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Abstract

Abstract

The work at hand focuses on structural variability in membrane protein families by the
example of tetraspanins. The family of tetraspanins is found in almost all multicellular
organisms and they play important roles in an exceptionally broad range of cellular
processes. Tetraspanins are small membrane proteins that contain four
transmembrane segments (TMSs). The TMSs are connected on the extracellular side
by a small and a large extracellular loop between TMS1-TMS2 and TMS3-TMS4,
respectively, and on the cytosolic side by a small intracellular loop between TMS2
and TMS3. The amino and carboxyl termini are also located at the cytosolic site. Two

structural aspects of the tetraspanin family were analysed.

First, | addressed the question of alternative splicing and its implications on the family
of tetraspanins. A comparative analysis of the known 33 human tetraspanins isoforms
listed in the NCBI database revealed a large increase in the number of gene products
due to alternative splicing. Surprisingly, these novel isoforms differ in their number of
transmembrane domains and therefore represent in fact mono-, di- and trispanins.
This allows for a classification into four classes of non-conventional tetraspanins.
Expression of these non-conventional tetraspanins shows that alternative splicing can
effect ER exit and non-conventional tetraspanins could modulate tetraspanin-
enriched microdomain function. To my knowledge, this study is the first analysis of

alternative splicing of a whole membrane protein family.

After exploring the realm of structural possibilities in the tetraspanin family that is
associated with non-conventional tetraspanins, | refocused my work on segments
modulating the structure of conventional tetraspanins. The center of this effort evolved
around the small intracellular loop (SIL), the tetraspanins’ least studied domain, which
connects TMS2 and TMS3. In human and other animal tetraspanins, the sequence
analysis of this domain yields a conserved five amino acid core sequence. The two
available crystal structures that show the SIL reveal an M-shaped backbone of this
loop. The M-motifs dihedral angles cement the turn character of this domain and
enforce the inversion of the peptide chain orientation between TMS2 and TMS3. The
same M-motif, albeit constituted by different amino acids, is found in many other inter-
helix turns of other proteins and presents a new class of inter-helix turn of widespread
importance. The glutamate at the second SIL core position is of particular interest,
because it forms a salt-bridge in CD9 with a conserved lysine at the N-terminal juxta
membrane region before TMS1. This salt-bridge regulates protein expression,

localization and interaction. This can be explained by the hypothesis of a hinge-like

Vil



Abstract

mechanism of the salt-bridge that stabilizes the conformational switch between the

tetraspanins’ helix bundle and funnel shape.

I hope that my findings will stimulate further research towards the structural aspects
of tetraspanins. Future studies could investigate the expression patterns of the
tetraspanin isoforms and their precise function. Triggered by this systematic analysis,
a more detailed picture of the whole tetraspanin family will emerge. Furthermore, it
could be a guideline for similar analyses of other membrane protein families.
Additionally, my description of the tetraspanin hinge could be another piece of the
puzzle that is the tetraspanins’ conformation and could help to unravel its function.
Along with a better understanding of tetraspanin structure and function, we might in
future be able to harness their full potential in terms of therapeutics, diagnostics and

biotechnological applications.
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1.1 The cell and the cell membrane

The smallest unit of life is the cell, which is the building block of all known living
organisms. The simplest organisms consist of only one cell (single-celled organism)
but higher organisms can be built of many trillions of cells (multicellular organisms),
such as humans that are built of thirty-seven trillion cellst. The four basic building
materials that make up all living materials are proteins, nucleic acids, saccharides
and lipids. A fundamental principle of life is compartmentation. This is reflected in the
basic cellular organisation, which consists of an intracellular (cytoplasm) and
extracellular space that is separated by the plasma membrane. The subdivision of
the cytoplasm into different compartments forms the cellular organelles (s. Fig.1). The
different storage principles for the genetic information divides the realms of life. There
are organisms with the genome stored open in the cytoplasm (prokaryotes; bacteria
and archaea) or tucked into the nucleus (eukaryotes). All higher organisms such as
fungi, plants and animals including us humans are eukaryotes and share the same

fundamental building plan of their cells.

Nucleus

Endoplasmic Reticulum

Cytosol/Cytoplasm
Mitochondria

Plasma Membrane

Centrioles
Golgi Complex

Cytoskeleton (Actin) L
ysosome

Figure 1: lllustration of a eukaryotic cell.

The key organelles of an eukaryotic cell are shown, such as the nucleus with its nucleolus, endoplasmic
reticulum, Golgi apparatus, lysosomes together with some unlabelled endosomes, mitochondria,
centrioles, cytoskeleton and the plasma membrane. Image taken from the open access illustration
database https://www.aatbio.com/.

A fundamental attribute of all known life is the assembly of amino acids into
polypeptides and proteins that can form supramolecular structures. The sequence of
amino acids for each protein is based on the construction plan written down in the
genetic code. The first step of this process is the transcription of the protein’s

construction plan from the deoxyribonucleic acid (DNA) into ribonucleic acid (RNA).
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The protein coding RNA is also called messenger ribonucleic acid (mRNA) and, in
eukaryotes, consists of introns and exons. The mature mRNA is generated by
splicing, which results in the removal of the unwanted introns and sometimes also
exons. From this process, a variety of possible mRNAs arise, which increase the
number of possible gene products. In humans, for example, there are 20,000 genes
but 80,000 different gene products created by alternative splicing?. The mature mRNA
is equipped with a 5’-cap and a 3’-poly-adenosine tail and is transported out of the
nucleus into the cytoplasm. Here, the genetic information is translated from the mRNA
into an amino acid sequence via the ribosome, which is a macromolecular complex
of RNAs and proteins. The growing polypeptide chain is injected into the endoplasmic
reticulum (ER) during its manufacturing process. In cooperation with the Golgi
apparatus, these two organelles play a major role in protein production, folding and
refinement. A majority of post translational modifications such as glycosylation,
palmitoylation, disulphide bond formation and many more take place in these
compartments. At the end of a protein’s lifetime it is unfolded and degraded by a
proteasome within the cytosol or at the lysosome, a spherical membrane enclosed
organelle that is specialised in breaking down biomolecules. The sorting and delivery
of lipid vesicles and their contents is typically organised by endosomes and the
endocytic pathway, which involves a conglomerate of intracellular vesicles that can
be subdivided in early, late and recycling endosomes. The organelles as well as the
cell itself are encased and delimited by biological membranes, which are formed by
a lipid bilayer. The plasma membrane contains mainly phospholipids, glycolipids and
cholesterol which are asymmetrically distributed between the intra- and extracellular
side. The basic model to describe the arrangement of biological membrane
components is the fluid mosaic model. It states a two-dimensional liquid-like bilayer
formed by lipids with their hydrophobic parts at the membrane’s core and the
hydrophilic groups at the membrane’s surface. The macromolecules like, for example,
proteins within membranes, can be pictured as free floating icebergs® in a sea of
lipids. The limitations of this free lateral movement by the membrane attached
cytoskeleton was accounted for in the fences and picket model®. In addition, the
model of protein clustering® and the lipid raft model® try to explain the variability in
local protein concentrations in biological membranes. Membrane proteins mediate a
variety of functions, such as: transport (signals and materials), interaction (with the
cytoskeleton, other cells or surfaces), membrane reorganisation (membrane fusion
and constriction) as well as enzymatic activity. These proteins can be simply
associated to the membrane (peripheral membrane proteins) as well as partially or

fully embedded into the membrane (integral membrane proteins).
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1.2 Splicing, spliceosome and alternative splicing

The blueprint for the proteome of each cell is encoded in its DNA. The information
from the DNA must be transcribed into RNA, which then is translated into an amino
acid sequence and forms a protein in the end. Surprisingly, eukaryotic and archaea
genes are discontinuous, with coding stretches of DNA (exons) interrupted by non-
coding ones (introns). The only domain of life spared by those uncoding stretches is
the one of bacteria’. As a logical consequence, introns must be removed from the
pre-mRNA in order to create a nascent mRNA that encodes a functional protein. This
process is called splicing and there are three known processes to catalyse it: the
spliceosomal complex, self-splicing and transfer-RNA (tRNA) splicing. In the
following, | will focus on the most common form of splicing, which is the spliceosome.
It consists of five different ribonucleoprotein subunits (also called small nuclear
ribonucleoproteins, snRNPs) and associated cofactors®. The small nuclear RNAs
(snRNASs) that are part of these subunits associate to the exon-intron junctions. Due
to base pairing of these RNAs to the target DNA, the conserved stepwise assembly
of the spliceosome starts, which in the end leads to intron removal. The catalytically
steps are believed to be based more on the snRNAs than on the associated proteins

and are fuelled by the hydrolysis of ATPS.

The tightly regulated and highly complex splicing process introduces another level of
post transcriptional control of gene expression, because wrongly spliced mRNA is
filtered out by nonsense-mediated decay (NMD). Additionally, splicing enables a
broader spectrum of proteins based on the same number of coding genes by a
process called alternative splicing. Alternative mature mRNAs, and consequently
proteins, are created via different exon composition or alternative splicing site usage.
This wide spread mechanism leads to an increased biodiversity in proteins and affects
up to 95% of human multi-exonic genes®. However, not all alternative splicing
products are increasing cell viability. Features like a premature termination codon
(PTC) or intron retention lead to NMD-based degradation of one-third of humans

alternatively spliced mRNAs*® in humans.

1.3 Membrane proteins and their structures

There are 21 proteinogenic amino acids that are defined by their different side chains,
which can be charged, polar, un-polar or hydrophobic. Proteins in polar media such

as an aqueous solution, bury the hydrophobic residues within their core, which

3
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stabilises the protein and hinders protein aggregation. This does not apply to proteins
within hydrophobic media such as a biological membrane, which are able to expose
their hydrophobic residues towards the lipophilic environment of the lipid bilayer.

Proteins are made of amino acids that are covalently linked by a peptide bond. The
resulting sequence of linked amino acids is also called primary structure. The so-
formed continued chain of peptide bonds and alpha carbon atoms is called the
protein’s backbone, with the side chains of the amino acids (also called residues)
branching out to its sides. The backbone of certain sequences is prone to repetitive
three-dimensional patterns that are stabilized by hydrogen bonding between the
backbone’s amino and carbonyl groups. In the hierarchy of protein structure, these
elements are called secondary structure elements. The two most common ones are
the alpha-helix and the beta-strand/sheet (s. Fig. 2A). The alpha-helix is a right-
handed spiral with distinct spatial organisation and the residues within a beta-strand
lie in a plane forming a zick-zack pattern. The interaction of neighbouring beta-strands
forms a beta-sheet. These secondary structure elements display characteristic
dihedral angles between the amino acid’s alpha carbon atom and the amino group
(P) or the carboxyl group (W). The relation between those angles can be visualized
in a Ramachandran plot, which simplifies the assignment of amino acids to certain
secondary structure elements (s. Fig 2B). The three-dimensional condensation of
those secondary structure elements together with their linking unstructured sequence
stretches is called tertiary structure. The spatial organisation of multiple proteins

within a complex is described as quaternary structure.

Most integral membrane proteins contain one of two structural features (s. Fig. 2C):
the first feature is a hydrophobic alpha-helix spanning through the membrane, which
is called transmembrane segment (TMS). There are proteins with only one TMS that
are called single-spanning and there are examples with multiple TMSs that are called
multi-spanning membrane proteins. The family of tetraspanins, which is the focus of
this thesis, has four TMSs*! and is therefore part of the multi-spanning group. The
second structure element common for integral membrane proteins is the beta-barrel,
which is formed by hydrophobic beta-strands. This conformation is often seen in
porins (transporters for small molecules and ions), because the barrel forms a tunnel
through the membrane. The types of cargo for such membrane transporters range
from ions over small molecules to macro molecules. The outer surface of these beta
barrel is exposed to the lipid bilayer and is hydrophobic, whereas the inner surface

often displays polar residues enabling specific cargo to pass through.
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Figure 2: Depiction of secondary structure elements and their embedding into the biological membrane.

(A) The most common secondary structure elements are alpha-helices (cartoon spiral, pdb: 3AM6) and
multiple beta-strands forming a beta-sheet (cartoon arrows, pdb: 4P79). The backbone carbonyl (oxygen
in red) and amino group (nitrogen in purple) of the peptide bonds interact and stabilize the structure
along the helix axis or are perpendicular to the beta-strand tying together the beta-sheet. (B) The angles
of the peptide chain are characteristic for each structure element (e.g.: alpha- helices, beta-
strands/sheets, La- left-handed helix) and can be visualized in a Ramachandran plot. (C) Secondary
structure elements specific for membrane spanning proteins. The alpha-helix (red) forms
transmembrane segments (left, rhodopsin AR2, PDB: 3AM6) and beta sheets (yellow) are the basis for
the beta-barrel (right, De novo transmembrane beta-barrel, PDB: 6X9Z). The connecting loops (green)
and non-protein molecules such as cholesterol (purple) are shown, too. The membrane is indicated by
the dotted lines (extracellular site by red, cytosolic site by blue). The illustration of protein orientation is
based on the Orientations of Proteins in Membranes (OPM) database (https://opm.phar.umich.edu/).

The sequence stretches connecting the classical secondary structure elements can
be called loops. In many proteins, these loops mediate functions such as protein—
protein interactions, ligand binding, forming enzyme active sites and many more!2,
This is also true for tetraspanins, because the most important structure is believed to
be the large extracellular loop (LEL) due to its role in protein-protein interaction (e.g.
CD81 dimerization'® and CD81-CD19 interaction#). A short loop (< 6 residues) that
introduces an inversion of the peptide chain direction is also referred to as turn®®,
They are crucial for the protein architecture, because they bring regular secondary
structure elements together during protein folding!®. The turns are classified by the

number of residues that are not included in the hydrogen bonding of the flanking
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secondary structure elements. There are d, y, B , a, and T turns'’” with two to six
residues forming the turn. The most common one is the B-turn formed by four amino
acids and a characteristic short distance (7A or less)'® between the first and last alpha
carbon atom of the turn. The B-turns are further subdivided based on the dihedral
angles?® of their backbone. In addition, there is a different category of turns which are
formed between the interaction of a side chain with the backbone. They are named
Asx or ST group depending on the side chain that forms this interaction (aspartate,
asparagine or serine, threonine, respectively). In both groups, the polar side chain
forms a hydrogen bond with the carboxyl group of the backbone and forces a bend of

the peptide chain®.
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In the context of the cluster of differentiation (CD) protocol in the late 1980s, the first
tetraspanins were described which led to their names CD9, CD37, CD53, CD63,
CD81, CD82 and CD151. The family of tetraspanins was first defined by a group of
scientists around Shoshana Levy in 19902, But it took until 2007 for the whole family
of 33 human tetraspanins to be first mentioned? as such. However, the current
tetraspanin research focuses mainly on single tetraspanins and their involvement in
certain diseases or physiological processes. In general, little research exists on

tetraspanins as a family.

The work at hand is focused on membrane protein families by the example of
tetraspanins. Consequently, it resembles one of the few studies addressing the
inherent structural and functional features of the tetraspanin family as a whole.
Therefore, this chapter, and the published review that it is based on, gives an
introduction to this protein family. The topics of tetraspanin structure, their names,
subcellular location and function are addressed as well as the open questions in

tetraspanin research.

2.1 Abstract

Tetraspanins are small membrane proteins that contain four characteristic TMSs,
which are connected by a small (SEL) and a large extracellular loop (LEL) as well as
a small intracellular loop (SIL). The N- and C-terminus are located at the intracellular
site as well. Based on a crystal structure of the CD81-LEL?, the first tetraspanin
structure was proposed by Seigneuret®® in 2006, which painted the picture of the
TMSs in a compact four-helix bundle with the extracellular domains enthroned on top.
In 2016, there was the first crystallographic structure of a full tetraspanin?’ showing a
fundamentally different picture of a funnel-shaped helix bundle with the LEL tilted on
top the funnel closing the resulting cavity. Both structures were integrated in the
conformation switch model?®®2°. Furthermore, tetraspanins are subject to post-
translational modification such as palmitoylation, glycosylation and bisulfide-bond

formation, which affects their function and structure.
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Figure 3: lllustration of different tetraspanin functions and locations in physiological and pathological
contexts

On the one side, the physiological role of tetraspanins (green) in co-transport, tetraspanin enriched
microdomains (TEMs, interaction partner proteins are depicted in different colours), exosome and
endocytosis are shown. On the other side, the pathological processes of tetraspanins are shown, such
as blocked co-transport, pathogen entry (viruses are shown as red hexagons) and malfunctioning TEMs
(black). The zoomed in image shows a schematic illustration of the tetraspanins’ structural features such
as helices (barrels), cysteines (yellow) important for intracellular palmitoylation and disulphide bond
formation in the LEL as well as potential glycosylation sites (black hexagons). For a more detailed
description of this figure, please see the publication: Lang & Hochheimer (2020)3° which is listed in
Appendix A.

Members of the tetraspanin family can be found in all multicellular organisms,
whereby some are expressed ubiquitously and others are specific to certain tissues
or cell types. Because tetraspanins were discovered as surface antigens on
leucocytes, they were first conceptualised as strictly located to the plasma membrane.
However, they are also found within intracellular organelles (e.g. endosomes) and
extracellular vesicles (s. Fig. 3). Tetraspanins are involved in an astonishingly broad
set of cellular processes that can be both physiological and pathological. Their
entanglement in many pathological processes, from cancer over neurodegeneration
to infection and many more, make them a promising target for new therapeutic
strategies. Interestingly, they do not possess catalytic or signaling functions on their
own. Their main function is believed to be the spatial organization of a broad range
of partner proteins within the plasma membrane. This function might be an
explanation for their involvement in seemingly unrelated cellular processes. However,
there are speculations on an unknown tetraspanin function that could link all these

processes together. One of these hypotheses is the impact of tetraspanins on
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membrane curvature. Additional open questions on the tetraspanin field arise from
the publication in Chapter 4, such as the poorly described family members and their
functions as well as the function of large intracellular domains found in only a hand
full of tetraspanins. In general, there are still many open questions and aspects to

learn about this family of membrane proteins.

2.2 Review: Tetraspanins

Tetraspanins

Thorsten Lang® and Nikolas Hochheimer?!

!Department of Membrane Biochemistry, Life & Medical Sciences (LIMES) Institute,
University of Bonn, Carl-Troll-StralRe 31, 53115 Bonn, Germany

Curr. Biol. CB 30, R204-R206 (2020).
DOI: https://doi.org/10.1016/j.cub.2020.01.007

My own contributions: figure preparation and writing the original draft together with
Thorsten Lang

This publication is listed in Appendix A.
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The review in Chapter 2 gives a well-rounded overview of the tetraspanin family that
provides the reader with enough information for Chapters 4 and 5. However, this
review is meant to be a quick guide to the topic and naturally there are details missing.
Consequently, Chapter 3 gives a more complete overview including the details which

are missing from Chapter 2.

3.1 Tetraspanin topology and structure

The family of tetraspanins owes their name to the characteristic four TMSs that on
average make up around one third of the protein (Fig. 4). They are rather small
membrane proteins consisting of 204 — 393 amino acids in humans®!. The N- and C-
terminus as well as the small intracellular loop (SIL) connecting TMS2 and TMS3 are
located near the cytosol. The small extracellular loop (SEL) and the large extracellular
loop (LEL) are directed towards the extracellular or luminal side, connecting the TMSs
1 and 2 as well as the TMSs 3 and 4, respectively. The largest domain is the LEL,
which can be subdivided into a constant and a variable domain and is structured by
disulphide bridges®. A key feature of the LEL is a GCC (glycine-cysteine-cysteine)
motif that marks the crossing of the constant to the variable domain of the LEL. There
are three groups of tetraspanins differentiated by their number of disulphide bridge
forming cysteines (4, 6 or 8) in the LEL. The extracellular domains of some family
members can be glycosylated. An incorrect glycosylation leads to a retention within
the endoplasmic reticulum (ER)*3. Furthermore, the amino acid sequence of each
TMS has a distinct heptad repeat motif which is involved in intra- and intermolecular

interactions®*.

Tetraspanin
204 - 264.6 - 393

LEL
71-105.8-138 Figure 4: Schematic illustration of a human

SEL tetraspanin.

9-17.3-26 _ o _
The size of each domain is shown with the numbers

referring to the amino acid length of each domain
(smallest — mean — largest). The three helices of the
LEL that are within the constant part are indicated as
well as the variable domain, which is illustrated by the

%%%% o g%%g winded loop. Schematized lipids depict the biological
E membrane. lllustration adopted from Hochheimer et
al. 20193
N-terminixs' SIL ‘C-terminus
1-17.8-116 6-10.1 - 21 3-224-97
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The first structural data were obtained via crystallography of the extracellular domain
of CD81 by Kitadokoro in 2001%. This set the development of the first structural model
of tetraspanins in motion, which was achieved by Seigneuret in 2006%. He used
molecular modelling, based on the crystallographic structure mentioned before, to
paint the picture of a compact four-helix bundle with the extracellular domains
enthroned on top. This structure resembles a mushroom with the four helices forming
the stalk and the LEL forming the cap. The helix bundle is organized in a left-handed
coiled coil with the TMS3 and TMS4 protruding into the LEL helices. Additionally, the
upright orientation of the LEL is stabilized by the SEL, which holds a small mostly
hydrophobic beta-strand that locks into a hydrophobic groove of the LEL.

The first crystallographic structure of a full length tetraspanin was achieved for CD81
in 2016 by Zimmermann et al. 2. This structure showed a fundamentally different
picture of a funnel shaped helix bundle with the LEL tilted on top (Fig. 5), which seals
the resulting cavity. Furthermore, there is an enclosed cholesterol in the tetraspanin
bundle docked with its hydroxyl group to a conserved glutamate in the TMS4. The
mutation of this glutamate resulted in a diminished cholesterol binding and altered
interaction with CD19. The authors deduced a cholesterol induced conformational
switch of CD81.

Figure 5: |lllustration of the two
tetraspanin  conformations by the
example of CD81.

The compact helix bundle (left, pdb: 7JIC)
was found for CD81 in complex with
= CD19 and contrasts the funnel shaped
conformation (right, pdb: 5TCX). The
CD81/CD19 complex structure bases on
a cryo-EM analysis!* and the funnel
shaped structure was achieved by
crystallographic analysis of only CD81
using the lipidic cubic phase method.

There are two more crystal structures of full-length tetraspanins (CD9* and CD53%)
that were solved in the last years and they also show the tetraspanins in the funnel
shape, but without a bound cholesterol. The advances in cryogenic electron
microscopy led to high resolution images of tetraspanins in complex with hetero
proteins (CD81-CD19%*, CD9-EWI-F?*” and CD81/CD19**). These structures all show

the tetraspanin in a conformation with an erected LEL and a more compact
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arrangement of the helices (Fig. 5). The cryo-EM structure of CD81 in complex with
CD19 shows a conformation that resembles the one predicted by Seigneuret the
most. The current structural model of conformational switching bases on these two
shapes that tetraspanins can adopt, which may enable them to participate in a much

broader range of interactions?2°,

The intracellular domains are comparably short and less structured. There are
exceptions to that rule such as the comparably large C-terminus of peripherin-2
(Tspan22). This long domain was shown to contain an amphipathic helix. The
pheripherin-2 is located at the outer segment of photoreceptor cells and the C-
terminal helix interacts with the curved membrane®®. Another characteristic feature of
the intracellular domains of tetraspanins are conserved cysteines that can be
palmityolated®. These post-translational modifications are believed to stabilize the
homotypic (tetraspanins with tetraspanins) as well as the heterotypic (tetraspanins

with other proteins) interactions*®4%,

3.2 Physiological functions of tetraspanins

Tetraspanins are associated with an astoundingly broad variety of physiological and
pathological cellular processes, such as: adhesion, cell-cell fusion, endocytosis,
exosome formation, immune response, migration, neurite navigation, pericellular
proteolysis, proliferation, signaling, spreading, trafficking, vascular morphogenesis
and remodelling, thrombosis, tumor progression and metastasis, viral and other

pathogen entry and viral release® (s. Fig. 3).

The extraordinary high number of cellular processes that they are involved in raises
the question of their function. It is well established that tetraspanins have no catalytic
function or signalling properties themselves, but one of the main characteristics that
distinguishes tetraspanins from other membrane proteins is their ability to interact
with each other and non-tetraspanins/ heteroproteins. This was first shown for CD81
and its interaction partner CD19 on the surface of B cells*?“3, It led to the discovery
of a wide field of interactions between tetraspanins and heteroproteins such as

integrins, members of the immunoglobulin superfamily and signalling receptors*+¢

The different interactions of tetraspanins were first tested via immunoprecipitation
assays, which resulted in three types of interactions that are ranked by their resilience
towards detergents: (i) Primary interactions are the most stable ones and are direct

interactions between a tetraspanin and one heteroprotein*’. (ii) Secondary
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interactions are formed between tetraspanins themselves and are supported by their
palmitoylation®. (iii) The weakest interactions are the tertiary ones, which refer to
indirect interactions between tetraspanins and heteroproteins within tetraspanin rich
areas. These different levels of interaction inspired the hypothesis of the tetraspanin
web (Fig. 6A) in which the interaction hierarchies orchestrate the interplay between

tetraspanins and heteroproteins®.

This model was recently expanded by homodimerization studies of Tspan8 within
living cells®, which showed an extraordinary weak Tspan8 dimer interaction. This
represents one of the highest dissociation constants ever measured for membrane
proteins in living cells. The authors of this study proposed a crucial function of the

short dimer lifetime for the Tspan8 function.
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Figure 6: Comparison of the two models describing the tetraspanin arrangement in the plasma
membrane.

(A) The tetraspanin web model describes an interaction network of single molecules based on the
dimerization capacity of tetraspanins and their ability to bind to heteroproteins. (B) The contrasting model
shows small clusters of tetraspanins (less than 10 molecules) and heteroproteins. The clusters are
spatially separated or overlap slightly. The clusters (lighter coloured big circles) are shown to overlap
(yellow area) and are formed by less than ten molecules of tetraspanins. Please note that within this
illustration tetraspanins can interact with each other, but only with one heteroprotein each.

Furthermore, tetraspanins are known to cluster (Fig. 6B) with partner proteins and
cholesterol in so called tetraspanin-enriched microdomains (TEMs)>!. With the help
of super-resolution microscopy it was shown that small clusters of tetraspanins
(around 10 molecules in a cluster of 120nm diameter) are adjacently positioned in the
membrane, but they hardly show any overlap. However, they revealed relatively
closer proximity to their partner proteins®?. These findings challenge the solely

biochemically-based picture of the tetraspanin web. The most recent advance on this
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topic is the molecular modelling of multiple CD81 molecules of the funnel shape in a
lipid bilayer. This simulation analysed the cluster architecture of CD81 and revealed
a cluster formation process that includes a surprising segregation of one CD81
molecule from the cluster. This excluded CD81 molecule adopted the closed helix

bundle conformation®® within this simulation.

