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Chapter 1

General introduction

Membrane microdomains and their molecular organizers

The plasma membrane represents the boundary of the cellular architecture. 
In all eukaryotic cells, it separates organelles and nucleus from the external 
environment, it maintains the cell integrity and it mediates communication 
between the inside and outside of the cell. The membrane is composed by 
various macromolecules (such as phospholipids, sphingolipids, gangliosides, 
glycosylphosphatidylinositol (GPI)-anchors, cholesterol and membrane 
proteins) which are not randomly distributed but form dynamic membrane 
microdomains of specific protein and lipid composition. The organization 
and compartmentalization of functional macromolecules within the plasma 
membrane, such as receptors, membrane-embedded enzymes or channels is 
essential to achieve cellular functions (1, 2). 

Specialized plasma membrane domains are lipid rafts, caveolae and 
tetraspanin-enriched microdomains. Lipid rafts are liquid-ordered regions of 
the membrane, of a size ranging between 10-200 nm, especially enriched in 
cholesterol, sphingolipids and GPI-anchored proteins. Lipid rafts are resistant 
to harsh non-ionic detergents, including Triton X-100 (3), which partitions them 
in low-density fractions of sucrose gradients. Smaller domains are caveolae 
(60-80 nm): flask-shaped structures, firstly identified by electron microscopy 
in the fifties, particularly rich in cholesterol and in caveolin proteins. Caveolae 
are responsible for endocytosis and function as compartments for signal 
transduction and cholesterol transport. Tetraspanin-enriched microdomains 
(TEM) were identified in the nineties, using biochemical techniques (based on 
membrane solubilization and sucrose-gradient partition), and only recently 
characterized by super-resolution microscopy. Like lipid rafts, TEMs are highly 
rich in cholesterol but they are susceptible to Triton X-100. TEMs are maintained 
in milder detergents, such as Brij99 or CHAPS (4). As their name suggests, 
TEMs are largely composed by four-transmembrane domain proteins called 
tetraspanins and form with their interacting protein partners (Ig-superfamily 
proteins, receptors, metalloproteases, enzymes) an interchanging network 
(Figure 1) (5, 6). Super-resolution microscopy studies indicated that TEMs have 
a size of ca. 120 nm, which varies within different cell types, and are composed 



8

Chapter 1

by 2-10 tetraspanins of the same type per cluster (7). 

Tetraspanins assume the crucial role of molecular organizers of these 
microdomains units, the TEMs, by shuttling interacting partners in 
macromolecular platforms and allowing cellular activities to take place at a 
particular membrane location and at a particular time. Constituting the scaffold 
of TEMs, tetraspanins orchestrate indirectly signaling inside and outside the 
cells, cell adhesion, migration and fusion.

Tetraspanins: a diverse and redundant protein family 

There are 33 tetraspanins in human with a level of identity ranging from 78% 
for highly related tetraspanins (such as Tspan 5 and Tspan 17) to 6% for more 
distant related tetraspanins (Table 1) (8). Tetraspanins are expressed either 
in specific tissues (e.g. Rom-1 and Peripherin 2 are found in light detecting 
compartments of photoreceptors (9)) or broadly in many cell types (e.g. CD9, 
CD81 (10, 11)). The relatively high number of tetraspanin family members is 
linked with a redundancy of cellular functions (12). This notion is supported 
by the absence of a lethal tetraspanin knock-out. If a certain tetraspanin 
is missing, its function can be putatively replaced by other members of the 
family. This has been for instance observed in knock-out CD9 and CD81 mice, 
showing respectively a >95% and a 40% reduction of fertility. A complete 
reduction of fertility was only observed in double knock-out CD9 -/- and CD81 
-/- mice, indicating that the two tetraspanins have complementary roles (13, 
14). Similarly, CD9 and CD81 were found to have overlapping functions in 
lymphangiogenesis, as only the double knock-out mice displayed disconnected 
and thinner lymphatic vessels (15), and in preventing macrophages fusion and 
multinucleated giant cells formation (16).
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Figure 1 Tetraspanin-enriched microdomains

Simplified top-view representation of a section of plasma membrane, showing the 
tetraspanin-enriched microdomains as cobalt blue ovals from the top. According to 
the most current model (7), each microdomain has a size of ca. 120 nm and is occupied 
by ca. 10 tetraspanins of the same type, possibly forming homo-clusters or interacting 
with partner proteins. Some representative interacting proteins, Ig superfamily (SF) 
molecules, receptors and metalloproteases, are illustrated in the key legend.
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Number of 
disulfide bridges 
in the EC2

2 (Group 1) 3 (Group 2) 4 (Group 3 or 
TspanC8)

•	 CD9
•	 Tspan2
•	 CD81
•	 CD53
•	 Tspan32

•	 Tspan6
•	 CD151
•	 Tspan11
•	 CD82
•	 CD37
•	 Tspan8
•	 Tspan4
•	 Tspan9
•	 UP-1a
•	 UP-1b
•	 Tspan3
•	 Rom-1
•	 Peripherin-2
•	 Tspan7
•	 CD63
•	 Tspan12
•	 Tspan1
•	 Tspan18
•	 Tspan16
•	 Tspan19

•	 Tspan31
•	 Tspan13
•	 Tspan17
•	 Tspan5
•	 Tspan14
•	 Tspan33
•	 Tspan15
•	 Tspan10

Transmembrane proteins of tetraspanin family are identified by four 
transmembrane helices, by a small (EC1) and a large (EC2) extracellular loops 
and by the super conserved CCG motif, found on the EC2 (Figure 2). 
Tetraspanins have been classified in three groups based on the number of 
disulfide bonds formed within the EC2 (as we displayed in Table 1), which 
determines a specific framework of the head region (17).

Table 1 The tetraspanin family. 

Tetraspanins are divided according to the number of disulfide bridges present in the 
large extracellular loop.
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The majority of tetraspanin interactions, leading to TEMs assembly, occurs in cis 
between tetraspanins of the same type, with other tetraspanins or with specific 
protein partners (18). It has been proposed that these types of interactions 
involve the transmembrane helices or the large extracellular loop, as it was 
reported for the CD9/CD81-EWI-2 complex (19) and for CD81-CD19 complex 
(20, 21). The large extracellular loop of tetraspanins present N-glycosylations, 
which have been shown to influence tetraspanin interactions (22, 23). 

An additional number of interactions involved the tetraspanins intracellular N 
or C termini or the intracellular loops. Tetraspanins CD9 and CD81 are linked 
the ezrin-radixin-moesin proteins of the cytoskeleton (24), which directly bind 
the tetraspanin partner proteins EWI-2 and EWI-F. Other tetraspanins recruit 
signaling cytoplasmic proteins such as PKC (25), Ras, Rac and Cdc42 (26) and 
synthenin-1 (27). Finally, tetraspanins can act as co-receptors of pathogens, 
such as human hepatis C virus (HCV) which interacts with the EC2 of CD81 and 
determines the virus entry in the host cell and infectivity (28).

Figure 2 Structural characteristics of the tetraspanin family

Schematic representation of a tetraspanin, comprising four transmembrane helices 
(in blue), a small (EC1) and a large (EC2) extracellular loops (in cyan and orange, 
respectively) and intracellular loops (in blue). Membrane-proximal cysteines possibly 
modified by the attachment of a fatty acid chain are shown as yellow circles.
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Tetraspanins are palmitoylated at membrane-proximal cysteines

S-palmitoylation is a dynamic post-translational modification that consists 
in the reversible attachment of a fatty acid chain, in this case palmitate, to 
cysteines residues proximal to the inner membrane leaflet (Fig. 2) (29). 24 
acyl-transferases in mammals catalyze the attachment of fatty acid chains on 
membrane protein substrates, predominantly in the Golgi (30). There is no 
consensus motif for palmitoylation, which has been instead demonstrated to 
occur at maximum 8-Å depth in the membrane (31). The attachment of fatty 
acid chains of different length than palmitic acid is dependent on the amino 
acid composition of the binding-site cavity of the enzyme (32). 

Palmitoylation of membrane-proximal cysteines has been reported for some 
tetraspanins (CD9, CD81, CD151, CD63 and CD82) and plays an essential role 
in maintaining and assembling the TEMs (6, 33). In particular, tetraspanin 
palmitoylation, first, regulates the oligomerization of tetraspanin and their 
partner proteins in the TEMs, second, it indirectly influences cellular signaling 
occurring within the TEMs (34).  

Palmitoylation contributes to the interaction of CD9 to CD81 and CD53 (35). 
Moreover, palmitoylation has been shown to allow the oligomerization of 
tetraspanin CD9 using cysteine cross-linking (36) and using a low-affinity anti 
CD9 antibody, C9BB, that binds CD9 in clusters (37). Palmitoylation also affects 
signaling, being both tetraspanins and other signaling partner proteins, such 
as integrins, palmitoylated. For instance, a non-palmitoylated form of CD151 
weakly associates with CD81 and CD63, affecting integrin-mediated cell 
adhesion (38) and overexpression of non-palmitoylated form of CD82 reduces 
PKCα expression and activation (39).

Despite palmitoylation has been confirmed for the most well-characterized 
tetraspanins and their role in TEMs formation has been recognized, the effect 
induced by the fatty acid chain attachment on tetraspanin conformation and 
function remains unclear. Understanding if tetraspanins molecular mechanism 
is regulated by S-palmitoylation remains to be discovered in the field.

Structural studies on human tetraspanins

In the past decades, structural studies of human tetraspanins have been 
focused exclusively on CD81. From 2001 to 2018, several structures of CD81EC2 
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(res. 113-201) have been solved (40–43), including structures of CD81EC2 in 
complex with Fab or scFv fragments (44, 45). As shown by superposition in 
Figure 3A, the large extracellular loop of CD81 presents a constant region 
(also called “stalk”), composed by helices A, B and E, which is a sequence and 
structurally conserved rigid unit in the EC2. CD81EC2 also presents a smaller 
flexible region (named “head”), comprising helix C and helix or loop D, which 
is subjected to changes in conformation, as shown in Figure 3A. The large 
flexibility of the variable region in CD81 was firstly observed in the hexagonal 
space group P64 by Kitadokoro et al. (41) and later reported by simulations 
obtained at different pH (43) or by binding to different antibody fragments (45). 
Moreover, the helical secondary structure of region D, found in CD81EC2 crystals, 
was not observed by NMR analysis (46). These studies questioned whether the 
conformational flexibility of CD81 variable region is physiologically relevant. 
Cunha et al. envisioned the CD81EC2 flexibility as a strategy for the HCV to enter 
the cell at physiological pH and enabling the fusogenic state at low pH (43). 
In addition, using molecular-dynamics simulations the Lang group showed 
that CD81EC2 helix D flexibility initiates the homo-dimeric association between 
CD81 molecules using microscopy and molecular dynamics (47–49).

A novel perspective on the conformation of the EC2 lid was proposed by 
Zimmerman and coworkers, who solved the full-length crystal structure of 
CD81 (50). They crystallized the protein in lipidic cubic phase obtaining a model 
consisting of an inverted cone shape formed by the four transmembrane helices 
and capped by the EC2 loop (Figure 3B). Interestingly, the transmembrane 
cavity was filled by a cholesterol molecule, coordinated by hydrogen bonding 
between the hydroxyl group of cholesterol and the amino acid side chains 
in the cavity. Despite cholesterol was used as additive to monoolein hosting 
cubic phase, a common practice in membrane protein crystallization (51), their 
work demonstrates a possible functional role for cholesterol in cells. Mutation 
of CD81 residues forming critical polar contacts with cholesterol (E219A/Q) 
reduces cholesterol binding. The same group presented a molecular dynamics 
simulation, which shows the opening of the EC2 lid of CD81 upon dissociation 
of cholesterol. Moreover, surface staining of the well-known protein-partner 
CD19 increases when co-expressed with the same CD81 mutants, suggesting 
that CD81 binds CD19 when not associated to cholesterol. 

The full-length structure of CD81 revealed for the first time the architecture 
of a tetraspanin family member, suggesting a possible role of cholesterol 
for the protein function. However, further structural and functional studies 
are necessary to understand the molecular mechanism of tetraspanins, how 
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interactions with partner proteins occur and to reveal possible divergences 
among tetraspanin paralogs. The production of large-scale quantities of 
tetraspanins, their crystallization and structure determination has been 
the major difficulty to study the molecular architecture of this large family 
of membrane proteins. Several works have reported the expression and 
purification of human full-length tetraspanins (52–56), including a recent 
article on tetraspanin CD9 construct improvement for crystallization (57). 
However, except for the full-length CD81 structure described above, these 
protocols have not yet demonstrated to allow successful elucidation of 
tetraspanin structure and function. 

Figure 3 Structures of human tetraspanin CD81 

A) Superposition of selected structures from Cunha et al. (43) (PDB: 5M2C, 5M33, 
5M3D, 5M3T, 5M4R) of CD81 large extracellular loop. Helices A, B and E form the 
constant region or “stalk”, while helices C and D from the variable region or “head”. 

B) Structure of full length CD81 (50) (PDB: 5TCX). The transmembrane helices are 
shown in blue, while the EC2 loop in orange.



15

General introduction 

1
Tetraspanin CD9

CD9 was firstly identified in platelets, due to its high abundance, as target of the 
platelet-aggregation inducing antibody ALB6 (10, 58–60). Following studies 
have revealed that tetraspanin CD9 is expressed ubiquitously and it is involved 
in important cellular processes, such as cell adhesion, migration, metastasis, 
infection and cell-cell fusion (61). The most striking and important role for this 
tetraspanin regards its implication in fusion of egg and sperm. In particular, 
female CD9 knock-out mice showed severe reduction of fertility, since oocytes 
bound to but did not fuse with sperm (13, 62, 63). Interestingly, recombinant 
CD9EC2 severely hampered the fusion of egg and sperm, if the soluble protein 
was pre-incubated with oocytes (64), suggesting that full-length CD9 functions 
in cis on the oocyte membrane possibly by interaction with a non-identified 
fusion-promoting protein partner (65). Besides egg-sperm fusion, CD9 has 
been described to regulate other fusion events (66), including myoblast 
fusion (67, 68), fusion of osteoclasts in bone tissue remodeling (69); fusion 
of macrophages forming multinucleated giant cells (16, 70) and extracellular 
vesicles (EVs) release and uptake (71, 72). Moreover, CD9 has been associated 
to cell-entry and infection by human immunodeficiency virus (HIV) and 
coronavirus (CoV) (73–75). 

As generally shown for tetraspanins, CD9 can achieve its tasks of molecular 
organizer by interacting and associating with its major protein partners in TEMs. 
Many integrins of the β1, β2 and β3 subfamilies, including LFA-1 on leucocytes, 
and adhesion molecules (76–79), heparin-binding EGF-like grow factor (80, 
81) and the metalloprotease ADAM17 (82, 83) are some of the CD9-associated 
proteins in TEMs. CD9 interacts directly with the Ig-like superfamily members 
EWI-F (84, 85) and EWI-2 (86), named EWI for the conserved Glu-Trp-Ile motif. 
The function of EWI proteins is not yet understood, however their association 
to tetraspanins appeared to be influenced by protein palmitoylation, as non-
palmitoylated form of CD9 associates with EWI-2 at major extent than CD9 wild 
type in human RD cells (37). In myoblasts CD9 (and CD81) interact with EWI-F 
preventing their abnormal fusion and control skeletal muscle architecture 
during muscle regeneration (68). Additionally, interaction of EWI-2 with CD9 
(and CD81) is involved in TGF-β signaling and melanoma progression (87, 
88). In particular, EWI-2 is highly expressed in primary melanoma, where 
it associates to CD9/CD81 inhibiting TGF-β signaling. In melanocytes or in 
metastatic melanoma, instead, EWI-2 is poorly expressed allowing CD9/CD81 
to form homo-clusters and TGF-β receptor dimerization and signaling.
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CD9 as a therapeutic target

Important roles of tetraspanins are cell motility and fusion, which are also 
properties of cancer cells (89). The organization and assembly of TEMs, 
which drive motility and fusion processes, can be hampered by targeting 
tetraspanins using monoclonal antibodies, RNAi and soluble EC2 proteins (90). 
CD9 is involved in specific steps of tumor growth and it can either suppress 
or promote tumor invasion, depending on the membrane organization and 
clustering with specific partner proteins in tumor cells (91, 92). Targeting CD9 
could block its interaction with integrins and, as consequence, inhibit cancer 
cells motility, invasion and metastasis (91, 93). Additionally, EVs are often 
released by cancer cells influencing local and remote tissues (94, 95), therefore 
targeting EVs release and uptake also represents a therapeutic strategy (72, 96, 
97).

Several CD9-specific antibodies have been developed (Table 2), starting from 
the mouse monoclonal-antibody ALB6 (58), which binds residues Gln161 and 
Phe176 on CD9EC2 (98). ALB6 was further shown to inhibit gastric cancer cells 
proliferation and to induce chemoresistant small cell lung cancer apoptosis 
(99–102). Despite the promising therapeutic applications, ALB6 causes 
platelets activation and aggregation (58). This side-effect has been observed 
for other CD9 antibodies (103) and for some of them platelet lysis was also 
reported after complement component C1q activation (104). For ALB6, platelet 
activation has been explained by a possible association of CD9 with GP IIb-IIIa 
complex (or fibrinogen receptor) on platelets, upon antibody binding (105). 
Further studies have demonstrated that ALB6-induced platelet aggregation is 
due to activation of the FcγRIIa receptor on platelets, as ALB6 Fab fragments 
do not induce aggregation (106). Despite engineering of IgG Fc domains to 
reduce Fc-mediated cytotoxicity has been attempted (107), this feature of 
CD9-specific antibodies has hampered their clinical development and has 
questioned the use of CD9 as target in cancer. Studies in monkeys, for instance, 
have shown that antibody MALL13 induces platelets aggregation, followed by 
lethal thrombosis in only 5 minutes (108). 

Another limitation of targeting CD9 in cancer is represented by different 
functional effects that CD9-specific antibodies can elicit. PAINS13 binds a 
conformational epitope on CD9 (within the first half of the EC2), exposed upon 
association with integrin α6β1, and determines PI3K activation and inhibition 
of endothelial cells motility (109). Antibodies VJ1/10 and VJ1/20 which target 
CD9 in the same region had different effects, including integrin β1 clustering-
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Antibody (Known) effects on platelets References 

ALB6  Ac�va�on/Aggrega�on (58)  

TP82 Ac�va�on/Aggrega�on (111) 

50H.19 Ac�va�on/Aggrega�on (105) 

hAR40A746.2.3 Ac�va�on/Aggrega�on (107) - Patent US20090068182 and 
US20100158801 

mAb7 Ac�va�on (112) - Patent WO2004/0136985 

PMA2 Ac�va�on (113) 

FMC 8, FMC 48, FMC 56 Ac�va�on/Aggrega�on (114) 

BA-2  Ac�va�on/Aggrega�on/Lysis (104) 

SYB-1 Ac�va�on/Aggrega�on (106) 

BU-16  Ac�va�on/Aggrega�on/Lysis (104) 

MM/257  Ac�va�on/Aggrega�on/Lysis (104) Commercial (Merck), also called MM2/57 

AG-1  Ac�va�on/Aggrega�on (115) 

MALL13  Ac�va�on/Aggrega�on (116) 

10E4  n.d. Patent WO2009/157623 

Z9.2  n.d. Patent WO2014/145940 

12A12  n.d. (96) - Patent WO2013/099925 

ES5.2D8  n.d. Patent WO95/33823 

An�-cancer Mo-Ab  n.d. Patent EP0508417 

HI9a  n.d. Commercial (BioLegend) 

M-L13  n.d. Commercial (BDPharmigen) 

PAINS-13  n.d. (109)  

VIJ/20, VIJ/10, GR2110  n.d. (117)  

AT1412 Binding but no 
ac�va�on/aggrega�on 

Patent WO2017/119811 

5H9 n.d. (72) 

Table 2 List of CD9-specific antibodies reported in patents and scientific literature, to 
the best of our knowledge.
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mediated cell adhesion, changes in cell morphology and inhibition of colon 
carcinoma cells proliferation (110). Instead, antibody ALB6 which targets CD9 
residues Gln161 and Phe176 in the second half of the EC2, causes besides 
inhibition of gastrointestinal cancer cells proliferation, apoptosis (99). The 
effect on CD9-expressing cancer cells can be strictly dependent not only on 
the tissue-specific membrane organization of the tetraspanins, but also on the 
targeted CD9 epitope.

Scope of this thesis

Tetraspanins are dynamic and diffuse organizers of the plasma membrane and 
play major roles in cell-cell fusion, adhesion, motility and signal transduction. 
The aim of this thesis is to decipher the molecular mechanisms underlying 
membrane organization by tetraspanins. We first addressed this research 
question by gaining structural insights into a prototype member of the 
tetraspanin family, CD9. Second, we questioned how tetraspanin interaction 
with transmembrane-protein partners affect their localization and function.

In Chapter 2 we present the basis for expression and purification of human 
tetraspanins. In this work, we characterized full-length tetraspanin CD9 
and generated three CD9-specific high affinity nanobodies for structural 
determination. Despite the successful crystallization of the full-length CD9 
and further extensive crystals optimization, we could not solve the structure 
of CD9 by molecular replacement. A CD9-specific nanobody here developed 
was further exploited for super-resolution microscopy in Chapter 4, revealing 
the nanoscale organization of CD9 in TEMs.

Chapter 3 describes the structural insights into CD9EC2 bound by a melanoma 
patient-derived Fab fragment. The therapeutic antibody, here described, 
is particularly beneficial to clinical development because, in contrast to 
other known CD9 antibodies, it does not induce platelets activation and 
aggregation. The structures solved in this work reveal homo-dimerization of 
CD9, which could be a key mechanism for the protein function in homeostasis 
and disease. The CD9 dimerization interface constitute the epitope of this 
particular antibody.

In Chapter 4 we analyze the effect of lipidation on CD9 function. We revealed 
that different cysteines on CD9 are either highly or variably modified with 
palmitic or stearic acid. The extent of lipidation at specific sites affects 
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association to CD9 partner-protein EWI-F, but not to EWI-2, without alteration 
of CD9 distribution in the TEMs. In this study, we used a novel biochemical 
tool which consists in the mutation of cysteines into tryptophan, to mimic 
the conformational effect of a fatty acid chain attachment. This approach 
demonstrates that lipidation of CD9 influences protein conformation and, 
therefore, interaction with partner-proteins in the membrane, which is at the 
base of tetraspanin function.

Finally, in Chapter 5 we summarize and discuss the main results of this 
thesis. Our results provide new insights into structure-function relationship 
of tetraspanin CD9 and increment our understanding of the function of this 
family of transmembrane proteins. 
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Abstract

Tetraspanins are four-pass integral membrane proteins that influence 
numerous cellular activities, including cell-cell fusion, infection, adhesion 
and metastasis. Tetraspanins modulate the plasma-membrane organization 
in a cell-type dependent manner, orchestrating distribution and clustering 
of specific protein partners in membrane microdomains. Understanding 
the molecular mechanism of how tetraspanins function remains a major 
goal in the field. Except for CD81, structure-function studies on tetraspanins 
remain very limited, predominantly due to the bottleneck of membrane 
protein purification and crystallization. In this work, we aimed at producing 
human tetraspanin CD9 in mammalian cells for structural studies. Full-length 
CD9 was successfully produced in high yields and crystallized using the 
vapor-diffusion method. A panel of nanobodies targeting CD9 was selected 
and characterized with the goal of improving protein stabilization during 
purification and crystallization. These findings are instrumental to experimental 
structure determination of CD9 and CD9 in complex with partner-proteins.
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Introduction

The organization of proteins and lipids in the plasma membrane is essential 
to achieve cellular processes, such as signalling, trafficking and fusion (1). The 
human tetraspanin superfamily comprises 33 scaffold membrane proteins, 
that interact in cis with specific partner molecules, and fine-tune their 
distribution in the so-called tetraspanin-enriched microdomains (TEMs). The 
predicted architecture of a tetraspanin consist of four transmembrane helices, 
a small (EC1) and a large extracellular (EC2) loop (2, 3). Tetraspanin CD9 is 
expressed more or less abundantly in various cell types and has a role in cell 
adhesion, motility, metastasis, differentiation, infection and egg and sperm 
fusion (4). CD9 is also highly abundant on the surface of extracellular vesicles 
(EV) and is largely used as a biomarker for EV detection (5). Moreover, both 
high and low expression of CD9 on the cell surface has been associated with 
pathologies, such as gastric cancer, melanoma, lung cancer, inflammation 
and hematopoietic malignancies. However, the role of CD9 in suppressing or 
promoting cancer remains controversial, since it is largely dependent on the 
associated protein partners and on the cell-specific membrane organization 
state (6, 7).

Several antibodies against CD9 have been developed for therapeutic 
purposes (8–12) or as a biochemical tool for immunodetection (13). Fragments 
consisting of the variable domain of the heavy-chain-only antibodies (VHH), 
also known as single-domain antibodies or commercialized as nanobodies 
(Nbs) have been extensively used in membrane protein structural biology. 
Nbs are known to stabilize protein molecules and produce high-resolution 
diffracting crystals, by providing additional crystal contacts and to help in 
phasing crystallographic datasets (14, 15). Moreover, Nbs have being used 
as tools for a wide variety of applications like super-resolution microscopy 
and affinity purification or for diagnostic and therapeutic purposes (15, 16). 
Compared to conventional antibodies or Fab fragments, Nbs are considered 
to maintain the native protein conformation by accessing concave and hinge 
regions of the target, therefore stabilizing its architecture, without inducing 
conformational changes. Additionally, Nbs can be easily produced in bacteria 
expression systems at relative low expenses (15, 17), making them convenient 
additional tools in structural biology laboratories.

Membrane protein production, purification and high-resolution diffraction of 
crystals is challenging (18) and represents the major bottleneck in structural 
studies of tetraspanins. Despite the advances in expression and purification 
of tetraspanins (19–23), their specific molecular mechanism is still poorly 
understood. Besides CD81, which is a close homologue of CD9, no other 
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member of the tetraspanin family has been successfully produced in high 
yield and the structures of other tetraspanins remain unsolved. Several CD81 
structures comprise only the EC2 loop (24–27) and, more recently, a full-length 
structure of CD81 was solved using the lipid-cubic phase (LCP) method (28). 
The structure revealed a waffle-cone shaped molecule closed by the EC2 loop. 
A cholesterol molecule was found inside the transmembrane-domain pocket. 
Despite a putative physiological role for cholesterol associating to CD81 has 
been described before (29), the presence of cholesterol in the crystal structure 
might be as well an artefact of the employed crystallization method (30). In 
the same work, Zimmerman and co-workers predicted a conformational 
switch of CD81 into a cholesterol-depleted open conformation. Even though 
structural studies on CD81 exist, many doubts remain on its proposed open 
conformation, on the functional role of tetraspanins-associated lipids and on 
tetraspanin’s molecular function in general. 

In this work, we expressed a subset of human tetraspanins in mammalian 
cells and extracted them with detergents. We purified the full-length non-
lipidated form of CD9 in large scale and crystallized it with the vapor-diffusion 
method. In order to obtain additional crystallization hits of improved quality 
and resolution, we employed detergent-solubilized CD9 to immunize llamas 
and characterized three nanobodies that bind detergent-solubilized CD9 with 
nanomolar affinity. Interestingly, only two nanobodies bound CD9 expressed 
endogenously on cells, while one nanobody did not recognize the membrane-
embedded tetraspanins, suggesting a different epitope accessibility, 
conformation or association to protein partners in the membrane. Our findings 
provide a basis for future structural studies of CD9.

Results

Tetraspanin CD9 is stable and monodisperse in a wide range of detergents

We screened a subset of C-terminal 3Strep-GFP tagged full-length human 
tetraspanins, namely CD9, CD37, CD82, CD151, CD63, Tspan8 and TM4SF5 
(which lacks the tetraspanin super-conserved “CCG” motif ). Protein constructs 
(scheme in Figure 1A) were expressed in HEK293 cells and analysed using GFP 
fluorescent-assisted size-exclusion chromatography (FSEC) (31), to probe the 
protein expression level and solubility in a range of detergents. Among the 
analysed tetraspanins, CD9 presents the highest sequence identity to CD81 
(43%), whose crystal structure, and currently the only available model of a full-
length tetraspanin, is shown in Figure 1B. FSEC analysis revealed the eluted 
protein forming a symmetrical and monodisperse single peak in specific 
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detergents, indicating that the detergent-extracted tetraspanin was stable 
and folded. All tetraspanins were stable in the mild detergents, including 
n-dodecyl β-D-maltoside (DDM), DDM with cholesteryl hemisuccinate (CHS) 
and decyl β-D-maltoside (DM) (Figure 1C). Instead, detergent octyl β-D-
glucopyranoside (OG) destabilized most of the proteins, as indicated by the 
formation of high-molecular weight aggregates eluting in the void volume. 
In comparison to other samples, CD37 showed a remarkably low expression 
level and poor stability. We observed that, instead, CD9 was stable in all the 
detergents tested, including OG.

EC2

out

in

A B

Figure 1: Expression of seven tetraspanins in HEK cells

A) Schematic representation of a human tetraspanin sequence and domain 
organization. The transmembrane helices are shown in blue, the extracellular 
loops EC1 and EC2 are shown in orange. The 3Strep-GFP tag, used in initial 
expression screens, is displayed in green. Post-translational modification sites 
are shown as yellow circles (indicating palmitoylation) and as red triangles 
(indicating glycosylation). Sequence boundaries and location of post-
translational modification sites within the sequence refer to tetraspanin CD9.

B) Cartoon representation of CD81 crystal structure (28). The transmembrane 
helices are colored in blue, the EC2 is colored in orange. The dotted lines in grey 
represents the membrane leaflets.

C) Analytical GFP-assisted SEC profiles for the seven screened tetraspanins 
solubilized in four different detergents (DM: blue, DDM: orange, DDM/CHS: 
green, OG: red).
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A full-length and non-lipidated CD9 mutant for structural studies 

CD9 contains 6 membrane-proximal cysteines that can be modified with a 
palmitoyl chain (32) (Figure 1A). Palmitoylation of CD9 is catalysed at least 
by the acyl-transferase zinc finger Asp-His-His-Cys domain-containing 2 
(zDHHC2; Sharma, 2008). Additionally, CD9 presents a glycosylation motif 
(N-X-S) at residues Asn52 and Asn53, which are part of the small extracellular 
loop (EC1) (Figure 1A). To generate a construct suitable for crystallization, 
the 6 membrane-proximal cysteines were sequentially mutated into alanine 
and the 2 potential glycosylation sites were removed by mutating asparagine 
to glutamine. We analysed whether this would affect the expression of CD9. 
The C-terminal His6-tagged non-lipidated and non-glycosylated mutants 
(constructs listed in Figure 2A) were expressed in 4 mL of HEK293 cells, 
solubilized in DDM and purified. Protein quality and stability were screened 
using FSEC, by means of tryptophan fluorescence. The final purification yield, 
obtained from 4 mL of cell culture, of the CD9 mutants is listed in Figure 2A. 
Four CD9 variants (C9A-N52Q-N53Q - d, C9A-C78A-C79A - e, C9A-C78A-C79A-
C87A - g and C9A-C78A-C79A-C87A-C218A-C219A - i) displayed a higher 
expression level (>13 µg) in comparison with CD9 wild type for which a yield 
of 6.6 µg was obtained (Figure 2A-B-C). The non-lipidated construct, having 
the six membrane-proximal cysteines mutated into alanine, denoted A6 (or i in 
Figure 2), was selected for large-scale protein production, characterization and 
crystallization.

C

A
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Detergent-extracted CD9 is monomeric and non-glycosylated 

For initial characterization A6 full-length C-terminal His-tagged CD9 (CD9His) 
was produced in large scale and purified with immobilized metal-ion affinity 
chromatography (IMAC), via the His6 tag. A total yield of 0.6 mg was obtained 
per 1 L. Native-mass spectrometry (MS) analysis of CD9His showed a unique 
species with a measured mass of 26,272 Da and a minor species of 26,400 Da, 
consistent with CD9His and with CD9His with the initial methionine, respectively 
(Figure 3A). Since, we and others (33) observed that CD9 migrated as two 
bands on SDS-PAGE (Figure 2B), we investigated whether the two bands were 
due to glycans on the EC1. The measured mass of CD9 did not include glycans, 
in contrast with the consensus glycosylation motif on the EC1, reported 
previously (33, 34) (Figure 3A). Size-exclusion chromatography coupled to 
Multi-Angle Laser Light Scattering (SEC-MALS) analysis revealed a molecular 
mass of 24.3 (±0.2) kDa, consistent with monomeric state of purified CD9His, 
and a molecular mass of 101.5 (±0.9) kDa for the protein-micelle complex 
(Figure 3B).

Figure 2: Production of a CD9 construct for structural studies

A) Scheme of CD9 constructs with sequential (cys-ala or asn-gln) mutations to 
suppress the attachment of glycans or palmitoyl chains. Constructs are denoted 
with a letter (a-j) on the left row and purification yield (µg) is displayed on the 
right row.

B) Coomassie-stained SDS-PAGE showing double band running below 25 kDa, 
representing the purified CD9 wild type (a) and mutant constructs (b-j).  Black 
arrows indicate CD9 double band, which slightly decreases in size (c-= cells 
transfected with only dummy plasmid; MW=molecular weight).

C) Analytical-SEC traces if the purified CD9 wild type (a) and mutant constructs (b-j). 
Each peak is shown in a different color and each line indicates a specific mutant 
illustrated in the scheme (A).

A B



Expression and purification of human full-length tetraspanin CD9

37

2

Dual His-EPEA tag leads to optimized purification of a monomeric CD9

To increase the sample purity for crystallization, the CD9 C-terminal His6 tag 
was fused to a αEPEA tag (35), resulting in dual-affinity ten amino-acid tag at 
the C-terminal of the protein. We employed a double affinity chromatography 
system, in which two columns were manually packed with Nickel-Sepharose 
and EPEA beads, respectively, and coupled on an Äkta system (see Methods). 
This method increased the protein purity, without affecting to a large extent the 
purification yield. The final size-exclusion chromatography (SEC) trace showed 
two main peaks (Figure 4A), corresponding to the insoluble species eluting 
in the void volume and to the micelle-embedded CD9, respectively. Fractions 
from the second peak were concentrated for crystallization (Figure 4A). A 
total yield of 0.5 mg from 1 L was obtained. Prior to crystallization CD9HisEPEA 
was analysed on a Shimadzu system revealing a single monodispersed peak 
(Figure 4B). 

CD9HisEPEA crystallization and optimisation trials

Crystallization of CD9HisEPEA was performed with the LCP method, using 
monoolein or monoolein/cholesterol as host lipids, or using the vapor diffusion 
method. Diffracting protein crystals grew in vapor diffusion (Figure 4C), whereas 
small non-diffracting crystals grew in LCP. Initially, crystals appeared after 5 
days at 4°C in 25% (v/v) 2-methyl-2,4-pentanediol (MPD), 0.1 M ammonium 
di-hydrogen phosphate, 0.05 M Tris pH 8.5 and were further optimized varying 
the pH, salt and precipitant concentration. These crystals poorly diffracted at 
resolution ranging 9-6 Å. Further optimization was performed using additives, 
other detergents and varying temperature. The highest-resolution diffracting 
crystal grew at 20°C after 2 weeks in 20% (v/v) MPD, 0.1 M ammonium di-
hydrogen phosphate, 0.05 M Tris pH 8 and diffracted to 4.3 Å in the C 2 2 21 space 
group. Crystals in the same drop diffracted at variable and lower resolution. 
The processed crystallographic dataset is displayed in Table 1. Considering 
that detergent micelles surround the membrane proteins in the crystals (36), 
we estimated that either one or two copies of CD9 would be present in the 

Figure 3: Characterization of CD9 A6 mutant

A) Deconvoluted native-MS spectrum of C-terminal His6 tagged A6 CD9. Peaks 
indicate CD9 species with or without the initial methionine.

B) SEC-MALS elution profile of C-terminal His6 tagged A6 CD9. The molar masses of 
complex (protein + detergent), detergent and protein are shown in red, green 
and blue respectively. The calculated masses are 101.5 (± 0.9) kDa, 77.2 (± 1.1) 
kDa and 24.3 (± 0.2) kDa for the complex, detergent and protein, respectively.
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asymmetric unit, with respectively 65% or 85% of disordered micelle and 
solvent content. We attempted numerous trials of molecular replacement 
using the available model of CD81 crystal structure (28) (PDB ID: 5TCX) and the 
recently solved CD9EC2 structure and CD9EC2 in complex with a Fab fragment 
(see Chapter 3; PBD ID: 6RLR, 6RLO). Additional truncated versions of CD9EC2 
and CD81 or CD81/CD9 chimeric models were generated, however currently 
the complete full-length structure has remained unsolved.
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Figure 4: Purification and crystallization of CD9HisEPEA 

A) SEC profile of C-terminal His6EPEA tagged A6 CD9. In light green the fractions 
pooled from the second peak of the SEC. The black line indicates the first peak, 
corresponding to the void volume. SDS-PAGE run in reducing (with beta-
mercaptoethanol) conditions, showing a double band representing CD9. In light 
green the fractions, which were pooled and concentrated for crystallization.

B) Analytical-SEC trace of the concentrated CD9HisEPEA sample before crystallization 
reveals a monodisperse peak. SDS-PAGE run in reducing (with beta-
mercaptoethanol; +) and non-reducing (without beta-mercaptoethanol; -) 
conditions, showing the CD9 sample used for crystallization.

C) CD9HisEPEA initial crystallization hit and examples of optimized crystals, which 
were grown in hanging drop and in sitting drop at 4 °C and 20 °C, respectively.
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Selection of nanobodies binding with nanomolar affinity on different 
epitopes of CD9

To improve stability of the solubilized CD9 and therefore assist its crystallization, 
we selected nanobodies binding CD9. For that, llamas were immunized with 
DDM-embedded A6 CD9HisEPEA and a phage display nanobody library with a 
size of 1.1 x 108 was generated (Figure S1). Panning of phages on detergent 
micelle-embedded C-terminal 3Strep tagged CD9 (wtCD9-3Strep) yielded 
several anti-CD9 Nb clones (Figure 5A). The majority of Nbs belonged in the 
same family, possessing small differences (point mutations) mainly in the 
framework regions. We further characterized clones 4C8 and 4D11, as they 
differed the most (one residue in complementarity determining region (CDR) 
2, one residue in framework and two residues in CDR3), compared to the rest 
of the clones of the same family, and clone 4E8, that belonged in a different 
family and contained a longer CDR3 (15 amino acids). 

Binding properties of Nbs were assessed using ELISA on purified wtCD9-
3Strep immobilized on Streptavidin-coated plates (Figure 5B) or on HeLa 
cells that endogenously express CD9 (Figure 5C). The three nanobody clones 
bound wtCD9-3Strep immobilized on Streptavidin-coated plates. Both 4C8 
and 4D11 also bound CD9 on HeLa cells, suggesting that their epitope is in the 
extracellular loops of CD9. In contrast, no binding on HeLa cells was observed 
for 4E8 (Figure 5C), suggesting that this Nb could bind an intracellular region 
in CD9. The highest binding affinity was observed for 4C8, with an apparent 
binding affinity on HeLa cells at 0.94 nM and a KD of 0.6 nM on purified protein 
(Figure 5D).

Binding on cells was further tested by immunofluorescent staining of 3T3 
2.2 mouse fibroblasts, which do not express CD9 endogenously, that were 
stably transfected with C-terminal GFP tagged CD9. Both A647-conjugated 
4C8 and 4D11, which we indirectly detected with an anti-VHH antibody, co-
localized with the GFP signal of CD9 indicating that the Nbs recognize one 
of CD9 extracellular loops. Instead, 4E8, indirectly detected with anti-VHH 
antibody, did not show specific staining in either non-permeabilized (Figure 
S2A) or permeabilized cells (Figure S2B). The 4E8 epitope appeared to be not 
accessible on cells, explaining why no binding of 4E8 was detected. 

A competition assay showed that both 4D11 and 4E8 compete with 4C8 for 
binding on immobilized wtCD9-3Strep (Figure S3A). To compete with 4C8, 
4E8 requires a higher molar excess compared to 4D11, as at 1 µM (50X molar 
excess) binding of 4E8 to CD9 is still detected. This result suggests that 4E8 
is also an extracellular binder, contradicting the binding assay on HeLa cells 
and the staining performed on 3T3 2.2 mouse fibroblasts, described above. 
Moreover, we confirmed by analytical SEC that the three nanobodies bind CD9 
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large extracellular loop (CD9EC2, residues 114-191) in solution, as an additional 
peak corresponding to the nanobody-antigen complex appeared, while the 
peak representing the nanobody alone was significantly reduced (Figure S3B). 
Overall, these findings point towards the three nanobodies being extracellular 
binders, with their epitope localized on the EC2 of CD9.

Nanobody Binding affinity on purified CD9 (K D) Binding affinity on HeLa cells (KD)

4C8 0.6 nM 0.9 nM

4D11 1.9 nM 1.9 nM

4E8 5.3 nM -

A B

C

Figure 5: Selection and characterization of nanobodies binding CD9

A) SDS-PAGE of Ni-NTA purified mycHis-tagged nanobodies that bound purified 
wtCD9-3Strep. Nb clones 4C8, 4D11 and 48E were selected for further 
characterization.

B) Binding curves of of three anti-CD9 nanobodies bound on wtCD9-3Strep. Curves 
displayed in green, blue and purple represent nanobody clones 4C8, 4D11 and 
4E8 respectively. Binding is plotted as normalized intensity at 800 nm ± SD, n=2. 

C) Binding curves of anti-CD9 nanobody clones bound on endogenously 
expressed CD9 in HeLa cells. Curves displayed in green, blue and purple 
represent nanobodies 4C8, 4D11 and 4E8 respectively. 

D) Table summarizing the binding affinities of nanobodies 4C8, 4D11 and 4E8, on 
both purified wtCD9-3Strep and on wtCD9 in HeLa cells, as calculated from the 
plots in B and C.
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Isolation of 4C8-CD9 complex for structural studies

Nanobodies 4C8, 4E8 and 4D11 were further purified and binding to full-length 
CD9 was tested (Figure 6A), combining each purified sample at 1:1 molar ratio 
and co-eluting the complex on an analytical size exclusion chromatography. 
Different mutants of full length CD9 designed for structural studies were 
tested (listed in Table 2). We employed a CD9 mutant, in which we mutated 
all membrane-proximal cysteines into alanine (A6) or tryptophan (W6) to 
either mimic absence or presence of attached palmitoyl chains, respectively 
(as further shown in Chapter 4). For all nanobodies, we observed a peak 
shift corresponding to the nanobody bound to CD9, while the original peak 
corresponding to the nanobody was reduced. All Nbs bound purified CD9, in 
line with the ELISA performed on immobilized wtCD9-3Strep. 

Furthermore, 4C8 binding properties were validated by co-purification of the 
Nb-antigen complex from HEK293 cells. We overexpressed C-terminal 3Strep 
tagged CD9 wild type and mutants A6, W6 and mixed forms W

3
A

3 and   
A

3
W

3
, 

and applied an excess of 4C8 to the HEK293 culture medium. For CD9 mutants 
W

3
A

3 and   
A

3
W

3 (Table 2), the membrane-proximal cysteines with highest or 
with most variable palmitoylation occurrence, respectively, were mutated into 
tryptophan and the remaining cysteines were mutated into alanine (as shown 
in detail in Chapter 4). CD9-4C8 complex was purified in a single step affini-
ty purification using StrepTactin beads, as shown in Figure 6B. Size-exclusion 
chromatography traces demonstrated that the CD9-4C8 complex is formed. 
This latter experiment suggests a robust strategy to co-purify the antigen-na-
nobody complex from its cellular environment, increasing the stability of its 
native conformation. 

Figure 6: Nanobodies bind purified CD9 and co-purification of CD9-4C8 complex

A) Analytical-SEC profiles of the three nanobodies binding to two CD9 mutants (A6 
and W6). Nb 4C8, 4D11 and 4E8 are shown in orange, red and purple respectively. 
CD9 mutants A6 and W6 are shown in light blue and dark blue, respectively. 
Formation of a Nb-CD9 complex is represented (in green) by a peak shift and by 
a lower peak, corresponding to the Nb in excess.

B) Analytical-SEC profiles of C-terminal 3Strep tagged CD9 variants co-purified with 
Nb4C8. In the upper panel the CD9 variants (WT, A6, W6, W3A3, A3W3) alone are 
shown in blue-green gradient. In the lower panel the CD9-4C8 complexes are 
shown in an orange-red gradient and elute earlier from the column, as marked 
by the dotted grey line. SDS-PAGE in reducing (with beta-mercaptoethanol) 
conditions of the respective samples, showing a band between 15 kDa and 20 
kDa corresponding to 4C8 and a double band at ca. 25 kDa corresponding to 
CD9.
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Discussion

In this work we developed a versatile and reproducible protocol for efficient 
isolation of a prototypical tetraspanin, CD9, based on double-affinity 
purification with a His6 tag fused to an EPEA tag. This dual-affinity His-
EPEA purification can be widely applicable to other membrane proteins or 
membrane protein complexes. This strategy allowed us to achieve a relative 
high yield of purified protein, which we used for protein crystallization and for 
selection of three high-affinity CD9-specific nanobodies, with the purpose of 
stabilizing and co-crystallizing nanobody-antigen complexes. 

Production of large quantities of tetraspanins has already been carried out in 
eukaryotic cells, including yeast (19), mammalian (20) and insect cells, the last 
of which yielded the first and only full-length structure of a human tetraspanin 
(28). We screened the expression and solubilization of seven full-length human 
tetraspanins in mammalian cells. We revealed that, except for CD37, all the 
other proteins reached a high expression level and that CD9 was stable in 
all detergents used for membrane solubilization. Site-directed mutagenesis 
of CD9 membrane-proximal cysteines into alanines, which we carried out to 
achieve protein homogeneity in crystallization, yielded a two-fold increase 
of purified protein. Interestingly, despite mutations at membrane-proximal 
cysteines and asparagines (N52 and N53), which abrogate the attachment of 
acyl chains or glycans, all the purified CD9 samples displayed a characteristic 
double band in an SDS-PAGE gel, running approximately at 25 kDa. We 
demonstrated, using native MS, that CD9 does not possess any glycans in the 
EC1, in contrast with observations in previous work (33, 34), and therefore post-
translational modifications are not the cause of the double band. Additionally, 
the molecular mass detected using native MS corresponds to the theoretical 
mass of CD9, excluding possible cleavage products generating the double 
band on gel. As other membrane proteins showed anomalous migration on 
SDS-PAGE, due to interaction of the protein-detergent micelle with sodium-
dodecyl-sulphate (SDS) (37), we suggest that this feature is a protein-specific 
artefact. 

Conjugating a His6 tag to an EPEA tag (35) yielded the highest purity and 
sample homogeneity. Generally, the use of a single tag appears often the most 
efficient and simple option, as it impedes the loss of sample which typically 
results from a multistep procedure; whilst a dual-tag implements the sample 
quality and decreases the contamination (38). An advantage of the His6-EPEA 
tag, over other dual tags, is its length. The tag is only ten amino-acids long 
and cleavage of the tag is not necessarily required prior to crystallization. 
Employing this purification procedure, we were able to obtain an average 
purification yield of 0.5 mg per 1 L. 
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The purified sample was used for successfully setting up sparse-matrix 
crystallization screens, for which high protein concentration is required. 
We obtained reproducible crystals in one condition, which we thoroughly 
optimized. However, these crystals diffracted at low resolution and displayed 
variability in resolution. A crystal which was grown at 20 °C in the initial 
conditions diffracted at 4.3 Å (the highest resolution that we obtained). 
The unsuccessful phasing of the data was caused by low resolution and, 
presumably, by possible differences with the models used for molecular 
replacement. We speculated that possible differences in CD9 conformation 
could be caused by an opening of the large extracellular loop (28) or by the 
absence of palmitoyl chains in the construct. The CD9 construct that we 
crystallized differs from the CD81 construct used by Zimmerman et al., the 
latest having a Cys to Ser mutation at residues Cys6, 9, 227 and 228, and being 
alkylated by iodoacetamide at residues Cys80 and 89. Furthermore, in our work 
(shown in Chapter 3), we solved the crystal structure of CD9EC2 that supported 
CD9 existing in a dimeric configuration. These observations point towards a 
CD9 structure being characterized by conformational flexibility, implying that 
the tetraspanin might adopt a conformation different from the one observed 
for the crystal structure of the close-homologue CD81.

We isolated three nanobodies to facilitate a high-resolution crystal structure 
determination. Interestingly, while all the nanobodies bind CD9 in solution, 
and in particular the EC2 loop, only one of these nanobodies (4E8) does not 
target CD9 if expressed on the cell surface. Moreover, competition assay on 
purified full-length CD9 indicates that the simultaneous binding of more than 
one antibody is sterically not possible, suggesting that the three antibodies 
have overlapping or neighbouring epitopes. Our data suggests that 4E8 might 
target a region of the CD9 large extracellular loop that is hardly accessible 
on the full-length membrane-embedded protein. Different binding patterns 
where observed for antibodies targeting conformational epitopes on 
CD9 (39) and CD151 (40), which where only recognized upon respectively 
association or dissociation with integrins. Generally, the epitope inaccessibility 
could be caused by the proximity of the epitope to the membrane or by a 
different conformation that CD9 adopts when located in the cell membranes. 
Additionally, we can’t exclude that the 4E8 epitope is bound by a direct 
protein partner of CD9 found on the cell-surface, which could hide or expose 
the nanobody binding site. In this regard, additional experiments should be 
carried out in the future to reveal the epitopes of each nanobodies and to 
clarify a possible conformational preference of 4E8 binding, compared to 4C8 
and 4D11.

In conclusion, the present study is instrumental for solving the tetraspanin CD9 
structure and to understand if different configurations are adopted by CD9 on 
the cell surface. We ultimately have set the experimental basis to decipher the 
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function of this family of membrane proteins of underestimated importance.

Materials and Methods

Generation of tetraspanin expression constructs

The cDNA encoding for CD9, CD151, CD63, Tspan8 and TM4SF5, flanked by 
a BamHI and a NotI restriction sites, was codon optimized for mammalian 
expression and purchased from GeneArt in a pJ201 vector. The cDNA encoding 
for CD37 and CD82, respectively in pEGFP-C1 and in pYFP-C1 plasmids, was 
kindly donated by Annemiek van Spriel (Radboud UMC Nijmegen). For 
the preliminary expression tests, all the constructs were ligated into pUPE 
expression vectors (U-Protein Express B.V., the Netherlands) containing a start 
codon and a C-terminal GFP tag followed by a triple STREPII tag repeat using 5’ 
BamHI and 3’ NotI restriction site. Similarly, for the purification experiments the 
CD9 construct was ligated into a pUPE vector, containing either a C-terminal 
His6 tag, a His6-EPEA tag or a triple STREPII repeat tag. The constructs were 
transiently transfected in 4 mL or 2 L of HEK293-EBNA1 suspension cells 
(U-Protein Express). All the mutagenesis reactions were performed using the 
Q5 Site-Directed Mutagenesis Kit (NEB).

Tetraspanins expression and detergent solubilization

After transfection, HEK293 cells were grown for 96 hours and harvested by 
centrifugation (15 minutes; 1,000 g; 4 °C). The pellets were solubilized in 25 
mM HEPES/NaOH pH 7.5; 150 mM NaCl; 1 tablet of protease Inhibitor cocktail 
(Roche) and 1% w/v of detergent – n-dodecyl β-D-maltoside (DDM), decyl 
β-D-maltoside (DM), n-dodecyl β-D-maltoside with cholesteryl hemisuccinate 
(DDM/CHS) and octyl β-D-glucopyranoside (OG). All the detergents were 
purchased from Anatrace. The solubilized cell extract was incubated on 
a rotating wheel for 1 hour and separated using a Beckman Optima L-60 
ultracentrifuge (45 minutes, 450000 g, 4 °C). 5 μL of supernatant was injected 
on Superdex200 5/150 column (GE Healthcare) equilibrated in 25 mM HEPES/
NaOH pH 7.5; 150 mM NaCl and 0.03% w/v DDM. The solubilized proteins were 
analyzed via an in-line fluorescent detector (Shimadzu system) detecting the 
GFP fluorescence (excitation: 488 nm, emission: 509 nm).

IMAC purification

For large scale purification of CD9His, cells were harvested after 84 hours, 
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resuspended using a dounce homogenizer and incubated for one hour in 
hypotonic buffer (25 mM HEPES/NaOH pH 7.5; 150 mM NaCl; 10 mM MgCl2; 
2 tablets of EDTA-free protease Inhibitor cocktail (Roche)). Membranes were 
collected by ultracentrifugation (45 minutes; 37,000 g; 4 °C), resuspended 
and incubated for one hour in hypertonic buffer (25 mM HEPES/NaOH pH 
7.5; 1 M NaCl; 10 mM MgCl2; 1 µg/mL DNAseI (Sigma); 2 tablets of EDTA-free 
protease Inhibitor cocktail (Roche)). Membranes were collected again by 
ultracentrifugation and solubilized in 25 mM HEPES/NaOH pH 7.5; 150 mM 
NaCl; 1 tablet of EDTA-free protease Inhibitor cocktail (Roche) and 1% w/v DDM. 
After ultracentrifugation the supernatant was applied to Nickel-Sepharose 
high performance beads (GE Healthcare) for batch binding overnight. The 
Nickel beads were packed in a Tricorn column (GE Healthcare), which was then 
connected to an Akta chromatography system (GE Healthcare) and washed 
with Buffer A (25 mM HEPES/NaOH pH 7.5, 500 mM NaCl, 0.025% w/v DDM). 
CD9His was eluted with Buffer B (2 5mM HEPES/NaOH pH 7.5, 500 mM NaCl, 250 
mM Imidazole, 0.025% w/v DDM). Fractions were pooled and concentrated 
using a 50 kDa MWCO concentrator (Merck Millipore). The protein was further 
purified using size-exclusion chromatography (SEC) on a Superdex 200 10/300 
column (GE Healthcare), previously equilibrated in GF Buffer (25 mM HEPES/
NaOH pH 7.5, 150 mM NaCl, 0.025% w/v DDM).

Size exclusion chromatography multi-angle light scattering (SEC-MALS)

SEC-MALS was performed at room temperature injecting a sample of 280 
µL of 1.58 mg/mL CD9His on a Superdex 200 10/300 column (GE Healthcare), 
equilibrated in GF Buffer. The calibration of the instrument was performed 
by injection of 250 µL of 2 mg/mL conalbumin. For molecular weight 
characterization, SEC was performed on a ÄKTAmicro system (GE Healthcare), 
measuring light scattering with a miniDAWN TREOS multi-angle light scattering 
detector (Wyatt) and differential refractive index (dRI, Shimadzu, RID-10A). 
Chromatograms were collected, analyzed, and processed by ASTRA6 software 
(Wyatt, using calculated dn/dc values of 0.186). 

Native mass spectrometry

Purified CD9His (15 μM) was buffer exchanged to 150 mM ammonium acetate 
pH 7.5, 0.025% w/v DDM with a Micro Bio-spin column (Bio-Rad). An aliquot 
of 1-2 μL was loaded into gold-coated borosilicate capillaries (prepared in-
house) for nano-electrospray ionization. Samples were analyzed on a modified 
Orbitrap EMR instrument (Thermo Fisher Scientific) (41, 42). Capillary voltage 
was set at 1200 V, source fragmentation 50 V, extended trapping 200 V. 
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Nitrogen was used as collision gas. Spectra were recorded using an acquisition 
time of 32 or 64 ms per scan, averaged over several scans, typically one minute. 
Mass assignments were performed manually using XCalibur software (Thermo 
Fisher Scientific).

IMAC-EPEA dual-affinity purification

Cell harvesting and membrane washing for dual-affinity purification was 
performed as described above for the IMAC purification. The nickel beads 
column was connected to a second column, packed with EPEA beads 
(Thermofisher), on an Akta system the protein was eluted with Buffer B (25 
mM HEPES/NaOH pH 7.5, 150 mM NaCl, 250 mM Imidazole, 0.025% w/v DDM). 
After extensive wash in buffer A, the second elution from the EPEA column was 
performed in Buffer C (25 mM HEPES/NaOH pH 7.5, 150 mM NaCl, 2 mM EPEA 
peptide, 0.025% w/v DDM). The eluted fractions were pooled and concentrated 
using a 50 kDa MWCO concentrator (Merck Millipore). The protein was further 
purified using size-exclusion chromatography (SEC) on a Superdex 200 10/300 
column (GE Healthcare), previously equilibrated in GF Buffer (25 mM HEPES/
NaOH pH 7.5, 150 mM NaCl, 0.025% w/v DDM). 

Crystallization, data collection and processing

CD9HisEPEA was concentrated to 8 mg/mL for vapor-diffusion crystallization or, 
alternatively, up to 15 mg/mL for LCP. Crystallization trials were performed using 
a Gryphon-LCP robot (ARI) on 96-well 3-drop plates (Molecular Dimensions) or 
Laminex plates (Molecular Dimensions). Crystals grew after 2 weeks in 20% v/v 
MPD, 100mM ammonium di-hydrogen phosphate, 0.5 mM Tris pH 8 and were 
harvested and flash-cooled in liquid nitrogen, in the presence of a reservoir 
solution supplemented with 35% v/v MPD as cryoprotectant. Data collection 
was performed at the European Synchrotron Radiation Facility (ESRF) at ID23-
2. The dataset was processed using the EVAL-software suite (43): indexing was 
performed with DIRAX, data integration was done using EVAL15 and scaling 
using SADABS. Molecular replacement trials were performed using PHASER 
within the CCP4 software (44).

Llama immunizations, phage display library construction and nanobody 
selections

One llama was subcutaneously injected with purified human A6 CD9HisEPEA in 
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25 mM HEPES/NaOH pH 7.5, 150 mM NaCl, 0.025% DDM four times over a 
period of six weeks. 40 μg of protein were used per injection with an interval 
of two weeks between subsequent boost injections. Pre-immune as well as 
sera samples 4 weeks (after 1st boost) and 6 weeks (end of immunization) after 
the start of immunizations were used to evaluate the presence of immune 
response (Fig. S1A). A nanobody library was constructed by QVQ B.V. using 
the VHH repertoire that was found in peripheral blood lymphocytes (PBL) of 
the immunized Llama. In summary, total RNA was extracted from PBLs and the 
cDNA obtained from an RT-PCR was used as a template to specifically amplify 
the DNA sequences encoding the VHHs. VHH fragments, digested with SfiI & 
BstEII, were ligated into a pUR8100 phagemid vector and E. coli TG1 bacteria 
were transformed yielding a nanobody phage-display library with a size of 
1.1x108. