN

CD81-p-null-C97A-C104A
sp| P6@O33| CDB1_HUMAN

CD81-p-null-C97A-C104A
sp|P6@@33 | CDB1_HUMAN

MSGVEGATKAIKYLLFVFNFVFWLAGGVILGVALWLRHDPQTTNLLYLELGDKPAPNTFY
~MGVEGCTKCIKYLLFVFNFVFWLAGGVILGVALWLRHDPQTTNLLYLELGDKPAPNTFY

L T T
. .

VGIYILIAVGAVMMFVGFLGAYGAIQESQALLGTFFTALVILFAAEVAAGIWGFVNKDQI
VGIYILIAVGAVMMFVGFLGCYGAIQESQCLLGTFFTCLVILFACEVAAGIWGFVNKDQI

EEEEEEERENEEEEEENEEE RN RN EEEEN (SEEEEEEEEE NN
. . .

AKDVKQF YDQALQQAVVDODANNAKAVVKTFHETLDCCGSSTLTALTTSVLKNNLCPSGS
AKDVKQF YDQALQQAVVDDDANNAKAVWKTFHETLDCCGSSTLTALTTSVLKNNLCPSGS

e T

NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIVWAVIMIFEMILSMVLAAGIRNSSVYGGG
NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIWAVIMIFEMILSMVLCCGIRNSSVY ==~

L N
.

HHHHHH 246
------ 236
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B) CD81-p-null-C97A-D128C MSGVEGATKAIKYLLFVFNFVFIILAGGVILGVALWLRHDPQTTNLLYLELGDKPAPNTFY 60
sp|P6@@33|CD81_HUMAN ~MGVEGCTKCIKYLLFVFNFVFWLAGGVILGVALWLRHDPQTTNLLYLELGDKPAPNTFY 59
CD81-p-null-C97A-0128C VGIYILIAVGAVMMFVGFLGAYGAIQESQALLGTFFTALVILFACEVAAGIWGFVNKDQI 120
sp|P6@@33|CD81_HUMAN VGIYILIAVGAVMMFVGFLGCYGAIQESQCLLGTFFICLVILFACEVAAGIWGFVNKDQI 119
CD81-p-null-C97A-D128C AKDVKQF ALQQAWDDDANNAKAWKTFHETLDCCGSSTLTALTTSVLKNNLCPSGS 180
sp|P6@@33|CD81_HUMAN AKDVKQF ALQQAWDDDANNAKAWKTFHETLDCCGSSTLTALTTSVLKNNLCPSGS 179
CD81-p-null-C97A-D128C NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIVWAVIMIFEMILSHVLAAGIRNSSVYGGG 240
sp|P6@@33|CD81_HUMAN NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIWAVIMIFEMILSMVLCCGIRNSSVY--- 236
CD81-p-null-C97A-D128C HHHHHH 246
sp|P6@@33|COB1_HUMAN ~  =----- 236

C) CD81-p-null-C1@4A-D128C MSGVEGATKAIKYLLFVFNFVFWLAGGVILGVALWNLRHDPQTTNLLYLELGDKPAPNTFY 60
sp|P6@033| CD81_HUMAN -MGVEGCTKCIKYLLFVFNFVFWLAGGVILGVALWLRHDPQTTNLLYLELGDKPAPNTFY 59
CD81-p-null-C104A-D128C VGIYILIAVGAVMMFVGFLGAYGAIQESQALLGTFFTCLVILFAAEVAAGIWGFVNKDQI 120
sp|P6@@33| CD81_HUMAN VGIYILIAVGAVMMFVGFLGCYGAIQESQCLLGTFFTCLVILFACEVAAGIWGFVNKDQI 119
CD81-p-null-C104A-D128C AKDVKQFYCRALQQAVVDDDANNAKAVVKTFHE TLDCCGSSTLTALTTSVLKNNLCPSGS 180
sp|P6@033| CD81_HUMAN AKDVKQFYDRALQQAVVDDDANNAKAVVKTFHE TLDCCGSSTLTALTTSVLKNNLCPSGS 179
CD81-p-null-C104A-D128C NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIVVAVIMIFEMILSMVLAAGIRNSSVYGGG 240
sp|P6@@33| CD81_HUMAN NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIVVAVIMIFEMILSMVLCCGIRNSSVY=-- 236

CD81-p-null-C184A-D128C
sp| P6@033| CD81_HUMAN

ERREAREXERERER R AR RR XX AR R AR R AR R RN RN ERERRRR LR R RERER
..

HHHHHH 246
------ 236

Figure 5.13. Double cysteine mutant sequences compared to human CD81. Transformed mutants
were sequenced by Sanger sequencing with a sample of 15 pyl (50 ng/ul) with 2 pl of forward AOX1
primer (10 pmol/ul). The sequences were translated using ExPasy’s translate tool and the sequences
were aligned using Clustal Omega. The desired mutations are shown in the boxes for (A) Cys-less (B)
C97A-D128C and (C) C104A-D128C.

All five mutations were chemically transformed into P. pastoris X33 cells and grown on YPD
agar plates with varying concentration of zeocin (50 pug/ml, 100 ug/ml, 250 ug/ml and 500
pg/ml). There were 3-5 colonies for each mutation that grew on the 250 ug/ml and 500 pg/ml
zeocin plates, so these colonies were picked, grown in YPD overnight and a glycerol stock of

each was made. They were then tested for protein expression.

To test expression of the mutants created the P. pastoris cells that had been transformed with
each of the mutants were grown on a small scale. Cells were streaked on YPD agar containing

100 ug/ml of zeocin and colonies were grown in 5 ml of BMGY overnight at 30°C and 200 rpm,
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followed by centrifugation to remove all media. The cells were resuspended in 5 ml of BMMY
and induced at 30°C and 200 rpm.

All the mutants tested (C97A, C97A-D128C, C104A and C104A-D128C) were expressing
CD81. The C97A and the C97A-D128C mutants looked similar when analysing them on a
western blot. Both of them had their densest band at approximately 100 kDa with a fainter
band at approximately 40-50 kDa. CD81 has a molecular mass of 25 kDa and it is known to
form oligomers, therefore it is likely that the bands visible at approximately 40-50 kDa are
dimers and the bands visible at approximately 100 kDa are tetramers (Figure 5.14). CD81-p-
null that had not had neither C97 nor D128 mutated was run on the same Western as a control.
It was seen that CD81-p-null produces an intense band at around 20 kDa. This band is more
intense than that seen for the C97A (Fig. 5.14A) and C97A-D128C mutants (Figure 5.14B).
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Figure 5.14. Western blot analysis of CD81-p-null-C97A and CD81-p-null-C97A-D128C small
scale expression. Small scale expression of the (A) CD81-p-null-C97A and (B) CD81-p-null-C97A-
D128C in 5 ml of BMGY, followed by induction in 5 ml BMMY. 20 pl of sample was loaded into each
well and the nitrocellulose membrane was incubated with a 1:5000 dilution of 6x His monoclonal
antibody (Takara) and then incubated with a 1:10,000 of HRP conjugated anti-mouse IgG antibody (Cell
Signaling Technology). The membrane was then incubated with ECL Western blotting substrate
(Pierce) and imaged using a G:BOX Chemi XRQ (Syngene).

The C104A and C104A-D128C mutants exhibited much better expression than that seen for
C97A and C97A-D128C. For C104A an intense band, comparable with the intensity of the
Cd81-p-null control, was visible at approximately 80-100 kDa in five (lane 1-5) of the eight
colonies tested. Three of the colonies (lane 6-8) has little to no expression. The molecular

mass of the bands suggests that the C104A mutant is forming tetramers (Figure 5.15A).

The C104A-D128C mutant also exhibited similar intensity to CD81-p-null. The dense visible

band, however, was seen at approximately 50 kDa in seven of the colonies tested (lane 1-7)
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with no 50 kDa band visible in lane 8. An intense band at approximately 50kDa suggests that
the C104A-D128C mutant is forming dimers (Figure 5.15B).
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Figure 5.15. Western blot analysis of CD81-p-null-C104A and CD81-p-null-C104A-D128C small
scale expression. Small scale expression of the (A) CD81-p-null-C104A and (B) CD81-p-null-C104A-
D128C in 5 ml of BMGY, followed by induction in 5 ml BMMY. 20 ul of sample was loaded into each
well and the nitrocellulose membrane was incubated with a 1:5000 dilution of 6x His monoclonal
antibody (Takara) and then incubated with a 1:10,000 of HRP conjugated anti-mouse IgG antibody (Cell
Signaling Technology). The membrane was then incubated with ECL Western blotting substrate
(Pierce) and imaged using a G:BOX Chemi XRQ (Syngene).

Given that the double mutants are required for PELDOR experimentation because two Cys
residues need to be spin labelled, they were taken forward and grown on a larger scale to test
expression in medium scale growth. Colonies of C97A-D128C and C104A-D128C were grown
in 50 ml BMGY overnight at 30°C and 200 rpm, followed by centrifugation to remove all the
media. The cell pellet was resuspended in 200 ml of BMMY and grown overnight at 30°C and

200 rpm, followed by cell harvesting.

Medium scale growth exacerbated the differences previously seen between the C97A-D128C
and C104A-D128C during small scale growth. The C97A-D128C mutants expressed less than
the C104A-D128C mutants when they were analysed on a Western blot with an anti-His
antibody. The C97A-D128C mutants were either not expressing or not expressing to the same
level as CD81-p-null (Figure 5.16A). Similar to small scale expression, when the C97A-D128C
mutant was expressing the band was visible at approximately 80-100 kDa.
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Figure 5.16. Western blot analysis of CD81-p-null-C97A-D128C and CD81-p-null-C104A-D128C
medium scale expression. Medium scale expression of the (A) CD81-p-null-C97A-D128C and (B)
CD81-p-null-C104A-D128C in 50 ml of BMGY, followed by induction in 200 ml BMMY. 20 ul of sample
was loaded into each well and the nitrocellulose membrane was incubated with a 1:5000 dilution of 6x
His monoclonal antibody (Takara) and then incubated with a 1:10,000 of HRP conjugated anti-mouse
IgG antibody (Cell Signaling Technology). The membrane was then incubated with ECL Western
blotting substrate (Pierce) and imaged using a G:BOX Chemi XRQ (Syngene).

Expression of the C104A-D128C was better than C97A-D128C expression. All the C104A-
D12C mutants were expressing the protein with a dense band visible at approximately 100
kDa which means that this mutant may be favouring the formation of tetramers (Figure 5.16B).

Nevertheless, this C104A-D128C mutant was taken forward for further experiments.

5.4 Purification of CD81-p-null-C104A-D128C Double Mutant

With both single mutants (C97A and C104A) and both double mutants (C97A-D128C and
C104A-D128C) expressing, albeit with highest expression at weights that would suggest
oligomeric formations, the focus was on purifying the C104A-D128C double mutant. The aim
was to purify enough of one of the double mutants to be able to attach spin labels to it and
perform EPR to see whether CD81 does open and close depending on whether cholesterol is
bound to the cavity in the TM region as suggested by molecular modelling (Zimmermann et
al., 2016). The focus was on the C104A-D128C double mutants because expression of this
mutant was better when grown on a medium scale than expression of C97A-D128C. Another
benefit of choosing the C104A mutation is that it is further away from the Asn18 and Glu219
cholesterol binding site, therefore this mutation is less likely to have an impact on cholesterol
binding which is vital because it is the effect of cholesterol binding on CD81 conformation that

will be investigated. Furthermore, the expression levels of the C104A-D128C mutant were
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much higher in both small scale and medium scale expression when compared to the C97A-
D128C mutant.

The first attempt at purifying the C104A-D128C double mutant was performed using the same
conditions that were optimised for CD81-p-null. It was solubilised in 2.5% (w/v) SMA2000 and
incubated with Ni-NTA resin in binding buffer containing 20 mM imidazole overnight at 4°C.
The next day the resin was washed with 30 mM imidazole and 60 mM imidazole before eluting

the protein with 300 mM imidazole.

The attempt to purify the C104A-D128C double mutants under these conditions proved
unsuccessful (Figure 5.17). There are no bands visible on the SDS-PAGE gel in the lanes
containing the 300 mM imidazole elutions and only faint bands can be seen in the lane
containing the 30 mM imidazole wash step. This is in stark contrast to the dense bands in the
first wash steps of all the purifications performed when trying to optimise the purification
conditions of CD81-p-null. The bands in the first wash step are likely to be an indication the

double mutant is not binding sufficiently to the Ni-NTA resin.
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Figure 5.17. SDS-PAGE analysis of a small scale SMA2000 purification of CD81-p-null-C104A-
D128C expressed in P. pastoris. A small scale (3 ml of membrane preparations at 60 mg/ml)
solubilisation and purification of CD81-p-null-C104A-D128C using the optimised purification protocol for
CD81-p-null with 30 mM and 60 mM imidazole in the wash steps followed by elution of the protein with
300 mM imidazole. The gel was stained with InstantBlue Coomassie protein stain (Expedeon).
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One of the problems that can arise when trying to purify membrane proteins with SMA2000 is
that any excess SMA2000 can interfere with the binding of the protein to the Ni-NTA resin.
Previously the concentration of the membrane preparation when solubilising with 2.5% (w/v)
SMA2000 was 60 mg/ml. To try and reduce the amount of excess SMA2000 the membrane
preparation concentration was doubled to 120 mg/ml so that there will be more protein for any
SMAZ2000 to solubilise, thus reducing the amount of excess SMA2000.