The unifying idea behind these two models is the ability of tetraspanins to interact and
organize heteroproteins and thereby to facilitate their functions. This is the reason for
the above-mentioned nickname ‘master organisator of the plasma membrane’. The
functions of the heteroproteins are believed to be facilitated and directed via spatial
organisation in the tetraspanin network and by conformational rearrangement upon
tetraspanin binding. To name a few examples, the tetraspanin network brings
together components of signaling complexes and through this process enables their
function (e.g. CD63 links VEGFR2 to betal-integrins or CD81 enables CD19 and
BCR cross talk)*. Furthermore, the substrate affinity of certain proteases can be
altered via conformational changes induced by tetraspanin binding (e.g. scissor sister
model, substrates affinity of ADAM10 differs upon binding to Tspan5, 10, 14, 15, 17
or Tspan33) *%. A new aspect of tetraspanin function was proposed in a recent
publication showing a computationally docked complex of the Angiotensin-converting
enzyme 2 (ACE2) with A disintegrin and metalloprotease 17 (ADAM17) and CD9,

which force a local membrane curvature®®.

The key domain that facilitates these interactions is the LEL (Fig. 7) with its variable
domain that mediates the tetraspanin’s individual interaction properties®®®’. The
variable domain differs in sequence as well as in its secondary structure elements
between tetraspanins, which resembles the unique fingerprint of each individual
family member®®. Additionally, the homotypic interaction and clustering between
tetraspanin monomers is supported by the LEL’s delta-loop, which was shown for
CD81%%°. However, the tetraspanins’ interaction capacity exceeds the extracellular

domain and includes the TMSs and N- and C-termini as well.

TMSs mediate intra- and intermolecular interactions that are important for tetraspanin
TMS organisation and dimerisation®*. Furthermore, the interplay with heteroproteins
is modulated by the transmembrane helices such as the ER clearance of CD19, which
is based on the CD81-TMS1 association*®. A similar mechanism is found for CD5 in
association with CD9L. In addition, the integration of cholesterol into the four helix

bundle of CD81 is mainly influenced by a glutamate in the TMS42’, which is also
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present in other tetraspanins®4. The conformational influence of cholesterol on CD81

can be described as an allosteric mechanism®2.
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Figure 7: Schematic illustration of tetraspanin interactions.

(A) Interactions between tetraspanins (green) are shaped by direct interactions of the LEL (red dotted
line, with focus on the delta-loop) and the TMSs (blue dotted line). Further connections are based on
intracellular cysteine palmitoylations (yellow dotted line) and different lipids (orange) such as
gangliosides and cholesterol. These interactions are also known as secondary interactions, because of
their lower stability against detergents in immunoprecipitation experiments. Well-defined locations of
interaction are colour-coded (e.g. delta loop and intracellular palmitoylation sites) and broader interaction
surfaces (e.g. TMSs and LEL) are not. (B) Similar mechanisms affect the heteroprotein interactions
(primary interactions). The direct connection between the interaction partners (grey) and tetraspanins is
mediated by the LEL (purple dotted line). However, the above mentioned other mechanisms play a role
as well. Image inspired by Deventer et al., 202159,

The intracellular domains are implemented in many functions, which is surprising for
such short domains. The internalisation and following degradation of tetraspanins is
linked to their ubiquitination of N-terminal lysines (e.g. CD81%% and CD151%4). The SIL
is the shortest and least studied tetraspanin domain and it is only known that the SILs
of CD81 and CD82 are involved in virus protein association?>. The most divers
intracellular domain is the C-terminus. As mentioned above, the long C-terminus of
Peripherin-2 (Tspan22) holds an amphipathic alpha-helix that mediates membrane

association and curvature®. Additionally, the most known internalisation sites of
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tetraspanins are located here®. Moreover, direct interactions to heteroproteins are
associated with this domain, influencing the tetraspanins’ function and spatial

organisation®® of tetraspanins.

Post-translational modifications play a role in tetraspanin trafficking and interactions
as well. On the extracellular site, a number of family members are N- and O-
glycosylated. These modifications are important for the correct maturation and
trafficking of the protein: as it was shown for Tspanl and its four distinct glycosylation
sites that impact the transition of the protein through the ER®3. On the intracellular
site, there are conserved cysteine residues at juxtamembrane positions that were
shown to be palmitoylated®. These fatty acid additions are required for homotypic as
well as heterotypic interactions, for example the association of CD9 with CD63 or

integrin alpha(llb)beta(3) on the surface of platelets®”’.

The lateral association of tetraspanins is further determined by the lipid composition
of the surrounding membrane. As mentioned before, cholesterol integrates into
tetraspanins and furthermore seems to interact with the intracellular palmitoylations
and thus contributes to the lateral association with other proteins®. Consequently,
cholesterol impacts the organization of tetraspanins into TEMs as well®®. However,
there are more lipids with a connection to tetraspanins, for example gangliosides. The
destabilising effect of ganglioside depletion on the formation of CD82 complexes and

overall TEM integrity”® was shown.

3.3 Where to find them?

The best-studied organism regarding tetraspanins is the human (Homo sapiens) but
they are spread much more widely. Thus, they have been found in most multicellular
organisms. The number of tetraspanin family members differs between species. For
example, there are 33 in Homo sapiens®!, 31 in Mus musculus®!, 50 in Danio rerio’?,
34 in Drosophila melanogaster’? and 17 in Arabidopsis thaliana’. It was even shown
that the connection between multicellularity and tetraspanins is no coincidence, as
tetraspanins coevolved with cell-cell interactions and they correlate with

multicellularity”.

Some family members are expressed ubiquitously (e.g. CD9, CD63 and CD151), but
some are specific to certain cell types. For example, Tspan32 is only found on
hematopoietic cells’”®. The family members found abundantly on the surface of

leukocytes still represent the best-studied group. This is based on their close relation
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to hematopoietic cells and regulation of cellular processes, including stem cell

guiescence, migration, and niche adhesion’®.

First, tetraspanin research focused on the plasma membrane located protein pool.
This was based on the history of tetraspanin discovery, but they are also found in
intracellular membranes (e.g. CD63"7). Naturally, they pass through the ER and Golgi
apparatus as all integral membrane proteins do. Some tetraspanins show specific
interactions in these compartments that enable their pathing. The analysis of
Uroplakin-1a and -1b (Tspan2l1 and Tspan20) revealed their need of forming hetero

dimers with Uroplakin-2 and -3 to be able to exit the ER*.

Apart from the ER and Golgi apparatus, they are found in a variety of vesicles from
endosomes to extracellular vesicles. The tetraspanin that is best known to locate into
endosomes is CD63, which reflects in its alternative name of Lysosome-associated
membrane glycoprotein 3 (Lamp-3). Hence, CD63 is not trapped in late endosomes
and lysosomes, but it can escape and recycle towards other compartments’. Their
endosomal location reflects in a variety of internalization motifs found on their
intracellular domains, which is often a tyrosine-based sorting motif (YXX®, with X
being any residue and ® being a bulky hydrophobic one)®. It was shown for CD63
that a C-terminal GYEVM motif targets the protein towards the lysosome via the early
endosome system in an adaptor complex AP-3 dependent manner’. The ability to
reenter the cytosol from the plasma membrane and even carry heteroproteins along
was shown for CD63% and CD1518%. The role of tetraspanins in extracellular vesicles
gained more and more attention over the last years and is addressed in the next

chapter.

3.4 Tetraspanins and extracellular vesicles

More recently, the role of tetraspanins in extracellular vesicle (EV) formations and
trafficking has come into focus. A variety of vesicles is known to facilitate intercellular
communication by carrying functional membranes, cytosolic proteins, lipids and
RNAs between cells. They are referred to as microvesicles, ectosomes or exosomes
(and many more) depending on their origin, composition, size®? and density®. Here,
| will focus on exosomes, which are small extracellular vesicles with a typical diameter
of around 30-150 nm®. They are formed by inward budding of early endosome
membranes, which leads to the maturation into multicellular vesicles (MVBs). These
organelles are mainly linked with endocytosis and trafficking and are involved in

protein sorting, recycling, storage, transport and release®.
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There are two possible destinations of an MVB. The first one is the fusion with a
lysosome and the resulting degradation of its cargo. The second path is the merger
with the plasma membrane and the consequent release of its cargo (e.g. exosomes)
into the extracellular space. The factors shaping the fate of an MVB are not well
understood. It was shown that the cholesterol content of the MVBs influences their
fate and cholesterol-rich MVBs are less likely to end up in a lysosome®®. The formation
of exosomes within the MVBs is orchestrated by the endosomal sorting complex
required for transport (ESCRT) pathway®’. The exosome cargo is versatile and
consists of signal transducer proteins, RNAs, DNA, lipids and metabolites that are
used for intercellular communication®. Furthermore, their proteome naturally consists
of many ESCRT proteins such as Alix, TSG101, HSC70, and HSP90B. Apart from
the components of this sorting machinery, tetraspanins such as CD63, CD9 and
CD828 are abundant on exosomes as well. At first, tetraspanins were only seen as
EV markers, but their function in EV formation and function was soon realized®3. The
pathway whereby tetraspanins are targeted towards exosomes is still unknown and
may be different for each individual family member®. A possible targeting pathway
might be the tetraspanins’ well-defined internalization motifs®®. Not only single
tetraspanin molecules are involved in exosome targeting but TEMs can also act as
sorting machinery towards exosomes®. The most basic function of exosomes is their
ability to be selectively taken up by cells. Unfortunately, this is also a poorly
understood aspect of their biology. The organization of adhesion molecules (e.g.
integrins®, intercellular adhesion molecule-1 and vascular cell adhesion molecule-
1°1) on the exosome’s surface is believed to be crucial for exosome uptake and is
influenced by tetraspanins. Interestingly, the proteins on the exosome surface are

distributed unevenly, which was shown very recently®2.

3.5 Tetraspanins and disease

The attention of the scientific community was drawn towards tetraspanins because of
their involvement in many pathological processes. They are involved in many cellular
processes and consequently also in many pathological processes such as cancer,
neurodegenerative diseases, autoimmune diseases, inflammation, viral and bacterial

infections.

Their influence on adhesion, protease activity and signalling make them a key player
in cancer development via regulating cell migration, invasion and metastasis®. This

makes them a promising target for cancer therapeutics such as anti-tetraspanin

18



Chapter 3: Introduction to tetraspanins - in detail

antibody treatments, which has shown an impact on tumor progression®:. A prominent
example is CD151, which modulates tumor cell activity via connecting to growth
factors, matrix-metalloproteases and integrins®®. However, not only the expression
pattern of tetraspanins is connected with cancer, but their post-translational
modifications such as the degree of CD63 glycosylation is also implicated in clinical

outcomes of breast cancer patients®.

Their link to the development of Alzheimer’s disease is explained by their action in
the APP processing/ degradation pathway (e.g. APP processing by alpha—secretases
like ADAM10%*°7, Tspan6 determines APP-CTF degradation or secretion®), and their
function in exosomes links them to the spreading and seeding®of the disease.
Moreover, they play an important role in a number of different diseases such as:
autoimmune diseases like diabetes type 1 (Tspan7 acts as an autoantigen and
induces autoimmunity against beta cells in the pancreas)!®, pulmonary
emphysemal®!, osteopenial®?, leukemial®?> and defects in blood and lymphatic

vessels!os.

Furthermore, they can be hijacked by pathogens like parasites, fungi, bacteria or
viruses to gain access into the cell*®. An interesting example for tetraspanin
involvement in virus infections is the Zika virus. It was shown that Zika virus-infected
cells secrete a characteristic subset of EVs that contain viral proteins and genomes
that are able to infect other cells upon uptake!®. As a result of Zika infection, the
production of EVs is enhanced and their size and density distribution changes. This
process is influenced by the EV enriched tetraspanin CD63. Other viruses connected
to tetraspanins are HIV%6197 HPV108 MERS and other Corona viruses!® as well
as influenza viruses'*°. A very recent publication highlights the role of tetraspanins in
SARS-CoV-2 infection®. This bioinformatic analysis links the shedding of the ACE2
receptor, which is the binding partner of the viral spike protein and therefore crucial
for infection, with the metalloprotease ADAM17. The author further states that
ADAM17 can be regulated by tetraspanin interaction. Consequently, tetraspanins are
involved in the SARS-CoV-2 infection. An example for the involvement of tetraspanins
in bacterial infection is the formation of multinucleated giant cell (MNGC) in mouse
macrophages during a Burkholderia thailandensis infection!'?. The tetraspanins CD9
and CD81 are both involved in the process of MNGC formation and CD9 turned out

to be a negative regulator of this process!!*.
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3.6 Applications in diagnostics, therapy and biotechnology

As discussed before, tetraspanins are connected to many pathological processes,
which makes them interesting for diagnostic purposes. A topic that has recently
emerged is the connection between tetraspanins and EVs. The EVs extracted from
peripheral blood provide a powerful tool in diagnostics. This approach is still in its
infancy and standardized protocols for EV isolation from bodily fluids are needed,
which is a key factor of EV research!!?, Most EV isolations base on different
centrifugation steps, which sometimes are accompanied by size filtration!?3,
Currently, flow cytometry strategies are used for EV analysis, because they manage
without EV isolation or concentration'** and allow for smaller sample volumes and
decreased overall processing time. The detection of EVs in many assays is based on
tetraspanins because of their abundancy on EV surfaces. The range of EV-indicated
diseases is broad and includes placental dysfunction'!¢, cancer 7, infections*® and
many more. Even drug abuse (like methamphetamine) can be diagnosed by EV

analysis?©®,

These small vesicles are not only used in diagnostics but are also potential
candidates for therapy strategies. For example, exosomes could be used as novel
drug delivery system in cancer therapy!'®. In recent years, multiple synthetic drug
delivery systems were developed; however, their applications are limited because of
inefficiency, cytotoxicity and/or immunogenicity'?°. As a counter-draft to the synthetic
systems, the EVs possess favorable characteristics as drug delivery systems, such
as their ability to cross physical barriers, specific targeting, natural intracellular
trafficking pathways and their biocompatibility. There are even concepts of EV drug
loading via an endogenous cellular EV packing machinery. The targeting towards
specific cells could be arranged by modifying the surface protein composition of EVs,
which involves heat shock proteins, lysosomal-associated membrane proteins,
cytoskeletal proteins and tetraspanins'?!. Besides targeting drugs towards their
destination, EVs can act as drugs themselves. This new approach was developed as
an anti-SARS-CoV-2 therapy, in which EVs were loaded with a modified CD63
attached to an anti-SARS-CoV-2 nanobody, which binds at the receptor-binding
domain of the Spike protein'??, These modified EVs were able to neutralize the
functional SARS-CoV-2 viruses.

The connection between tetraspanins and disease makes them a promising starting
point for new therapeutics with a special focus on their large extracellular domain. In

cancer therapy, there is the idea of using the LEL to label cancerous cells in
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immunotherapy?®, which might also be used to counteract tumor angiogenesis!?*,
Moreover, anti-tetraspanin antibodies can be used in the fight against pathogens by
blocking the pathogen docking sites. Additionally, there is an approach in which
tetraspanin-mimicking peptides are used to counteract infections on the pathogen’s

Sit6125’126

3.7 Aim of the work

The work at hand addresses novel aspects regarding structural variability in
membrane protein families. This analysis was done by the example of the tetraspanin

membrane protein family with a focus on two main aspects:

(1) The impact of alternative splicing and the result in structural variability. There are
examples of the alternative splice analysis for single membrane proteins, but the
analysis of a whole protein family is a new approach, to the best of my knowledge.
This family-wide strategy was chosen for its potential in detecting underlying patterns
and systematic classification. The family of tetraspanins was picked as subject for this
analysis, because their 33 members show strong homology. Furthermore, the
considerable number of alternatively spliced RNAs on the NCBI database represent

a solid foundation for this analysis.

(2) Analysis of small inter-helix connecting loops regarding their structure and
interactions by the example of the small intracellular loop in tetraspanins. This
particular sequence was selected because it was shown for some family members to
be conserved between species?!. Moreover, it is rather unnoticed in prior tetraspanin
research for there is only one previous publication?? that focuses directly on this

domain.
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Chapter 4: Alternative splicing within the tetraspanin family

Alternative splicing is a common process within eukaryotic cells, which increases the
diversity of the gene products that are encoded in the genome. This phenomenon
was first described in 1977 for the mRNA of adenovirus 22" and since then an
enormous nhumber of other examples was discovered. Today, we know that up to 95%
of human multi-exonic genes® are affected by alternative splicing leading to

approximately 80,000 different gene products based on the 20,000 human genes?.

While it is well established that most human gene products are affected by alternative
splicing, the precise impact on RNA and protein structure has not been studied in
most cases. Especially the effects on small membrane proteins are less described
and the implications for a membrane protein family as a whole have never been
analyzed, to the best of my knowledge. The family of tetraspanins pose an ideal
subject for such an endeavor, because there is a great number of alternatively spliced
tetraspanin mMRNAs listed on the NCBI database in addition to the 33 conventional
ones. Only one isoform was previously described, which is the alternative splicing
product of CD82'28, Furthermore, alternative splicing of tetraspanins is likely to affect
domain composition. This assumption is based on their rather small size, which
results in tightly-packed protein domains. Therefore, a great impact on protein

structure and function can be envisioned for alternatively spliced tetraspanins.

4.1 Abstract

The basis for understanding the effects of alternative splicing on the tetraspanin family
was the analysis of the available mMRNA sequences and the categorization of the
different splicing patterns. The 33 human tetraspanin genes yielded a list of 89
MRNAs including 31 mRNAs that code for non-conventional tetraspanins, which are
defined by an alternative amino acid sequence. In addition, there were multiple
MRNAs that did not differ in their open reading frames, but in their 5’- or 3’-
untranslated regions (UTRs). The comparison of the conventional tetraspanins with

the alternatively spliced ones allowed for a first prediction of the structural changes
(Fig. 8).
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Figure 8: lllustration of different isoforms by the example of Tspan6

(A) Genomic sequence of Tspan6 depicted as a cartoon with exons (white boxes) and introns (grey
boxes) as well as the five different mMRNAs derived from this genomic sequence. Here, the open reading
frame (green) is depicted in reference to the mRNA variant 1 found on the NCBI database. The NCBI
database reference numbers are shown for the mRNAs and protein sequences as well. (B) Comparison
of the conventional Tspan 6 sequence with the three isoforms. The sequence parts missing in the
isoforms (dashed lines and white filling) as well as alternative sequence parts (asterisk) are shown. For
a more detailed description of this figure, see the publication: Hochheimer et al. (2019)*?° in Appendix
B.

A more detailed analysis of the secondary structure elements and transmembrane
segments was done via the structural prediction tools Jpred4®*° and TMHMM
2.01%1132 This approach revealed the structural mono-, di-, and trispanins, which were
then used to classify the different tetraspanin isoforms. For most tetraspanins,
alternative splicing generates several mRNAs per gene with a maximum of five
different isoforms in Tspanl7. There were almost the same number of conventional
and non-conventional tetraspanins found in this analysis. Nevertheless, this might be
an underestimation, because only validated/reviewed sequences were included in
this study and the NCBI database lacks mRNAs, as the example of the CD53 isoform
4 showed.
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Figure 9: Intracellular trafficking and
hypothetical functions of non-
conventional tetraspanins.

lllustration of the transcription and
splicing process leading to different
mRNAs (top). In the following, these
different mRNAs are translated and
inserted into the ER membrane. Next,
the tetraspanin isoforms (green)
travel through the ER and Golgi
apparatus towards the cell
membrane. There are three possible
pathways for the isoforms. The
conventional tetraspanin (middle
lane) interacts with a binding partner
(orange) and is co-transported to the
plasma membrane, where it forms
TEMSs. Most isoforms lack TMSs (left
lane, dispanin is shown as
representative of the largest group of
isoforms) and cannot exit the ER.
They might still be able to interact with
their partner proteins and retain them
in the ER, which might lead to their
degradation. The group of LEL
deletion isoforms (right lane) is
unable to interact with its binding
partner, but can still exit the ER. This
might lead to non-functional TEMs in
the plasma membrane, because their
co-factors are missing.

For each of these three examples,
there is an exemplary confocal
micrograph showing HepG2 cells
expressing GFP tagged isoforms
(bottom, from left to right: Tspanl5
Iso2, CD53 or CD53 Is02). The TMS
deletion isoform (Tspanl5 Is02)
cannot exit the ER, in contrast to the
LEL deletion isoform (CD53 Iso2). For
a more detailed description of this
figure, see the publication:
Hochheimer et al. (2019)!?° in
Appendix B.

The implied changes in protein structure and the consequences of these changes on

protein function were subject to this study. The described mRNAs encode for isoforms

with one, two, three or four transmembrane segments and represent structurally

mono-, di-, tri- and tetraspanins. Furthermore, these isoforms differ in transmembrane

topology, LEL composition and N- or C-terminus sequence. The tetraspanin isoforms

were divided into four classes, based on their number of TMSs. After classifying the

differently spliced tetraspanins, the next question arose whether these isoforms are
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likely to be expressed. There were no retained introns or premature termination
codons found in alternatively spliced mRNAs, which would have made them a target
for rapid degradation via nonsense-mediated decay (NMD). Next, we considered
sequence alterations in the 5’ and 3’ untranslated region as well as the ORF and
categorized the mRNAs in three groups of “very likely expressed”, “likely expressed”
and “not likely expressed”. This left 15 mRNAs that code for non-conventional

tetraspanins from 10 different tetraspanin genes as “very likely expressed”.

Based on these findings, we speculated on the effects of non-conventional
tetraspanins on cellular processes (Fig. 9). There are two scenarios envisioned for
the effect of non-conventional tetraspanins. The first one describes isoforms with TMS
deletions and intact LEL that are retained within the ER. These non-conventional
tetraspanins could still interact with partner proteins, which might lead to retention in
the ER and consequent degradation of these complexes. The second scenario
describes the isoforms that are solely lacking parts of the LEL. They can still reach
the plasma membrane (Fig. 9, bottom), but are unlikely to aid the co-transport of their
interaction partners. This impaired function potentially leads to a deficit in interaction
partners within the tetraspanin-enriched microdomains (TEMs) and consequently to

malfunctioning TEMs.

In summary, alternative splicing in tetraspanins leads to large structural variability of
the resulting isoforms. Based on the structure of non-conventional tetraspanins, we
speculate on their role in regulating ER exit, co-transport and their impact on TEM

composition.
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4.2 Publication: Classes of non-conventional tetraspanins defined by
alternative splicing
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Chapter 5: The small intracellular loop of tetraspanins;
more than meets the eye

The seemingly unstructured regions in a protein that connect regular structure
elements, such as alpha-helices and beta-sheets are called loops. These loops form
a large part of the overall protein structure (up to 50%)*® and they are crucial for
many protein functions such as protein-protein interaction, dimerisation, ligand
binding and many more!2. The central role of this protein structure makes it a
promising subject for further analysis. Although short loops (also called turns) in
between secondary structure elements have been studied and characterised before

(s. Chapter 1.3), there might still be structures that are unaccounted for.

Historically, the most recognised domain of tetraspanins was the large extracellular
domain, because of its easy accessibility for antibodies and its role in protein
interaction. Next, the complete structure of tetraspanins shifted into focus due to the
publications of Seigneuret?® and Zimmerman?’. The intracellular domains and
especially the small intracellular loop (SIL) have been less represented in tetraspanin
research. Regarding the SIL, it is known that this domain is conserved? and
nevertheless there is still only one publication?? that focuses on this particular

tetraspanin domain.

5.1 Abstract

The first step in studying the small intercellular loop (SIL) of tetraspanins was the
sequence analysis of this domain in different species; therefore, the SIL was defined
as sequence between TMS2 and TMS3. The SILs of four animals (human, mouse,
zebrafish and drosophila) and one plant species (arabidopsis) were subjected to this
approach and showed a conserved five amino acid sequence. This SIL core
sequence showed conservation between the animal tetraspanins but not the plant
one. The conserved sequence for humans was identified as [R/K] E [N/S] [R/K/Q] C
with similar sequences in the other animal species. The chemical signature of this
stretch can be simplified to positive charge — negative charge — polar — positive
charge — polar. The secondary structure prediction of the analysed tetraspanins
showed a helical continuation of the TMS helices into the cytosol with their turning

point at the central SIL position 3.
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The three crystal structures of full tetraspanins all show the funnel-shaped
conformation of these proteins. Unfortunately, the structure of CD81 does not resolve
the exact positions of the position 2 and 3 of the SIL core. However, within the
structures of CD9 and CD53, the whole SIL core is visible and it lies parallel to the
membrane surface (Fig 10A). Although the SIL core sequences of these proteins are
different (QESQC in CD9 versus KENKC in CD53), the core sequence in both
structures showed an M-motif with the position 2 (glutamate in CD9 & CD53) and 4
(glutamine in CD9, lysine in CD53) pointing towards TMS1 and TMS4, respectively
(Fig. 10B). The position 1 (glutamine in CD9, lysine in CD53) and 5 (conserved
cysteine) are directed away from the tetraspanin center and position 3 (serine in CD9,
asparagine in CD53) interacts with the helix backbone C-terminal of the SIL core. In
addition, a salt-bridge between the glutamate in position 2 of the SIL and a lysine N—
terminally of the TMS1 can be found in CD9. For CD53 there is an interaction of the
lysine at position 4 with an asparagine at the C-terminus of TMS4.
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Figure 10: The SIL core resembles an M-motif

(A) lllustration of the SIL core (yellow) with the flanking helical structures (green) of CD9 (PDB 6K4J;
left) and CD53 (PDB 6WVG; right) forming an M-motif. The view from the intracellular side (upper panel)
as well as the side view (lower panel) with illustrated amino acid side chains of the SIL core is shown.
The side view shows the SIL core residues roughly laying in the M-plane. (B) Exemplary interactions
between the SIL core sequence and the other tetraspanin domains are shown. An idealized tetraspanin
SIL core sequence is depicted. The colours red, blue and yellow of the side chain indicate oxygen,
nitrogen and sulphur, respectively. The charge of the amino acids (@/8) at physiological pH is shown
as well. For a more detailed description of this figure, see the publication: Reppert & Lang (2022) in
Appendix C.

The question arose, whether this M-motif is a conserved structure element. It does

not fit any previously loop or turn classification (s. Chapter 1.3), because the motif's
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amino acids are all included in the hydrogen bonding with the flanking helices
backbones. There are several structures found in the PDB database for other proteins
that incorporate this structural feature, but they do not have a conserved amino acid
sequence except for position 3 that was found to be an asparagine in most cases.
Consequently, the M-motif resembles a new structural element that is not based on
a conserved amino acid sequence.
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Figure 11: Effect of disrupting the glutamate-lysine interaction in Tspanl7

(A) The mEGFP-Tspanl7 single mutations (K18A and E88A) and the double mutation (K18E/E88K)
were expressed in HepG2 cells and subjected to Western blot analysis. The bands referring to N-
glycosylated protein were called mature (m) and none-glycosylated protein was called pre-mature (pm).
(B) The expression level of the different constructs was normalised to actin. The single mutants showed
a decreased expression level whereas the double mutation showed no difference in comparison to the
wild type (set to 100%). (C) The maturation was calculated as ratio between mature and total protein
and showed the same pattern as the expression level analysis. (D, E) The mEGFP-Tspanl7 constructs
were co-localized with an RFP-fused ER marker, which showed a higher overlap for the single mutations
compared to the wild type and double mutation. For a more detailed description of this figure, see the
publication: Reppert & Lang (2022) in Appendix C.

The amino acid sequence is no prerequisite for the M-motif structure, which makes
the conserved sequence in the tetraspanins’ M-motif even more interesting. The
mutation of single SIL core positions in Tspanl7, CD9 and CD53 revealed the most

conclusive effect in protein expression levels for the glutamate at position 2. Because
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this residue forms a salt-bridge with a lysine at the N-terminal side of the TMS1, the
effect of single mutations of both salt-bridge partners to alanine and a double mutation
with switched glutamate and lysine was analysed next. For Tspanl?, the single
mutations resulted in a decreased expression and maturation (Fig. 11A, B, C) and
increased ER retention (Fig. 11D,E), whereas the double mutation with switched
amino acids showed no significant differences compared to the wild type.

The same analysis was done with CD9, which showed no differences in expression
level, maturation or ER retention upon mutation of the SIL core position 2, the N-
terminal lysine or the double mutation with switched residues. However, the CD9
mutations were also tested for their interaction capability with EWI-2, which is a known
CD?9 interaction partner. The single mutations showed a higher affinity to EWI-2 and
the double mutation showed no difference compared to the wild type. Regarding

CD53, the single mutations had no effect and it was not included in this analysis.

These findings reveal a functional electrostatic interaction in Tspanl7 and potentially
in CD9, which is formed between the glutamate of the SIL and a conserved lysine N-
terminally of the TMSL1. Disruption of this interaction led to a loss of expression,
maturation and ER exit in Tspanl7 and a gain of affinity in CD9. To explain this
divergence, we hypothesise that this particular salt-bridge is involved in the
stabilisation of the funnel shape conformation of tetraspanins (see Fig. 5). The
disruption of this interaction might destabilise the funnel-shaped conformation and
force the conformation with a tight helix bundle and an upright LEL. In Tspanl7, this
might lead to a malfunction in glycosylation causing the above mentioned loss in
expression, maturation and ER exit. For CD9, this hypothesis is in good agreement
with the cyro-EM structures of tetraspanin complexes (e.g. CD9/EWI-23¢, CD9/EWI-
F3" or CD81/CD19%), which show the tetraspanins with the LEL in an upright position
and a more compact helix bundle. A mutation that favors the helix bundle
conformation might lead to an increased affinity between the tetraspanin and its

interaction partner.
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5.2 Publication: A conserved sequence in the small intracellular loop of
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Chapter 6: Summary and Outlook

The work at hand addresses the question of structural variability in membrane protein
families. The family of tetraspanins was chosen for this approach, because of the
family’s large size (33 members in humans), their tight packing of structural domains
and their underrepresentation in studies regarding tetraspanins as a protein family.
Two different structural aspects were analysed. First, the effect of alternative splicing
on the tetraspanin family and the resulting structural implications and secondly, the
sequence conservation and structure as well as the interactions and connected

functions of the tetraspanins’ small intracellular loop.

The alternative splicing analysis for the 33 human tetraspanin genes in Chapter 4
yields a list of 89 gene products in total, including 31 non-conventional isoforms.
Based on the amino acid sequences of the isoforms, we predicted their secondary
structure elements as well as their transmembrane domains and topology using
structural prediction software. These non-conventional isoforms differ in their number
of TMSs and resemble structural mono-, di- or trispanins. Furthermore, they are
distinguished in their sequence of the LEL, N- and C-terminus. Next, we speculated
on the likelihood of expression for each isoform by comparing mRNA features in the
5’ and 3’ untranslated regions as well as the open reading frame that are known to be
important in mRNA degradation and translation. Unfortunately, their actual
expression levels remain unclear. The subcellular localisation of exemplary isoforms
was tested using transient transfection of GFP tagged isoforms in HepG2 cells. Based
on these findings we hypothesised on the function of these non-conventional
tetraspanins and found two possible effects. First, isoforms that lack TMSs can be
hold up in the ER, which leads to their degradation. Many of these isoforms have an
unaltered LEL and might interact with their regular binding partners, which could lead
to their ER retention and consequent degradation, too. Second, the isoforms with all
four TMSs and a shortened LEL can be localized at the plasma membrane but might
be incapable of co-transporting their binding partners. This might lead to a change in

TEM composition as well as malfunctioning TEMs.

There is only one example of a tetraspanin splice variant found in literature. This
splice variant of CD82'?8 (also called Kail) lacks the majority of the LEL and might be
involved in gastric and other cancers. There is no further indicator for tetraspanin
isoform expression, which represents a major issue for this analysis and the impact
of its results. Therefore, the biggest open question in this chapter is the one of isoform

expression. The first step in tackling this question would be a screening for the
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isoforms on an mMRNA level. After cell lines have been found that express isoform
MRNAs, the next step would be their detection on a protein level. This second step
would heavily rely on antibodies that recognize the wild type proteins as well as the
isoforms. The majority of anti-tetraspanin antibodies target the LEL for its size and
accessibility, which possibly constitutes an obstacle for this approach. Many of the
isoforms are likely to fold the LEL differently, because they lack one of the LEL-
attached TMSs, show an inverted topology or lack the SEL that interacts with the LEL.
There are some antibodies against the tetraspanins’ intracellular domains, but these
domains are also affected by alternative splicing. Consequently, an individual
combination of different antibodies targeted against a variety of intra- and extracellular

domains would be necessary for this strategy.

The functional analysis of non-conventional tetraspanins could be done via transient
expression, potentially linked with the down-regulation of the endogenous
background of conventional tetraspanins via gene silencing or knock-out. This
approach might make it necessary to down-regulate multiple tetraspanins at the same
time, because their functions possibly overlap and mask the effect of a single knock-
out as was shown before®®*1*® This strategy would allow testing the two prior
discussed functions of non-conventional tetraspanins that are malfunctioning TEMs
and altered co-transport. There is a number of tetraspanin/ hetero protein pairs (e.g.
CD81/CD19, TspanC8s/ADAM10, CD53/IL-7R alpha) that could be potential test
subjects, because they co-locate in TEMs or are co-transported in between cellular

organelles.

Beyond being the first systematic analysis of alternative splicing effects in
tetraspanins and a membrane protein family in general, this analysis includes the first
family-wide analysis of tetraspanin secondary structure. The focus of tetraspanin
research rests heavily on family members such as CD81 that have been perceived
as the average structure. This has led to an underrepresentation in studies of
tetraspanin that stray from this norm. For example, the function of the long C-termini
in Tspanl12, Tspanl7, Tspan22, Tspan23 and Tspan32!?° has only been studied for
Tspan22%, which contains an amphipathic helix involved in membrane interaction.
Furthermore, the unusually large N-terminus in Tspan10 (longest N-terminus with 116
aa, second longest in Tspan33 with 24 aa) has not been studied. Additionally, the
above average SlILs in Tspan22 and Tspan23 harbor an internalisation motif'*6, but
have not been described further. In general, the function of the tetraspanins’

intracellular domains are lesser known.
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After the analysis of alternative splicing in tetraspanins, | focused on the smallest and
least studied tetraspanin domain: the small intracellular loop. The sequential and
structural analysis of the SIL in tetraspanins revealed a conserved SIL core sequence
in different animal species, but not in plant tetraspanins. The available crystal
structures of tetraspanins show the SIL lying coplanar to the membrane and adopting
an M-shape. This M-maotif is found in other inter-helix domains as well and only has
the asparagine at SIL core position 3 as a conserved residue. The M-motif does not
fit any prior turn classification and must be a new kind of inter-helix turn. The amino
acids at position 2 and 4 of the SIL core are pointed towards the TMS1 and TMS4,
respectively. The position 1 and 5 of the SIL are pointing away from the TMSs, and
the position 3 harbors a conserved asparagine or serine, which interacts with the helix
backbone of TMS3. In addition, the crystal structure of CD9 shows an interaction of
the glutamate at the SIL core position 2 with a conserved lysine at the N-terminus and
in CD53 there is an interaction between the lysine at the SIL position 4 and an

asparagine at the C-terminus.

In order to analyse the importance of the individual SIL positions and their
interactions, a series of point mutations in Tspanl7, CD9 and CD53 was analysed.
Based on the effects on expression levels of these mutations, we focused on the
glutamate/ lysine interaction in Tspanl7 and CD9. We used single point mutations of
the glutamate at SIL position 2 and the N-terminal lysine in question as well as a
double mutations with switched amino acid positions. The single mutations showed
effects on protein expression, maturation, ER exit and affinity to binding partners and
the double mutations behaved like the wild type proteins in all of these aspects. From
these findings, we conclude an electrostatic interaction between the position 2 of the
SIL and the N-terminal lysine. We speculated on a role of this interaction in
conformation switching in tetraspanins. This hypothesis is based on the position of
the interactions at the focal point of the four TMSs in the funnel shaped tetraspanin
conformation as well as the gain of function in the co-immunoprecipitation assay of
CD9 and EWI-2. Based on these data, a function of this interaction in stabilising the

conformation of tetraspanins can be envisioned.

To test this hypothesis, there are several approaches. For example, there are
antibodies directed against the tetraspanins’ LEL that are supposed to detect certain
LEL conformations®” and would allow to test for an conformational effect of the salt-
bridge mutations. By using different antibodies directed against certain parts of the
LEL, it would be possible to map different orientations of the LEL, which would allow

to conclude on the tetraspanin conformation in general. The analysis of the mutations’
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lateral mobility in living cells via FRAP would test the mutations in a more
physiological system. Apart from these more indirect analyses of tetraspanin
conformation, there are direct methods like molecular docking, which could clarify the
conformation impact of those mutations. However, the most direct and straightforward

approach would be a structural analysis via crystallography.

The interaction of the conserved glutamate in position 2 and the asparagine/serine in
position 3 of the SIL core sequence were discussed in Chapter 5. However, the
potential interactions of the other conserved residues are still in question. At position
1, there is a conserved positively charged residue that is directed away from the TMS
bundle. This residue might be involved in interactions with negatively charged head
groups of surrounding lipids such as phosphatidylinositol phosphates (PiP). Position
4 is occupied by a lysine in CD53, which interacts with an asparagine at the C-
terminus of the TMS4 and could be an additionally conserved interaction of the SIL.
The cysteine in position 5 is a potentially conserved palmitoylation site, which could
influence protein interaction as well*>*8, Further functional analysis of SIL mutations

potentially sheds some light on these open questions.

The SIL and its interaction spectrum could be involved in translating intracellular
second messenger signals into different tetraspanin conformations, which could lead
to altered tetraspanin interactions. For example, the interaction of the SIL position 2
glutamate with positively charged ions (such as Ca?*) could influence the tetraspanin
conformation. Another example could be the above-mentioned interaction with
differently phosphorylated PiPs. In conclusion, despite the SIL being a small domain

there are many possible functions left to analyse.

The work at hand focuses on alternative splicing and small inter-helix loops in
membrane protein families as novel aspects in protein structure variability by the
example of tetraspanins. This approach led to a first description and classification of
non-conventional family members as well as the detection of unusual family members
regarding their intracellular domain length. To my knowledge, these findings resemble
the first example of a family-wide alternative splicing analysis of a membrane protein
family. The second part of this work addresses the sequential and structural analysis
of the small intracellular loop of tetraspanins, which yielded the discovery of the SILs’
M-motif as well as the electrostatic interaction with the N-terminus. These findings are
based on the initial approach of this study, which was the analysis of tetraspanins as
a family and not as individual players in certain cellular processes. | hope that my

protein family-based approach to structure variability analysis and its fruitful results
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will inspire future endeavors that address similar questions in other protein families
as well as studies regarding tetraspanins. In my opinion, there are many open
guestions left in the tetraspanin field besides the already mentioned ones above.
Further fields of research might concern the precise nature of the different tetraspanin
conformations, the connection between tetraspanin conformation and membrane
curvature and the big question of a potential underlying function of tetraspanins that
connects the broad range of tetraspanin functions in different cellular contexts. A
better understanding of tetraspanin structure, conformation and function could open
up new possibilities in terms of therapeutics, diagnostics and biotechnological
applications. We might be just at the beginning of realising their potential applications
and understanding the functional and structural spectrum that is navigated by the

family of tetraspanins.
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Quick guide
Tetraspanins

Thorsten Lang*
and Nikolas Hochheimer

What are tetraspanins? Tetraspanins
are small transmembrane proteins.
The family name refers to their four
membrane-spanning segments, which
flank a highly conserved topology of
two extracellular loops (see inset in
Figure 1). These proteins are known
as ‘master organizers’ of the plasma
membrane and are involved in an
astonishingly large variety of cellular
processes.

What do they look like? Apart from
the four transmembrane segments
(TMSs) and their small and large
extracellular loops (SEL and LEL,
respectively), tetraspanins contain
mainly very short intracellular
domains. So far we have only one
complete structural model available

for tetraspanins and this is for the
human tetraspanin CD81. This
protein adopts a compact mushroom
shape, with the mushroom head

and stalk being composed of the
extracellular loops and a four-TMS
bundle, respectively. Two TMS helices
extend from the bundle, reaching

out straight into the mushroom

head. Consequently, with the stalk
embedded into the lipid bilayer, the
head sits upright on the membrane.
This original model based on a
crystal structure of the LEL alone
was recently challenged by a crystal
structure of the complete CD81
protein revealing two differences. First,
the LEL folds down to the membrane
because the above-mentioned
extending helices are kinked, and
second, a cholesterol molecule is
enclosed by the four transmembrane
helices. This cholesterol precludes
formation of a tight four-helix bundle;
however, upon release of cholesterol,
the gap closes and the LEL adopts a
more upright position similar to the
initial model.

Current Biology

The LEL mediates the specificity
of interactions between a particular
tetraspanin and its so-called primary
interaction partner. This loop contains
a conserved region within which is
embedded a variable region. The
conserved region contains three
a-helices. The variable region is
found between the second and
third helices and, depending on the
tetraspanin, consists of a-helices,
B-sheets and/or unstructured loops.
The variable region also contains
disulfide bridges formed between
four, six or eight cysteine residues. In
addition, tetraspanins are subject to
post-translational modifications, such
as palmitoylation of cysteine residues
in the intracellular domains and/or
glycosylation of the extracellular loop
(see inset of Figure 1).

Why do they have weird names?
The naming of some tetraspanins is
based on the ‘cluster of differentiation’
(CD) classification aimed at classifying
a specific cell-surface molecule
identified by several different
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Figure 1. Overview on the involvement of tetraspanins.

The diagram differentiates between physiological roles of tetraspanins and their pathological roles in diseases. MVB, multivesicular body; ER, endo-
plasmic reticulum; pink hexagons, viral particles. The inset shows the basic tetraspanin structure (adapted from Hochheimer et al. (2019); for details
see text): the yellow dots indicate cysteine residues that form disulfide bridges (top) or that are palmitoylated (bottom), and the white hexagons
depict sugar chains.
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monoclonal antibodies by using a
unique CD number. For example, the
target of an antiproliferative antibody
(TAPA-1) became CD81. Names of
the most intensively studied members
originated during the 1980s and are
now known as tetraspanins CD9,
CD37, CD53, CD63, CD81, CD82 and
CD151. Unfortunately, the designation
‘CD’ and the associated number does
not give any information regarding

the function of the protein. Other
names indicate where the tetraspanins
were originally observed, such as the
uroplakins, which were first found

in the urothelium. More appealing
names were given to some Drosophila
tetraspanins, such as late bloomer
and Sunglasses. Apart from the
historic names, systematic names
exist, e.g. Tspan1-33 for the human
tetraspanins, which are used for those
that do not possess a catchier name.

Where do we find them?
Tetraspanins are expressed in all
multicellular organisms. They have
been studied in amoebae, flatworms,
fungi, plants, fish, insects and
mammals. The number of family
members varies between species. For
instance, 17 members are encoded in
the genome of Arabidopsis thaliana,
20 in Caenorhabditis elegans, 33 in
Homo sapiens, and 37 in Drosophila
melanogaster. At the cellular level,
they localize to the cell membrane
with their most important functional
domain exposed to the extracellular
environment. There are also a few
exceptions of tetraspanins that
localize intracellularly, for example
the lysosomal marker CD63. Some
are expressed almost ubiquitously,
as shown for human CD9 and CD81;
others are exclusive to particular
tissues or even cell types, such as
late bloomer, which in Drosophila

is transiently expressed during
development in motoneurons,

or TET16 and TET17, which in
Arabidopsis are expressed almost
solely in closed buds.

What do we (believe we) know
about their cellular function?
Tetraspanins are known as master
organizers of the cell membrane
because they form so-called
tetraspanin-enriched microdomains
(see next question), which often

contain several different tetraspanins
along with integrins, immunoglobulin
superfamily proteins, proteases and/
or other cell-specific receptors.
Depending on the cell type and
repertoire of molecules that are
crowded together, tetraspanins are
involved in the following cellular
processes (in alphabetical order;
see also Figure 1): adhesion, cell-
cell fusion, endocytosis, exosome
formation, immune response,
migration, neurite navigation,
pericellular proteolysis, proliferation,
signaling, spreading, trafficking,
vascular morphogenesis and
remodeling, thrombosis, tumor
progression and metastasis, viral
and other pathogen entry, and viral
release. This plurality is fascinating
and simultaneously confusing. Is

it possible that a family of proteins
can have that many functions, just
by sorting the right components to
one place? Is this the end of the
tetraspanin story, or did we miss
something? Apart from organizing
cell membranes, tetraspanins are
also required for the exit from the
endoplasmic reticulum by co-transport
of their interaction partners.

How do tetraspanin-enriched
microdomains form? Tetraspanin-
enriched microdomains (TEMs)
compartmentalize a cellular process
by gathering together a set of
components. The formation of TEMs
follows a hierarchy of interactions.
The first level involves primary
interactions between a tetraspanin
and its specific binding partner. These
primary complexes are very stable
and even resistant to harsh detergent
treatment. Secondary interactions

are weaker and form, for example,
between two different tetraspanins.
These interactions likely crosslink the
primary complexes to larger clusters.
Finally, weak interactions mediated
via palmitate chains attached to
tetraspanins further stabilize the
network. At the microscopic level,
different tetraspanins form separate
nanoclusters of around 100 nm.
These nanoclusters apparently gather
together into larger entities that could
be identical to the TEMs defined by
biochemical approaches, and TEMs
could further connect together to form
a large tetraspanin network.
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Can tetraspanins be used in
practical applications? There

is a high potential for the use

of tetraspanins in therapeutic
applications because they are
relevant to cancer, immune regulation
and infections. Most therapeutic
approaches aim at targeting the

LEL with an antibody or some other
binding molecule. The idea is that
this interaction with the LEL results

in the tetraspanin becoming either
stimulated or non-functional. Given
the extracellular localization of the
LEL, the therapeutic agent does not
need to enter the cell. Currently, an
anti-CD37 antibody is undergoing
testing in clinical trials as a treatment
for relapsed/refractory chronic
lymphocytic leukemia. Another
practical application relates to the
emerging field of extracellular vesicles
(EVs), where tetraspanins are used as
EV biomarkers.

Have we solved the tetraspanin
puzzle? The many unrelated
processes that are dependent on
tetraspanins could in fact mean that
we have not yet discovered their
universal principle of function. Is
there an even more sophisticated,
complex, overarching network of
mechanisms, or just a simple basic
function that, when disturbed or
activated, could lead to different
outcomes? The Occam’s razor
principle would suggest that

we should go for the latter. One
speculation is that the true function of
tetraspanins is to mediate membrane
curvature. In this case, TEMs would
be comparable to clathrin lattices,
apart from the fact that tetraspanins
have transmembrane segments and
predominantly act extracellularly,
though one should not completely
ignore intracellular domains. We also
can speculate on a completely novel
function cell biologists have not even
thought of yet.

What are the important outstanding
issues? In the past, interests in a
specific area like immune biology,
cancer, infectious diseases or
protease regulation have often driven
tetraspanin research. Therefore, we
know little or nothing about many
family members that have no link

to these fields. Expanding research
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on such neglected tetraspanins will
likely help to identify novel types

of interaction partner, which may

help us to understand a possible
universal tetraspanin function.
Another area that requires more study
is structural research because a
complete structural model is available
for only one tetraspanin so far. We
should generate more examples

and additionally study tetraspanin
complexes at atomic resolution.
Finally, what is the role of the large
intracellular domains that are present
in a handful of tetraspanins, or of
alternatively spliced forms that lack
transmembrane segments? In fact, it
appears as if the tetraspanin field is
just at its beginning and many exciting
discoveries are yet to be made.

Where can I find out more?

Andreu, Z., and Yanez-Mé, M. (2014). Tetraspanins
in extracellular vesicle formation and function.
Front. Immunol. 5, 442.

Berditchevski, F., and Odintsova, E. (2007).
Tetraspanins as regulators of protein
trafficking. Traffic 8, 89-96.

Charrin, S., Jouannet, S., Boucheix, C., and
Rubinstein, E. (2014). Tetraspanins at a glance.
J. Cell Sci. 127, 3641-3648.

Florin, L., and Lang, T. (2018). Tetraspanin
assemblies in virus infection. Front. Immunol.
9, 1140.

Hemler, M. E. (2014). Tetraspanin proteins promote
multiple cancer stages. Nat. Rev. Cancer 14,
49-60.

Hochheimer, N., Sies, R., Aschenbrenner, A.C.,
Schneider, D., and Lang, T. (2019). Classes
of non-conventional tetraspanins defined by
alternative splicing. Sci. Rep. 9, 14075.

Levy, S., and Shoham, T. (2005). The tetraspanin
web modulates immune-signalling complexes.
Nat. Rev. Immunol. 5, 136-148.

Seigneuret, M., Delaguillaumie, A.,
Lagaudriere-Gesbert, C., and Conjeaud, H.
(2001). Structure of the tetraspanin main
extracellular domain. A partially conserved fold
with a structurally variable domain insertion. J.
Biol. Chem. 276, 40055-40064.

Seipold, L., and Saftig, P. (2016). The emerging role
of tetraspanins in the proteolytic processing
of the amyloid precursor protein. Front. Mol.
Neurosci. 9, 149.

van Deventer, S.J., Dunlock, V.E., and
van Spriel, A.B. (2017). Molecular interactions
shaping the tetraspanin web. Biochem. Soc.
Trans. 45, 741-750.

Yeung, L., Hickey, M.J., and Wright, M.D. (2018).
The many and varied roles of tetraspanins in
immune cell recruitment and migration. Front.
Immunol. 9, 1644.

Zimmerman, B., Kelly, B., McMillan, B.J.,

Seegar, T.C.M., Dror, R.O., Kruse, A.C., and
Blacklow, S.C. (2016). Crystal structure

of a full-length human tetraspanin reveals

a cholesterol-binding pocket. Cell 167,
1041-1051.

Department of Membrane Biochemistry,
Life & Medical Sciences (LIMES) Institute,
University of Bonn, Carl-Troll-StraBe 31,
53115 Bonn, Germany.

*E-mail: thorsten.lang@uni-bonn.de

Primer

Bird flocks

Steven J. Portugal

Birds often fly in aggregations and
formations, sometimes gathering in
vast and impressive numbers. The
precise function of these flocks has
been the topic of much debate. The
many theories proposed to explain
aerial flocking are probably not mutually
exclusive. Such proposed functions
include protection against predators, the
sharing of orientation or information, and
for certain species, energy conservation.
Flapping flight is the most energetically
demanding mode of locomotion in
vertebrates. How birds assemble and
the dynamics within the group have
significant implications for individual
energy expenditure within the flock.
Bird flocks are a particularly exciting
study system due to their dynamic
nature, the speed at which events and
decision making need to occur, and the
potential for collisions and injury. For
example, herds of ungulates seemingly
make group movement decisions
through facing the same direction, or
through slow directional movements
aimed to illicit a response from other
herd members. However, such signals
pertaining to group movement and
direction cannot be as subtle or slow
for animal groupings moving in air, due
to the risk of collision between flock
members, or falling out of the sky. Birds
can only fly so slow before they are
no longer creating enough lift to keep
themselves airborne. While this speed
will vary greatly depending on the size
of the bird, all birds will eventually
stall below a certain minimum speed.
Therefore, for birds in a flock, decisions
need to be made literally on the wing,
and at a certain speed. Likewise,
for all animals travelling in groups
collisions or indecisiveness may lead
to individuals being more easily picked
out by predators. Many studies have
demonstrated that individuals who are
less well aligned to the group, slower to
respond or choose the wrong direction
are more likely to be preyed upon. When
birds flock in the air they form either
clusters or V-formations. These two flock
types are thought to provide different
benefits and disadvantages.

R206 Current Biology 30, R191-R214, March 9, 2020 © 2020 Elsevier Ltd.
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V-formation flight
For centuries, people have been
fascinated by V-formation flight. Pliny
the Elder noted that flocks of geese
flew ‘like fast galleys, cleaving the air
more easily than if they drove at it with
a straight front’. Since then, numerous
ideas have been proposed to explain
the function of these V-shaped flocks
that are a such a familiar sight. The
notion that these distinctive formations
provide energetic savings for those
individuals not leading the formation
was based on applying fixed-wing
aerodynamic theory — typically applied
to aircraft — to bird flight, even though
many birds flap their wings between
four and seven times a second. This
notion was based on the potential
positive aerodynamic interactions that
may be taking place between members
of the flock. When a bird flies, the lift
required for flight is achieved through a
pressure difference between the top and
bottom of the bird’s wing. This pressure
difference cannot be maintained beyond
the wingtips, as there is no longer a
surface to create the pressure gradient.
As a result, the high-pressure under
the wing flows around the tip, and
inwards across the dorsal surface of
the wing. This in turn forms a stream of
air trailing from the wingtip and behind
into the birds wake, which is commonly
referred to as upwash (Figure 2). This
upwash flows outboard of the wing,
while there is a region of downwash
more centrally behind the main body
of the bird. Theoretical studies have
demonstrated that, if birds position
themselves optimally in a V-formation,
they can take advantage of the upwash
from the preceding bird to contribute
to lift and reduce power requirements.
Simultaneously, such positioning also
benefits the birds by avoiding the
region of downwash, flying into which
significantly increases the cost of flight.
The key to capturing upwash and
avoiding downwash was believed to
be due to appropriate wingtip spacing
(Figure 2). Wingtip spacing is defined
as the distance between the centers of
two birds minus their mean maximum
wingspan. In theory, as wingtip spacing
decreases, the induced power required
for flight also decreases as the bird
is flying in stronger upwash. Hence,
there is an optimal wingtip spacing that
maximizes the reduction in induced
power requirements through optimizing
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Tetraspanins emerge as a family of membrane proteins mediating an exceptional broad diversity of
functions. The naming refers to their four transmembrane segments, which define the tetraspanins'
typical membrane topology. In this study, we analyzed alternative splicing of tetraspanins. Besides
isoforms with four transmembrane segments, most mRNA sequences are coding for isoforms with one,
two or three transmembrane segments, representing structurally mono-, di- and trispanins. Moreover,
alternative splicing may alter transmembrane topology, delete parts of the large extracellular loop, or
generate alternative N- or C-termini. As a result, we define structure-based classes of non-conventional
tetraspanins. The increase in gene products by alternative splicing is associated with an unexpected
high structural variability of tetraspanins. We speculate that non-conventional tetraspanins have roles
in regulating ER exit and modulating tetraspanin-enriched microdomain function.

Tetraspanins are small membrane proteins expressed in all multicellular eukaryotes. With a few exceptions, they
are localized at the plasma membrane'. Tetraspanins are plasma membrane (PM) master organizers or scaffolding
proteins®*. They interact with one another and integrins, immunoglobulin superfamily proteins, proteases and
receptors. By these interactions they laterally associate a set of components into so-called tetraspanin-enriched
microdomains (TEMs)*. Additionally, tetraspanin interactions in the ER are required for co-transport of proteins
from the endoplasmatic reticulum (ER) to the PM, a mechanism depending on TEMs already assembling in the ER®.
Depending on the cell type and the group of associated proteins, TEMs mediate many different functions®. As
a result, tetraspanins regulate trafficking, signaling, cell proliferation, adhesion, spreading, migration, cell-cell
fusion, pathogen entry, cancer and other diseases*’.

The human genome encodes 33 tetraspanins (Tspans) systematically named Tspanl - Tspan33®. However, the
systematic nomenclature is rarely applied to frequently studied tetraspanins as CD9 (Tspan29), CD63 (Tspan30),
CD81 (Tspan28), CD82 (Tspan27), and CD151 (Tspan24). These historic names refer to their identification by the
“cluster of differentiation (CD)” protocol. Other historic names are for example uroplakin 1A and 1B (Tspan21
and Tspan20), peripherin-2 (Tspan22) or rod outer segment membrane protein (Tspan23) (for a complete list of
non-systematic names see Table S1).

Structurally, all tetraspanins share the same topology (Fig. 1). Thus, in a typical tetraspanin about a third of
the protein sequence (see also Table S1) orders into the four transmembrane segments (TMSs), which form two
transmembrane helical hairpins. On the extracellular site, a small extracellular loop (SEL) connects the first and
the second TMS, and a large extracellular loop (LEL) the third and the fourth TMS'. For the SEL, no structural
data is available, even in the crystal structure of a full-length Tetraspanin’. In contrast, LEL crystal structures®!
reveal five largely a-helical segments (o - €)' forming a compact structure. The LEL subdivides into a conserved
(v, B and €) and a variable domain (~ and 0). The differences in the variable domains explain the specificity of
interactions between tetraspanins and their primary binding partners'>'>. However, interactions are not restricted
to the LEL, but also involve the transmembrane segments and the C-terminus’*. The N- and C-terminus and
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Figure 1. Conventional tetraspanin topology. Depicted is the typical topology of a tetraspanin. Intracellular
domains include the N-terminus, the small intracellular loop (SIL), and the C-terminus, which are all short
(for exceptions see Table S1). At the extracellular site, a small extracellular loop (SEL) connects transmembrane
segment 1 (TMS1) and TMS2 and a large extracellular loop (LEL) TMS3 and TMS4. For the complete
tetraspanin and its different segments, the three numbers (xx-yy-zz) indicate the sequence lengths of the
shortest sequence (xx), the average sequence (yy) and the longest sequence (zz) (for details see Table S1).

the TMS2-TMS3-linker, called small intracellular loop (SIL), are located at the intracellular site. They are short
segments containing putative sorting motifs® and palmitoylation sites which stabilize tetraspanin protein inter-
actions". Only five tetraspanins have large C-terminal domains (by definition that their C-termini are two-fold
larger than the average; Table S1), from which one has in addition a large N-terminal domain. To date, little is
known about their role. For instance, in PRPH-2 an amphipathic helix within the C-terminus partitions into the
cytosolic membrane leaflet mediating curvature!®.

As typical in eukaryotes, tspan genes have alternating sections of exons (coding) and introns (non-coding)"’.
From a precursor mRNA, the introns are “spliced out’, yielding the mature mRNA for translation into the pro-
tein'®. Splicing is catalyzed by the spliceosome either co-transcriptionally during transcription, or immediately
afterwards. Moreover, self-splicing introns do exist'. Yet, the splice product is not necessarily well defined and a
pre-mRNA may undergo several splicing pathways, called alternative splicing (AS)®. In fact more than 90% of all
human genes are subject to AS?!. Therefore, AS increases the number of gene products®. In human, AS leads to
more than 80,000 transcripts encoded in the 20,000 human genes®. This equals a 4-fold increase in transcriptome
diversity, with possible effects in the regulation of protein function.

In contrast to soluble proteins, only little is known about AS of mRNAs coding for membrane integral pro-
teins®’. Yet, at least % of all open reading frames in any organism code for membrane proteins**. Compared to sol-
uble proteins, AS could have a stronger impact on the function of membrane proteins. For instance, in eukaryotes,
most membrane proteins integrate co-translationally into the membrane at the Sec translocon?. Here, the nascent
polypeptide chain enters or crosses the membrane. Statistics show that cytosolic segments near the TMS are more
positively charged when compared to extracellular segments (positive-inside rule; negative inside depletion/outside
enrichment rule?®?). This opens the possibility that AS changes the charge distribution and consequently mem-
brane topology. Moreover, certain features of membrane proteins are required for subsequent trafficking from the
ER via the Golgi network to the plasma membrane®. In the case of tetraspanins, ER retention is caused by trunca-
tion of a TMS in CD82%!, malfunctions in post translational modifications of Tspan1*2, or by Tspan5 mutants fold-
ing improperly*’. However, proper folding may not be sufficient for ER exit, because deletion of the first CD82 TMS
precludes ER exit although the LEL has folded properly. Transport is only restored when the TMS is co-expressed
as a separate peptide’!. Altogether, it is likely that AS eliminates sections required for efficient ER exit.

In the following, we have analyzed the variety of AS of tetraspanin pre-mRNA from the human genome that
may enrich the tetraspanin gene products.

Results and Discussion

We screened the National Center for Biotechnology Information (NCBI) data bank for human tetraspanin gene
products. Taking into account only validated and reviewed sequences, we identified 86 mRNAs originating from
the 33 human tetraspanin genes. In addition, we found via PCR the sequence of two novel mRNAs, one from a
human whole brain and one from a natural killer cells cDNA library (Fig. S1).

Finally, we included a splice variant of CD82 described in the literature®*. In total, the 89 gene products
include the known 33 conventional tetraspanin proteins and 31 different, non-conventional isoforms. The
non-conventional isoforms originate from 18 conventional tetraspanins. For Tspan17, we found the highest num-
ber of five isoforms (Table 1).
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Compared to the structure of a conventional tetraspanin (Fig. 1), non-conventional tetraspanins display broad
structural variability. As examples, we explain the isoforms of Tspan6 (for illustration of isoforms for Tspan2,
Tspan3, Tspanl6, Tspanl7, CD53, CD82, CD63, and Tspan31 see Figs S2-S9, respectively). Figure 2A shows
the genomic sequence together with five mRNAs, from which four are derived by AS. In Fig. 2B, we depict the
proteins deriving from the mRNA splice variants. Illustrated are remaining and deleted protein segments with
reference to the conventional tetraspanin topology (Fig. 1), not yet predicting how the deletion may affect protein
topology and/or the numbers of TMSs. Apart from the deletion of protein segments, in all Tspan6 splice variants
AS produces additional changes in the 5’-UTR (untranslated region). These changes eventually cause diminished
expression (see below).

The first mRNA codes for the conventional Tspan6 (isoform 1). In all other isoforms, the first two TMSs are
missing (Fig. 2B). The second and third mRNA differs in their 5'-end but have the same alternative start codon.
Therefore, both yield isoform 2 with large part of the N-terminus deleted, including TMS1, the SEL and TMS2.
Also in case of isoform 3 this alternative start codon is used, resulting in TMS1/SEL/TMS2-deletion. Moreover,
splicing eliminates exon 7 by which an alternative stop codon located in exon 8 is used. This causes deletion of the
C-terminal half of TMS4 and an alternative C-terminus. Finally, isoform 4 again uses the alternative start codon,
resulting in the N-terminal truncation. Moreover, exon 6 is eliminated, and thus the C-terminal end of the LEL
e-helix and the N-terminal half of TMS4 are not encoded.

We wondered whether such deletions also occur in other species and analyzed tetraspanin isoforms in mouse.
Here, the database has lesser entries, as only 31 tetraspanins are described, four of them with provisional status
only, and in general there are not that many mRNA variants available. Still, we identify eight non-conventional
isoforms, including isoforms with only three predicted TMSs, LEL deletions, and changes in the N-terminus
(Table S2). Between the two species, there is no direct correlation on the level of specific tetraspanins, but there
is overlap in the type of structural change caused by AS. That not all structural variations occurring in human
are also found in mouse maybe explained by the smaller data base and/or that the two species share only about a
quarter of alternatively used exons*>*¢.

Structural variability defines classes of non-conventional tetraspanins. We next analyzed the
topologies of the human non-conventional isoforms. Based on computational analyses of the proteins’ trans-
membrane helices (TMHMM Server, 2.0) we predict protein isoforms with overall one, two, three or four
TMSs (Fig. 3). Thus, the isoforms categorize into four major classes, which are tetraspanins that structurally
are mono-, di-, tri- and tetraspanins (Fig. 4). The monospan-tetraspanins maintain either TMS 3 or 4, and the
dispan-tetraspanins TMSs 1 & 2, 3 & 4, or 4 and form a novel TMS. In the trispan-tetraspanins, any one of the
TMSs is deleted, with the exception of TMS2. In one case in which TMS2 is remaining, TMS2 forms an extended
TMS together with a half-deleted TMS1 (CD63 Is02). Please note that for simplicity in the following we refer to
e.g. trispan-tetraspanins just as trispanins.

In about half of the cases, AS results in a partially or completely inverted topology (indicated by an asterisk in
Fig. 4). Surprisingly, an inverted topology is also predicted for the conventional Tspan15. However, experimental
evidence indirectly indicates that murine Tspan15, which is also predicted to have an inverted topology, inserts
with the correct topology®. Therefore, topology predictions should be treated with caution.

Most classes include representatives with a modified C-terminus. Moreover, in several cases AS affects the
LEL, causing almost its complete elimination (CD53 Is02), or shortening (CD82 Iso4 and Tspanl17 Iso2, 3, 4 and
5). Based on the structure of the CD81 LEL’ and the prediction of secondary structural elements (Jpred 4.0),
the short deletions would largely affect the variable domain of the LEL, which is interesting, as this part is sup-
posed to encode the information for specific interactions. Finally, for Tspan10, the only tetraspanin with a large
N-terminus, we find an isoform with a truncation in the large N-terminal domain (Tspan10 Iso2).

In summary, for most tetraspanins AS generates several mRNAs, yielding up to five isoforms per gene (see
Tspanl17). The number of non-conventional tetraspanin isoforms roughly equals the number of conventional
tetraspanins. However, it is very likely that this is greatly underestimated as we included only validated/reviewed
sequences. Moreover, the discovery of many yet undocumented sequences is expected.

Expression of non-conventional tetraspanins. The question arises as to how likely the protein isoforms
express at levels that would affect cellular function. Several factors would play a role, such as mRNA copy number
(about which the data bank makes no statement), the stability of the mRNA, and the stability of the expressed
protein.

In the following, we evaluate the stability of the 53 listed alternatively spliced mRNAs by analyzing features
making mRNA prone to degradation or influencing its expression level (Table 1). All mRNAs lack retained
introns and premature termination codons (PTCs), which would promote nonsense-mediated decay (NMD)3.
This argues against enhanced degradation by such elements. For clarity, we have not included this information
in Table 1.

We find 31 spliced mRNA variants with a sole alteration in the 5/ UTR (21 mRNAs coding for 8 conven-
tional tetraspanins) or an alteration in the 5 UTR and the ORF (10 mRNAs coding for 9 non-conventional
tetraspanins). The 5 UTR contains regulatory elements of translation. Effects on expression level upon altera-
tion of this region are unpredictable**-*!. To be on the safe side, we make a conservative estimate and assume
that expression rather would be diminished. Therefore, the proteins for which these 31 mRNAs code for do not
rate as being “very likely expressed”, but “likely expressed” (Fig. 5). The expression of two mRNAs coding for
conventional and five mRNAs coding for non-conventional tetraspanins is not likely (Fig. 5). In these cases, we
find alterations in the 3’ UTR that may cause NMD, retention in the nucleus and miRNA binding sites and/or an
uORF (upstream open reading frame), which reduces expression levels 30-80% and/or makes the mRNA more
likely subject to NMD*”#2. However, this may be an overcautious rating as four not alternatively spliced mRNAs
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Historic | Systematic ORF Alternative | Frame
Name Name mRNA (NM_) | Protein (NP_) | Isoform |5’UTR | Exons 3'UTR | uORF | stop codon | shift
Tspanl 005727.4 005718.2 1 1-3 3-9 9 X
Tspan2 005725.6 005716.2 1 1 1-8 8
001308315.1 001295244.1 2 A4
001308316.1 001295245.1 3 A7
Tspan3 005724.6 005715.1 1 1 1-7 7
198902.3 944492.1 2 A3
001168412.2 001161884.1 3 A2
Tspan4 001025237.1 001020408.1 1 1-3 3-9 9 X
001025234.1 001020405.1 1 1
001025235.1 001020406.1 1 -1
001025236.1 001020407.1 1 1
003271.5 003262.1 1 —1
001025238.2 001020409.1 1 —1,A2
001025239.1 001020410.1 2 Al A3 A3
Tspan5 005723.4 005714.2 1 1 1-8 8
Tspan6 003270.4 003261.1 1 1 1-7 7-8
001278740.2 001265669.1 2 1488 1ASS X
001278741.1 001265670.1 2 1488 1488 X
001278742.1 001265671.1 3 1488 1485, A7 A7 X A7
001278743.1 001265672.1 4 1488 145 A6 X
Tspan7 004615.3 004606.2 1 1 1-7 7-8
Tspan8 004616.3 004607.1 1 1-2 2-9 9
001369760.1 001356689.1 1 A1, 2488
Tspan9 006675.5 006666.1 1 1-3 3-9 9
001168320.1 001161792.1 1 A2
Tspan10 001290212.1 001277141.1 1 1 1-4 4
031945.4 114151.3 2 Al Al
Tspanll 001080509.2 001073978.1 1 1-2 2-8 8 X
001370301.1 001357230.1 2 A2 A2
001370302.1 001357231.1 1 —1
Tspanl2 012338.4 036470.1 1 1-2 2-8 8
Tspanl3 014399.4 055214.1 1 1 1-6 6
Tspanl4 030927.3 112189.2 1 1-2 2-9 9
001128309.2 001121781.1 2 A3-5
001351266.1 001338195.1 1 +1
001351267.3 001338196.1 1 +1
001351268.1 001338197.1 1 +1
001351269.1 001338198.1 1 1
001351270.1 001338199.1 1 1 X
001351271.1 001338200.1 1 -1
001351272.1 001338201.1 1 1
Tspanl5 012339.5 036471.1 1 1 1-8 8
001351263.1 001338192.1 2 A2-3
Tspanl6 001282509.2 001269438.1 1 1 1-7 7
012466.4 036598.1 2 -7 7 7
001282510.2 001269439.1 3 A3
Tspanl7 012171.3 036303.1 1 1 1-9 9
130465.5 569732.2 2 615
001006616.3 001006617.2 3 6ASS, 8ASS 8ASS 8ASS
001366491.2 001353420.1 4 1488 6ASS, 7ASS
001366492.2 001353421.1 5 1488 A2-3,6M5
Tspanl8 130783.5 570139.3 1 1-3 3-9 9
Tspanl9 001100917.2 001094387.1 1 1-2 2-9 9
UPK1b Tspan20 006952.4 008883.2 1 1-2 2-8 8
UPKla Tspan21 007000.3 008931.1 1 1-2 2-9 9
001281443.1 001268372.1 2 +6 +6 +6
Continued
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Historic | Systematic
Name Name mRNA (NM_) | Protein (NP_) | Isoform | 5'UTR
PRPH2 | Tspan22 000322.5 000313.2 1 1 1-3 3
ROM1 Tspan23 000327.3 000318.1 1 1 1-3 3
CD151 Tspan24 004357.5 004348.2 1 1-3 3-9 9
139030.3 620599.1 1 A2
139029.1 620598.1 1 1488
001039490.1 001034579.1 1 1455 A2
CD53 Tspan25 001040033.1 001035122.1 1 1-3 3-9 9
000560.4 000551.1 1 A1, 2458
001320638.1 001307567.1 2 A1,28% | A6-7
from Natural Killer Cells cDNA | 3 N/A A5-8 N/A N/A
CD37 Tspan26 001774.3 001765.1 1 1 1-8 8
001040031.2 001035120.1 2 1488
CD82 Tspan27 002231.4 002222.1 1 1-3 3-10 10
001024844.1 001020015.1 2 A6
from Human Brain cDNA 3 N/A A9 N/A N/A
Lee et al. 2003 4 N/A A7 N/A N/A
CD81 Tspan28 004356.3 004347.1 1 1 1-8 8
001297649.1 001284578.1 2 Al A1, 2488
CD9 Tspan29 001769.4 001760.1 1 1 1-8 8
001330312.2 001317241.1 2 1 1 X
CD63 Tspan30 001780.5 001771.1 1 1-2 2-8 8
001257389.1 001244318.1 1 1 X
001257390.1 001244319.1 1 1
001257391.1 001244320.1 1 Al 2488
001257392.1 001244321.1 2 Al 3488
001257400.1 001244329.1 3 —1,A2 | A2
001257401.1 001244330.1 3 —1,A2 | A2
001267698.1 001254627.1 1 1488
Tspan31 005981.5 005972.1 1 1 1-6 6
001330168.2 001317097.1 2 A2-3
001330169.2 001317098.1 3 1488
Tspan32 139022.2 620591.3 1 1 1-10 10
Tspan33 178562.5 848657.1 1 1 1-8 8 X

Table 1. Tetraspanin splice variants. Left, historic names used with priority over the systematic names in the
NCBI database. More historic names with lower priority are listed in Table S1. Second and third columns,
mRNA variants are sorted by systematic name, next sorted by the NCBI variant number for the mRNA. For
Tpan16 and Tspan21, the first mRNAs variants are trispanins, and the second ones are tetraspanins. In these
cases, we moved up the second mRNA variants referring to them as conventional tetraspanins (isoforms

1). Forth column, NCBI reference sequence number for protein (NP). Column 5 lists the isoform number.
Column 6 lists the exons forming the 5 UTR of the respective splice variant 1, being the reference sequence for
comparisons with the 5 UTR of the other alternatively spliced variants. For the alternatively spliced variants,
the column lists the eliminated exon(s) (A), the number of an exchanged exon («) or the number of an exon
after which another exon has been introduced (+). In case an alternative splice site (ASS) is used, the number
of the exon with the ASS is given. Columns 7 and 8 provide the same information for the ORF and the 3’ UTR,
respectively. Column9; a cross indicates an open reading frame upstream of the ORFE. Modifications by AS
generating a new stop codon are shown in column 10, and modifications generating a frame shift in column 11.
N/A, not available.

encoding conventional tetraspanins also contain uORFs, arguing against a complete uORF induced decay of
tetraspanin mRNAs.

Finally, 15 mRNAs from 10 tetraspanin genes, all coding for non-conventional isoforms, are very likely
expressed because they lack 5’ untranslated region (5" UTR) alterations, uORF, PTCs or 3’ UTR alterations
(Table 1) (Fig. 5). From these 15 mRNAs, nine code for proteins that have the extracellular loops on the extra-
cellular site and therefore a membrane topology similar or identical to the respective conventional tetraspanin
(Fig. 5), meaning their domains could in principle interact with binding partners. Moreover, there is another
isoform with a shortened LEL (CD82 Iso4), from which the mRNA is unknown, wherefore we cannot evaluate its
expression probability. Still, from published data we can safely conclude that this isoform expresses at levels that
affect cellular function®.
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Figure 2. Isoforms of Tspan6. (A) Top, cartoon illustrating the genomic sequence of Tspan6 as exons (white
boxes) and introns (grey boxes). Exon numbering refers to the genomic sequence. From the genomic sequence,
five different mRNAs derive. Here, exon numbering (green) refers to mRNA variant 1. Green boxes mark the
open reading frame. Exon-skipping is indicated by leaving out the exon. When compared to splice variant

1, a shortened exon box indicates the use of an AS site. The green exon numbering is used for comparison of
the respective mRNA variant 1 to the splice variants in Tab. 1. (B) Left, helical structural elements of Tspan6
predicted by Seigneuret et al.'2. The cartoons of the isoforms only illustrate the alterations in the primary
structure and are no predictions of the protein topology. TMS, transmembrane segment; SIL, small intracellular
loop; SEL, small extracellular loop; LEL, large extracellular loop; o - €, helices of the LEL. Dashed lines mark
missing parts (filled white). The asterisk in isoform 3 marks the alternative C-terminus.

In addition, for those isoforms amplified by PCR, we compared mRNA expression levels of the conventional
to the non-conventional isoform(s) by quantitative real-time PCR. In the cDNA library from human brain, the
Tspanl5 Iso2 mRNA level is about 10% of the conventional form, and this wild-type Tspan15 is expressed at a
several fold higher level than RPS9, encoding the 40S ribosomal protein S9, used as a reference (Table S3). Hence,
although lower expressed than the conventional, the Tspan15 Iso2 expression level is substantial and in a domi-
nant negative mechanism could be sufficient to alter cellular functions. Moreover, although expressed 10-fold less
than Tspan15, Tspan15 Iso2 may dominate in the ER by accumulating there (compare Fig. S13).

CD53 expression in natural killer cells is also dominated by the conventional transcript, which is again found
at a several fold higher level than RPS9. In comparison, CD53 Iso2 and Iso3 expression were found to be 5% and
3% of the conventional form. For CD53 Iso2 this is expected, as it has a lower mRNA expression probability when
compared to Tspan15 Iso2 (Fig. 5). For CD53 Iso3 the expression probability cannot be evaluated, as only the
coding sequence is known. In any case, for the CD53 isoforms it is difficult to predict whether they may influence
cell physiology at such low expression levels. However, future analysis of other cDNA libraries may reveal cellular
systems with higher expression levels.

Retention in the ER of co-transported factors. What might be the physiological effects of expressing
non-conventional tetraspanins? In most cases described here, alternative splicing results in expression of vari-
ants with missing TMSs (compare Fig. 4). The role of the individual TMSs for proper folding has been studied to
some extent, and especially tight packing of the TMSs1 and 2 appear to be crucial for proper tetraspanin folding**.
Moreover, all four TMSs of Tspan20 are required for proper protein folding and forward-trafficking from the ER to
the plasma membrane®. Thus, formation of a proper four-helix bundle structure appears to be crucial for ER exit.
In conclusion, it appears to be very unlikely that tetraspanins with missing TMSs will be able to leave the ER. In fact,
when studying the distribution of Tspan15 Iso2, which is a dispanin, we find retention in the ER (Fig. 6 and Fig. S13).

Yet, tetraspanin variants retained in the ER could affect cell physiology in two ways: First, complementation of
a truncated tetraspanin via interaction with the “missing” helix of its full-length counterpart is possible, eventually
resulting in improper folding of the full-length tetraspanin. Via a domino effect, this could result in cross-linked
tetraspanins not leaving the ER. Actually, formation of unspecific tetraspanin aggregates has been suggested to be
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Figure 3. Predicted topology of tetraspanin isoforms. (A) Linearized proteins. Dashed lines indicate deleted
parts. Green cylinders, a-helical structure predicted by Jpred. Grey cylinders, a-helical structure not predicted
by Jpred but by Seigneuret et al.'?, and in case of CD81 revealed from crystallographic data (Kitadokoru et al.,
2001). Patterned green marks the predicted transmembrane helices (TMHMM Server, 2.0). The length of the
sections scales with the number of amino acids. TMS, transmembrane segment; SEL, small extracellular loop;
SIL, small intracellular loop; LEL, large extracellular loop; o - €, a-helices in the LEL!!. For Tspan6, no alpha
helical structure of the variable domain is predicted wherefore no ~- and 6-helix are depicted. The AS of Tspan6
Iso3 leads to an alternative C-terminus. For CD82 in the variable domain only the ~-helix is predicted to be
a-helical. (B) Topology of the tetraspanin isoforms illustrated in (A) with reference to the prediction which
parts are intra- and extracellular (TMHMM Server, 2.0). Isoforms with an inverted topology are indicated by an
asterisk. Yellow and orange spheres indicate cysteine- and glycine-residues, respectively. Cysteine-residues form
disulfide bridges in the LEL; the glycine-residue is part of a conserved CCG-motif.

a mechanism causing ER retention®. Likely, these aggregates would be degraded and therefore such a mechanism
would decrease the tetraspanin level at the cell-surface. Second, isoforms retained in the ER could still bind to
their interaction partners, holding these in the ER and causing their degradation (Fig. 6). Evidence that such a
mechanisms could exist comes from a study in which a mutation in the CD81 gene produces an isoform that is
lacking TMS4, which is accompanied by a lack of expression of the CD81 interaction partner CD19.

Non-functional TEMs. While deletions of TMSs cause ER retention, modifications of the N- or C-terminus,
or the LEL may still allow proteins to traffic to the cell membrane. Previously, it has been shown that deletions of
segments in the CD81 LEL (deleting the o/B3-, 4/6-, ¥- or 8-helical segment(s)) do not result in inefficient plasma
membrane targeting’. Moreover, deletion of the entire LEL in CD53 Iso2 still allows for trafficking to the cell
membrane (Fig. 6). In Jurkat T cells, that express endogenous CD81 at high levels, the additional expression
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Figure 4. Classes of tetraspanins. Based on the analysis illustrated for the examples Tspan6, CD81 and CD82
(Fig. 3), all tetraspanins and their isoforms were classified as mono-, di-, tri- or tetraspanins. Subclasses result
from the type of remaining TMSs, or whether a novel TMS is formed. Alteration of the N- or C- terminus, or

the LEL define further subclasses. Isoforms with a partially or completely inverted topology are marked by an
asterisk.
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Figure 5. Evaluation of the expression probability of alternatively spliced mRNAs. (A) Sections of an mRNA.
Cap, 5'-Cap; 5’ untranslated region (5" UTR); ORE, open reading frame (ORF); 3’ untranslated region (3’ UTR);
(A),, poly(A) tail. (B) All alternatively spliced mRNAs lack retained introns and PTCs. In addition, mRNAs
were analyzed for an upstream open reading frame (uORF), which induces NMD. They were also tested for
alterations in the 3'UTR that could be associated with NMD, retention in the nucleus via nuclear RNA quality
control, and miRNA-based gene silencing. Finally, they were analyzed for alteration in the 5'UTR that can alter
the expression level of the mRNA. Based on these criteria, the mRNAs were sorted into three groups ranking
their expression probability from very likely expressed (green - none of the criteria match), likely expressed
(yellow - only alterations in the 5UTR), or degraded (red - uORF and/or alteration in the 3’'UTR).
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Figure 6. Trafficking and possible functions of non-conventional tetraspanins. Top, illustration of alternative
splicing and trafficking from the ER to the plasma membrane. Transcription of the genomic DNA (black)
generates pre-mRNA with introns (blue) and exons (red). AS generates two additional different mRNAs. After
translation and insertion into the ER membrane, apart from the classical pathway (middle), isoforms may
behave differently in two ways. Middle, the conventional tetraspanin (green) interacts with a binding partner
(orange) and both are co-transported to the plasma membrane, where the tetraspanin forms a TEM. Left, most
isoforms lack TMS. The isoform shown (green) is an example from the largest group of dispanins. They cannot
exit the ER, but may still interact with other proteins. Thus, if it is degraded together with the binding partner,
the surface expression level of the binding partner is altered. Right, the LEL deleted isoform (green) does not
interact with its binding partner (orange) but exits the ER and forms TEMs in the plasma membrane. These
TEMs would lack one or more co-factors and would therefore be non-functional or differently acting TEMs.
Bottom, the lower panels show confocal micrographs of GFP-labeled Tspan15 Iso2 (the conventional Tspanl5
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is shown in Fig. S11), CD53 or CD53 Iso2 expressed in HepG2 cells (for non-GFP-expressing control cells see
Fig. S10; Western blot analysis documents the correct size of the expressed constructs; see Fig. S12). Tspanl5
reaches the plasma membrane (Fig. S11), whereas Tspan15 Iso2 remains in the ER (for co-staining analysis with
an ER marker see Fig. S13). Bottom, upper panels, ER retention is confirmed by analysis of cell-free plasma
membrane sheets that were visualized by the membrane dye TMA-DPH. In the respective GFP-channel, only

a few Tspan15 Iso2 spots are detected, that arise from ER-PM contact sites®. In contrast, CD53 and CD53 Iso2
readily reach the plasma membrane, albeit CD53 Iso2 less efficient. CD53 Iso2 has lost its glycosylation sites and
therefore appears in Western blot analysis as a single band (Fig. S12).

of the CD81 mutant lacking the 8-helical segment inhibits viral uptake?’, which indicates that the mutant has a
dominant negative effect. This suggests that LEL deletion mutants might still be able to integrate into TEMs into
which otherwise the conventional tetraspanin locates. However, as the deletion mutant does not properly interact
anymore with its interaction partners, the TEM becomes non-functional (Fig. 6). It is also possible that the TEM
loses only part of its functionality, resulting e.g. in aberrant cellular signaling.

Conclusion

Little is known about the effect of AS on membrane proteins. Using the tetraspanin family as example, we studied
whether AS enriches the gene products, revealing a large structural variability of tetraspanin isoforms. We specu-
late that non-conventional tetraspanins may regulate ER exit of tetraspanins and their interaction partners, form
non-functional TEMs, or TEMs with different roles.

Materials and Methods

Sequence acquisition and cloning. The human tetraspanin sequences are acquired from the National
Center for Biotechnology Information (NCBI) database for genes (as of 5" June 2019), listed under ‘NCBI
Reference Sequence (RefSeq) - mRNA and Protein(s). For human tetraspanins, we considered only sequences
with the status report ‘reviewed’ or ‘validated’

Two additional sequences were obtained by PCR from cDNA libraries (kindly provided by the AG Kolanus, LIMES
institute, Bonn). The cDNA libraries used as PCR template were from human brain for Tspan15 Iso2 and CD82 Iso3, and
from natural killer cells for CD53 Iso2 and CD53 Iso3. We employed Q5 High-Fidelity DNA Polymerase (NEB, # M0491S)
and primers aligning with the 5'- and 3’-end of the ORF (without a stop codon) of the corresponding conventional tet-
raspanin. Primers carried a Xhol restriction site at the 5'- end, before the Kozak sequence and the start codon, and a
blunt 3’-end. The following primers were used: Tspan15, 5-TATTATCTCGAGCATGCCGCGCGGGGACTCGGAGC-3
(fwd) and 5'-ATTGGGGTAGCACAAGCAGCATCCCG-3’ (rev); CD53, 5'-TATTATCTCGAGCATGGGCATGA
GTAGCTTGAAAC-3' (fwd) and 5'-TAGCCCTATGGTCTGGCTGG-3’ (rev); CD82 5'-TATTATCTCGA
GCATGGGCTCAGCCTGTATCAAAGTC-3 (fwd) and 5'-GTACTTGGGGACCTTGCTGTAGTCTTCGG-3' (rev).
The PCR products were digested with Xhol and the inserts were ligated into a pEGFP-C1 vector (Clontech, #6084-1)
containing a monomeric enhanced GFP variant?. Also the backbone vector was amplified via PCR using the prim-
ers 5-ATGGTGAGCAAGGGCGAGG-3' (fwd) and 5- ATAATACTCGAGGGATCTGACGGTTCACTAAACC- 3/
(rev). The amplified sequences were Xhol (NEB, #R0146S) digested and ligated using T4 Polynucleotide Kinase (NEB,
#M0201S) and T4 DNA Ligase (NEB, #M0202S). The constructs were verified by sequencing (Eurofins GATC Biotech
GmbH).

Expression analysis by quantitative real-time PCR. Isoform-specific expression was measured in
human cDNA samples from brain and natural killer cells by quantitative real-time PCR using the Maxima SYBR
Green qPCR Master Mix (Thermo Scientific, #K0221). Primers used for intron-spanning assay: all CD53 isoforms,
5'-TCATGGTAGTTGCCTTCCTGG -3’ (fwd); CD53, 5-CACATACTCATTCAGCTTCTGTTC-3’ (rev); CD53
Is02, 5'-CGCATAGCAACCCTTCTGTTC-3’ (rev); CD53 Iso3, 5'-CATCCCCAACACCGACATAAG-3’ (rev); all
Tspanl5 isoforms, 5-CTGCAGTCGTGGTACTGATTC-3’ (rev); Tspanl5, 5'-TCCGGAACCAGACCATTGAC-3/
(fwd); Tspan15 Iso2, 5’-CCGTGTTCTGGACCATTGAC-3’ (fwd); RSP9, 5-CTGCTGACGCTTGATGAGAA-3’
(fwd) and 5-CAGCTTCATCTTGCCCTA-3/ (rev). Reactions were run in a total volume of 10 pl containing 200
pM of each primer with the following program: 40 cycles with incubation at 95 °C for 10 min, followed by 30 at
60°C and 305 at 72°C on a Roche LightCycler® 480 II. The experiment was performed twice with each reaction
pipetted in duplicates. Data were analyzed by advanced relative quantification in the LightCycler® 480 Software
using RPS9 as a reference.

Analysis of transmembrane segments. The protein sequences were analyzed employing the program
TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/servicess TMHMMY/*). The program predicts with a certain likeli-
hood the length and the position of transmembrane segments, and the intra- and extracellular localization of the
segments connected to the TMSs. These TMSs lengths and the lengths of the interconnecting segments are shown
in Table S1. In addition, for Tspan10, 19 and 22, we considered TMS as positively predicted if the segment had a
total length of 15-35 residues. From these residues, the central 13-33 residues had a transmembrane probability
>54%, and were flanked by one intracellular and one extracellular residue with a lower transmembrane probabil-
ity*®. In some cases, TMSs were shifted or shortened due to AS by a few amino acids. Here, we classified the TMS
as a novel one if the shift was greater than five amino acids or more than 1/3 of the original TMS was replaced.
Finally, the analysis indicates which domains or segments are changed by AS.

Structure prediction. The helical structural elements of the isoforms shown in Fig. 3 were predicted com-
bining the results from the TMS prediction by the program TMHMM Server v. 2.0 and a secondary structure
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prediction of the complete protein (JPred4; http://www.compbio.dundee.ac.uk/jpred4*). The relative lengths of
the segments containing predicted helices, their position in the membrane, and the interconnecting segments
were illustrated. The approximate position of the cysteine residues within the variable part of the LEL and the
glycine and cysteine residues in the ubiquitously conserved cysteine-cysteine-glycine motif (CCG motifs)'* are
also shown. The 3-strands were not illustrated. The structural suggestions of the interconnecting domains refer to
previous drawings of tetraspanins and claim no accuracy.

Analysis of AS generated changes of mMRNA. To determine the alterations by AS, we used the pro-
gram BioEdit v7.0.5 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Exons were defined with reference to
the NCBI database. The changes generated by AS were identified by sequence alignment of the splice variant
with the conventional tetraspanin sequence and are summarized in Table 1. Specifically, we tested for alterations
in the 5’UTR and 3'UTR, NMD (nonsense mediated decay) initiating PTCs and uORFs (upstream open read-
ing frames), which all may affect the mRNA expression level. The 5'UTR and 3'UTR alterations were directly
extracted from the alignment described above. The PTCs were tested for their NMD initiation potential by meas-
uring the distance between the PTC and the most 3’ exon-exon junction (EEJ). PTCs more than 50 nucleotides
upstream of the most 3’-EE] were categorized as NMD promoting. However, none of the PTCs fulfilled this crite-
rion. The sequences were also tested for uORFs by translating them to their corresponding amino acid sequence
(ExPASy Bioinformatics Resource Portal; https://web.expasy.org/translate/) and testing them for an in frame open
reading frame 5’ upstream of the tetraspanin start codon.

Expression and imaging of GFP-labelled tetraspanins. HepG2 cells were transfected essentially as
described*” with a vector for expression of GFP (pEGFP-N1, clonetech, #6085-1) or the above described vec-
tors for expression of GFP fused to the C-terminus of Tspanl5, Tspanl5 Iso2, CD53 or CD53 Iso2. Cell-free
membrane sheets were produced by short ultra-sound pulses”. If not stated otherwise, epi-fluorescence micros-
copy was employed for imaging membrane sheets and whole cells that in this case additionally were visual-
ized with the membrane dye TMA-DPH (Invitrogen, #T204). TMA-DPH and GFP-fluorescence were imaged
by epi-fluorescence microscopy essentially as described”’. For confocal microscopy, cells additionally expressed
KDEL-RFP and were stained as described below. They were imaged in the confocal mode of a 4-channel easy3D
superresolution STED optics module (Abberior Instruments) coupled to an Olympus IX83 confocal microscope
(Olympus, Tokyo, Japan), equipped with an UPlanSApo 100x (1.4 NA) objective (Olympus, Tokyo, Japan). For
imaging details see below. Additionally, GFP was excited with a 485 nm laser and recorded with a 525/50 nm filter.

Western blotting of GFP-tagged Tetraspanins. HepGz2 cells were lysed 22 h after transfection by addi-
tion of buffer A (82.25mM Tris-HCI, 32.9% (w/v) glycerol, 2.6% SDS, pH 6.8). The lysate was mixed 1:4 with
buffer A with additional 5% (3-mercaptoethanol and was heated to 95 °C for 10 min. Proteins were separated
on a 12% SDS-PAGE and blotted on a Nitrocellulose membrane (Carl Roth, #HP40.1) using a tank blot system
(Bio-Rad, #1703930). The membrane was blocked with blocking buffer, a 1:1 mixture of TBS-T (50 mM Tris,
150 mM NaCl, 0.05% Tween 20 (w/v), pH 7.4) and Odyssey Blocking Buffer (Li-Cor, #927-40000). Membranes
were incubated with primary antibodies in blocking buffer and incubated over night at 4 °C. Primary antibodies
used were rabbit polyclonal anti-GFP (Thermo Fisher Scientific, #A-11122) diluted 1:2,000 and mouse monoclonal
anti-beta-Actin (Cell Signaling, #3700) diluted 1:5,000. The secondary antibodies donkey anti-mouse coupled to
IRDye 680RD (Li-Cor, #926-68072) and donkey anti-rabbit coupled to IRDye 800CW (Li-Cor, #926-32213) were
diluted 1:10,000 in blocking buffer. The membrane was imaged using an Odyssey Classic Imaging System (Li-Cor).

Colocalization of Tetraspanin 15 with the endoplasmic reticulum. HepG2 cells were transfected
with GFP-labelled Tspan15 or Tspanl5 Iso2 as described above. Six hours after transfection, cells were trans-
duced with a KDEL-RFP fusion construct (BacMam 2.0, Life Technologies, # C10591) specifically targeting the
ER according to the manufacturer’s instructions with 20 particles per cell for an additional 16 h. Cells were fixed
with 4% paraformaldehyde (PFA) in PBS for 30 minutes. Fixation solution was removed and residual PFA was
quenched with 50 mM NH,Cl in PBS for 30 minutes. Cells were then permeabilized with 0.2% Triton X-100 in
PBS for 2 minutes and blocked with 3% BSA for 1 hour at room temperature (RT). To enhance the GFP- and
RFP-signal, samples were incubated with GFP-Booster Atto647N (Chromotek, # gba647n) and RFP-Booster
Atto594 (Chromotek, # rba594) diluted 1:200 in 1% BSA for 1 hour at RT. At last, samples were washed with PBS
and mounted onto microscopy slides with ProLong® Gold antifade mounting medium (Invitrogen, #P36930).
Coverslips were cured for 24 hours and sealed with nail polish. Cells were imaged in the confocal mode of the
superresolution STED microscope described above. Atto594/RFP was excited with a 561 laser and detected with a
580-630 nm filter (red channel). Atto647N was excited with a 640 nm laser and recorded with a 650-720 nm filter
(long red channel). For all images, pixel size was set to 50 nm and pinhole size was set to 60 pm.

Colocalization analysis was performed with the program Image]J. Regions of interest (ROIs) were placed into
the red channel to an area that showed the typical ER network structure, and then propagated to the long red
channel (illustrated in the figure employing a green lookup table). The Pearson correlation coefficient (PCC)
between the two areas marked by the ROIs was calculated with a custom made ImageJ macro.
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Length of Tetraspanin Domains

historic names systematic N- TMS1  SEL TMS2  SIL TMS3  LEL TMS4  C- full LEL-
term term length Cys
NET-1, TM4C Tspanl 11 23 19 23 12 23 103 23 4 241 6
NET-3, TSN2 Tspan2 12 23 19 23 11 23 76 23 11 221 4
TM4-A, TMASF8 Tspan3 12 23 14 23 12 23 104 23 19 253 6
NAG-2, TM4SF7 Tspan4 11 23 19 23 6 23 96 23 14 238 6
NET-4, TM4SF9 Tspan5 19 23 19 23 8 23 119 23 11 268 8
T245, TM4SF6 Tspan6 19 23 14 23 12 23 96 23 12 245 6
Al5, CCG-B7 Tspan? 16 23 19 20 11 23 102 23 12 249 6
C0-029, TM4SF3 Tspan8 12 23 14 23 12 23 99 23 8 237 6
NET-5, PP1057 Tspan9 11 23 19 23 6 23 99 23 12 239 6
OCSP Tspan10 116 23 19 23 12 23 116 20 41 393 8
VSSW1971 Tspanll 20 23 14 23 12 23 106 23 9 253 6
EVR5, NET-2 Tspanl2 12 23 19 23 12 23 115 23 55 305 6
NET-6, TM4SF13 Tspanl3 12 23 9 23 6 20 71 23 17 204 6 (+2)
DC-TM4F2, TM4SF14 Tspanl4 19 23 19 23 6 23 119 23 15 270 8
2700063A19Rik, NET-7 | Tspanil5 21 23 12 23 14 23 118 23 37 294 8
TM-8, TM4-B Tspanl6 12 23 19 23 11 23 107 23 3 244 6
FBX23, TM4SF17 Tspanl7 19 23 21 23 8 23 120 23 72 332 8
TSPAN Tspanl8 12 23 14 23 12 23 114 23 4 248 6
Tspanl9 11 23 21 23 6 23 106 17 18 248 6
UPK1b, UPIB, UPK1 Tspan20 12 23 19 23 11 23 121 23 5 260 6
UPK1a, UP1A, UPIA Tspan2l 12 23 24 23 11 23 116 23 3 258 6
PRPH2, AOFMD, RDS Tspan22 20 23 18 17 21 23 130 23 71 346 6 (+1)
ROM1, ROSP1, RP7 Tspan23 20 23 17 23 19 23 138 23 65 351 6 (+1)
CD151, GP27, PETA-3 Tspan24 19 23 14 23 12 23 107 23 9 253 6
CD53, MOX44 Tspan25 12 23 14 23 11 23 75 23 15 219 4
CD37, GP52-40 Tspan26 12 26 19 23 6 23 134 23 15 281 6
CD82, 4F9, KAI1 Tspan27 12 23 19 23 6 23 123 23 15 267 6
CD81, CVID6, TAPA1 Tspan28 12 23 26 23 6 23 90 23 10 236 4
CD9, BTCC-1, DRAP- | Tspan29 12 23 24 23 6 23 83 23 11 228 4
?DGB, LAMP-3, ME491 | Tspan30 12 23 14 23 12 23 98 23 10 238 6
SAS Tspan3l 11 23 9 23 6 20 81 20 17 210 6 (+2)
ART1, TSSC6 Tspan32 19 23 17 23 6 23 89 23 97 320 4
PEN Tspan33 24 23 14 23 12 23 119 23 22 283 8
Mean | 17.8 23.1 17.3 22.7 10.1 22.8 105.8 22.6 224 264.6 6.1
Min 11 23 9 17 6 20 71 17 3 204 4
Max | 116 26 26 23 21 23 138 23 97 393 8

Table S1: Segment lengths of conventional tetraspanins. Listed are historic and systematic nhames.

The historic names include at least two examples from the NCBI database listed under “Aliases”. In case
historic names are used with priority over the systematic names, up to three historic names are shown.
The tetraspanins with isoforms are written bold. The length of the protein domains are based on the
TMHMM2.0 TMS predictions using the NCBI tetraspanin sequences. For the LEL, the number of
disulfide bond forming cysteines is indicated together with the cysteines from the CCG motif (written in
brackets). Bottom; mean, minimal and maximal values for each column.
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historic systematic ~ mRNA (NM_) Protein (NP_) Isoform  5’UTR ORF Exon 3UTR  Class Changes
Name

Name

001243132.1 001230061.1 Tetraspanin alt. N-term, new TMS1, SEL shortened

001252588.1 001239517.1

001168679.1 001162150.1

001168680.1 001162151.1 1 1SS

001356301.1 001343230.1

001363814.1 001350743.1 Tetraspanin  LEL deletions

001316748.1 001303677.1

001111049.1 001104519.1

001111050.1 001104520.1 1 1,72

001290804.1 001277733.1 2 A2 Tetraspanin  alt. N-term -TMS1- SEL-TMS2

007645.4 031671.1 3 A1, 285 A1, 2088 Tetraspanin  alt. N-term

001136055.2 001129527.1 1 el
001271432.1 001258361.1 1 +1
001271430.1 001258359.1 1 A2
001271462.1 001258391.1 1 1

(o))
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Appendix B: Classes of non-conventional tetraspanins defined by alternative splicing

001271461.1  001258390.1 1 1
001271431.1  001258360.1 1 1,02
CcD81 Tspan28 133655.2 598416.1 1 1 1-8 8
CD9 Tspan29 007657.4 031683.1 1 1 1-8 8
CD63 Tspan30 001042580.1  001036045.1 1 1-2 2-8 8
007653.3 031679.1 1 1
001282966.1  001269895.1 1 1
Tspan31* 025982.4 080258.1 1 1 1-6 6
Tspan32 001128080.2  001121552.1 1 1 1-9 9
020286.3 064682.1 2 IN| INRVA Trispanin A N-term - TMS1
001128081.1 001121553.1 3 A1 A1, 2858 A7 Trispanin A N-term - TMS1
001128082.1 0011215541 4 A1 A1, 2°5S A5, A7 Trispanin A N-term - TMS1
Tspan33 146173.3 666285.1 1 1 1-8 8
001301407.1 001288336.1 2 31 Tetraspanin  Deletion in SEL

, LEL deletion, new TMS4

, LEL deletion, new TMS4

Table S2: Tetraspanin splice variants in mouse.

Mouse tetraspanin sequences are from the National Center for Biotechnology Information (NCBI)
database for genes (as of 28" August 2019). Left, historic names, second column systematic names
(asterisk indicates that the status in the database is provisional and not reviewed or validated). Third
column, mRNA variants are sorted by the NCBI variant number. Forth column, NCBI reference sequence
number for protein (NP). Column 5 lists the isoform number. Column 6 lists the exons forming the 5° UTR
of the respective splice variant 1 (grey), being the reference sequence for comparisons with the 5° UTR
of the other alternatively spliced variants. For the alternatively spliced variants (white), the column gives
the number of an eliminated exon (A), the number of an exchanged exon («>) or the number of an exon
after which another exon has been introduced (+). In case an alternative splice site (ASS) is used, the
number of the exon with the ASS is given. Columns 7 and 8 provide the same information for the ORF
and the 3’ UTR, respectively. For the eight non-conventional isoforms, columns 9 indicates the class and
column 10 lists the specific changes. **Conventional tetraspanin is predicted to have only three TMSs.

Mean
Target Mzir?%p Reference Iﬁé;rnenci)e Target'\//IF\?:fr;rence SD Ratio over SD
conventional
Tspanl5 19.89 4.96 1.86 1.00
RPS9 22.08
Tspanl5 Iso2 23.43 0.41 0.11 0.09 0.02
CD53 18.34 4.79 1.30 1.00
RPS9 20.54
CD53 Iso2 22.55 0.25 0.05 0.05 0.01
CD53 Is03 23.66 0.12 0.04 0.03 0.00

Table S3: Isoform-specific expression of CD53 and Tspanl5.

Listed are mean Cp (crossing point) values for expression of Tspanl5 and CD53 isoforms in human
brain and natural killer cells, respectively, as well as the mean target/reference ratios. “Ratio over
conventional” compares isoform transcript levels to the transcript of each gene. Values are given as
means = SD (n = 4).
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CD53 Iso3 sequence from natural killer cell cDNA

5- ATGGGCATGAGTAGCTTGAAACTGCTGAAGTATGTCCTGTTTTTCTTCAACTTGCTCT
TTTGGATCTGTGGCTGCTGCATTTTGGGCTTTGGGATCTACCTGCTGATCCACAACAAC
TTCGGAGTGCTCTTCCATAACCTCCCCTCCCTCACGCTGGGCAATGTGTTTGTCATCGT
GGGCTCTATTATCATGGTAGTTGCCTTCCTGGGCTGCATGGGCTCTATCAAGGAAAACA
AGTGTCTGCTTATGTCGGTGTTGGGGATGTCCTTTGCACTGACCCTGAACTGCCAGATT
GACAAAACCAGCCAGACCATAGGGCTA -3

CD82 Iso3 sequence from human brain cDNA

5- ATGGGCTCAGCCTGTATCAAAGTCACCAAATACTTTCTCTTCCTCTTCAACTTGATCT
TCTTTATCCTGGGCGCAGTGATCCTGGGCTTCGGGGTGTGGATCCTGGCCGACAAGAG
CAGTTTCATCTCTGTCCTGCAAACCTCCTCCAGCTCGCTTAGGATGGGGGCCTATGTCT
TCATCGGCGTGGGGGCAGTCACTATGCTCATGGGCTTCCTGGGCTGCATCGGCGCCG
TCAACGAGGTCCGCTGCCTGCTGGGGCTGTACTTTGCTTTCCTGCTCCTGATCCTCATT
GCCCAGGTGACGGCCGGGGCCCTCTTCTACTTCAACATGGGCAAGCTGAAGCAGGAG
ATGGGTGGCATCGTGACTGAGCTCATTCGAGACTACAACAGCAGTCGCGAGGACAGCC
TGCAGGATGCCTGGGACTACGTGCAGGCTCAGGTGAAGTGCTGCGGCTGGGTCAGCT
TCTACAACTGGACAGACAACGCTGAGCTCATGAATCGCCCTGAGGTCACCTACCCCTG
TTCCTGCGAAGTCAAGGGGGAAGAGGACAACAGCCTTTCTGTGAGGAAGGGCTTCTGC
GAGGCCCCCGGCAACAGGACCCAGAGTGGCAACCACCCTGAGGACTGGCCTGTGTAC
CAGGAGCTCCTGGGGATGGTCCTGTCCATCTGCTTGTGCCGGCACGTCCATTCCGAAG
ACTACAGCAAGGTCCCCAAGTAC -3

Figure S1: Nucleotide sequences isolated from cDNA libraries for CD53 Iso3 and CD82 Iso3.

) Tetraspanin 2
genomic sequence
cnomic.sequence ; E)fon 1 Exon2 Exon3 Exon 4 Exon 5‘ Exon 6 Exon 7 Exon 8
iy LI || W F
*conventional Stop Codon*
Start Codon
mRNA Protein
NM_005725.6 5[ | 8 | 3 NP_005716.2
'—D—{ ] ’ H )- (Tetraspanin 2)
NM_001308315.1 5. I b £ ﬂ 2 NP_001295244.1
I { ] { } (Isoform 2)
NM_001308316.1 5. A ) }—Dy NP_001295245.1
B = = = = s

Tetraspanin 2 Isoform 2 Isoform 3

LEL) 1

i W

Figure S2: Tspan2 isoforms.

For scheme explanation, please see legend to figure 2.
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A

genomic sequence Tetraspanin 3

Exon 1 Exon 2 Exon3  Exon4 Exon 5  Exon 6 Exon 7
NC_000015.10: 54 I |_3.
c77071109-77041404 S ar Coa5T Stop Codont
mRNA Exon 1 Exon 2 Exon3 Exon4 Exon5 Exon 6 Exon 7 Protein

(Tetraspanin 3)

MLtoe23 o i [ ) P oo

(Isoform 2)
N_oottseatz2 o P (N} NP oovietese.
(Isoform 3)
Tetraspanin 3 Isoform 2 Isoform 3
Figure S3: Tspan3 isoforms.
For scheme explanation, please see legend to figure 2.
genomic sequence Tetraspanin 16
_{Exoq 1wExon 2 Exon SmExon 4wExon SmExon 6 Excl)n 7I.IIExon i
NC_000019.10: s 1 B HIH | ! &l
11296139-11326996 eorvehtoRal Stop Codon® *alternatice
Start Codon Stop Codon
mRNA Exon1 Exon2 Exon3 Exon4 Exon5 Exon6 Exon 7 Protein
Nw_oo1ze2s002 o} () [ (WP oonzenaae
(Tetraspanin16)
woreces o[ ([ ) P osesse
(Isoform 2)
nw_ootzezs102 o[ ([ \P_vr2snec0s
(Isoform 3)
Tetraspanin 16 Isoform 2 Isoform 3

Figure S4: Tspanl16 isoforms.

For scheme explanation, please see legend to figure 2. Asterisk indicates alternative C-terminus.
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A

genomic sequence Tetraspanin 17
Exon1__ Exon2 Exon3  Exon4 Exon5  Exon 6 Exon7 _ Exon8 Exon 9
NC_000005.10: s | [l 1 T

176647484-176659051 “Start Codon alternative* *Stop Codon
Stop Codon
mRNA Exon 1 Exon 2 Exon 3 Exon4 Exon5 Exon 6 Exon7 Exon8 Exon 9 Protein
NM_012171.3 5 ¥ NP_036303.1
(Tetraspanin 17)
NM_130465.5 5" 3 NP_569732.2
(Isoform 2)
NM_001006616.3 & 3 NP_001006617.2
(Isoform 3)
NM_001366491.2 & ¥ NP_001353420.1
(Isoform 4)
NM_001366492.2 s 3 NP_001353421.1
(Isoform 5)
Tetraspanin 17 Isoform 2 Isoform 3 Isoform 4 Isoform 5

Figure S5: Tspanl7 Isoforms.
For scheme explanation, please see legend to figure 2. Asterisk indicates alternative C-terminus.

A
genomic sequence CD53
Exon1 _ Exon 2 Exon3 _ Exon4 Exon5 Exon6 Exon7 _ Exon 8 Exon 9

NC_000001.11: s ; ! bs

110871167-110899936 “Start Codon Stop Codon*

mRNA Exon 1 Exon 2 Exon3 Exon4 Exon5 Exon6 Exon7 Exon8 Exon 9 Protein

NM_001040033.1 & 3 NP_001035122.1
(CD53)

Nw_oooseo.s  s——{ | [ S -+ NP ooosstq
(CD53)

NM_001320638.1 s————{ | —{ [0 ————— @I |- NP_001307567.1
(Isoform 2)

romnkeona (7 {7 {7 [ s N
(Isoform3)

Isoform2 Isoform 3

Figure S6: CD53 isoforms.
For scheme explanation, please see legend to figure 2. Please note that for isoform 3 the sequence of

the untranslated regions is unknown.
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A

genomic sequence

NC_000011.10: 5] ! i
44565610-44620363 *Start Codon Stop Codon*

mRNA

CD82
Exon 1‘ Exon 2 Exon3 _ Exon4 Exon5 Exon 6 Exon7  Exon8 Exon 9 II-Exon10

1 o

Exon 1 Exon 2 Exon3 Exon4 Exon5 Exon6 Exon7 Exon8 Exon 9 Exon10 Protein

Nwoozzst4 s —{ {1 o ne oo

(CD82)
nmootoesadt s{ | [ ;- NP_0010200151

(Isoform 2)
from h. Brain cDNAS" g 3 N/A

(Isoform 3)
Locetat, 2008 (7 17 7N NEE——— BN B[ W

(Isoform 4)

Isoform 2 Isoform 3 Isoform 4

Figure S7: CD82 Isoforms.
For scheme explanation, please see legend to figure 2. Please note that for isoform 3 and 4 the

sequence of the untranslated regions is unknown.

A

CD63

genomic sequence

Exon1 Exon2 Exon3 Exon4  Exon5 Exon6 Exon7 Exon8 Exon9  Exon10  Exon1!  Exon12
H ]

NC_000012.12: & i ;N
c55729673-55725443 *Start Codon “alternative Stop Codon*
Start Codon
mRNA Exon 1 Exon 2 Exon3 Exon4 Exon5 Exon6 Exon 7 Exon 8 Protein
NM_001780.5 = (] (B g an  au g BN HE qutim
D63,
NM_001257380.1 5 |} (B — - |-+ NP oor2443t8
(CD63)
(CD83)
NM_001257391.1 B g anauau g B N a2
D63
NM_001257392.1 ] | I I WL e ooz
(Isoform 2)
NM_001257400.1 * [ —1 - - Ne_oo1244320.1
(Isoform 3)
NM_001257401.1 5 [ -l |-+ np_oot244330.1
(Isoform 3)
NM_001267698.1 s———— | (i - I B 8- - ve_oot2s4e2.1
(CD63)

Isoform 2

Figure S8: CD63 Isoforms.

For scheme explanation, please see legend to figure 2.
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genomic sequence Tetraspanin 31
Exon1__ Exon 2 Exon 3 Exon4  Exon5  Exon6
Nc_oo0012.12: 5| T |l ] "}
57745039-57750219 *Start Codon *alternative Stop Codon*
Start Codon
mRNA Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6 Protein
NM_005981.5 5" 3 NP_005972.1
(Tetraspanin 31)
NM_001330168.2 s [} B -} 5 NP_001317097.1
(Isoform 2)
nm_ootssoreo2 s{ ¥} ¢ NP_o01317008.1
(Isoform 3)
Tetraspanin 31 Isoform 2 Isoform 3

C

Figure S9: Tspan31 Isoforms.
For scheme explanation, please see legend to figure 2.
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TMA-DPH

Tspan15 CD53 Is02 CD53 no plasmid

Tspan15 Iso2

Figure S10: Intensity of GFP signal in comparison to untransfected cells.

HepG2 cells were transfected as described in the methods section without plasmid or plasmids coding
for the indicated GFP-labelled tetraspanins. After 22 h cells were visualized by the membrane dye
TMA-DPH and imaged in the green (left, GFP signal) and the blue (right, TMA-DPH fluorescence)
channel. For evaluation of the GFP intensity, images in the green channel are scaled identically. The
blue channel indicates the presence of cells. Comparison to the green channel indicates that not all
cells are expressing the respective GFP-construct.
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Tspan15 Tspan15 Iso2
(new TMS + TMS4)

membrane sheets
GFP

TMA-DPH

whole cell

Figure S11: Cellular distribution of Tspan15.

Extension of Figure 6, illustrating a HepG2 cell expressing GFP-labelled conventional Tspanl5 and a
membrane sheet generated from a HepG2 cell expressing Tspanl5-GFP. For comparison to Tspanl5
Iso2, again the respective panels from Figure 6 are shown. For details, please see legend of Figure 6.

<= 135 kDa
<= 100 kDa
=80 kDa

<=58 kDa

GFP <46 kDa

<=32 kDa

<=25kDa

Figure S12. Expression of GFP-labeled tetraspanins

Top, HepG2 cells were transfected with no plasmid, a plasmid for GFP expression (= 27 kDa), or for
expression of GFP-labelled conventional Tspan15 (= 60 kDa), Tspan15 Iso2 (= 51 kDa), conventional
CD53 (= 51 kDa) or CD53 Iso2 (= 45 kDa). In case of GFP expression, the amount of loaded material
was only 1/8 as otherwise the GFP signal in the Western Blot would be too strong. Please note that the
conventional forms appear as double bands, which is due to glycosylation. In case of CD53,
glycosylation causes a strong shift > 10 kDa toward higher apparent molecular mass, already
described in the literature'2. In contrast, CD53 Iso2 appears as a single band, as the glycosylation
sites are deleted. CD53/CD53 Iso2 degradation products are of lower mass than GFP, indicating that
they are not fluorescent and consequently not visualized in fluorescence microscopy. See Figure S14
for the full-length blot. Bottom, on the same membrane we immunoblotted for actin as a loading
standard, visualized in a different channel. See Figure S15 for the full-length blots.
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Tspan15Iso 2

Figure S13. Colocalization of Tspanl5 and Tspan 15 Iso2 with the ER.

(A) Confocal micrographs showing equatorial sections of HepG2 cells expressing GFP-labelled
conventional Tspanl5 or Tspanl5 Iso2 (shown in the green channel) and the ER marker KDEL-RFP
(red channel). White boxes mark regions of interest (ROIs), in which colocalization between the two
channels was measured by calculation of the Pearson correlation coefficient (PCC). For the shown cells,
PCC values of 0.1 and 0.49 were obtained for Tspanl5/ER and Tspanl5 Iso2/ER, respectively (B)
Average Pearson correlation coefficient. Values are given as means + SEM (n = 4 biological replicates,
for each replicate the values from 5 — 20 cells were averaged). Unpaired student’s t-test (***, p < 0.001).

Figure S14. Full-length blot stained for GFP (used for Figure S12).
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Figure S15. Full-length blot stained for actin (used for Figure S12).
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A conserved sequence in the small
intracellular loop of tetraspanins
forms an M-shaped inter-helix turn

Nikolas Reppert™ & Thorsten Lang™

Tetraspanins are a family of small proteins with four transmembrane segments (TMSs) playing
multiple roles in human physiology. Nevertheless, we know little about the factors determining their
structure. In the study at hand, we focus on the small intracellular loop (SIL) between TMS2 and
TMS3. There we have identified a conserved five amino acid core region with three charged residues
forming an M-shaped backbone, which we call M-motif. The M’s plane runs parallel to the membrane
surface and the central amino acid constitutes the inter-helix turning point. At the second position

of the M-motif, in tetraspanin crystal structures we identified a glutamate oriented towards a lysine
in the juxtamembrane region of TMS1. Using Tspan17 as example, we find that by mutating either
the glutamate or juxtamembrane-lysine, but not upon glutamate/lysine swapping, expression level,
maturation and ER-exit are reduced. We conclude that the SIL is more than a short linking segment
but propose it is involved in shaping the tertiary structure of tetraspanins.

Tetraspanins comprise a family of small membrane proteins expressed in all multicellular organisms. The human
genome encodes 33 family members'. They are involved in many cellular processes of either physiological or
pathological nature, including adhesion, cell-cell fusion, endocytosis, exosome formation, immune response,
migration, neurite navigation, pericellular proteolysis, proliferation, signalling, spreading, trafficking, vascu-
lar morphogenesis and remodelling, thrombosis, tumor progression and metastasis, viral and other patho-
gen entry, and viral release'. The basis for this broad range of functions is their capability to form so-called
tetraspanin-enriched microdomains (TEMs)?, sometimes also referred to as tetraspanin web®. The underlying
mechanisms include weaker secondary interactions among themselves and stronger primary interactions* with
a variety of non-tetraspanins, for instance integrins, members of the immunoglobulin superfamily, and signal-
ling receptors™*®.

Until recently, studies have concentrated on members that locate to the plasma membrane, a characteristic
that has led to their nick name ‘master organizers of the plasma membrane”. However, lately, their intracellular
roles have become more and more obvious. Especially their function in extracellular vesicle formation and
targeting® is shifting into focus.

Tetraspanins are membrane anchored via a bundle of four transmembrane segments (TMSs). They share a
conserved topology (Fig. 1A) comprised of a small and a large extracellular loop (LEL) connecting extracel-
lularly the first and last TMS pairs, respectively. The LEL, which is often glycosylated, contains up to five helical
segments (A-E) and up to four disulphide bridges’. With few exceptions, the intracellular N- and C-termini, as
well as the small intracellular loop (SIL) connecting TMS2 and TMS3, are short segments®'°.

For their tertiary structure, two different models are envisioned. On the one hand, using the crystal structure
of the LEL of CD81 as starting point, an early model predicts a tight four transmembrane helix bundle (similar
to Fig. 1B, left). The alpha helical structure of TMS3 and TMS4 protrudes and merges with the alpha-helical
segments A and E of the LEL, respectively. As a result, the more bulky extracellular domain sits enthroned on
top of the bundle'’; the entire structure resembles a mushroom. In cryo-EM, a closely related open conformation
is found for CD81 (Fig. 1B, left) and CD9 in complex with their primary binding partner CD19'* and EWI-
F'%, respectively. On the other hand, all known crystal structures of complete tetraspanins (CD81, CD9 and
CD53)'21617 reveal a funnel shaped arrangement of the TMSs opening towards the extracellular site (Fig. 1B,
right), with a cholesterol bound inside the cavity of CD81'2 It is important to note that here the alpha-helical
connections between TMS3/4 and the LEL helices are disrupted by a kink, causing the LEL to fold-back onto the
membrane, thereby closing the cholesterol cavity. Removal of the cavity-bound cholesterol in molecular dynam-
ics simulation, the connecting segments become more alpha-helical and the LEL unbends, similar to the early

Department of Membrane Biochemistry, Life and Medical Sciences (LIMES) Institute, University of Bonn,
Carl-Troll-StraRe 31, 53115 Bonn, Germany. “‘email: nikolas.reppert@uni-bonn.de; thorsten.lang@uni-bonn.de
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Figure 1. Tetraspanin topology and open-/closed-conformation. Tetraspanin embedded into a membrane
bilayer; top and bottom correspond to the extracellular and intracellular side, respectively. (A) Schematic
depiction of the tetraspanin’s topology including four transmembrane segments (TMS1-4), a small extracellular
loop (SEL) and a large extracellular loop (LEL, shown with the conserved helical domains A,B,E), a small
intracellular loop (SIL) and a N and C terminus. This illustration was modified from Hochheimer et al.'’. (B)
Different conformations proposed for CD81 referred to as helix bundle/open’ (left, based on PDB: 7JIC) and
funnel shape/closed’ (right, basd on PDB: 5TCX) that differ in the arrangement of the TMSs and the orientation
of the LEL; the right structure represents the closed conformation as defined by Zimmerman et al.'2. The scheme
was created using Core]DRAW 2019 (www.corel.com) and the cryo-EM and crystal structure images were
created using PyMOL 2.5 (https://pymol.org/2/).

model, but the funnel-shaped TMSs arrangement persists'2. Altogether, the combined structural data result in
amodel of a conformational switch between an open- and closed-state (Fig. 1B), which modulates the potential
interactions and functions of tetraspanins'®'8. The impact of the switch lies in the reorientation of the LEL that
plays a pivotal role in primary interactions'*!*-2!, but the TMSs and intracellular parts are also crucial'®**-%°.
Additionally, a hypothesis claims that the funnel shaped TMS bundle influences membrane curvature generation
and/or could locate the protein towards high curvature membrane regions'®.

The SIL is the smallest segment in human tetraspanins'' and may only be a linking stretch between TMS2
and TMS3, with any arbitrary sequence. However, a study found a conservation of 33% between four analysed
human tetraspanins and a high conservation of 78% between these human tetraspanins with their homologs in
zebrafish?. Moreover, Mazurov et al. showed the SIL to be decisive for the interaction of human T cell lympho-
trophic virus type 1 gag protein with CD81 and CD82%. Apart from that little is known, which makes the SIL a
poorly understood tetraspanin section. In this study, we examine whether the SIL is more than just a connect-
ing segment, and identify a conserved SIL core sequence between TMS2 and TMS3. The sequence adopts an
M-shape, harbouring at its second position a glutamate. In Tspan17, the glutamate seems to interact electrostati-
cally with a lysine in the juxtamembrane region of TMS1, and by this regulates Tspan17 glycosylation and ER-exit.

Material and methods

Cloning of constructs. The tetraspanin sequences of Tspan15 (NM_012339.5), Tspan17 (NM_130465.5),
CD53 (NM_001040033.1), CD37 (NM_001774.3), CD82 (NM_002231.4), CD81 (NM_004356.3), CD9
(NM_001769.4) and CD63 (NM_001780.5) were GFP-tagged by cloning the sequences into the pEGFP-C1 vec-
tor (Clontech, #6084-1) as described before!!. EWI-2 (NM_001206665.2) was cloned using the pEGFP-C1 vec-
tor without the GFP sequence employing the NEbuilder HiFi DNA Assembly Cloning Kit (NEB, #E5520S). The
Myc-tag was fused to EWI-2 at the C-terminus without a linker region. The tag was attached employing two
forward primers harbouring the myc tag and a reverse primer complementary to the EWI-2 C-terminus. The
used primers are listed below. Tetraspanins were C-terminally fused to monomeric enhanced GFP (mEGFP'!)
with the exception of Tspanl7 that is better expressed when N-terminally fused to GFP. For the generation of
mutants, we employed Q5 High-Fidelity DNA Polymerase (NEB, # M0491S) and back-to-back primers carry-
ing the desired mutations. The following primers were used (the mutated nucleotides are lowercase): Tspan17-
K18A: 5'-gcATACTTCCTGTTTGGCTTCAAC-3' (fwd) and 5-CCCGCAGCAGCCGACCTCAG-3' (rev);
Tspan17-K18E, E88K: 5-gAATACTTCCTGTTTGGCTTCAAC-3’ (fwd) and 5'-CCCGCAGCAGCCGACCTC
AG-3' (rev) then 5-aaGAACACCTTCCTGCTCAAG-3' (fwd) and 5-CCGGAGGGCCCCAATGCAGC-3'
(rev); Tspanl7-R87A: 5'-gcGGAGAACACCTTCCTGCTCAAGTTTTTCTCCG-3' (fwd) and 5-GAGGGC
CCCAATGCAGCCAGC-3' (rev); Tspan17-E88A: 5-GcGAACACCTTCCTGCTCAAG-3' (fwd) and 5'-CCG
GAGGGCCCCAATGCAGC-3' (rev) Tspanl7-N89A: 5'-CGGGAGgcCACCTTCCTGCTCAAGTTTTTCTC
CG-3' (fwd) and 5'-GAGGGCCCCAATGCAGCCAGC-3' (rev); Tspanl7-T90A: 5-CGGGAGAACgcCTT
CCTGCTCAAGTTTTTCTCCG-3' (fwd) and 5-GAGGGCCCCAATGCAGCCAGC-3’ (rev); Tspanl7-F91A:
5'-CGGGAGAACACCgcCCTGCTCAAGTTTTTCTCCG-3' (fwd) and 5-GAGGGCCCCAATGCAGCC
AGC-3' (rev); CD9-K11A: 5-gcATACCTGCTGTTCGGATTTAAC-3' (fwd) and 5-GATGCACTTGGTGCC
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TCCTTTG-3' (rev); CD9-K11E, E84K: 5'-gAgTACCTGCTGTTCGGATTTAAC-3' (fwd) and 5-GATGCACTT
GGTGCCTCCTTTG-3' (rev) then 5-aAGTCCCAGTGCATGCTGGGAC-3' (fwd) and 5'-CTGCACAGCCCC
GCAGCAGC-3' (rev); CD9-Q83A: 5-GGGGCTGTGgcGGAGTCCCAGTGCATGC-3' (fwd) and 5-GCAGCA
GCCCAGGAAGCCCACCAGCATC-3' (rev); CD9-E84A: 5-GcGTCCCAGTGCATGCTGGGAC-3' (fwd) and
5'-CTGCACAGCCCCGCAGCAGC-3' (rev); CD9-S85A: 5'-ATGCTGGGACTGTTCTTCGGCTTCCTCTTG
G-3' (fwd) and 5'-GCACTGGgcCTCCTGCACAGCCCCGCAGC-3' (rev); CD9-Q86A: 5'-GAGTCCgcGTG
CATGCTGGGACTGTTCTTCGGC-3' (fwd) and 5-CTGCACAGCCCCGCAGCAGC-3' (rev); CD9-C87A:
5-GAGTCCCAGgcCATGCTGGGACTGTTCTTCGGC-3' (fwd) and 5'-CTGCACAGCCCCGCAGCAGC-3’
(rev); CD53-K7A: 5'-gcACTGCTGAAGTATGTCCTG-3' (fwd) and 5'-CAAGCTACTCATGCCCATGC-3'
(rev); CD53-K7E, E77K: 5-gAACTGCTGAAGTATGTCCTG-3' (fwd) and 5'-CAAGCTACTCATGCCCAT
GC-3' (rev) than 5-AAGaAAACAAGTGTCTGCTTATGTCGTTCTTC-3' (fwd) and 5'-GATAGAGCCCAT
GCAGCCCAGGAAGGC-3' (rev); CD53-K10A: 5'-gcGTATGTCCTGTTTTTCTTCAACTTGC-3' (fwd) and
5'-CAGCAGTTTCAAGCTACTCATGCC-3' (rev); CD53-K10E, E77K: 5'-gAGTATGTCCTGTTTTTCTTCA
ACTTGC-3' (fwd) and 5'-CAGCAGTTTCAAGCTACTCATGCC-3' (rev) then 5-AAGaAAACAAGTGTCT
GCTTATGTCGTTCTTC-3' (fwd) and 5'-GATAGAGCCCATGCAGCCCAGGAAGGC-3' (rev); CD53-K76A:
5'-gcGGAAAACAAGTGTCTGCTTATGTCGTTCTTC-3" (fwd) and 5-GATAGAGCCCATGCAGCCCAG
GAAGGC-3' (rev); CD53-E77A: 5'-AAGGcAAACAAGTGTCTGCTTATGTCGTTCTTC-3' (fwd) and 5'-GAT
AGAGCCCATGCAGCCCAGGAAGGC-3' (rev); CD53-N78A: 5'-gcCAAGTGTCTGCTTATGTCG-3' (fwd)
and 5-TTCCTTGATAGAGCCCATGC-3' (rev); CD53-K79A: 5'-AAGGAAAACgcGTGTCTGCTTATGTC
GTTCTTC-3' (fwd) and 5-GATAGAGCCCATGCAGCCCAGGAAGGC-3' (rev); CD53-C80A: 5'-AAGGAA
AACAAGgcTCTGCTTATGTCGTTCTTC-3" (fwd) and 5'-GATAGAGCCCATGCAGCCCAGGAAGGC-3'
(rev); Tspan15-D87A: 5'-GcCAACCTGTACCTTCTCCAAGC-3' (fwd) and 5-ACGGAGGGACGCCAGCAC
ACCAATG-3' (rev); CD37-E82A: 5-GcGCTCCGCTGCCTCCTGGGCC-3' (fwd) and 5'-CTTGAGGGCCCC
CACACAACCC-3' (rev); CD82-E80A: 5'-GcGGTCCGCTGCCTGCTGGGGC-3' (fwd) and 5'-GTTGACGGC
GCCGATGCAGCCC-3' (rev); CD81-E86A: 5'-cATCCCAGTGCCTGCTGGGGACGTTC-3' (fwd) and 5'-CCT
GGATGGCCCCGTAGCAGCCCAGG-3' (rev); CD63-E78A: 5-GcGAACTATTGTCTTATGATCAC-3' (fwd)
and 5'-CTTGCAGGCCCCGCAGCAGCC-3' (rev); EWI-2 C-terminal Myc-tag: 5-TCTGAAGAAGATCTG-
taaagcggecgegactctag-3' (fwd), 5-GAACAAAAACTTATTTCTGAAGAAGATCTGtaaag-3' (fwd) and 5'-CCG
TTTTCGAAGCCTCTTCATGAAGCAGCAAGTG-3' (rev). The PCR products were run on a 1% agarose (Carl
Roth, #2267.4) gel in TAE (40 mM Tris, 1 mM Na,EDTA, 0.1% acetic acid, pH 8.3). The wanted bands were cut
out and cleaned up using the Monarch DNA Gel Extraction Kit (NEB, #T1020L). The linear plasmid was phos-
phorylated using T4 Polynucleotide kinase (NEB, #M0201S) and ligated by T4 DNA Ligase (NEB, #M0202S).
The protein coding sequence was verified by sequencing (Eurofins GATC Biotech GmbH).

Alignment of amino acid sequences and obtaining the consensus sequences. All alignments
were done with BioEdit?®® v7.0.5 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). The tetraspanins’ SIL
sequences were aligned with the most N-terminally glutamate or aspartate and if there was none the sequences
were aligned at the most N-terminally lysine or arginine. The sequences without a glutamate, aspartate or
lysine and arginine were aligned due to overall similarity to the other sequences. The tetraspanins’ N-terminal
sequences with the first five amino acids of the TMS1 were aligned at their most C-terminal lysine or arginine.

The consensus sequences of SIL and N-terminus were obtained by counting the frequency of each amino acid
at the given position. An amino acid was counted as consensus, if its frequency (f) was equal to or higher than
the mean frequency (f;,..,) plus its standard deviation (f=f, ., +SD).

For the Claudin SIL sequence alignment we used the ClustelW multi alignment tool of BioEdit.

Structural predictions and depiction. The TMSs of each tetraspanin!! were defined using TMHMM
Server v. 2.0 (http://www.cbs.dtu.dk/servicessTMHMM)/) and their domains such as N-terminus and SIL
were defined as N-terminally of TMS1 and the linker between TMS2 and TMS3, respectively. The secondary
structures were analysed by Jpred4®! (http://www.compbio.dundee.ac.uk/jpred/). The helices containing TMS1
of each human Tspan were analysed by HeliQuest™ (https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py).
The images of crystal and cryo-EM structures as well as the dihedral angles were obtained using PyMOL 2.5
(https://pymol.org/2/). The orientation of the SIL towards the membrane was adopted from the Orientations
of Proteins in Membranes (OPM) database (https://opm.phar.umich.edu/). The illustration of amino acid fre-
quency was done via Weblogo® 3.7.4 (https://weblogo.berkeley.edu/logo.cgi). The data composition for the fig-
ures was done employing CorelDRAW 2019 (www.corel.com).

Confocal microscopy. HepG2 cells (ATCC, #HB-8065) were grown in MEM Eagle (Pan Biotech, # P04-
08509) with 10% FBS (Pan Biotech, # P303031), 1% penicillin-streptomycin (Pan Biotech, #P06-07050) and 1%
stabile glutamine (Pan Biotech, # P04-82100) up to 80% confluence. The cells were detached using trypsin (Pan
Biotech, #P10-0231SP) and diluted in DPBS (Gibco, #14190-094) to 14.4 million cells per ml. The cells were
transiently transfected with the above described vectors using the Neon transfection system (Thermo Fisher
Scientific, #MPK10096) with settings 1200 V, 50 ms, 1 puls. The cells were stained, imaged and analysed essen-
tially as described before!!. Briefly, the cells ER was visualized by a KDEL-RFP fusion construct (BacMam 2.0,
Life Technologies, #C10591) and the signal was enhanced using a RFP-Booster Atto594 (Chromotek, #rba594).
Cells were imaged in the confocal mode using a 4-channel easy3D superresolution STED optics module (Abbe-
rior Instruments) coupled to an Olympus IX83 confocal microscope (Olympus, Tokyo, Japan), equipped with
an UPlanSApo 100x (1.4 NA) objective (Olympus, Tokyo, Japan). GFP was excited with a 485 nm laser and
recorded with a 500-520 nm filter. Atto594 was excited with a 561 nm laser and recorded with a 580-630 nm
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filter. The pixel size was set to 25 nm. The Pearson correlation coefficient (PCC) between the protein of interest
and the ER was calculated with a custom made macro using Fiji-Image]** (www. https://imagej.net/).

Tunicamycin assay. HepG2 cells were treated 4 h after transient transfection with tunicamycin (Sigma-
Aldrich, #T7765) up to a final concentration of 5 ug/ml in MEM Eagle with 10% FBS. After 18 h of incubation,
cells were scraped off and washed with ice cold DPBS and lysed in 200 pl RIPA buffer (Santa Cruz, #sc-24948).
After the cell debris was removed by centrifugation for 20 min at 16,000 g the lysate was mixed with 4 x Limmli
buffer with beta-mercaptoethanol (250 mM Tris HCI, 8% (w/v) SDS, 40% glycerol, 20% beta-mercaptoetha-
nol, bromophenol blue, pH 6.8). The samples were heated for 30 min at 37 °C and subsequently analysed via
western blot.

Co-immunoprecipitation assay. HepG2 cells were transiently transfected with equal amounts of vector
DNA (6 pg of each plasmid per transfection) of the CD9-mEGFP variants and the EWI-2-myc construct. For
each condition, the cells of two transfections (equals to 3.6 million cells) were pooled and seeded. After 22 h of
incubation, cells were scraped off in ice cold DPBS, lysed in lysis buffer (150 mM NaCl, 5 mM MgCl,, 25 mM
HEPES containing 1% CHAPS (Sigma-Aldrich, #C5070-5G)) and subjected to co-immunoprecipitation with
GFP-Trap beads (Chromotek, #gta-20) following the manufacturers protocol (1 h at 4 °C incubation with beads,
protein was dissociated from the beads by boiling in 2 x Laemmli +20% p-mercaptoethanol). The Co-IP samples
were analysed by Western blot.

Westernblot. The cells were scraped off in ice cold DPBS and lysed 30 min in 200 ul RIPA buffer (Santa Cruz,
#sc-24948). The SIL core and lysine mutations of Tspan17 and CD9 were lysed directly in 250 pul 2.5x Lammli
buffer (156 mM Tris HCI, 5% (w/v) SDS, 25% glycerol, pH 6.8). After a 20 min spin down of the insoluble cell
debris, the lysate was mixed with 4 x Laimmli buffer with or without 20% B-mercaptoethanol and incubated for
30 min at 37 °C (CD53) or 5 min at 95 °C (all others). The proteins were separated by a 10% SDS PAGE and blot-
ted onto a nitrocellulose membrane (BIO-RAD, #1620112) in ice cold towbin buffer (25 mM Tris HCI, 192 mM
glycine, 20% methanol, pH 8.3). The membrane was blocked using Intercept blocking buffer (Li-Cor, #210218)
and incubated with primary antibodies in blocking buffer with added 0.05% Tween-20 (Carl Roth, # 9127.1)
over night at 4 °C. The used primary antibodies were rabbit polyclonal anti-GFP (Thermo Fisher Scientific,
#A-11122) diluted 1:2000, mouse monoclonal anti-beta-actin (Cell Signalling, #3700) diluted 1:10,000, goat
anti-EWI-2 (R&D systems, #A3117) diluted 1:500 and mouse anti-CD9 (Merck, #CBL162) diluted 1:1000. The
secondary antibodies donkey anti-mouse coupled to IRDye 680RD (Li-Cor, #926-68072) and donkey anti-rabbit
coupled to IRDye 800CW (Li-Cor, #926-32213) were diluted 1:10,000 in blocking buffer with added 0.05%
Tween 20. For the Co-IP the secondary antibodies donkey anti-goat coupled to IRDye 800CW (Li-Cor, #926-
32214) and donkey anti-rabbit coupled to IRDye 680RD (Li-Cor, #926-68073) or donkey anti-rabbit coupled
to IRDye 800CW (Li-Cor, #926-32213) were used. The blots were imaged using an Odyssey Classic Imaging
System (Li-Cor) and the images were analysed using Fiji-ImageJ**.

Statistical analysis. All experiments were performed at least three times independently. Microscopy data
were averaged per day. Data were analysed using a two tailed and paired t-test or a repeated measures ANOVA.
The analysis and illustration of data was performed using GraphPad Prism version 6.04 for Windows (www.
graphpad.com). Results are expressed as mean +standard deviation. Statistical significance was determined
(*P<0.05, **P<0.01, **P<0.001, ***P <0.0001).

Results

Definition of the SIL core sequence. In human Tetraspanins, the shortest and longest SIL sequences
comprise six and 21 amino acids, respectively'!. Comparing these sequences, we frequently find a positively
charged amino acid directly followed by a negatively charged one, to which we assigned ‘position 1’ and ‘position
2’ of the core sequence (Fig. 2A). We started the alignment of the 33 tetraspanins with position 2, assigning to
it the most upstream glutamate (in 23 SILs) or aspartate (2 SILs). In eight SILs there is neither a glutamate nor
an aspartate present, which is why we used position 1 for further alignment, finding altogether 24 matches (13
arginines and 11 lysines). Finally, we searched for frequently occurring amino acids in positions 3-5 (Fig. 2A; for
details see figure legend). As a result, we identified a [R/K] E [N/S] [R/K/Q] C core sequence (Fig. 2B). With the
exception of glutamine at positon 4 that is a polar amino acid, the chemical signature of the sequence is positive
charge—negative charge—polar—positive charge—polar.

To compare the human SIL with other species we determined the SIL consensus sequences, as it was done
for human, from Uniprot database sequences in mouse (31 family members in Mus musculus'!), zebrafish (50
in Danio rerio®, but only 39 available in the Uniprot database), fruit fly (34 in Drosophila melanogaster*®) and
arabidopsis (17 in Arabidopsis thaliana®”). We obtained the following sequences: [R/K] EN [R/K/Q] C (mouse),
RE [S/N] [K/R/Q] C (zebrafish), RE [S/N] [T/V] C (fruit fly) and R [R/V] [T/K] L L (Arabidopsis) (Fig. 2C-F).

Hence, with the exception of plant tetraspanins (Fig. 2F), the degree of conservation between the SILs of
all animal species is high (see also Fig. 2G). The question arose whether the same SIL core region is present in
similarly structured proteins. Members of the claudin family have four TMSs and two extracellular loops®® as
well. However, they exhibit a longer and differently structured SIL between TMS2 and TMS3, harbouring a short
beta-strand (Fig. S2).

Following, the secondary structure of the SIL core sequences was predicted employing Jpred4. In animal SILs,
alpha-helicity gradually decreases from the edges to the central position (Fig. $3). Moreover, it should be noted
that the extraordinarily long human SILs in Tspan22 (21 aa) and Tspan23 (19 aa) contain a non-helical stretch
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Figure 2. The SIL core sequence. (A) Alignment of the SILs from human tetraspanins (SILs segments are
defined as in Hochheimer et al.!!), as described in text, yields an amino acid core sequence with five positions
(box). Tspan31 did not feature any of the alignment criteria and was aligned with reference to its similarity

to Tspan13. In Tspan12, Tspan31 and Tspan32 some of the positions 4 and 5 are empty, as these amino acids

are supposed to be integral part of TMS3. For the SIL alignments of other species see Fig. S1. (B-F) Residue
probability in the SIL core of human (Homo sapiens), mouse (Mus musculus), zebrafish (Danio rerio) drosophila
(Drosophila melanogaster) and Arabidopsis (Arabidopsis thaliana) tetraspanins. (G) SIL core consensus
sequences. Part of the consensus sequence are amino acids occurring with a frequency f equal or higher than the
mean frequency plus one time the frequencies standard deviation (f>f,, +SD). In cases of more than one, they
are listed in order of abundancy from high to low. The alignment was created using BioEdit*® v7.0.5 (http://www.
mbio.ncsu.edu/BioEdit/bioedit.html) and the illustration of residue frequency was done using Weblogo®® 3.7.4
(https://weblogo.berkeley.edu/logo.cgi).
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Figure 3. The SIL core forms an M-motif. (A) Illustration of the M-motif (yellow) and attached helical
structure (green) based on the published crystal structures of CD9 (PDB 6K4]J; left) and CD53 (PDB 6WVG;
right). Upper panels, top view from the intracellular side. Lower panels, side views. TMS2 (left) and TMS3
(right) are connected to the M-motif and form with the other two TMSs a membrane-embedded funnel (for
the complete structures see Fig. S4). The symmetric embedding of the funnel (see OPM database) aligns the
M-plane parallel to the membrane. The side view illustrates that the M-motif backbone bonds are co-planar
and that, with the exception of position 4, all residues lay roughly in the M-plane. (B) Summary of interactions
between consensus sequence amino acids that were identified in the crystal structures of CD9 and CD53.
Position 2: salt-bridge between glutamate and lysine of the N-terminus in CD9 (for sequence alignment of
the N-termini see Fig. S6); in CD53 similar arrangement but distance is too long for a salt-bridge (for details
see Fig. S4). Position 3: interactions between the carbonyl-group of an asparagine with the backbone of TMS3
in CD53 (Fig. S4). Position 4: interaction between the lysine side chain and the backbone of TMS4 in CD53
(Fig. $4B). In the stick representation of the side chains, red, blue and yellow indicate oxygen, nitrogen and
sulphur, respectively. /6 indicate amino acid residue charges at physiological pH. The scheme was created
using Corel DRAW 2019 (www.corel.com) and the crystal structure images were created using PyMOL 2.5
(https://pymol.org/2/).

with a YXX® internalization motif outside the core region, pointing towards possibly additional specialized
roles of these two SILs.

In the crystal structures of CD9 and CD53, albeit different on the level of amino acids (QESQC versus
KENKG; note that for crystallographic reasons in the CD53 structure cysteine is exchanged by a serine), the
SIL core structures are essentially identical. The bonds defining the SIL backbone are coplanar, forming an “M”,
while the two bottom M-endings mark the transition to the helical structure (Fig. 3A). The non-helical central
polar residue (position 3) not only marks the turning point of the protein backbone, but also interacts with the
backbone and residues of TMS3 (Fig. 3B). The glutamate (position 2) and glutamine/lysine (position 4) residues
are oriented towards TMS1 and TMS4, respectively, whereas the amino acid residues at positions 1 and 5 are
not oriented towards any of the TMSs. With the exception of position 4, all residues are roughly lying in the “M”
plane (Fig. 3A, bottom) that runs parallel to the membrane surface. In CD9, the glutamate at position 2 forms a
salt-bridge with a lysine (K11) of the N-terminus (Fig. S4A), and in CD53, the lysine at position 4 interacts with
an asparagine (N207) within the C-terminus (Fig. S4B).

This raised the question if the M-motif is a structural element for which the SIL consensus sequence is a
prerequisite. For verification, we screened the PDB database for other a-helix rich proteins exhibiting M-motifs.
We readily found more examples (Fig. 4A) from which the detailed structure of a selection is shown in Fig. S5,
that however have a sequence very different from the SIL consensus sequence (Fig. 4B). The only overlap is
the asparagine at position 3, which is involved in interactions between the side chain carbonyl group and the
backbone of the C-terminally attached helix in tetraspanins and non-tetraspanins. On the other hand, when
measuring the ¢ and y angles in the M-motif, there was clear position-dependent segregation into @/y angle
categories. Amino acids in positions 1, 4 and 5 adopt angles typical for alpha helices, in position 2 we find angles
associated with a left-handed helix, and for position 3 the angles are typical of a beta-strand (Fig. 4C)*. These
specific dihedral angles are the basis of the M-motifs shape (Fig. 4D).

Crosstalk between the SIL and the N terminus. As outlined above, the SIL could be simply linking
TMS2 and TMS3. On the other hand, it might influence the tertiary structure. Of particular significance for
stabilizing the protein could be a salt bridge between the SIL glutamate and the N-terminal lysine, such as seen
in the CD9 crystal structure (Fig. S4A).
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Figure 4. The M-motif is a common structural element formed independent of the SIL consensus sequence.
(A) The two known tetraspanin structures with resolved M-motif and additional 16 examples of crystal
structures containing in total 20 inter-helix turn M-motifs. Proteins are listed using short names, followed

by the PDB entry number and the sequence of the M-motif. Mostly, the M-motif was found in membrane
proteins but also in three cytosolic ones (marked with an asterisk). Examples in which the motif connects two
TMSs were highlighted (PDB number in bold). For structural illustration of the M-motifs in the high-affinity
copper transporter Ctrll, V-ATPase and alpha-soluble NSF attachment protein see Fig. S5. (B) Amino acid
frequencies in the M-motifs of the proteins listed in A. With the exception of the central asparagine, there is
hardly overlap with the animal SIL core consensus sequence. (C) Analysis of the dihedral angles employing a
Ramachandran plot reveals alpha-helical properties in positions 1, 4 and 5, left-handed helix in position 2, and
beta-strand features in position 3. As expected, neighbouring residues are essentially alpha-helical. (D) The

180° turn of the direction of the protein backbone involves three structural elements. The turn is initiated by the
left-handed character adopted by position 2. Between position 2 and 4 the gap is spanned by the beta-strand
character of position 3. Finally, at position 4 already alpha-helicity in the opposite direction is realized. Please
note that arrows shown at position 2 and 4 look identical but indicate different angle combinations, which is
due to simplification in structure presentation. The alignment was created using BioEdit*® v7.0.5 (http://www.
mbio.ncsu.edu/BioEdit/bioedit.html) and the illustration of residue frequency was done using Weblogo®® 3.7.4
(https://weblogo.berkeley.edu/logo.cgi). The presentation of the dihedral angles was done using GraphPad Prism
version 6.04 for Windows (www.graphpad.com) and PyMOL 2.5 (https://pymol.org/2/).

We had some preliminary data pointing towards the functional importance of the SIL in Tspanl7. As for
Tspanl7 no crystal structure is available, we used another type of analysis to predict whether crosstalk between
the SIL glutamate and the N-terminal lysine is possible. The N terminus constitutes of 19 amino acids with two
lysines at positions 4 and 18. An analysis of the TMS1 N-terminal sequence shows that the positive charge, mostly
provided by a lysine, is highly conserved across all animal species (Fig. S6). Based on this conserved position
in the alpha helix, relative to a previously described conserved asparagine'>'?, the lysine of Tspan17 and most
other tetraspanins is likely oriented towards the middle of the four helix bundle, and consequently towards the
SIL (Fig. S7). This suggest that some crosstalk between the SIL and the N-terminus is possible.

To test experimentally the hypothesis that the SIL interacts with the N-terminus, we analysed the expression
levels of Tspan17 after mutating single SIL core amino acids to alanine (Fig. $8), including for comparison CD9
and CD53 as well. With the exception of CD53, we observed strongest diminishment of expression after muta-
tion of the SIL glutamate at position 2.

If the SIL glutamate interacts electrostatically with the N-terminal lysine, exchanging in Tspan17 the lysine
to alanine should affect expression just like the glutamate mutation. Because reduced expression levels can have
many explanations, in the following we included as well the analysis of glycosylation by western blot and ER-
exit by microscopy. In the latter assay, retention in the ER is revealed by an increase in overlap between Tspan17
and an ER-marker. As shown in Fig. 5, mutation of either the SIL glutamate or the N-terminal lysine reduces
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Figure 5. Analysis of the glutamate-lysine interaction. (A) In mEGFP-Tspan17, glutamate or lysine were
exchanged to alanine (mutants K18A and E88A) or interchanged (K18E/E88K). Constructs are expressed

in HepG2 cells, and expression levels are analysed by Western Blot analysis. Maturation of Tspan17 involves
N-glycosylation and the different bands representing pre-mature (pm) and matured (m) protein are marked
with an arrow (for identification of the bands see Fig. S9). (B) The actin normalized GFP signal shows a drop
in expression level upon glutamate or lysine mutation (wild type values are set to 100%). The mutation with
interchanged charged residues restores the expression level. The drop in Tspan17 expression and maturation is
detectable shortly after expression starts (Fig. S10). (C) The maturation was calculated as ratio between mature
to total protein and was compared to the wild type (set to 100%). The glutamate-/lysine-mutation leads to a
drop in protein maturation, whereas the double mutation has no effect. (D) The co-localization of the mEGFP-
Tspanl7 constructs with the ER were analyzed by confocal microscopy, comparing the distribution of the

GFP signal to an ER marker fused to RFP. For quantification, the Pearson correlation coefficient between the
two channels was calculated. Exemplary images of Tspan17 wt and the mutants are shown. (E) The Pearson
correlation coefficient showed an increase of ER co-localization for the glutamate-/lysine-mutants and no effect
of the double mutation. Values are given as means+ SD (n=4 for Western blot analysis and n=3 for microscopy;
for each biological replicate 10 cells were imaged). The statistical analysis was done employing a repeated
measures ANOVA comparing each mutation with the wild type. The full blots are shown in the supplementary
data (Fig. $20). The data analysis and illustration was performed using Fiji-ImageJ** (https://imagej.net/) and
GraphPad Prism version 6.04 for Windows (www.graphpad.com), respectively.

expression and glycosylation and causes ER retention. Next, we exchanged the positions of glutamate and lysine,
which may neutralize the effect of the single mutations as the putative electrostatic interaction may work as well
with exchanged positions of the charges. As shown in Fig. 5, all effects are back to normal in the double mutant.

The same mutations in other tetraspanins, e.g. CD9, yield the same expression pattern as for Tspanl7
(Fig. S11A) but no effect on ER-exit (Fig. S12). Because in our assay we detect no change in the CD9 band
pattern after tunicamycin treatment (Fig. S9), we did not employ maturation analysis of CD9 via probing its
glycosylation status. Instead, we examined whether the interaction with the primary binding partner EWI-2
is affected. As shown in Fig. S13, single mutations precipitated more EWI-2 than the wild-type or the double
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mutant. Finally, in CD53, single mutations had no effect on expression and maturation (Fig. S11B), although
the double mutation drastically diminished expression.

Altogether, the data across different tetraspanins is not consistent, in particular not between CD9 and CD53.
Trying to understand better the different roles of the glutamates in CD9 and CD53, we took a closer look at the
crystal structures. The short N-termini (12 residues) of CD9 and CD53 contain three and two positively charged
amino acids, respectively. In CD9, as already mentioned above, the SIL core E84 forms a salt bridge (distance
2.8 A) with the second last amino acid of the N-terminal peptide (K11) (for illustration see Fig. S4A). In CD53,
although the SIL core E77 is oriented towards K7 and K10 of the N terminus, the distances are about one ang-
strom too long to establish a salt bridge (Fig. S4B; K7-E77, 5.1 A and K10-E77, 5.2 A instead of 4 A required
to form a salt bridge*’). This suggests a weaker or no electrostatic interaction between the CD53 SIL and the
N-terminus and could explain the lacking effect in the CD53 mutants.

Discussion

The SIL core sequence. The tetraspanin sequence analysis of the SIL between TMS2 and TMS3 reveals a
conserved [R/K] E [N/S] [R/K/Q] C core sequence in human, similar to mouse and zebrafish. In fruit fly, the
positive charge in position 4 is lacking, and in arabidopsis the sequence is very different. In proteins with the
same topology, as in the family of claudins, the SIL is longer (Fig. S2), has a longer unstructured stretch with
a predicted beta-strand, is more diverse, and exhibits no similarity to the tetraspanin core sequence. This may
point to a specific function of the SIL in mammalian tetraspanins.

It is known that positively charged residues close to the cytosolic site of a TMS are beneficial for its membrane
insertion, whereas negatively charged or polar residues decrease the TMS insertion*!, known as the “positive-
inside rule” and the “negative inside depletion/outside enrichment rule”*. Therefore, the presence of positively
charged amino acids in the SIL is not surprising, as it aids the correct insertion of the nascent protein into the ER
membrane®. The negatively charged glutamate neutralizes one positive charge. Apparently, this is not relevant
for expression, as in CD9 and Tspan17 mutants with swapped glutamate/lysine express equally well as wild-type
(Fig. 5, Fig. S11A).

Apart from that, tetraspanins are known to be palmitoylated at several intracellular cysteine-residues, among
them cysteines in the SIL of CD9 and CD81*, explaining the abundancy of cysteines at the end of the SIL core
region (Fig. 2G).

The SIL forms an M-motif. In animal tetraspanins, the three central residues of the SIL core region are
predicted to be less helical, which is consistent with the crystal structures of CD53 and CD9. Please note that
a crystal structure of CD81 is also available, but could not be used for detailed SIL analysis as the 2nd and 3rd
amino acids of the SIL core are unresolved.

In all animal tetraspanins, the non-helical part of the SIL is on average 2.1 amino acids in length (see also
Fig. $3), which is close to the shortest possible linker between two TMSs, that is two amino acids*. Roughly
speaking, the five core residues form a U-turn with helical arms continued by the TMS helices.

The amino acids at positions 2 and 4 constitute the upper two tips of the M-motif and their residues point
towards TMS1 and TMS4, respectively. The position 1, 3, and 5 define the lower three tips of the M-motif, all
pointing away from the centre of the TMS-bundle. The M-motif shape is not exclusive to tetraspanins but found
in many other soluble and membrane proteins (Fig. 4, Fig. S5), although the amino acid sequence is different
from the SIL core sequence, with the exception of the central asparagine.

The left-handed character of position 2 and the beta-strand character of position 3 define the starting point
and the bridge of the U-turn (Fig. 4D). Moreover, they are involved in stabilizing interactions as shown by fre-
quent examples for the residue at position 3 that interacts with the backbone of the C-terminal helix (e.g. CD9,
PDB: 6K4J and POT family transporter, PDB: 6HZP) or forms a salt-bridge with position 1 (e.g. adenosine A2A
receptor, PDB: 7ARO or Smoothened, PDB: 5L7I). Additionally, the residue of position 2 can form salt-bridges
with adjacent structures (e.g. CD9, PDB: 6K4]J or voltage-gated calcium channel Cavl.1, PDB: 5GJV). In conclu-
sion, the M-motif is less defined by a specific amino acid sequence (Fig. 4B) but rather by its secondary structure
and interactions.

There are two known groups of short loops/turns connecting secondary structure elements, which are both
not defined by a characteristic secondary structure. The first is classified by its length and that the loops’ residues
are not incorporated into the hydrogen bonding of the neighbouring secondary structure elements*®. The other
group is defined by the side chain (typically Asp, Asn, Ser or Thr) that interacts with the backbone but only
moderately changes the backbone orientation and does not result in a pair of antiparallel helices”. The residues
of the M-motif are all forming backbone hydrogen bonds with the neighbouring alpha-helices, which excludes
the M-motif from the first group of turns. Frequently, there is an asparagine/serine in the M-motif that interacts
with the C-terminal helix backbone, but in the M-motif, a complete turn is formed. Therefore, the M-motif does
not strictly fit into any of the two known groups and defines its own category of inter-helix turns.

Role of the SIL glutamate in Tspanl7. For Tspanl7, we find that mutating the SIL glutamate or the
TMSI1 N-terminal lysine reduces glycosylation and ER-exit (Fig. 5). In addition, the expression level is reduced,
which could be a secondary effect of disturbed trafficking through the ER. Altogether, the three assays yield a
consistent picture.

Importantly, glycosylation, ER-exit and expression are back to normal levels when the SIL glutamate and
N-terminal lysine are swapped (Fig. 5). This points towards a functionally important glutamate-lysine interaction
between the SIL and the TMS1 N-terminal lysine. Because the positions of the two oppositely charged amino
acids can be interchanged, we speculate that the interaction is most likely of electrostatic nature.
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In other tetraspanins, the SIL glutamate seems to be of relevance as well, although the overall picture is
unclear. For instance, in CD9, glutamate/lysine mutations have no effect on ER exit (Fig. S12), but increase CD9
association with EWI-2 (Fig. S13). This is very interesting as it implies two things. First, without salt-bridge,
CD9 still adopts a functional conformation, or in other words, lack of the salt-bridge does not lead to complete
misfolding. Second, its higher affinity to EWI-2 may be explained by a switch towards an open conformation,
as shown for CD8]1 that interacts in the open conformation stronger with its primary binding partner CD19"%
In cryo-EM, CD?9 interacts with EWI-2 not in a complete but partial open conformation'®. The four helices still
arrange in a funnel shape but the LEL is folded more upright. In complex with EWI-FE, that is a EWI-2 homolog,
cryo-EM reveals a CD9 conformation resembling the open conformation shown in Fig. 1B (see also reference'?).
Hence, elimination of the salt-bridge could trigger partial CD9 opening and enhance binding to EWI-2. Moreo-
ver, from the 33 human tetraspanins, we have performed mutational analysis of eight family members. In three
cases each, mutation of the SIL glutamate either significantly decreases or increases expression (Figs. S8, S14).

Altogether, the picture is neither consistent nor complete and we are just at the beginning of understand-
ing the mechanism by which the SIL modulates tetraspanin structure. In fact, we find it is not surprising that
equivalent mutations produce different effects in different tetraspanins, as they have different binding partners
and functions.

Conclusion

In this study, we show that the SIL of tetraspanins contains a conserved five amino acid core sequence form-
ing a structural motif that resembles the letter M. Using Tspan17 as example, we find that mutation of the SIL
glutamate or the N-terminal lysine adjacent to TMS1 reduces glycosylation, ER-exit, and expression. All effects
are back to normal levels upon position swapping of the two oppositely charged amino acids. We speculate that
glutamate and lysine interact electrostatically, which might impact the tertiary structure and as a result modulate
the interaction network of Tspan17.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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Figure S1: SIL core sequence alignments of other species.

Employing the same criteria as for human tetraspanins, SIL core sequences (boxes) are aligned from
tetraspanins from (A) mouse (Mus musculus), (B) zebrafish (Danio rerio), (C) fruit fly (Drosophila
melanogaster) and (D) arabidopsis thaliana. The alignment was created using BioEdit® v7.0.5
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html).
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Figure S2: SIL in Claudins, a similarly structured protein family.

(A) Clustelw alignment of 23 human Claudins identified in the Uniprot database. SIL region between
TMS2 and TMS3. The alignment was created using BioEdit* v7.0.5
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). (B) Distribution of the number of non-helical amino
acids present between TMS2 and TMS3 (predicted by Jpred4) in human tetraspanins (black) and
Claudins (grey). Please note that in some tetraspanins helical continuity between the two
transmembrane segments is predicted, yielding a value of zero. In 19 Claudins, in the longer connecting
segment a short beta-strand is predicted using Jpred4? (http://www.compbio.dundee.ac.uk/jpred/).(C)
Crystal structure of human Claudin-9 (pdb: 60V3) showing its SIL loop points away from the helix bundle.
(D) Crystal structure of mouse Claudin-3 (pdb: 6AKF) with only a short SIL loop resembling an M-maotif-
like structure as seen for tetraspanins. From the boxed region, a magnified view is shown. (E) Different
views from the Claudin-3 M-motif. Asterisk at E110 indicates that part of the side chain is unresolved in
the crystal structure. (F) Ramachandran Plot of the Claudin-3 SIL. It does not fulfil the tetraspanin M-
motif secondary structure criteria because position 3 is alpha-helical and position 4 is left handed helical.
Therefore, we refer to this motif and more such examples (e.g. pdb: 4UJ6, AGGAK; pdb: 619D, DGSPD
and pdb: 5WO06, YDNNE) as M-like-motifs. The data illustration was performed using GraphPad Prism
version 6.04 for Windows (www.graphpad.com) and PyMOL 2.5 (https://pymol.org/2/).
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SIL core position

Figure S3: Non-helical structural elements in the SIL core.

(A) In different species (see legend), employing Jpred4 the percent of non-helical amino acids per SIL
core position is predicted. In a minority of tetraspanins (Tspan2, 13, 28 and 32) the program suggests
unrealistic continuous alpha-helicity between TMS2 and TMS3, that however is unrealistic due to the
topology of the protein. For human Tspan22 the predicted helix gap was C-terminal of the SIL core
sequence. The data illustration was performed using GraphPad Prism version 6.04 for Windows
(www.graphpad.com). (B) Comparison of the theoretical average structure in (A) with crystallographic
data of CD9 (pdb: 6K4J) and CD53 (pdb: 6WVG). CD9-S85 and CD53-N78 correspond to the third
position of the SIL core. In line with the prediction, the amino acids at the SIL periphery are increasingly
alpha helical. An asterisk indicates the amino acids that were predicted to be non-helical. The images
were created using PyMOL 2.5 (https://pymol.org/2/).
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CD53

Figure S4: SIL-TMS interactions in CD9 and CD53.

Crystal structures of CD9 (pdb 6K4J; left) and CD53 (pdb 6WVG; right), illustrating the alpha-helical
structure of the LELs (top) and the funnel-shaped arrangements of the TMSs (lower part). Large boxes;
magnified views from the small boxed regions from a different perspective, such that top views of the M-
motifs are visible, together with the N- and C-terminal segments. Amino acids of the SIL core regions
(CD9, aa 83 — 87; CD53, 76 - 80), lysines of the N-terminal peptides (CD9, K11; CD53, K7, K11), and
the asparagine (N207) within the C-terminal helix of CD53 are indicated. In CD9, a salt-bridge between
E84 and K11 is illustrated by the dotted yellow line. The distance between the charged atoms is 2.8 A
(highlighted in purple). In CD53, distances between E77 and K7/K10 (yellow dotted lines) are too long
(5.1A/ 5.2A, highlighted in purple) for a salt-bridge to form. The distances between the nitrogen in K79
and the carbonyl groups in N207 (side chain, 2.9A; backbone, 3.0A) allow for polar interactions (maximal
interaction distance between C=0 — H-N is 3.0A3). The images were created using PyMOL 2.5
(https://pymol.org/2/).
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Figure S5: The M-motif in more non-tetraspanin proteins.

Different views from the M-motifs of the high-affinity copper transporter Ctrl (pdb: 6M98), V-ATPase
(pdb: 6WLW) and alpha-soluble NSF attachment protein (pdb: 6IP1). (A) Cartoon and (B) ribbon
diagrams with the amino acids of the SIL core shown in detail as yellow sticks (the naming of the modes
of illustration refer to PyMOL). Side chain colour code is red for oxygen and blue for nitrogen. Residue
numbering in (A) refers to the protein sequence and may differ from the sequence number in the crystal
structures. For M-motifs in Claudin-3 see Fig. S2E. Images were created using PyMOL 2.5
(https://pymol.org/2/).
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Figure S6: Alignment of the N-terminal tetraspanin sequences from different species.
(A - E) N-terminal sequences plus the first five amino acids of TMS1 are aligned using tetraspanin
sequences of (A) human (Homo sapiens), (B) mouse (Mus musculus), (C) zebrafish (Danio rerio), (D)
fruit fly (Drosophila melanogaster) and (E) arabidopsis (Arabidopsis thaliana). The sequences were
aligned with reference to the most C-terminal positively charged amino acid of the N-terminus, yielding
in the juxta membrane region a conserved sequence of six amino acids including the lysine/arginine
used for alignment (see boxes). (F) Residue probability of the six amino acids based on (A - E). The
sequence is similarly conserved in animal tetraspanins but different in arabidopsis. (G) Consensus
sequences in the juxtamembrane regions defined as described in the legend of Figure 2. The alignment
was created using BioEdit* v7.0.5 (http://www.mbio.ncsu.edu/BioEdit/bioedit.ntml) and the illustration of

residue frequency was done using Weblogo* 3.7.4 (https://weblogo.berkeley.edu/logo.cgi).
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Figure S7: Orientation of the conserved juxtamembrane lysine in relation to the conserved asparagine
in TMS1.

(A) Alignment of the human tetraspanin juxtamembrane/TMS1 starting sequences with reference to a
conserved asparagine (right box). The left box marks the amino acid seven positions upstream, which
frequently is a lysine (see also Fig S6). The long N-terminus of Tspanl0 is deleted for this illustration.
Seven positions distance roughly equal two turns of an alpha helix (one alpha helical turn corresponds
to 3.6 residues®) and as a result a similar orientation of the residues. (B) To test whether the conserved
lysine and asparagine are located to the same alpha-helix the structure of each tetraspanins’
juxtamembrane region (s. Fig S6) was predicted employing Jpred4?
(http://mwww.compbio.dundee.ac.uk/jpred/) or TMHMMS7? Server V. 2.0
(http://lwww.cbs.dtu.dk/services/ TMHMMY/). The results whether an amino acid of a certain tetraspanin is
within an alpha-helix and/or within a TMS were averaged per species and illustrated in a box plot (highest
and lowest values framing the box, line in the middle is the mean value for all species; conserved lysine
was named K, residues N-terminal of the lysine are named -13 to -1 and C-terminal 1 to 7). This
illustration shows that this particular conserved lysine is located to an alpha-helix (in 93% of analysed
tetraspanins). The predicted TMS1 probability increases directly C-terminal of the lysine. The lysine is
not located to the TMS1 but to the N-terminal helix extension of it. Therefore, it is located to the same
helix as the conserved asparagine. (C) The wheel plots of the juxtamembrane/TMS1 sequences of
Tspanl7, CD53 and CD9 show again the similar orientation of the lysine and asparagine. The wheel
plots analyse the amphipathic character of the helix, yielding its hydrophobic moment, which is indicated
by the orientation and length of the arrow in the center of the helix. The wheel plots were created using
HeliQuest?® (https://heliquest.ipmc.cnrs.fr/cgi-bin/fComputParams.py).
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Figure S8: Mutations in the SIL consensus region occasionally change the expression level.

In GFP-tagged (A) Tspanl7, (B) CD9 and (C) CD53, single SIL core amino acids are exchanged to
alanine. Constructs are expressed in HepG2 cells, and expression levels are analysed by Western Blot.
Upper panels, representative Western Blot membranes. Please note that upon mutation of the second
and third position in Tspanl7 the higher running GFP-Tspanl7 band vanishes (A), which is due to a lack
in glycosylation (see also Fig. S9). Lower panels, quantification of the Western blot bands. GFP signal
is related to actin used as loading control, and normalized to wild-type (set to 100%). Values are given
as means = SD (n = 4). The statistical analysis was done employing a repeated measures ANOVA
comparing each mutation to the wild-type (*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001). The full
blots are shown in the supplementary data (Fig. S17-S19). The data analysis and illustration was
performed using Fiji-iImageJd® (https://imagej.net/) and GraphPad Prism version 6.04 for Windows
(www.graphpad.com), respectively.
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Figure S9: Band pattern of Tspanl7, CD9 and CD53 without and with inhibition of glycosylation by
tunicamycin.

(A) HepG2 cells are transfected with mEGFP-Tspanl7, CD9-mEGFP or CD53-mEGFP and 5 pg/ml
tunicamycin is added to the medium. Tunicamycin inhibits N-glycosylation; there are three potential N-
glycosylation sites in Tspanl7, two in CD53 and two in CD9 (predicted by NetNGlyc® 1.0;
http://www.cbs.dtu.dk/services/NetNGlyc/). After 18h of incubation, cells are lysed and analysed via
Western blot. In the presence of tunicamycin, some bands increase in intensity. The ones with the
highest increase were highlighted (see arrowheads) and assumed to represent the pre-mature protein.
(B) The diminishment of protein maturation by tunicamycin is quantified by relating the amount of pre-
mature to whole protein. There is a significant increase in pre-mature protein in Tspanl7 and CD53 but
not in CD9. Still, we observe at least two prominent CD9 bands that could reflect a palmitoylated- and
non-palmitoylated state, as also non-glycosylated CD81!! shows up in the palmitoylated- and non-
palmitoylated state as two clearly separated bands!?. CD9 maybe not glycosylated because both
overlapping glycosylation sites are located in the small extracellular loop, that could be shielded by the
large extracellular loop®3. The result is used in Fig. 5 to assign the western blot bands to the mature and
pre-mature forms of Tspanl7. Values are given as means + SD (n = 4). For statistics a two-tailed paired
t-test is used (*P <0.05, **P <0.01, ***P <0.001, ****P < 0.0001). Blots used in this analysis are shown
in Fig. S25. The data analysis and illustration was performed using Fiji-ImageJ® (www.
https://imagej.net/) and GraphPad Prism version 6.04 for Windows (www.graphpad.com), respectively.
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Figure S10: Expression of Tspanl7 and CD9 glutamate-/lysine-mutations shortly after transient

transfection

The expression of (A) mMEGFP-Tspanl7 constructs and (B) CD9-mEGFP constructs as indicated 5h after
transient transfection (which we identified as the onset of expression) visualized by Western blot
analysis. The upper panel shows the GFP signal and the lower one the actin signal. Compared to wild-
type tetraspanins, though the respective actin bands are similar to control, the Tspanl17-K18 and CD9-
K11A bands are weaker, indicating lower expression levels already 5 h after transfection. In case of
CD?9, this is perhaps due to toxicity of the constructs (see Fig. S15) and not due to a maturation or
trafficking defect. (C) Whole blots are shown in two different scalings. The data illustration was performed

using Fiji-imageJ* (https://imagej.net/).
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Figure S11: Expression level after disrupting/rescuing the glutamate-lysine interaction in CD9 and CD53.
In GFP-tagged (A) CD9 and (B) CD53, glutamate or lysine are exchanged to alanine, or their positions
are exchanged (respective mutants in Tspanl7 are analysed in Fig. 5). Constructs are expressed in
HepG2 cells, and expression levels are quantified by Western blot. Upper panels show representative
Western blot membranes. Below, quantification of the expression levels. To this end, the GFP band
intensities are related to the actin band intensity (to correct for different loading). Values are then further
related to wild-type (set to 100%). The strong reduction in expression of the CD53 double mutants is
unexpected but could be explained by the change in charge distribution caused by the glutamate/lysine
swap. The negative effect of altered charges in the juxtamembrane region could be strong in a
tetraspanin without a stabilizing salt-bridge (please note that in the crystal structure of CD53 the distance
between the two amino acids actually is too long for a salt-bridge to form). Lower right panel; for CD53,
additionally the pre-mature protein is related to whole protein to test for any defects in glycosylation (see
Fig. S9). Values are given as means + SD (n = 4). The statistical analysis was done employing a repeated
measures ANOVA comparing each mutation with the wild type (*P <0.05, **P <0.01, ***P <0.001,
****P <(0.0001). The full blots are shown in Fig. S21 and S22. The data analysis and illustration was
performed using Fiji-lmageJ® (www. https://imagej.net/) and GraphPad Prism version 6.04 for Windows
(www.graphpad.com), respectively. For a diminishment in Tspanl7 and CD9 expression shortly after
transfection see Fig. S10. CD9 mutants seems to have a cytotoxic effect (Fig. S15).
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Figure S12: Co-localization of the ER with CD9 or CD9 constructs in which the salt-bridge is disrupted,
or positions of the charged amino acids are interchanged

The co-localization of the ER with CD9-mEGFP and salt-bridge mutants was analyzed recording
confocal images of the GFP and the RFP channel, the latter showing RFP fused to an ER marker. For
guantification, the Pearson correlation coefficient was calculated. Values are given as means + SD (n =
3; for each biological replicate 10 cells were imaged). The statistical analysis was done employing a
repeated measures ANOVA comparing each mutation with the wild type (*P<0.05, **P<0.01,
***P <0.001, ***P <0.0001). The data analysis and illustration was performed using Fiji-ImageJ* (www.
https://imagej.net/) and GraphPad Prism version 6.04 for Windows (www.graphpad.com), respectively.
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Figure S13: Co-Immunoprecipitation of EWI-2 with CD9 or CD9 mutants.

HepG2 cells express myc-tagged EWI-2 together with GFP labelled CD9 wild-type, CD9 mutants in
which the salt-bridge is disrupted (K11A and E84A), or a mutant in which charges are swapped (K11E,
E84K). Using an antibody that recognizes the LEL only if disulfide bridges are formed, we tested whether
the disulfide-bridge forms in the mutants4. Albeit less efficient, all mutants were readily recognized by
the antibody (see Fig. S16). For maintaining the tetraspanin-interaction network, cells were lysed with
1% CHAPS, followed by immunoprecipitation of GFP using GFP-trap beads. (A) Samples are analysed
by Western blot, staining membranes for EWI-2 (top; please note that two bands are visible, one for
EWI-2 and EWI-2-Wint each, both included in the quantification) and GFP (bottom; visualizing the GFP-
labelled CD9 constructs as indicated). (B) Quantification of the precipitate. The ratio between the EWI-
2 and GFP band intensities, normalized to wild-type (set to 100%), is used as a measure for EWI-2 pull
down efficiency. Values are given as means = SD (n = 4). (C) Relative expression levels of EWI-2 and
GFP-labelled CD9 and CD9 mutants in the cell lysate. Although expression levels are highly variable,
the ratio between EWI-2 and the GFP-construct is similar in the different immunoprecipitation
experiments. Please note that blot #1 shown in Fig. S.26 could not be included in (C) due to low signal
in the lysate. Values are given as means + SD (n = 3). For statistical analysis, we employed a repeated
measures ANOVA test comparing the mutations to the wild type (*P <0.05, **P <0.01, ***P <0.001,
****P <(0.0001). Full blots are shown in Fig. S26. The data analysis and illustration was performed using
Fiji-ilmageJ® (www. https://imagej.net/) and GraphPad Prism version 6.04 for Windows
(www.graphpad.com).
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Figure S14: Mutation of SIL position 2 in Tspanl5, CD37, CD82, CD81 and CD63
Same experiment as in Fig. S8, mutating only glutamate/aspartate at position 2 to alanine in Tspanl5
(D87A), CD37 (E82A), CD82 (E80A), CD81 (E86A) and CD63 (E78A). Expression levels are normalized
to actin and related to the respective wild-type protein (set to 100%). Values are given as means + SD
(n=6-7). For statistical analysis a two-tailed paired t-test was used (*P <0.05, **P <0.01, ***P < 0.001,
****P <(0.0001). Full blots are shown in Fig. S23 and S24. The data analysis and illustration was

performed using Fiji-imageJ® (https://imagej.net/) and GraphPad Prism version 6.04 for Windows
(www.graphpad.com), respectively.
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Figure S15. Cell toxicity of some mutants

Expression of (A) Tspanl7, (B) CD9 or (C) CD53 or the mutants as indicated. Same experiments as in
Figs. 5 and S11, showing quantification of the actin band intensities. In these experiments, a defined
amount of HepG2 cells (1.8 Mio) is transfected with the GFP-labelled constructs. Under the assumption
that actin levels are proportional to cell survival, we observe toxicity of the CD9 mutants. Should
cytotoxicity preferentially affect strongly expressing cells, we would overestimate the reduction in
expression in Fig. S11A. The statistical analysis was done by a repeated measures ANOVA test
comparing the mutations to the respective wild-type protein (*P <0.05, **P <0.01, ***P <0.001,
****P <0.0001). Values are given as means = SD (n = 4). The data analysis and illustration is performed
using Fiji-imageJ* (www. https://imagej.net/) and GraphPad Prism version 6.04 for Windows
(www.graphpad.com), respectively.

C

A B 5

»
K1E K1E 5
O 5

t : t ) 7
w Kita  esan  KIE wi KA Esaa  KIIE %
Eo
@D o -~
(> —_ @
Q P— & 5
= . £ h | — e
& —_— — & L e— a5
ac

Q

]

o

wt K11A E84A K11E E84K

Figure S16: LEL disulfide-bond formation in CD9 mutants

HepG2 cells expressing GFP-labelled CD9 wild type or mutants are subjected to SDS-PAGE Western
blot analysis under non-reducing conditions. Membranes are double stained with (A) a CD9 antibody
recognizing the LEL only if a disulfide bond has formed# and (B) a GFP antibody. A decrease in the
CDO9-LEL signal relative to the GFP signal indicates absence/diminishment of the disulfide bond. The
complete GFP and CD9-LEL signal (as seen in (A) and (B)) was used for this analysis. The CD9 wild
type:GFP ratio is used as reference and set to 100%. Values are given as means + SD (n = 6). Please
note that a fraction of the K11A mutation runs at higher molecular weight as wild type, which however,
is not reproducible (Fig. S27). Full blots are shown in Fig. S27. The data analysis and illustration was
performed using Fiji-lImageJ* (www. https://imagej.net/) and GraphPad Prism version 6.04 for Windows
(www.graphpad.com), respectively.
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Figure S17: Full-length blots used for Figure S8.

The four blots (#1-4) for mMEGFP-Tspanl7 SIL core sequence mutations are depicted stained for GFP
(upper panel) and for actin (lower panel). They represent the four blots used in the analysis in figure S8
(n=4). They are shown with protein standard (ST, 10-250 kDa range; NEB, #P7719S) and with three
(GFP) or two (actin) different scalings to ensure clear visibility of all bands. The cutouts shown in figure
S8 are highlighted by a red box in blot #1. During blot imaging the focus lay on the area framed by the
protein standard, therefore all blots used for this analysis (Fig. S8) are shown. The data illustration was
performed using Fiji-lmageJ® (https://imagej.net/).
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Figure S18: Full-length blots used for Figure S8.

The four blots (#1-4) for CD9-mEGFP SIL core sequence mutations are depicted stained for GFP (upper
panel) and for actin (lower panel). They represent the four blots used in the analysis in figure S8 (n=4).
They are shown with protein standard (ST, 10-250 kDa range; NEB, #P7719S) and with three (GFP) or
two (actin) different scalings to ensure clear visibility of all bands. The cutouts shown in figure S8 are
highlighted by a red box in blot #1. During blot imaging the focus lay on the area framed by the protein
standard, therefore all blots used for this analysis (Fig. S8) are shown. The data illustration was
performed using Fiji-imageJ® (https://imagej.net/).
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Figure S19: Full-length blots used for Figure S8.
The four blots (#1-4) for CD53-mEGFP SIL core sequence mutations are depicted stained for GFP
(upper panel) and for actin (lower panel). They represent the four blots used in the analysis in figure S8
(n=4). They are shown with protein standard (ST, 10-250 kDa range; NEB, #P7719S) and with three
(GFP) or two (actin) different scalings to ensure clear visibility of all bands. The cutouts shown in figure
S8 are highlighted by a red box in blot #1. During blot imaging the focus lay on the area framed by the
protein standard, therefore all blots used for this analysis (Fig. S8) are shown. The data illustration was
performed using Fiji-lmageJ® (https://imagej.net/).
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Figure S20: Full-length blots used in Figure 5

The four blots (#1-4) for mEGFP-Tspanl7 salt-bridge mutations and rescue mutation are depicted
stained for GFP (upper panel) and for actin (lower panel). They represent the four blots used in the
analysis in figure 5 (n=4). They are shown with protein standard (ST, 10-250 kDa range; NEB, #P7719S)
and with three (GFP) or two (actin) different scalings to ensure clear visibility of all bands. The cutouts
shown in figure 5 are highlighted by a red box in blot #1. During blot imaging the focus lay on the area
framed by the protein standard, therefore all blots used for this analysis (Fig. 5) are shown. The data
illustration was performed using Fiji-lmageJ® (https://imagej.net/).
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Figure S21: Full-length blots used in Figure S11

The four blots (#1-4) for CD9-mEGFP salt-bridge mutations and rescue mutation are depicted stained
for GFP (upper panel) and for actin (lower panel). They represent the four blots used in the analysis in
figure S11 (n=4). They are shown with protein standard (ST, 10-250 kDa range; NEB, #P7719S) and
with three (GFP) or two (actin) different scalings to ensure clear visibility of all bands. The cutouts shown
in figure S11A are highlighted by a red box in blot #1. During blot imaging the focus lay on the area
framed by the protein standard, therefore all blots used for this analysis (Fig. S11) are shown. The data

illustration was performed using Fiji-ImageJ* (https://imagej.net/).
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Figure S22: Full-length blots used in Figure S11

The four blots (#1-4) for CD53-mEGFP salt-bridge mutations and rescue mutation are depicted stained
for GFP (upper panel) and for actin (lower panel). They represent the four blots used in the analysis in
figure S11 (n=4). They are shown with protein standard (ST, 10-250 kDa range; NEB, #P7719S) and
with three (GFP) or two (actin) different scalings to ensure clear visibility of all bands. The cutouts shown
in figure S11B are highlighted by a red box in blot #1. During blot imaging the focus lay on the area
framed by the protein standard, therefore all blots used for this analysis (Fig. S11) are shown. The data
illustration was performed using Fiji-lmageJ* (https://imagej.net/).
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Figure S23: Full-length blots used in Figure S14.
The blots for figure S14 were divided onto two figures (Fig. S23 and S24). The seven blots (A-G, for E-
G see Fig S24) for Tspanl5, CD37, CD82, CD81 and CD63 are depicted stained for GFP (upper panel)
and for actin (lower panel). They are shown with protein standard (ST, 10-250 kDa range; NEB,
#P7719S) and with three (GFP) or two (actin) different scalings to ensure clear visibility of all bands. The
cutouts used in figure S14 are highlighted by a red box. During blot imaging the focus lay on the area
framed by the protein standard, therefore all blots used for this analysis (Fig. S14) are shown. The data
illustration was performed using Fiji-imageJ® (https://imagej.net/).
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Appendix C: A conserved sequence in the small intracellular loop of tetraspanins forms an
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Figure S24: Full-length blots used in Figure S14.

The blots for figure S14 were divided onto two figures (Fig. S23 and S24). The seven blots (A-G, For A-
D see Fig S23) for Tspanl5, CD37, CD82, CD81 and CD63 are depicted stained for GFP (upper panel)
and for actin (lower panel). They are shown with protein standard (ST, 10-250 kDa range; NEB,
#P7719S) and with three (GFP) or two (actin) different scalings to ensure clear visibility of all bands. For
Tspanl5 there were only 6 samples analysed (n=6) which is the reason Tspanl5 is missing on blot (F).
The cutouts used in figure S14 are highlighted by a red box. During blot imaging the focus lay on the
area framed by the protein standard, therefore all blots used for this analysis (Fig. S14) are shown. The
data illustration was performed using Fiji-lmageJ® (https://imagej.net/).
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Figure S25: All blots used for the analysis in Figure S9
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The four blots (#1-4) were stained for GFP (upper panel) and for actin (lower panel) and show the effect
of tunicamycin treatment on the expression of MEGFP-Tspanl17, CD9-mEGFP and CD53-mEGFP. They
are shown with a protein standard (ST, 10-250 kDa range; NEB, #P7719S) and with two different
scalings to ensure clear visibility of all bands. During blot imaging the focus lay on the area framed by
the protein standard, therefore all blots used for this analysis (Fig. S9) are shown. The data illustration

was performed using Fiji-lmageJ® (https://imagej.net/).
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Figure S26: Full blot images used in Figure S13.

The four blots (#1-4) show the cell lysate, Co-Immunoprecipitation (Co-IP) and supernatant of the CD9-
mMEGFP salt-bridge mutations. The immunoprecipitation was stained for GFP (upper panel) and EWI-2
(lower panel). The EWI-2 molecule (upper band) is processed to EWI-2-Wint (lower band). The blots #3
and #4 show the GFP and EWI-2 staining in the same image, because they were stained using a
secondary antibody attached to the same fluorescence dye (CW800). Therefore, the bands
corresponding to GFP and EWI-2 staining are highlighted with arrows at the side of the blot. EWI-2-myc
was transiently transfected and was stained via a EWI-2 antibody, which also detected the endogen
levels and explains the double band. The blots are shown with a protein standard (ST, 10-250 kDa range;
NEB, #P7719S) and with different scalings to ensure clear visibility of all bands. During blot imaging the
focus lay on the area framed by the protein standard, therefore all blots used for this analysis (Fig. S13)
are shown. The data illustration was performed using Fiji-imageJ® (https://imagej.net/).
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Figure S27: Full blot images used in Figure S16

The whole blots (#1-6 are the n=6) used for this analysis are shown in two different scalings and the
cutout shown under (A) is highlighted by a red box in sample #6. The blots are shown with a protein
standard (ST, 10-250 kDa range; NEB, #P7719S). The statistical analysis was done employing a
repeated measures ANOVA comparing each mutation to the wild type (*P<0.05, **P<0.01,
***P <0.001, ****P <0.0001). The data analysis and illustration was performed using GraphPad Prism
version 6.04 for Windows (www.graphpad.com) and Fiji-iImageJ* (https://imagej.net/).
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