The C104A-D128C double mutants was purified under the same conditions as the first
attempted purification except for the higher membrane preparation concentration. The SDS-
PAGE gel looks like the first attempted purification with no significant amounts of protein visible
in the 300 mM imidazole elutions (Figure 5.18). Furthermore, the same faint bands can be
seen in the 30 mM imidazole wash step which again may be because the protein is not binding
to the Ni-NTA resin.
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Figure 5.18. SDS-PAGE analysis of a small scale SMA2000 purification of CD81-p-null-C104A-
D128C expressed in P. pastoris solubilised at 120 mg/ml membrane concentration. A small scale
(3 ml of membrane preparations at 120 mg/ml) solubilisation and purification of CD81-p-null-C104A-
D128C using the optimised purification protocol for CD81-p-null with 30 mM and 60 mM imidazole in
the wash steps followed by elution of the protein with 300 mM imidazole. The gel was stained with
InstantBlue Coomassie protein stain (Expedeon).

Further attempts to try and purify the C104A-D128C double mutant were done with a different
brand of Ni-NTA resin. A Qiagen and a Generon resin were both used with 2.5% (w/v)
SMA2000 and 1.25% (w/v) SMA2000 used for solubilisation. The 2.5% (w/v) SMA2000

concentration is the same as previously used for all other purification attempts, while the
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1.25% (w/v) SMA2000 concentration is another way to try and limit the amount of excess
SMA2000 that may be an impact on the binding of the proteins His-tag to the Ni-NTA resin.

Neither the 2.5% (w/v) SMA2000 (Figure 5.19A), nor the 1.25% (w/v) SMA2000 (Figure 5.19B)
Qiagen purifications did anything to improve the purification. No bands are visible in any of the
300 mM imidazole elutions for either of the purifications and, like before, there are only faint
bands visible in the 30 mM imidazole wash steps. Although, a faint band can be seen at the

correct weight of approximately 25 kDa in the 30 mM imidazole wash step of the purification

that was solubilised using 1.25% (w/v) SMA2000.
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Figure 5.19. SDS-PAGE analysis of a small scale SMA2000 purification with Qiagen Ni-NTA resin
of CD81-p-null-C104A-D128C expressed in P. pastoris. A small scale (3 ml of membrane
preparations at 60 mg/ml) solubilisation and purification of CD81-p-null-C104A-D128C using the
optimised purification protocol for CD81-p-null with 30 mM and 60 mM imidazole in the wash steps
followed by elution of the protein with 300 mM imidazole. (A) CD81-p-null-C104A-D128C solubilised
with 2.5% (w/v) SMA2000 and incubated with Qiagen Ni-NTA resin. (B) CD81-p-null-C104A-D128C
solubilised with 1.25% (w/v) SMA2000 and incubated with Qiagen Ni-NTA resin. The gel was stained

with InstantBlue Coomassie protein stain (Expedeon).
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The Generon Ni-NTA resin did not perform better than the Qiagen Ni-NTA resin. The Generon
Ni-NTA resin in conjunction with 2.5% (w/v) SMA2000 (Figure 5.20A) for solubilisation
produced the same results that had been seen throughout the purification process. When
solubilising with 1.25% (w/v) SMA2000 (Figure 5.20B), however, there were slightly darker

bands visible in the 30 mM imidazole wash but still no bands in the elution steps.
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Figure 5.20. SDS-PAGE analysis of a small scale SMA2000 purification with Generon Ni-NTA
resin of CD81-p-null-C104A-D128C expressed in P. pastoris. A small scale (3 ml of membrane
preparations at 60 mg/ml) solubilisation and purification of CD81-p-null-C104A-D128C using the
optimised purification protocol for CD81-p-null with 30 mM and 60 mM imidazole in the wash steps
followed by elution of the protein with 300 mM imidazole. (A) CD81-p-null-C104A-D128C solubilised
with 2.5% (w/v) SMA2000 and incubated with Generon Ni-NTA resin. (B) CD81-p-null-C104A-D128C
solubilised with 1.25% (w/v) SMA2000 and incubated with Generon Ni-NTA resin. The gel was stained
with InstantBlue Coomassie protein stain (Expedeon).

The aim had been to purify C104A-D128C double mutant after solubilising the protein in
SMA2000 so that some lipids, albeit from P. pastoris, would be surrounding the protein to give
a better model of how the protein would be in vivo. Attempts to solubilise the protein with SMA,

however, did not work, despite trying a variety of conditions.
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The next step was to try and purify the C104A-D128C double mutant by solubilising in DDM.
DDM solubilisation was done by adding the membrane preparation to solubilisation buffer
containing 1% (w/v) DDM.

The first purification attempt using DDM was better than previous attempts using SMA2000
(Figure 5.21). There were still no dense bands in the elution steps, nor in the first wash step.
There were, however, slightly darker and a greater number of bands visible in the first wash
step which is an indication that the protein is binding to the resin better after being solubilised
with DDM. Despite a lack of dense bands in the elution steps there are some faint bands
visible which indicates that it would be better to pursue solubilising the C104A-D128C double
with DDM.
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Figure 5.21. SDS-PAGE analysis of a small scale DDM purification of CD81-p-null-C104A-D128C
expressed in P. pastoris. A small scale (3 ml of membrane preparations at 60 mg/ml) solubilisation
and purification of CD81-p-null-C104A-D128C using 1% (w/v) DDM to solubilise the protein. The Ni-
NTA resin was washed with 30 mM and 60 mM imidazole followed by elution with 300 mM imidazole.
The gel was stained with InstantBlue Coomassie protein stain (Expedeon).

When solubilising with SMA2000 the bands on the SDS-PAGE gels in the soluble fraction
were normally darker and more numerous. Solubilising with DDM had the reverse effect with
much of the protein content appearing in the insoluble fraction (Figure 5.21). To try and
overcome this the volume of the solubilisation buffer containing 1% (w/v) DDM was doubled

so that more protein could be solubilised.

The result is an insoluble fraction with fewer and less dense bands in it (Figure 5.22). There

is little visible in the soluble fraction but this can be attributed to the fact that the volume of the
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solubilisation buffer has been doubled, therefore, when taking a small 20 yl sample from a 30
ml solubilisation step the sample will be more dilute than when the solubilisation step was

done in a smaller volume.
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Figure 5.22. SDS-PAGE analysis of a small scale DDM purification with double the volume of
solubilisation buffer of CD81-p-null-C104A-D128C expressed in P. pastoris. A small scale (3 ml of
membrane preparations at 60 mg/ml) solubilisation and purification of CD81-p-null-C104A-D128C using
1% (w/v) DDM to solubilise the protein. Double the amount of solubilisation buffer was used compared
with Fig. 5.16. The Ni-NTA resin was washed with 30 mM and 60 mM imidazole followed by elution with
300 mM imidazole. The gel was stained with InstantBlue Coomassie protein stain (Expedeon).

There is more protein in the elution steps than any other attempt to purify the C104A-D128C
double mutant (Figure 5.22). There are clear visible bands in the second and third elution
fractions but those bands have almost completely disappeared in the fourth elution fraction.
The presence of bands in the second and third fraction but not the fourth fraction is probably
because there was not an abundance of protein binding to the Ni-NTA resin with almost all of

it coming of the resin after just three elution steps.

5.5 Small Scale Size Exclusion Chromatography of CD81-C104A-D128C

Despite switching the solubilisation method from SMA2000 to DDM it still proved difficult to
purify enough protein. Given the problems faced using Ni-NTA resin to exploit the His-tag on
the protein a change in purification strategy was needed. It is possible that the His-tag is being
obscured in some way, either by the excess SMA2000 and DDM, although it would be unlikely

in the case of DDM, or the folding of the protein has buried the His-tag so it is not as accessible.
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The next step was to try to purify the protein without the use of the His-tag because of the
possible problems highlighted with its use. One possible method to use is to go straight to
small scale size exclusion chromatography. Using a 1 ml size exclusion column all the DDM
solubilised membrane preparation was loaded onto the column and eluted with 3 ml of

solubilisation buffer.

In the first instance the solubilised membrane was concentrated to 500 ul to be loaded onto
the size exclusion column. It was eluted with 3 ml of solubilisation buffer and collected in six
500 pl fractions. The chromatogram of the purification shows a jagged line with protein starting
to be detected at just after the 2.25 ml mark because the first 2 ml of the chromatogram is the
equilibration step (Figure 5.23). A jagged line with sharp ups and downs is not unexpected
because all solubilised protein was loaded onto the column since no purification step had been

done before size exclusion chromatography.
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Figure 5.23. Size exclusion chromatogram of CD81-p-null-C104A-D128C concentrated to 500 pl.
A small scale (3 ml membrane preparation at 60 mg/ml) solubilisation and purification of CD81-p-null-
C104A-D128C using 1% (w/v) DDM to solubilise the protein. After solubilisation the protein was
concentrated to 500 pl before loading onto the SEC column.

All six 500 pl fractions were loaded onto an SDS-PAGE gel and in the second and third fraction
faint bands can be seen (Figure 5.24). These faint bands and the lack of bands in the other
fractions despite a clear signal on the chromatogram throughout the whole elution step could
be because only a small amount of solubilised protein was loaded onto the column and the

fraction size of 500 yl may be too large and diluting the protein too much.

L.M.Broadbent, PhD Thesis, Aston University, 2022 163



Fraction
1 2 3 4 5 6

kDa

29

20

14

Figure 5.24. SDS-PAGE analysis of a small scale size exclusion chromatography of CD81-p-null-
C104A-D128C expressed in P. pastoris. A small scale (3 ml of membrane preparations at 60 mg/ml)
solubilisation and purification of CD81-p-null-C104A-D128C using 1% (w/v) DDM to solubilise the
protein. The protein was concentrated to 500 ul before loading on the SEC column. The protein was
eluted in 500 ul fractions and run on the SDS-PAGE gel. The gel was stained with InstantBlue
Coomassie protein stain (Expedeon).

To see if the protein samples are being diluted too much in a 500 pl fraction the experiment
was repeated with a smaller fraction volume of 200 pl. In addition to this change the solubilised
membrane was concentrated to 200 pl before being loaded onto the column to try to improve

the resolution on the chromatogram and then eluted with 3 ml of solubilisation buffer.

Concentrating the solubilised membrane into a smaller volume to make it more concentrated
had a significant effect on the chromatogram. The protein began eluting off the column at the
same place as before at just after the 2.25 ml mark with a sharp peak visible at this point
(Figure 5.25). After that the chromatogram takes on a different shape, almost like it is one
continuous peak with slight deviations up and down with less a of a jagged look which is in

stark contrast to the previous chromatogram.
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Figure 5.25. Size exclusion chromatogram of CD81-p-null-C104A-D128C concentrated to 200 pl.
A small scale (3 ml membrane preparation at 60 mg/ml) solubilisation and purification of CD81-p-null-
C104A-D128C using 1% (w/v) DDM to solubilise the protein. After solubilisation the protein was
concentrated to 200 ul before loading onto the SEC column and eluted off the column in 200 pl fractions.

The protein was eluted off the column in 200 ul fractions and 16 fractions were run on an SDS-
PAGE gel. There are clear visible bands that can be seen, particularly in fractions 3-6 with
fraction 3 containing a darker band at approximately 250 kDa and this band fades as the
fractions increase (Figure 5.26). At the same time fractions 4-6 see an increase in the visibility
of proteins at lower molecular weights. The darkest band visible in fractions 4-6 is located at
approximately 25 kDa which corresponds with the molecular weight of CD81, therefore it is
likely that this band represents the protein of interest.
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Figure 5.26. SDS-PAGE analysis of a small scale size exclusion chromatography of CD81-p-null-
C104A-D128C concentrated to 200 pl expressed in P. pastoris. A small scale (3 ml of membrane
preparations at 60 mg/ml) solubilisation and purification of CD81-p-null-C104A-D128C using 1% (w/v)
DDM to solubilise the protein. The protein was concentrated to 200 ul before loading on the SEC
column. The protein was eluted in 200 pl fractions and run on the SDS-PAGE gel. The gel was stained
with InstantBlue Coomassie protein stain (Expedeon).
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Having tried different methods, such as solubilising with different concentrations of SMA2000
and DDM and attempting to start the purification with size exclusion, purifying the CD81-p-
null-C104A-D128C mutant proved too difficult to complete in a reasonable timeframe. Some
results, such as the use of DDM and doing SEC after concentrating the sample to 200 pl,

offered some promise and could benefit from further exploration in the future.

5.6 Conclusion

It has been shown that the purification process when purifying CD81-P-null expressed in P.
pastoris can be improved by adding a small concentration of imidazole to the binding buffer
when incubated the solubilised protein with the Ni-NTA resin. Increasing the imidazole
concentration to 30 mM and 60 mM in the two wash steps during purification also improves
the purity of the protein. This will be useful in the future when pure protein is required for further

downstream analysis.

Mutants of CD81-p-null were successfully transformed into P. pastoris with the aim of purifying
them and using them in PELDOR experiments to investigate the opening and closing
mechanism of CD81. Attempts were made to purify the protein in SMA and DDM. DDM
purification performed better but this will require further optimisation in the future. So, at the
moment it was not possible to produce sufficient purified protein of the mutants to carry out
PELDOR studies.
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Chapter 6 — Interaction between ganglioside sugars and tetraspanins

It is known that tetraspanins and gangliosides are present together in TEMs along with
cholesterol. Deciphering the specific interactions between these three molecules would
provide a greater understanding of how TEMs are formed. Modelling on CD81 in the open
conformation suggests that gangliosides interact with the SEL, TM1, TM2 and to a lesser
extent the &-loop in the LEL (Schmidt et al. 2016). Since then, a closed CD81 structure has
been discovered (Zimmerman et al., 2016), therefore this thesis will look at ganglioside-

tetraspanin interactions when tetraspanins are in their closed state.

6.1 Docking ganglioside sugars to closed CD81

To understand the interactions between gangliosides and tetraspanins, galactose, glucose
and lactose molecules were docked onto the closed CD81 structure using Galaxy7TM (Seok
& Lee, 2016). Galactose and glucose are sugar residues in the headgroup of gangliosides and
the main interactors with membrane proteins when they form hydrogen bonds with the protein.
Given that they are the main interactors they were docked without any other part of the
ganglioside and results of each molecule were compared to find galactose and glucose

molecules that overlapped with the docked lactose molecule.

To find a region of closed CD81 where the sugar residues might bind the closed CD81
structure (PDB: 5tcx) was uploaded to DeepSite (Jimenez et al., 2017) to find potential binding
pockets. A promising potential binding pocket discovered using DeepSite was situated on the
TM2-TM3 side of the protein around the apex of where TM3 and the a helix in the LEL meet
(Figure 6.1). The amino acids highlighted by DeepSite in the binding pocket were Ala108 and
Trp111in TM3 and lle119, Asp122 and Val123 in the a helix.
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Figure 6.1. Binding pocket of closed CD81. The binding pocket of CD81 in the closed conformation
determined using DeepSite (Jimenez et al., 2017). A zoomed in view highlights Ala108 and Trp111,
residues located in TM3, and lle119, Asp122 and Val123, residues located in the a helix in the LEL as
a potential binding pocket.

Using the residues identified in the binding pocket the galactose, glucose and lactose
molecules were docked to closed CD81 using Galaxy7TM (Seok & Lee, 2016). A galactose
molecule docked above where the membrane would be located near the LEL on the TM2-TM3
side and the SEL and TM2 with a docking energy of -6.462 kcal/mol (Figure 6.2A). Thr57 and
Gly61, located at the top of TM2, both interact with the galactose molecule via hydrophobic
contacts, while Asp122, located in the LEL, which can act as a hydrogen acceptor forms two
hydrogen bonds with the galactose molecule. One hydrogen bond is formed between the OH
group at the C3 position of galactose and OD1 on aspartic acid and the other hydrogen bond
is formed between the OH group at the C4 position of galactose and the oxygen of aspartic
acid that forms the protein backbone. The distances of these hydrogen bonds are 3.21 A and
3.26 A respectively (Figure 6.2B).
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Figure 6.2. Interaction of ganglioside sugars with closed CD81. Cartoon representation of closed
CD81 interacting with B-D-galactose and lactose. Galaxy7TM (Seok & Lee, 2016) was used to
determine the interactions with binding residues Ala108, Trp111, lle119, Asp122 and Val123. (A) The
interaction of B-D-galactose with the LEL and TM2 of closed CD81 (B) 2D representation of the
interaction between closed CD81 and (-D-galactose (C) The interaction of lactose with the LEL and
TM2 of closed CD81 (D) 2D representation of the interaction between closed CD81 and lactose. (B)
and (D) were adapted from the LIGPLOT (Wallace et al., 1996) output on Galaxy7TM.

Lactose was docked to see if the galactose molecule that docked with closed CD81 is in a
similar position when it is docked as part of a lactose molecule with glucose with a docking
energy of -8.730 kcal/mol. One of models did line up well with the same OH groups on the
galactose forming hydrogen bonds with the same parts of Asp122 (Figure 6.2C). There is
minimal change in the hydrogen bond distance between the OH group at the C4 position of
galactose and the oxygen that forms part of the protein backbone with an increase of 0.01 A
to 3.27 A. There is, however, a more pronounced difference between the hydrogen bond
distance between the OH group at the C3 position of galactose and OD1 on aspartic acid with
a decrease of 0.38 A to 2.83 A (Figure 6.2D). Thr57 and Gly61 interact with lactose via
hydrophobic contacts, like when just galactose is docked, but lle64, located in TM2 and

Phe126 also interact with lactose in the same way.
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To demonstrate the similar position of galactose on its own and as part of lactose with regards
to its interaction with closed CD81 the two molecules were superimposed onto each other
(Figure 6.3). Glucose on its own was docked and while many of the models resulted in glucose
interacting with closed CD81 in the same region of the protein as galactose and lactose, none

of them could be overlayed with lactose to demonstrate a similar position in both.
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Figure 6.3. Overlaying B-D-galactose and lactose with closed CD81. B-D-galactose and lactose
superimposed on the same image to show the similar position and orientation of 3-D-galactose on its
own and as part of a disaccharide with B-D-glucose to form lactose. (A) The superimposed B-D-
galactose and lactose in the presence of the ribbon structure of closed CD81 (B) The superimposed -
D-galactose and lactose with the ribbon structure of closed CD81 removed. Carbons are labelled (green
on B-D-glucose and blue on B-D-galactose) and the image has been rotated 135° along the horizontal
plane.

The effect of Asp122 on galactose and lactose interactions with closed CD81 was further
investigated by mutating it to Ala, an amino acid which is not able act as a hydrogen acceptor
or donor. The maximum, minimum and average docking energy of galactose and lactose
binding to closed CD81 increased when Asp122 is mutated to Ala (Table 6.1). While the
average docking energy for galactose increases by 0.434 kcal/mol from -6.249 kcal/mol to -
5.815 kcal/mol when Asp122 is mutated the increase is less pronounced for lactose. Docking
lactose resulted in a 0.095 kcal/mol increase from -8.414 kcal/mol to -8.319 kcal/mol when

Asp122 was mutated to Ala.

Thr57 is another amino acid involved in the interaction of galactose and lactose by providing
hydrophobic contacts (Figure 6.2). In some of the other docked models Thr57 was also
involved in hydrogen bonding, alongside Asp122. The effect of mutating Thr57 to alanine was

investigated in a similar manner to that was Asp122. Mutating Thr57 to alanine leads to an
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increase in the maximum, minimum and average docking energy when galactose is docked
(Table 6.1). However, when lactose is docked the maximum and average docking energy
decrease when compared to wild-type CD81, despite an increase in the minimum docking

energy.

Table 6.1. Docking energy of galactose and lactose with closed CD81. Galactose and lactose
docked with wild-type closed CD81 using Galaxy7TM (Seok & Lee, 2016) and a series of mutants to
investigate the role of Asp122 and Thr57 in ganglioside binding.

CD381 Protein Average Docking Minimum Docking Maximum Docking
Energy (kcal/mol) Energy (kcal/mol) Energy (kcal/mol)

Wild-type Galactose -6.249 -7.370 -5.605
D122A Galactose -5.815 -6.697 -5.102
T57A Galactose -6.003 -6.538 -5.574
D122A-T57A Galactose -5.861 -6.849 -5.188
Wild-type Lactose -8.414 -10.059 -7.456
D122A Lactose -8.319 -8.514 -7.444
T57A Lactose -8.899 -9.608 -8.113
D122A-T57A Lactose -8.258 -8.551 -7.960

To further investigate the effect of Asp122 and Thr57 both amino acids were mutated to Ala
in the same CD81 protein. The average docking energy for both galactose and lactose
increased when they were docked on the double mutant. The average docking energy for
galactose increased by 0.388 kcal/mol from -6.249 kcal/mol to -5.861 kcal/mol and by 0.156

kcal/mol for lactose with an increase from -8.414 kcal/mol to -8.258 kcal/mol.

6.2 Mutating Asp122 in CD81 in P. pastoris

Having performed docking studies on sugar interactions with CD81, Asp122 was selected as
an amino acid which requires further research. Thr57 has some involvement in the sugar
interaction when docking the lactose molecule binding between lactose and CD81 improves
when Thr57 is mutated to Ala (Table 6.1). Mutating Asp122 disrupts the interaction, as does
mutating both. In the first instance, however, only Asp122 was mutated because of its

propensity to form hydrogen bonds with the sugar molecules.

To investigate ganglioside-tetraspanin interactions gangliosides can be fixed to nitrocellulose
or polyvinylidene fluoride (PVDF) membranes followed by incubation with purified CD81 and
CD82. Furthermore, gangliosides can be coated onto ELISA plates to test the same thing by

doing an ELISA. In both instances, CD81-p-null binding can be compared to another version
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of the protein that has had Asp122 mutated to Ala to see the effect of Asp122 on ganglioside
binding.

Asp122 mutants were produced by site-directed mutagenesis. Asp122 was mutated to Ala,
followed by Dpn1 incubation. Mock mutations were run where no primers were added and
after Dpn1 incubation 6 pl of each sample was run on a 1% agarose gel. At first, mutagenesis
did not work as no PCR product was visible on agarose gels that were run after mutagenesis
(Figure 6.4A). The pPICZB plasmid that the CD81-p-null gene had been transformed into is
3.3 kb in length and the CD81-p-null gene is 708 kb. Combined the plasmid is approximately
4 kb, so the first mutation was performed with a 4-minute cycle on the annealing temperature
of 68°C because the time should be 1 minute per 1 kb of plasmid. The time was increased to
5 minutes because the annealing time may not be high enough because the size of the plasmid
is only just 4 kb. After increasing the time to 5 minutes clear bands were seen at approximately
4.0 kb and in line pPICZB-CD81-p-pnull plasmid which had not been mutated (Figure 6.4B).
This indicated that the plasmid was at the correct size. Some fainter bands were visible in the

mock mutations, but the mutated plasmids were taken forward for transformation into TOP10

E. coli cells.
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Figure 6.4. Agarose gels of the PCR product after site-directed mutagenesis of CD81-p-null to
mutate Asp122 to Ala. pPICZB plasmids containing CD81-p-null were mutated by site-directed
mutagenesis to produce a Asp122Ala mutant and run on 1% agarose gels. (A) The first attempt where
the annealing time was 4 minutes (B) The second attempt after optimising the annealing time from 4
minutes to 5 minutes. 6 yl of sample was loaded into each lane, consisting of 5 pl plasmid and 1 pl

loading dye.

After transformation into TOP10 E. coli cells the cells were mini-prepped and sequenced at
Eurofins Genomics. Sequencing data was analysed by taking the nucleotide sequence from
the sequencing and using ExPasy Translate. Once the frame containing the correct sequence

for CD81-p-null had been located its sequence was compared to wild-type human CD81 in
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Clustal Omega to check that the desired Asp122Ala mutation had been introduced. Comparing

the two sequences showed that Asp122 had been mutated to Ala (Figure 6.5, black box).

Co81_MT -MGVEGCTKCIKYLLFVFNFVFHLAGGVILGVALWLRHDPQTTNLLYLELGDKPAPNTFY 59
(D81_D122A MSGVEGATKAIKYLLFVFNFVFWLAGGVILGVALWLRHDPQTTNLLYLELGDKPAPNTFY 6@
CD81_WT VGIYILIAVGAVMMFVGFLGCYGAIQESQCLLGTFFTCLVILFACEVAAGINGFVNKDQI 119

(D81_D122A VGIYILIAVGAVIMMFVGFLGAYGAIQESQALLGTFFTCLVILFACEVAAGINGFVNKDQI 120

EEXXEREXLERERLLAXRES RAXVERAE XX RRA XA LR AR KL XA EIARLEZERR RS

CD81_WT AHDVKQFYDQALQQAVVDDDANNAKAWKTFHETLDCCGSSTLTALTTSVLKNNLCPSGS 179
CD81_D122A AHAVKQFYDQALQQAVVDDDANNAKAWKTFHETLDCCGSSTLTALTTSVLKNNLCPSGS 180
CD81_WT NITSNLFKEDCHQKTDDLFSGKLYLIGIAATVVAVIMIFEMILSMVLCCGIRNSSWY--- 236

(D31_D122A NIISNLFKEDCHQKIDDLFSGKLYLIGIAAIVVAVIMIFEMILSMVLAAGIRNSSVYGGG — 240

EEXAERAXSER XA LAXXELA XA KRR XA XX ERRRA RN RS RRAREE  IAREXRER

(DBIMT eeee-- 236
(D31_D122A HHHHHH 246

Figure 6.5. Asp122Ala mutant sequence compared to wild-type human CD81. Asp122Ala mutants
transformed into TOP10 E. coli cells were sequenced by Sanger sequencing with a 15 pl sample of
plasmid (50 ng/ul) with 2 ul of forward AOXT primer (10 pmol/ul). Sequences were translated using
ExPasy Translate and aligned with Clustal Omega. Asp122Ala is shown in a black box.

To be able to produce enough pure protein the mutated plasmid was linearised and chemically
transformed into P. pastoris X33 cells so that the protein could be expressed. Having enough
pure protein is needed so that the dot blot and ELISA experiments could be conducted. After
chemical transformation cells were plated on YPD agar plates with different concentrations of
zeocin. The concentrations of zeocin used were: (100 pg/ml, 250 ug/ml and 500 pg/ml). There
were few colonies that grew on the plates with just one colony growing on the plates containing
250 pg/ml and 500 ug/ml, while 1 large colony and numerous smaller colonies grew on the

100 pg/ml plate (Figure 6.6).
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Figure 6.6. Transformed CD81-p-null-D122A mutants on YPD agar plates with varying
concentrations of zeocin. pPICZB plasmids with the Asp122Ala mutant were chemically transformed
into P. pastoris X33 cells on YPD plates containing 100 ug/ml (top right), 250 pug/ml (bottom left) and
500 pg/ml (bottom right). A mock transformation was performed with no pPICZB plasmid added to the
transformation (top left). The large, transformed colonies are highlighted in black circles.

The large colonies that grew on each one of the plates, as well as one of the smaller colonies
on the 100 ug/ml, were taken and grown on a small scale for small scale protein expression.
The cells were grown in 5 ml of BMGY before centrifuging the cells and resuspending in 5 mi
of BMMY to express the protein. A Western blot was run and an anti-His antibody used to

detect expression of the mutant protein (Figure 6.7).
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Figure 6.7 Expression of CD81-p-null-D122A mutants. Small scale expression (5 ml) of CD81-p-
null-D122A mutants grown on YPD agar plates containing 100 ug/ml, 250 ug/ml and 500 ug/ml of
zeocin. Western blot containing 20 ul of sample in each lane transferred to a nitrocellulose membrane.
The membrane was incubated with a 1:5000 dilution of 6x His monoclonal antibody (Takara) and then
incubated with a 1:10,000 of HRP conjugated anti-mouse IgG antibody (Cell Signalling Technology).
The membrane was then incubated with ECL Western blotting substrate (Pierce) and imaged using a
G:BOX Chemi XRQ (Syngene).

Expression of the CD81-p-null-D122A mutants was not high (Figure 6.7). There were no dense
bands that were usually seen when working with CD81-p-null. A faint band is visible in the
second 100 pg/ml lane at approximately 20-25 kDa which would correspond with the size of
CD81. Bands are visible in all lanes at approximately 50 kDa which could be dimers of CD81
since CD81 is known to form dimers and higher order oligomers. This could explain the
presence of faint bands at approximately 75 kDa and a 100 kDa band in the 250 ug/ml lane.
The mutant that grew on the YPD agar plate with 250 ug/ml of zeocin has the densest bands
and may require further exploration. CD81-p-null-D122A mutants could not be expressed to a

satisfactory level, therefore expression of these mutants will need to be optimised.

6.3 Expression of CD81 in HEK293T cells

Expressing CD81 in P. pastoris cells is not ideal when looking at its interaction with
gangliosides because gangliosides are not expressed in P. pastoris. It is more beneficial to

express the protein in mammalian cells. CD81 is endogenously expressed in HEK293 cells
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and so are the gangliosides GM1, GM2, GM3 and GD1a making them ideal cells to express
CD81 and a mutated CD81 where Asp122 is mutated to Ala.

Wild-type CD81 was expressed in HEK293T cells rather than the CD81-p-null expressed in
P. pastoris. This decision was made because the p-null mutant is not palmitoylated.
Palmitoylation of tetrapsanins is needed to interact with other constituents of TEMs. Since the
integrity of TEMs, and specifically CD81’s interaction with gangliosides, will be investigated it
would be better to use a version of CD81 that can interacts with gangliosides in its native state.
When the Asp122Ala mutation is introduced, there will be no other mutations that could
interfere with the CD81-ganglioside interaction which will give clearer information of the role

of Asp122 in CD81-ganglioside interactions.

Wild-type CD81 with a FLAG-tag in the pEF6.A plasmid was transiently transfected using 2
Mg of plasmid DNA and polyethylenimine (PEI) in HEK293T cells at different cell densities
followed by incubation at 37°C for 24 hours. There were either 500,000 or 800,000 cells in 6-
well plates at the time of transfection. Mock transfections were done where no DNA was added
to the cells. Whole cell lysates were analysed on Western blot using an anti-FLAG and anti-
CD81 antibody to detect expression of the protein. Cells were lysed after scraping using

radioimmunoprecipitation assay (RIPA) buffer.

Expression of wild-type CD81 was high in HEK293T that were transfected with DNA. When
analysing on a Western with anti-CD81 a clear dense band was seen at approximately 25 kDa
which corresponds with the correct weight of CD81 (Figure 6.8A). The bands are more intense
when CD81 DNA was transfected in 800,000 HEK293T cells rather than 500,000 cells.
Despite no DNA being transfected in the mock transfections there are faint bands visible in

the mock transfection lanes, especially in the mock transfection with 800,000 cells.
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Figure 6.8. Expression of wild-type CD81 in HEK293T cells. Wild-type CD81 was transfected into
HEK293T cells and grown at 37°C for 24 hours. After which cells were lysed and analysed on a Western
blot. (A) The membrane was incubated with a 1:100 dilution of anti CD81 2s131 (Grove et al., 2017)
followed by incubation with a 1:10,000 of HRP conjugated anti-mouse IgG antibody (Cell Signalling
Technology) (B) The membrane was incubated with a 1:5000 dilution of anti-FLAG antibody (Sigma-
Aldrich) followed by incubation with a 1:2000 dilution of HRP conjugated anti-rabbit IgG antibody (Cell
Signalling Technology). The membranes were then incubated with ECL Western blotting substrate
(Pierce) and imaged using a G:BOX Chemi XRQ (Syngene).

Analysis with the anti-FLAG antibody showed a similar result to that seen with the anti-CD81
antibody (Figure 6.8B). There were intense bands visible at approximately 25 kDa in all
HEK293T cells that were transfected with DNA. Unlike when analysing with anti-CD81, there
was no increase in density in DNA transfected in 800,000 cells compared to 500,000. Another
difference between the different antibodies was that fainter bands at approximately 50 kDa
were more visible when analysing with anti-FLAG which is an indication of dimerization of
CD81.

6.4 Docking ganglioside sugars to closed CD82

Gangliosides are known to interact with tetraspanins and the main focus of this thesis has
been looking at how CD81 interacts with gangliosides. Little is known about the CD81-
ganglioside interaction. Most of what is known about tetraspanin-ganglioside interactions
comes from experimental research which involved CD82 (Todeschini et al., 2007; Todeschini
et al., 2008). No work has been done on the specific interactions of CD82 with gangliosides,
therefore docking of ganglioside sugars was performed on CD82. Probing this interaction and
continuing the work in vitro would also provide a control for the CD81 work since CD82 is

known to interact with so many gangliosides.
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No structure of CD82 exists, therefore CD82 was modelled using CD9 as a template. CD82
shares greater sequence similarity with CD9 than any other tetraspanin and a crystal structure
of CD9 was discovered at 2.70 A by X-ray crystallography (Umeda et al., 2020). Homology
modelling was performed using SWISS-MODEL (Waterhouse et al.,, 2018) to generate a
model of CD82 (Figure 6.9) that can be used to dock with sugar molecules in a similar manner
to that done with CD81.

oy
Extracellular SEL® 5 ll

Intracellular

N-terminus¥
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Figure 6.9. Homology model of closed CD82 in the membrane. Cartoon representation of CD82 in
the closed conformation modelled using SWISS-MODEL (Waterhouse et al., 2018) with the crystal
structure of CD9 (PDB: 6k4J) as a template viewed at 90° intervals parallel to the membrane place.
Four TM domains traverse the membrane in a cone-like formation with TM1 (dark blue) and TM2 (dark
green) linked by the SEL (light blue) forming one side of the cone. The other side of the cone comprises
TM3 (light green) and TM4 (red) which are linked by the LEL. The N-terminus and C-terminus are
situated in the intracellular region, alongside a short SIL connecting TM2 to TM3. TM1 has been labelled
in each image.

When analysing the CD82 homology model the overall quality of the structure would be bad.
The Quality Model Energy Analysis (QMEAN) score is an overall assessment of the quality of
a model (Benkert et al., 2011). It essentially gives a score with regards to how the model
deviates from the mean of all known experimentally determined structures. It is based on four
factors, which are: the torsion angle potential across three join residues, the interaction
potential at the level of CB atoms and all atoms and, finally, the solvation energy which
determines how accessible water is to the protein. A score below -4.00 is considered a bad

model.

The CD82 homology with CD9 (PDB: 6k4j) as a template has a QMEAN score of -4.98 which
is an indication of a bad model (Figure 6.10B). The Ramachandran plot (Ramachandran et al.
1963) showed a majority amino acids at the top of the bottom left quadrant. The accumulation
of amino acids in this region means that these residues are likely to be part of a right-handed
a helix structure (Figure 6.10A). A lot of the other amino acids are scattered in various parts

of the plot which is likely to mean that these residues are part of an unstructured random coil
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region. Two amino acids are almost certain to be modelled wrong and they are Ser154 and

GIn201 because they both appear in the bottom right quadrant of the plot.
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Figure 6.10. Ramachandran plot and QMEAN Z-scores of CD82 homology model. (A)
Ramachandran plot showing the angle of amino acids in the CD81 homology model based on CD9
(PDB: 6k4j) and the (B) accompanying QMEAN Z-scores.

The poor quality of the model is largely down to the loop in the LEL between the B helix and
the € helix. This is the most variable region in human tetraspanins and the CD9 structure that
it was modelled on has a loop region of 26 amino acids, whereas CD82 has a loop region of
52 amino acids. It is the fourth longest loop region in human tetraspanins. All three full-length
tetraspanin structures, CD81, CD9 and CD53, have short loop regions. Modelling the CD82
loop region, therefore, is difficult and much many of the problems with the structure are in that

loop region (Figure 6.11A, green box).
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Figure 6.11. QMEANBrane analysis of the CD82 homology model. (A) A rope structure of the CD82
homology model which was modelled on CD9 (PDB: 6k4j) in the membrane showing the location of
QMEANBrane (Studer et al., 2014) scores with orange regions having a score below 0.50 and as the
colour becomes bluer in the structure the score increases. (B) Model-template alignment showing the
corresponding colours for QMEANBrane score in the “CD82_Model” sequence. The unstructured
region in the loop in the LEL is in the green boxes. The smaller low QMEANBrane region in the SEL is
in the red boxes and the relatively high scoring “CSC” region in the middle of the loop in the loop is in
the yellow boxes.

The QMEANBrane score reflects statistical potentials which aims to estimate the local quality
of models of membrane proteins (Studer et al., 2014). Low scores, below 0.50, are an
indication of lower quality and they are coloured orange in the structure (Figure 6.11A) and
the model-template alignment (Figure 6.11B). The colour changes to a purple and changes

further to a blue as the quality increases.

The TM regions and the a, B and ¢ helices in the LEL are almost exclusively purple and blue
with a QMEANBrane scored of >0.70. The SEL (Figures 6.11A & 6.11B, red boxes) has a
lower QMEANBrane score with the amino acids that comprise the SEL having score of
approximately 0.50. The lowest quality region in the CD82 homology model is the region

between the B helix and the € in the LEL with many of the amino acids having a QMEANBrane
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score > 0.50 (Figures 6.11A & 6.11B, green boxes). In the middle of this region is a three
amino acid run of Cys-Ser-Cys (Figures 6.11A & 6.11B, yellow boxes) which have
QMEANBrane scores of 0.72-076. The increase in quality in the middle of a region that lacks
quality is because of the stability provided by the disulfide bond formed between the second
Cys residue in the Cys-Ser-Cys run and the second Cys in the CCG-motif at the start of the
loop. The rest of the loop is unstructured which leads to its poor model quality. The rest of the

model is satisfactory and will serve as a good model for ganglioside sugar docking.

To determine where the sugars, glucose, galactose and lactose bind to CD82 it was first
submitted to the online program DeepSite (Jimenez et al., 2017) to find a potential binding
pocket on the CD82 molecule (Figure 6.12). The potential binding pocket differed from that
discovered on CD81. The binding pocket on CD81 was located on the TM2-TM3 side of the
protein, whereas the binding pocket of CD82 is situated on the TM1-TM4 side of the protein.
The amino acids that constitute the potential binding pocket are lle27, Phe30, Trp33 and lle34
which are located at the top of TM1, along with Ala139, Tyr142 and Val143 located on the LEL
on the TM1-TM4 and, finally, Phe59 situated near the top of TM2 (Figure 6.12).
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Figure. 6.12. Binding pocket of CD82. The binding pocket of CD82 in the closed conformation was
determined using DeepSite (Jimenez et al., 2017). A zoomed in view highlights 1le27, Phe30, Trp33
and lle34, residues located in TM1, Phe59, a residue located in TM2, and a Ala139, Tyr142 and Val143,
residues located in the LEL, as a potential binding pocket.
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Galaxy7TM was used to dock glucose, galactose and lactose on CD82 using the amino acids
in the potential binding pocket as a guide for where to dock the sugars. Galactose docked with
CD82 at the top of TM1 where TM1 and the SEL meet the B helix of the LEL (Figure 6.13A).
Four hydrogen bonds are formed between galactose and CD82 with one hydrogen bond at a
distance of 3.33A to Trp33, located at the top of TM1. This interaction occurs between the OH
group at the C2 position of galactose and the Trp33 oxygen that forms part of the protein
backbone (Figure 6.13B). The other three hydrogen bonds are between galactose and the
sidechains of the amino acids it interacts with. For instance, Asp37 is situated in the SEL and
forms a hydrogen bond with the OH group at the C3 position at a distance of 2.89A. The other
two interactions are between the OH group at the C6 position of galactose and the sidechains
of Ser135 and Asp138, both of which form part of the B helix in the LEL. The hydrogen bond
distances are 3.31A and 3.24A respectively (Figure 6.13B). Further to the hydrogen bonds
forms there are minor hydrophobic contacts between galactose and Leu136 and Ala139 which

are positioned near Ser135 and Asp138 in the LEL.

A — Ser 135 A C) 7 = s
) ey ‘ ooy A Asp 138 4 Ser 135% «
L e q P b o
‘. 15 L

i Leu l‘r Fadte |143M ‘44
wo AR % V'

Asp 37

B) D)

Asp 138 Asp 37 ﬁﬁ/
Ala139/ e > )
4 ﬁ—f 330A 297A
¢ & 2 \Trp 33
. gl i

3.33A g
2.83A

Ser 135
Phe 30
oy Trp 33
leu 136" :
[ Tyr142
/ S

Val 143

Figure. 6.13. Interaction of ganglioside sugars with closed CD82. Cartoon representation of closed
CD82 interacting with B-D-galactose and lactose. Galaxy7TM (Seok & Lee, 2016) was used to
determine the interactions with binding pocket residues lle27, Phe30, Trp33, Pheb9, Ala139, Tyr142
and Val143. (A) The interaction of B-D-galactose with the LEL and TM1 of closed CD82 (B) 2D
representation of the interaction between closed CD82 and 3-D-galactose (C) The interaction of lactose
with the LEL and TM1 of closed CD82 (D) 2D representation of the interaction between closed CD82
and lactose. (B) and (D) were adapted from the LIGPLOT (Wallace et al., 1996) output on Galaxy7TM.
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Docking lactose to CD82 results in the sugar interacting at the same TM1-SEL-LEL region of
CD82, much like that seen when galactose is docked (Figure 6.13C). The interaction includes
four hydrogen bonds, similar to when galactose is docked. While all four hydrogen bonds are
formed between the galactose part of lactose, they are not all with the same amino acids as

those seen when galactose was docked on its own.

It can be seen that lactose docks in a position slightly below that of galactose (Figure 6.14A)
which brings the galactose part of lactose closer to Phe30 rather than Trp33. While the OH
group at the C2 position of galactose forms a hydrogen bond with the Trp33 oxygen that is
part of the protein backbone, when lactose is docked the same OH group forms a hydrogen
bond with the Phe30 oxygen that is part of the protein backbone (Figure 6.13D). There is also
a decrease in hydrogen bond distance between these two interactions of 0.50A to 2.83A giving

an indication of the slight change in position of galactose when it is part of lactose.
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Figure 6.14. Overlaying B-D-galactose and lactose interacting with closed CD82. (3-D-galactose
and lactose superimposed on the same image to show the similar position and orientation of B-D-
galactose on its own and as part of the disaccharide with 3-D-glucose to form lactose. (A) The
superimposed B-D-galactose and lactose in the presence of the ribbon structure of closed CD82 (B)
The superimposed [3-D-galactose (green) and lactose (blue) with the ribbon structure of closed CD82
removed. The carbons are labelled and the image has been rotated 90° along the vertical plane.

When galactose on its own is docked it forms one hydrogen bond with the sidechain of Asp37
but as part of lactose there are two hydrogen bonds formed with Asp37. One of these is with
the OH group at the C3 position of galactose and the other is with the OH group at the C4
position of galactose. The C3 hydrogen bond is similar to that seen when galactose on its own
is docked, despite a small 0.08A increase in distance to 2.97A, while the C4 hydrogen bond
is at a distance of 3.30A (Figure 6.13D). The final hydrogen bond occurs between the OH
group at the C6 position and the sidechain of Ser135, like that seen when just galactose is
docked. The hydrogen bond seen is almost identical with just a 0.02A increase in the hydrogen
bond distance to 3.33A (Figure 6.13D).
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The galactose and lactose molecule were superimposed on top of each other with the
interacting CD82 molecule to demonstrate that they are docked in a similar position (Figure
6.14A). The fit between the two molecules is not as good as the fit when docked to CD81
(Figure 6.3A). The galactose monosaccharide C2 carbon is closer to the C3 carbon in the
galactose that forms part of the lactose molecule. Glucose was docked and did bind in the
same region as galactose and lactose but none of the glucose molecules were close to

overlapping the glucose molecule in lactose when they were superimposed.

6.5 Conclusion

Tetraspanins interact with gangliosides in the membrane (Todeschini et al., 2008) as part of
TEMs. Research using the Seigneuret model (2006) highlighted some regions of CD81 that
interact with gangliosides (Schmidt et al., 2016). Using that model, however, means that the
only analysis of tetraspanin-ganglioside interaction was conducted using CD81 in the open

conformation.

In this chapter the interaction between CD81 in the closed conformation and the sugar
residues in gangliosides was investigated. It highlighted that Asp122 in the B helix forms a
hydrogen bond with the galactose residue as a monosaccharide and as part of a lactose
molecule. A homology model of CD82 was created in the closed conformation and ganglioside
sugars were docked to the model. Asp37, in the SEL, and Ser135, in the B helix, were found

to form hydrogen bonds with the galactose.

It is hoped that these findings can be further investigated using molecular modelling
techniques and wet laboratory methods, such as thin layer chromatography, dot blots and
ELISAs.
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Chapter 7 — Discussion

The main aims of this thesis were to characterise the structures and sequence of human
tetraspanins and analyse disulfide bond formation in the LEL. Using a combination of
sequence and structural analysis, tetraspanins were aligned to devise a universal amino acid
numbering system. The numbering system will allow tetraspanin researchers to accurately
describe the position of an amino acid. Some tetraspanin LELs were modelled to provide an
insight into the structure of their loop regions between the 8 helix and the ¢ helix. In doing so,
disulfide bond patterns were used to further analyse sequence conservation of tetraspanin
subfamilies. There were also surprising disulfide bond arrangements discovered in the
TspanC6-CxC subfamily which may provide an insight into the conformational flexibility of the
LEL.

Further aims of this thesis were to improve the purification process of CD81 expressed in P.
pastoris by solubilising the protein with SMA copolymer that had been hydrolysed by
autoclaving rather than refluxing. Autoclaved SMA proved to be comparable to refluxed SMA

when solubilising CD81.

The final aims of this thesis were to investigate the interaction between tetraspanins and
cholesterol, as well as their interaction with gangliosides. The CD81-cholesterol interaction
and its role in CD81 conformational change were to be investigated with PELDOR. As yet, a
sufficient amount of pure CD81 protein has not been obtained, so further optimisation will be
required. Molecular docking of ganglioside sugars with CD81 and CD82 was performed to
investigate tetraspanin-ganglioside interactions. In CD81, Asp122, and in CD82, Asp37 and
Ser135, were identified as amino acids that interact with ganglioside sugar residues via

hydrogen bonds.

7.1 Universal tetraspanin nhumbering system

This research established a universal numbering system to underpin the structural and
functional characterisation of human tetraspanins. To do so, structural and sequence
conservation were first examined in the TM domains using data from three known crystal
structures. TM1 has two positions with 82% conservation: the 6th position is Asn and the 13th
position is Gly, which form the first two residues in the NGG7 motif (Figure 3.5) (Kovalenko et
al., 2005). Both play significant functional roles in tetraspanins. Asn1.43('® in CD81 forms a
hydrogen bond with the hydroxyl group of the cholesterol molecule when cholesterol is bound
inside the cavity (Zimmerman et al., 2016). Gly1.50% in CD9 is believed to play a crucial role
in intramolecular packing between TM1 and TM2 by interacting with Met2.477% in TM2 to aid
the correct folding of the protein (Kovalenko et al., 2005). Notably, Gly is the 13th residue of

21 residues in TM1, whereas Asn is the 6th residue. Studies on GWALP23, a well-researched
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WALP-like peptide, has shown that the ends of the TM are frayed (Vostrikov et al., 2010;
Mortazavi et al., 2016). In contrast, the stability of more central residues is aided by the fact
that backbone hydrogen bonds are strengthened by a more apolar environment (Cao et al.,
2017). The Gly in the 13™ position has a higher BLOSUM®62 score than the Asn in the 6™
position by 31.97 (Figure 3.4). The 82% conserved Gly residue in the centre of TM1 was
therefore chosen as the anchor residue for the universal residue numbering system and
denoted Gly1.50.

The Gly at the 6th position in TM2 is 97% conserved. One limitation in making it the anchor
residue is that it is close to the end of the TM. However, the next most conserved residue in
TM2 is a Gly residue at the 16th position which is also 6 residues from the end of the TM. The
97% conserved Gly at the 6th position makes up part of the TM2 GGA7 motif (Figure 3.8).
The corresponding Gly2.506" in CD9 is an important residue because it interacts with
Leu1.54@9 in TM1. Mutating Gly2.50") to Leu perturbs this Gly2.506"-Leu1.54° interaction

which has a detrimental effect on CD9 folding, leading to aggregation (Kovalenko et al., 2005).
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Figure 7.1. Position of anchor residues in the TM and LEL regions of CD81. (A) The position of the
anchor residues (Gly1.502%, Gly2.50%7), Glu3.50(19%) and Met4.50('8) in the TM domains of CD81
(PDB: 5tcx) (B) The position of the anchor residues (llea.50('19), LysB.50('48) and lle€.50("*4)) in the LEL
region of CD81 (PDB: 5tcx).
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In TM3, Glu/GIn in the 18th position are 94% conserved (Figure 3.12). Glu and GIn are
chemically similar, a fact exemplified by the positive BLOSUMG62 score of 2 assigned to the
likelihood of this substitution occurring (Henikoff & Henikoff, 1992). The pKa of the Glu residue
in TM3 is approximately 6.9 which would suggest that in that context it is protonated and
uncharged. UP1b, a tetraspanin expressed in the bladder, has been shown to stay in the

endoplasmic reticulum (ER) when Glu3.501%2) is mutated to Ala (Tu et al., 2006), indicating
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that this residue may be required for correct folding of the protein. To demonstrate the
chemical similarities of Glu and GIn, the authors of this study mutated Glu3.50('%? to GIn, which
had no effect on the protein’s ability to exit the ER. This finding gives further confidence in

choosing Glu/GIn 3.50 as an anchor residue.

Glu/GIn 4.50 is 75% conserved. There is a Gly residue in the 18th position that shows 67%
conservation (Figure 3.16). In CD81 it is a Glu residue, Glu4.58"), which has been shown to
form a hydrogen bond with the hydroxyl group of cholesterol when it is bound inside the cavity
(Zimmerman et al., 2016). Glu4.58'% is one helical turn closer to the C-terminal than 4.50.
Other tetraspanins, such as CD9 and CD82, are known to interact with cholesterol (Charrin et
al., 2003; Huang et al., 2020), although it is unclear whether this interaction occurs inside the
cavity as for CD81 (Zimmerman et al., 2016). If this interaction does occur inside the cavity
then it is possible that a hydrogen bond could be formed with the Glu/GIn residue at 4.50 in a

similar manner to the bond formed between the hydroxyl group of cholesterol and Glu4.58?9),

One problem with regards to the alignment of the TM sequences and structures is that the
only full-length structures of human tetraspanins that we have are CD81, CD9 and CD53. All
three of these belong to the TspanC4 sub-family. It is possible, therefore, that there could be
structural differences amongst the tetraspanins. For instance, it is possible that the length of
some of the TMs could be different from those reported in this thesis. The ends of the TMs
were decided based on a combination of TMHMM 2.0 (Moller et al., 2001), structural analysis
and sequence conservation. In terms of sequence conservation particular emphasis was
placed on aromatic residues like Trp and Tyr. Trp and Tyr are often found in the interfacial
region forming an “aromatic belt” (Braun & von Heijne, 1999). Another aspect considered when
trying to define the ends of TMs was the presence of “snorkelling” residues, such as Lys and
Arg which interact with phospholipid heads and are present at the water-membrane interface
(Kim et al., 2012). It may be that some of the TMs in the tetraspanins in this thesis are longer
but, in most cases, the aromatic residues were used as the cut-off point. The key to designing
the universal numbering system is that main core of the TMs is included since this where an

anchor residue would ideally be located because of uncertainty surrounding the ends of TMs.

Another assumption made is that there are no kinks in the TMs. Approximately half of TMs
have a kink in them with one of the most common causes for a kink being the presence of Pro
residue because it is not compatible with a helical structure (Hall et al., 2009; Langelaan et al.,
2010). CD81, CD9 nor CD53 contain a Pro residue in any of their TMs but there is a Pro
residue present in TM1 of Tspan10, TM3 of PRPH2, although it is the first residue of the TM,
and TM4 of Tspan15, UP1a and Tspan33. The presence of these Pro residues raises the

possibility of kinks within these TMs that would have to be considered when using this generic
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tetraspanin residue numbering system. However, even if kinks do arise the generic numbering
system presented in this thesis can accommodate them, just like the system developed for
GPCRs (Isberg et al., 2015).

Within the LEL, the a helix is perpendicular to the membrane with a slight incline away from
the membrane as the a helix moves further away from TM3. Four hydrophobic residues are
situated on the underside facing inwards towards the cavity formed in the centre of the protein
by the arrangement of the TMs. Two of them, llea.50""® and Vala.54(2%), are situated on the
underside of the a helix in the closed conformation of CD81. Of the four hydrophobic residues,
the best choice for an anchor residue in a universal residue numbering system appears to be

the first largely hydrophobic position (Figure 3.18).

The B helix is a short helical structure situated immediately before the CCG motif and it
contains two positions of relevance for designing a universal residue numbering system. The
8th position is 61% Asp, while the 11th residue is 73% Gin (Figure 3.19). The higher
conservation of GIn is compelling but this residue is situated further away from the middle of
the region than the conserved Asp residue. At the 8th position, Asp and Asn can be grouped
together because they are chemically similar, highlighted by the positive score of 1 attributed
to a substitution from one to the other in the BLOSUMG62 score matrix (Henikoff & Henikoff,
1992). The structural significance of the 8th position is unclear with little work being conducted
on residues at this position. In CD81, the position is occupied by a Lys rather than Asp/Asn
and in silico research suggested that this LysB.50(“®) was involved in CD81’s interaction with
claudin 1, although experimental data demonstrated the effect of mutating this residue had

little impact on this interaction (Davis et al., 2012).

The 100% conserved Cys residue at the start of the € helix is not ideal for a universal residue
numbering system. For example, the closed structure of CD81 (Zimmerman et al., 2016) has
a shorter € helix than the open structure of CD81 (Susa et al., 2021). In neither structure does
the helical structure include this 100% Cys residue but the prediction of PSIPRED indicates
that this Cys is the start of the € helix. For the purposes of this work, the Cys residue is
highlighted as the start of the € helix because it is conserved across all tetraspanins. By doing
this we see an ¢ helix of 12 amino acids for the majority of tetraspanins, allowing for the
placement of an anchor residue near the centre of the structure. One such position is the 5th
residue in the sequence which has a BLOSUMG62 score of 173.04, which is significantly higher
than the next highest of 135.48, excluding the position occupied by the 100% conserved Cys
residue (Figure 3.21). The 5th position is 84% hydrophobic, so it is possible that the same

phenomenon is seen as in the a helix, whereby hydrophobic residues are situated on the
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underside of the structure because they are located within the cavity formed by the

arrangement of the TMs.

The lengths of the a, B and € helices were determined by secondary structure prediction which
was analysed using PSIPRED. The level of confusion between helices and coils when using
secondary structure prediction tools is 8-9%, indicating that the ends of helices are not as
easily predicted as internal regions of helices (Yang et al., 2016). It is highly likely, therefore
that the ends of some of the helices are wrong, particularly when looking at the a helix which
has a greater variation in length. Also, the a helix doesn’t have a well-defined start or end like
the CCG-motif at the end of the B helix/start of the loop in the LEL or the conserved Cys
residue that starts the € helix. Problems with secondary structure prediction add to the need

to find anchor residues located as close to the centre of a structural region as possible.

The universal tetraspanin numbering system will be beneficial for tetraspanin researchers to
describe the position of an amino acid accurately and efficiently in a simple manner. The basic
principle which has been introduced here is that the anchor residues that have been presented
will serve as a reference point in each region of the protein to work from. For instance, the
anchor of TM1 will be given the generic number 1.50. The 1 denotes that the amino acid is in
TM1 and 50 represents the designated anchor residue. Moving towards the N-terminal results
in the number 50 decreasing, while moving towards the C-terminal results in the number
increasing. As an example, the 22" residue in TM1 of CD81 is Trp and is three residues closer
to the N-terminal than the anchor residue, therefore it would be labelled 1.47. Further
information can be added to give a full picture by including the name of the amino acid first
and the residue number in after the generic number. For example, Trp22 would be written as
Trp1.47%2),

To conclude, a universal tetraspanin numbering system has been proposed that categorises
known family members by their TM domains and features of their LEL. It's anticipated that
future categorisation of yet-to-be-discovered tetraspanins using our system will provide insight

into their function.

7.2 Greater sequence conservation in loops of the LEL is apparent when cateqgorised

into subfamilies based on cysteine arrangement

The significant difference in lengths of the variable loop in the LEL which connects the 8 and
€ helices makes finding an anchor residue almost impossible. Instead, loops were categorised
by sub-family (Huang et al., 2005; De Salle et al., 2010). Here, the variable loops were aligned
based on these sub-families and the arrangement of the in-loop Cys residues. It is already
common to refer to Tspan5, Tspan10, Tspan14, Tspan15, Tspan17 and Tspan33, all of which

have eight Cys residues in their variable loop, as members of the TspanC8 sub-family
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(Matthews et al., 2017). Terms such as TspanC4 and TspanC6 are also in use but here this
thesis has introduced nomenclature for all sub-families based on how many Cys residues are
in the LEL and the arrangement of the two Cys residues located near the centre of the variable

loop.

Tetraspanins with four Cys residues in the loop are called TspanC4 and tetraspanins with six
residues in the loop are divided based on the arrangement of the middle Cys residues. These
sub-families are TspanC6-CC, TspanC6-CxC and TspanC6-CxxxC. The C6 refers to the six
Cys residues in the loop, while the —CxC refers to the two middle Cys residues being separated
by one amino acid. There is another family known as TspanC6@ which also has six Cys
residues in the variable loop but they also possess a further Cys residue in the LEL, in their B

helix.

There is little sequence conservation across the human tetraspanins in the variable loop of
the LEL other than the CCG-motif and other cysteine residues (Figure 4.2). Greater sequence
conservation can be seen, however, when separating the tetraspanins based on their cysteine

arrangement.

Tetraspanins in the same subfamily have been shown to have similar functions. TspanC8
proteins, for instance, are known interactors with ADAM10 (Matthews et al., 2017) and
TspanCG6p proteins are only expressed in the eye and interact with each other via the extra
cysteine in the B helix which forms an intermolecular disulfide bond (Goldberg & Molday,
1996). This may provide an insight into the function of other, largely unexplored, tetraspanins.
Many of the TspanC6-CCs have not been researched extensively but taking what is known
about well-researched ones, like CD151, may guide research into the other tetraspanins in

the same family.

7.3 Disulfide bond pattern differs by tetraspanin subfamily based on cysteine

arrangement in the LEL

The arrangement of cysteines in the LEL of tetraspanins aids structural stability via the
formation of disulfide bonds (Kitadokoro et al., 2001; Seigneuret, 2006). Modelling the 3D
structures of tetraspanin LELs shows that the preferred disulfide bond formation for most
tetraspanins is with a disulfide bond formed between the second Cys residue of the CCG-motif
and the first Cys residue in the middle of the loop. Three of the four tetraspanins belonging to
the TspanC6-CxC, however, see the formation of a disulfide bond between the second Cys of
the CCG-motif and the second Cys of the two Cys residues found in the middle of the loop
(Figures 4.10 & 4.11). Despite this modelling it may be that due to large parts of the loops
being unstructured the disulfide bond arrangement may be more fluid than is expected. Crystal

structures of the CD81 LEL showed different LEL conformations based on disulfide bond
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formation with some structures showing a loss of disulfide bond between the second Cys
residue of the CCG-motif and the only Cys residue in the middle of the loop (Cunha et al.,
2017). Molecular modelling by Cunha et al. (2017) then showed that low pH conditions could
lead to the loss of this disulfide bond and that the resulting LEL conformation could be
exploited by the HCV under endosomal conditions. The loss of this disulfide bond leads to a
more open and flexible LEL and it is possible that a similar phenomenon could occur in other
tetraspanins. If it did then it is possible that the the second Cys residue of the CCG-motif could
form a disulfide bond with either the first or second of the middle two Cys residues due to their

proximity and the flexibility of the unstructured regions of the LEL.

The classification of secondary structures within the LEL are called into question based on the
structures predicted here and recent experimentally discoveries. Some of the PSIPRED
secondary structure predictions and trRosetta structure predictions here highlight the possible
existence of numerous secondary structures in the loop of the LEL. The current naming
system is based on CD81 since it is the most researched tetraspanin. The naming of the
structures in the LEL is predicated on a maximum of five structural regions because it is named

from a-¢.

The predicted structures of CD37 (Figure 4.9) and ROM1 (Figure 4.14) question this
assumption because the predicted trRosetta structure of CD37 has two helical structures and
two sheets between the B helix and the € helix. The PSIPRED prediction also predicts that
there are four structured regions in the loop, although they are all predicted to be helices rather
than any sheets. Recent experimental discoveries have confirmed that some tetraspanins
have a greater complexity of structures in the loop in the LEL. The Tspan15 LEL structure has

two helices and two sheets in the loop (Figure 4.17) (Lipper et al., 2022).

The ROM1 trRosetta structure also has more than two helices in the loop because it is
predicted to have four helices in the loop, although the PSIPRED prediction only predicts one
helix (Figure 4.14). Secondary structure prediction is not perfect with many of the latest
secondary structure prediction tools having an accuracy in the region of 80-85% (Yang et al.,
2016). The latest version of PSIPRED, PSIPRED 4, falls within this range with 84.2% accuracy
(Buchan & Jones, 2019). Helices are predicted with greater accuracy than sheets and coils
which may explain why there is a discrepancy in the secondary structure prediction of Tspan15
and the Tspan15 LEL model (Lipper et al., 2022).

These predictions of secondary structures, as well as the Tspan15 LEL structure, mean that
the classification of secondary structures in tetraspanin LELs may need to be renamed. The

current naming of helices from a to € assumes that five helices is the maximum found in the
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LEL which has been proven to be wrong and it neglects the possibility of the presence of

sheets rather than helices which has been predicted and shown experimentally.

Given that the three structures common to all tetraspanins are well known as the a,  and ¢
helices it would be best to keep these names the same. One possible way to name the
structures in the loop between the B and ¢ helices would be to label the first helix in the loop
of CD81 H1("2 (Fig 7.2A). This naming system works with either an H or S to indicate the
secondary structure as either a helix or a sheet. The number which follows the letter indicates
which number of that specific structure (either helix or sheet) it is in the loop. That number is
followed by a number in brackets which indicates which position the structure in question is in
relation to the total number of structured regions that there are in the loop. In this example,
therefore, it would be a helix, indicated by the “H”. It is the first helix in the loop, indicated by
the “1” and the number “1/2” in brackets shows that it is first structured region out of two in the
loop. Another example can be seen in Tspan15 which has a more complex loop region with
four structured regions in total (Lipper et al., 2022). For instance, the second sheet in the
Tspan15 LEL is the fourth structured region in the loop, therefore this sheet would be named
S244) (Fig. 7.2B).

A) H102) [ e | (B | H2(2/2)
fI\& I"jl

) I ‘}{
- ) 1
v—v‘,‘v/

H1(1/2) H2(2/2)
cD81 CCGSSTLTALTTSVLKNNLCPSGSNIISNLFKEDC

B} \52[4/4|
U@ ) | H2e
5107 s sl

ff& H1(L4)

~Yig

—v&
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H1(1/4) §71(2/4) H206/4) §214/4) = Helix

TSPAN1S5 CCGGEDYRDWSKNQYHDCSAPGPLACGVPYTICCIRNTTEVVNTMCGYKTIDKERFSVQOVIYWVRGC =Sheet

Figure 7.2. The proposed new naming system of the structures in the loop region in the LEL of
human tetraspanins. (A) The new names (H1("2 and H2(>2) for the two helical structures in the loop
region in the LEL of CD81 (PDB: 5tcx) (B) The new names (H1(14), $1(@4), H2(/4) and S24/4) in the loop
region in the LEL of Tspan15 (PDB: 7rdb). Helices and sheets are labelled in the structures and at their
respective position in the CD81 and Tspan15 loop sequences. Helices are located in an orange box
and sheets are located in a pink box.
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Sequence and structural conservation methods have provided an insight into the structure of
tetraspanin LELs and their disulfide bond arrangement but there are still structural questions
with regards to tetraspanins that need to be answered. The CD81 LEL has been proposed to
move upwards when cholesterol is not present in its central cavity (Zimmerman et al., 2016),
therefore this mechanism will be investigated with PELDOR. To investigate this it is first
necessary to solubilise and purify CD81, therefore CD81 was solubilised and purified using

SMA copolymer.

7.4 Solubilisation of CD81 with autoclaved SMA2000 is comparable to solubilisation
with refluxed SMA2000

SMA is a copolymer capable of solubilising membrane proteins in their native lipid
environment. To be able to solubilise membrane proteins the hydrophobic SMAnh needs to
be hydrolysed to produce SMA which is amphiphilic and capable of inserting itself into the
membrane. The traditional method of hydrolysis of SMA2000 is refluxing but a new method
whereby the SMA2000 is autoclaved two times (Kopf et al., 2019) has been described. Kopf
et al. (2019) describes the method and chemically characterises the SMA200 that is
hydrolysed using an autoclave but they did not test the solubilisation efficiency of the
autoclaved SMA2000, therefore the solubilisation efficiency of autoclaved SMA2000 was
compared to refluxed SMA2000.

25 g of SMA2000 was dissolved overnight in 250 ml 1 M NaOH and autoclaved the following
day two and three times. Hydrolysis is complete after two autoclave cycles (Kopf et al., 2019)
but in that paper they did three cycles as well, therefore a comparison between two and three

cycles of the autoclave was done, as well as comparing to the refluxed method.

After one hour of solubilisation of CD81 in P. pastoris membranes at room temperature the
refluxed method performed better with a solubilisation efficiency of 65.82%. This is better than
the SMA2000 autoclaved twice which was 12.89 percentage points lower and the SMA2000
autoclaved three times which was 13.51 percentage points lower. Solubilising for two hours
results in a similar difference in solubilisation efficiency. The refluxed method has a 69.91%
solubilisation efficiency which is 13.38 percentage points higher than SMA2000 autoclaved
twice and 12.33 percentage points higher than SMA2000 autoclaved three times (Figure 5.1).
The P value determined by one-way ANOVA for both the one hour and two-hour solubilisations
were >0.05 which is an indication of a lack of statistical significance between the results at
each time point. Further experiments to increase the n number from 3 could lead to there being
statistical significance between the results. Nevertheless, the results obtained showed a small

difference in solubilisation efficiency between the reflux and autoclave methods, as well
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subsequent solubilisations using the autoclave method provided sufficient solubilisation of
CD81.

These are relatively small differences in solubilisation efficiency and considering the standard
deviation of the each of the methods the possibility exists that the difference could be closer.
Furthermore, the autoclaved method is easier and quicker because all it requires is placing
the dissolved SMA2000 into the autoclave, whereas when refluxing it must be watched in the
initial stage to ensure that the solution does not boil over. Despite performing slightly worse
than the refluxed method both autoclave methods have solubilisation efficiencies >50% which
is adequate for solubilising with SMA2000, therefore the choice was made to hydrolyse

SMA2000 by autoclaving rather than refluxing.

Given the even smaller difference in solubilisation efficiency between SMA2000 autoclaved
twice and three times it was decided that there was no need to do the third autoclave cycle.
This agrees with Kopf et al. (2019) which indicated that hydrolysis of SMA2000 is complete

after just two autoclave cycles.

When preparing SMA2000 using the reflux method the dissolved SMA2000 is transferred to a
round bottomed glass and refluxed with a stirrer (Rothnie, 2016). Preparing the SMA2000
using the autoclave method requires placing either the conical flask that the SMA2000 was
dissolved in into the autoclave or transferring to a bottle to be autoclaved. In this study the
dissolved SMA2000 was transferred to a glass bottle and autoclaved. It was discovered that
not autoclaving immediately after transferring the dissolved SMA2000 to the glass bottle
resulted in an accumulation of SMA2000 stuck to the bottom of the bottle after the first cycle.
SMA2000 would stick to the bottom of the bottle when the solution was allowed to rest for 30-

60 minutes before autoclaving (Figure 5.2).

When dissolving 10% (w/v) of SMA2000 in 1 M NaOH overnight not all the SMA2000 is
dissolved. Consequently, it is likely that leaving the solution to rest for 30-60 minutes without
stirring leads to some of the undissolved SMA2000 sinking to the bottom of the bottle and then
the high temperature reached during autoclaving causes it to become stuck to the bottom of
the glass bottle. This is not a problem encountered when using the reflux method because the
solution undergoes constant stirring with a stir bar (Rothnie, 2016). It should be noted,
therefore, that when choosing the autoclave method it should be autoclaved as soon as
possible after dissolving to limit the amount of SMA2000 that could stick to the bottom of the
glass bottle.

In conclusion, the solubilisation efficiency when solubilising CD81 expressed in P. pastoris

cells with autoclaved SMA is almost as good as when solubilising with refluxed SMA.

L.M.Broadbent, PhD Thesis, Aston University, 2022 194



Preparation of autoclaved SMA is more simple, therefore subsequent work which requires

SMA solubilisation was carried out using autoclaved SMA.

7.5 Purification of CD81-SMALPs with Ni-NTA resin can be improved by increasing

imidazole in the wash steps and adding imidazole to the binding buffer

To do biochemical and/or structural analysis on a recombinant protein it is necessary to be
able to produce enough pure protein. The purity of recombinant protein can be improved by
changing the conditions in which the protein is purified, therefore steps were taken to optimise

the purification of CD81 solubilised with SMA during the Ni-NTA chromatography stage.

Four different conditions were tested to try and improve the purity of CD81. The four conditions
were: increasing the concentration of imidazole in the wash steps, doubling the volume of the
wash steps and adding imidazole to the binding buffer in combination with either increasing
the concentration of imidazole in the wash steps or doubling the volume of the wash steps. All
four conditions tested helped to reduce non-specific binding to the Ni-NTA resin with fewer
contaminating bands visible on an SDS-PAGE gel. The best performing condition, however,
was when 20 mM imidazole was included in the binding buffer and the concentration of
imidazole in the wash steps was increased from 20 mM and 40 mM to 30 mM and 60 mM
(Figure 5.7). Adding 20 mM imidazole to the binding buffer and doubling the volume of the 20
mM and 40 mM wash steps had a similar effect on reducing the contaminant proteins found
on the SDS-PAGE gel but it also led to a reduction in the amount of CD81 that was captured

in the elution steps (Figure 5.6).

It is clear, therefore, that adding a small concentration of imidazole (20 mM) to the binding
buffer can have a significant impact on reducing contaminant proteins from being eluted in the
elution steps, presumably because most are not binding to the Ni-NTA resin in the first place
due to the presence of imidazole in the binding buffer. The addition of imidazole to the binding
buffer may seem counter-intuitive when working with SMALPs because it has been shown
that membrane proteins encapsulated in SMALPs can have reduced binding to Ni-NTA resin
(Pollock et al., 2018). This does not appear to be a problem working with CD81-SMALPs,
however, because only small amounts of CD81 monomer can be seen in the flow through of
a Western blot of the original purification conditions that did not include imidazole in the binding
buffer (Figure 5.8).

It is sometimes necessary to increase the concentration of imidazole used in the elution steps
to ensure that all the target protein is eluted but that is not necessary when working with CD81.
One optimisation step tried was to increase the concentration of imidazole in the elution step
from 300 mM to 500 mM but there was no increase in CD81 eluted. In fact, the densest band
was the fifth 300 mM elution which shows that all CD81 can be eluted with 300 mM imidazole
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but it may require a larger volume of elution buffer to make sure that all CD81 is eluted (Figure
5.9).

7.6 Purification of CD81-C104A-D128C improves when solubilised with DDM instead of
SMA2000

Mutants to probe the conformational change of CD81 were created using site-directed
mutagenesis. All the mutants showed high levels of expression when expressed on a small
scale. None of the mutants were showing high levels of expression at 25 kDa, the molecular
weight of CD81. Instead, high levels of expression were at approximately 50 kDa and 100
kDa, suggesting that oligomers of CD81 were being formed. It is known that CD81 forms
oligomers both in vivo and when expressing the protein in P. pastoris and solubilising with
SMA2000 (Ayub et al., 2020).

The CD81-C104A-D128C mutant was chosen to go forward with because the Cys104
mutation is further away from the crucial Asn18 and Glu219 residues involved in cholesterol
binding than Cys97 and it expressed better than the CD81-C97A-D128C mutant (Figure 5.16).
Attempts to purify this mutant in SMALPs were unsuccessful. Only faint bands were visible on
SDS-PAGE gels in the wash and elution steps. The SDS-PAGE gels show that protein is being
sufficiently solubilised, but it appears that almost all of it is in the flow-through fraction, which
means that CD81-C104A-D128C is not binding sufficiently to the Ni-NTA resin (Figures 5.17-
5.20).

One problem when working with SMA solubilised membrane protein is that excess SMA can
interfere with and reduce the binding of the protein of interest to the Ni-NTA resin (Pollock et
al., 2018). Solubilisation was done with 2.5% (w/v) SMA2000 but given that excess SMA can
interfere with binding to the Ni-NTA resin the concentration was lowered to 1.25% but this did

not yield any better results.

Due to these problems encountered when trying to purify CD81-C104A-D128C the
solubilisation method was changed from using SMALPs to using the detergent, DDM, which
has been used to solubilise and purify CD81-p-null from P. pastoris (Jamshad et al., 2008;
Ayub et al., 2020). Solubilising in 1% (w/v) DDM resulted in an improvement with some bands
visible in the elution steps, particularly when doubling the volume of solubilisation buffer
(Figure 5.22). The amount of protein being eluted, however, was not comparable to that which

is eluted when solubilising and purifying CD81-p-null.

With expression levels of the mutant CD81 being good it is possible that mutating a Cys
residue in the TM region has had an impact on the structure of the protein. Cys residues are

often important for protein structural integrity or interactions, exemplified by the fact that Cys
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residues rarely mutate over evolutionary time when compared to other more mutable residues,
such as Ala (Pearson, 2013). The possibility exists that mutating either of the Cys residues in
TM3 to Ala has had a detrimental effect on the structural integrity of CD81. However, mutating
both, Cys97 and Cys104, to Ala has no observable effect on the ability of CD81 to bind to
partner proteins (Zhu et al., 2012). In another study the Cys residues were mutated to Ser
rather than mutating both and there was no observable impact on CD81 interaction (Delandre
et al., 2009). In the event of an impact on the structural integrity of CD81 it is possible that the
protein is not folding as expected and the His-tag which is normally accessible for Ni-NTA

chromatography has become buried and inaccessible.

Size exclusion chromatography is a purification step ordinarily done after an initial purification
step, such as Ni-NTA chromatography or ion-exchange chromatography. Rather than
performing the initial purification step a small volume of concentrated DDM solubilised CD81-
C104A-D128C was loaded straight onto the size exclusion column to see if the recombinant
protein could be seen. Initial attempts did not work because the sample that was loaded onto
the column was only concentrated to 500 ul and the elutions were collected in 500 pl fractions
(Figures 5.23 & 5.24). The 500 pl fractions were most likely too large, meaning that the protein

was too dilute to see when it was run on an SDS-PAGE gel.

Concentrating the DDM solubilised CD81-C104A-D128C to a smaller volume of 200 ul and
collecting the elutions in 200 pl fractions had a positive effect. There are some bands visible
in the first eight 200 pl fractions following a pattern expected when using size exclusion
chromatography (Figures 5.25 & 5.26). The larger proteins at approximately 250 kDa appear
as denser bands in the earlier fractions, while the smaller proteins at approximately 25 kDa
appear as denser bands in the fractions after the larger proteins. This is an indication that the
size exclusion chromatography works with regards to separating the solubilised P. pastoris

membrane by size.

Starting the purification process with size exclusion chromatography could be used going
forward but it does present the problem of scalability. In these experiments 3 ml of P. pastoris
membrane preparation at a concentration of 60 mg/ml was used and it was loaded onto a 1
ml size exclusion column, so these purifications were done on a small scale. Solubilising more
membrane and, crucially, concentrating to a small enough volume to load onto a bigger size

exclusion column could be problematic.

7.7 Future work on probing the interaction of cholesterol with tetraspanins and its

significance for conformational change

There may be other ways to investigate the relationship between the presence of cholesterol

in association with CD81 and whether the proteins changes conformation based on the
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presence of cholesterol. P. pastoris cells synthesise ergosterol rather than cholesterol
(Grillitsch et al., 2014) and it is not known whether ergosterol binds to CD81 in a similar manner
to that proposed for the binding of cholesterol. The possibility exists to deplete P. pastoris
membranes of ergosterol such as work done on the mu opioid receptor (hnMOR) (Talmont et
al., 2020).

In that study the authors used methyl-3-cyclodextrin (MBCD) to deplete ergosterol from the P.
pastoris membranes, followed by loading the membranes with cholesterol using MBCD-
cholesterol complexes. Binding of an agonist to hMOR was investigated in membranes with
depleted ergosterol, depleted ergosterol with cholesterol loaded, ergosterol and ergosterol
with cholesterol loaded (Talmont et al., 2020). The same principle could be applied to P.
pastoris membranes overexpressing CD81 using the binding of sE2 of HCV. It is known that
sE2 binds to human CD81 (Pileri et al., 1998) and infectivity of HCV is higher when CD81 is
said to adopt the open conformation, suggesting that binding of E2 may be more likely in the
open conformation (Palor et al., 2020). The expectation, therefore, would be that sE2 binding
to CD81 would be higher in P. pastoris cells with cholesterol loaded, compared to ergosterol

depleted membranes, and possibly membranes with ergosterol.

This could raise the question of whether ergosterol would have the same effect as cholesterol.
If there were no difference in binding of sE2 to CD81 in P. pastoris membranes with ergosterol
or cholesterol then it would pave the way to look at other sterols, such as testosterone that
could bind to CD81. It is known that estradiol, another sterol, does not bind to CD81
(Zimmerman et al., 2016) but it would be beneficial to gain a fuller understanding of which
sterols do bind to the cavity of CD81. P. pastoris membranes overexpressing CD81 can be
attached to an ELISA plate (Ayub et al., 2020) allowing for the investigation of SE2 binding

after preparing the P. pastoris membranes with cholesterol or ergosterol depletion.

One benefit of conducting such an experiment is that it would answer whether sE2 binding to
CD81 is dependent on cholesterol. It is known that HCV infectivity is lower when CD81 is said
to be in the closed state (Palor et al., 2020) but these experiments were conducted using HCV
pseudo particles (HCVpp) in human cell culture that express other proteins, such as SRB1,
CLDN1, OCLN that are involved in HCV and could compensate for any deficiency in E2
binding to CD81 to help increase infectivity. Looking at the dependence of cholesterol on sE2
binding in P. pastoris membranes has the benefit of not having the other proteins known to be

involved in HCV infection present.

Another possibility could be to utilise a P. pastoris strain genetically modified to produce
cholesterol (Hirz et al., 2013). If ergosterol does not interact with CD81 in a similar manner to

cholesterol then it is possible that CD81 expressed in P. pastoris could be problematic since
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the overall effects of cholesterol on structure and function has yet to be determined
experimentally. So, if ergosterol does not bind to CD81 then it is possible that some aspects
of CD81 biology are being missed in P. pastoris cells that are not modified to produce
cholesterol. This is especially important with the possibility of cholesterol providing a stabilising
role in the folding of the TM domains (Yang et al., 2020).

If, as discussed earlier, the Cys mutations are having a detrimental effect on the structural
integrity of CD81 then the Cys residues could be mutated to something other than Ala. Future
work could be done by mutating the Cys residues to Ser rather than Ala since Delandre et al.
(2009) chose Ser when mutating just one of the two Cys residues. Ser is more like Cys in
terms of its structure given that they are identical except for an -SH sidechain in Cys and an -
OH sidechain in Ser. The Cys residues being mutated, however, are in the TM3 domain, a
hydrophobic part of the protein and Cys is more hydrophobic than Ser, so Ala could be more

suitable since it is also more hydrophobic than Ser (Kyte & Doolittle, 1982).

Due to having to remove a native Cys residue in TM3 of CD81 another solution could be to
change which tetraspanin is used to investigate conformational change. CD53, for instance,
is well characterised and a structure in the semi-open conformation exists (Yang et al., 2020).
CD53 also does not have any Cys residues in the TM domains that may have to be mutated,
allowing for the introduction of Cys residues in other regions of the protein, such as the

intracellular or extracellular tail.

7.8 Asp122, in CD81, and Asp37 & Ser135, in CD82, bind ganglioside sugar residues

It is known that tetraspanins interact with gangliosides (Odintsova et al., 2006) but the specific
nature of those interactions are unclear. Molecular dynamics performed on CD81 showed that
gangliosides bind to CD81 and can aid oligomerisation with contact between CD81 and the
gangliosides occurring at the SEL and some regions of the LEL, such as the a, & and ¢ helical
regions (Schmidt et al., 2016).

This work is aimed at discovering the specific amino acids involved in the interaction between
tetraspanins and gangliosides. The work done by Schmidt et al. (2016) was done using a
CD81 protein that would now considered to be in the open state because their work was done

using the model of CD81 before the crystal structure was obtained (Seigneuret, 2006).

Docking the sugars of gangliosides on the closed CD81 crystal structure highlighted the
importance of Asp122 in the interaction. Two hydrogen bonds are formed between Asp122
and both galactose and lactose, although only one of those hydrogen bonds is with its side
chain because one is with the protein backbone (Figure 6.2). This finding is not surprising

because aspartic acid can act as and hydrogen acceptor and modelling of other proteins has
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demonstrated its role in interactions with gangliosides. Modelling of the interaction between
Aquaporin-1 (AQP1) and GM1 suggests that the interaction occurs at a polar rich extracellular
region of AQP1 (Gu et al., 2017). Amino acids, such as Asp, Asn, Ser and Thr are found in
that region which can all act as hydrogen donors or acceptors and therefore form hydrogen

bonds with gangliosides.

One surprising result is that there is a decrease in the average docking energy when lactose
is docked on closed CD81 containing the T57A mutation when compared to when lactose is
docked on wild-type closed CD81 (Table 6.1). One possible explanation for this, and other
results such as a decrease in the minimum docking energy of lactose on the double mutant,
is that the docked sugars dock at another site on the protein. For instance, a region at the
apex of TM3 and the LEL contains GIn118, Asn115 and Trp111 which are all amino acids
capable of forming hydrogen bonds. It may be the case, therefore, that the Asp122-Thr57
region is the preferential region for ganglioside binding but there are further regions where

gangliosides bind if they are unable to bind in the Asp122-Thr57 region.

The next step would be to carry out experiments in the laboratory to test the docking results.
This work was begun in this thesis by mutating the Asp122 residue to Ala in CD81-p-null
expressed in P.pastoris. The work progressed as far as transforming the mutant into P.
pastoris X33 cells and trying to express the protein (Figures 6.6 & 6.7). The next steps will be
to test the interaction between specific gangliosides and CD81-p-null and compare this to the
interaction between specific gangliosides and CD81-p-null-D122A. Both proteins will be

purified and ganglioside binding will be tested by using dot blots and ELISAs.

Protein-lipid interactions can be investigated using a dot blot assay (Munnik &
Wierzchowiecka, 2013) where serial dilutions of lipids are spotted onto a PVDF or
nitrocellulose membrane and left to soak into the membrane for approximately an hour. So, in
this instance the gangliosides will be spotted onto a membrane and left for one hour, after
which the purified protein will be incubated for one hour with the ganglioside spotted
membrane. The purified protein possesses a His-tag which can then be used in a similar

manner in a Western blot since the protein should be bound to the ganglioside.

Another method that will be used is a ganglioside ELISA similar to one that is routinely used
in toxin studies. E. coli heat-labile enterotoxin and cholera toxin have both been used in GM1-
ELISA experiments (Ristaino et al., 1983; Dawson, 2015). GM1 is coated to an ELISA plate
and the toxin then incubated with the GM1-coated ELISA plate to test for binding. The same
experiments will be conducted with a range of gangliosides, such as GM1, GM2 and GM3,

and purified tetraspanins.
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Work in this thesis was also started on expressing wild-type CD81 in HEK293T cells. Wild-
type CD81 was successfully expressed in HEK293T cells 24 hours after transient transfection
(Figure 6.8). In the future this system will be used to analyse the native lipid composition
surrounding CD81. After expression, cells will be lysed and CD81 will be purified for thin layer
chromatography (TLC) analysis. After running the samples on a TLC plate a resorcinol reagent
is sprayed onto the plate to be able to visualise any gangliosides present in the samples (Cho
et al., 2010). This will provide information of which gangliosides are favoured in binding to
CD81. In a similar manner to the P. pastoris work, mutants can be created to see the effect

this has on ganglioside composition in a native lipid environment.

The sugar residues were docked on a homology model of CD82 to test which amino acids
were involved in CD82-ganglioside interactions. The homology model had some problems
with it because of its large loop region in the LEL between the B helix and the € helix (Figures
6.10 & 6.11). The majority of the model was a good quality as shown by the high QVIEANBrane
scores for all of the structured regions. The TM regions, in particular, scored highly. It has
been shown by sequence alignment of all the human TM regions that they are similar and
there are three full-length tetraspanin structures (CD81, CD9 and CD53) which have provided
a good structural basis for the TM region. Consequently, modelling the structured regions of
tetraspanins should not prove difficult because of their similarity. The problematic region is the
loop in the LEL between the B helix and the ¢ helix. This is the sequentially variable region
with a range of different lengths and amino acid compositions seen. CD82, for instance, has
the fourth longest loop region with 52 amino acids which makes it difficult to model, especially

when it is a largely unstructured region.

Docking galactose and lactose with the CD82 model showed a propensity for the sugar
molecules to form a bond with CD82 at the N-terminal end of the B helix and the SEL. Ser135
in the B helix and Asp37 in the SEL form hydrogen bonds with the galactose residue when it
is docked on its own and when it is docked as part of the lactose molecule (Figure 6.13). The
interaction between Ser135 and galactose remains similar when both molecules are docked.
In both instances it forms a hydrogen bond with the OH group on the C6 carbon with only a
0.02 A difference between the bond length between the galactose docking and the lactose

docking.

Further research into the CD82-ganglioside interaction will be conducted using the same
methods as those discussed earlier for the CD81-ganglioside interaction by utilising dot blots
and ELISAs. Additional research into the interaction can be done by improving the CD82
model. Recently, the structure of the Tspan15 LEL has been published (Lipper et al., 2022).

Tspan15 is another tetraspanin with a long loop region. Its loop region is 48 amino acids long,
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just four residues shorter than the loop region in CD82. It may be beneficial when moving
forward with this research to use the Tspan15 LEL structure as a model for the CD82 LEL.
Having a slightly poor quality loop region in CD82 was not detrimental in the experiments
conducted in this thesis because the focus was always going to be in the structured regions

close to the membrane interface.

The work in this thesis only looked at one galactose or one lactose molecule docking to the
proteins. Due to this the loop region didn’t necessarily need to be modelled to a high quality.
Obtaining a better CD82 structure model by using Tspan15 as a guide would allow for a more
sophisticated look at CD82-ganglioside interactions. Similar molecular modelling experiments
to those performed by Schmidt et al. (2016) and those performed on AQP1 (Gu et al., 2017)
could be performed to look at the CD82-ganglioside interaction in an environment with more

gangliosides and other lipids.

7.9 Overall Conclusion

This thesis has made an advancement in the understanding of structure and sequence
conservation in human tetraspanins. By combining methods of sequence conservation and
structural conservation this thesis has introduced a universal amino acid numbering system
based on the most conserved residue in each structured region that is present in all human
tetraspanins. An advancement in our understanding of disulfide bond arrangement has been
made in this thesis. It has mostly been assumed that all human tetraspanins follow the same
difulfide bond arrangement with the second Cys residue in the CCG-motif at the end of the
helix forming a disulfide bond with the first Cys residue of the middle two in the middle of the
loop between the B helix and the € helix. The modelled structures of the TspanC6-CxC LELs
presented in this thesis have shown that the second Cys in the CCG-motif can form, and may
prefer, to form a disulfide bond with the second Cys residue of the middle two Cys residues in

the loop region in the LEL.

This thesis has improved the purification process of CD81 solubilised with SMA. The initial
stages of SMA hydrolysis have been improved after demonstrating that SMA that has been
hydrolysed by autoclaving is comparable when solubilising CD81 when compared to SMA
prepared by refluxing. This process is easier and less hands-on which is an improvement.
Once CD81 has been solubilised with autoclaved SMA an improvement has been with regards
to increasing the purity CD81 by adding imidazole to the binding buffer and increasing the

concentration of imidazole in each of the wash steps when purifying the protein.

Progress has been made producing CD81 mutants that can be used in PELDOR experiments
to investigate the opening and closing mechanism of the protein as it switches between

conformational states. Difficulties arose when trying to purify the mutants but progress was
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made by switching from SMA solubilisation to DDM. Further work will be required to obtain

protein for PELDOR experiments.

Amino acids involved in ganglioside interactions with CD81 and CD82 have been identified.
Asp122, in CD81, and Asp37 and Ser135, in CD82, were identified when docking ganglioside
sugar residues with CD81 and CD82. Further work can be conducted to investigate these
residues further with the goal of finding regions of tetraspanins that can be targeted by
therapeutics to disrupt the formation of TEMs, which would have benefits for overcoming

numerous illnesses and infectious diseases.
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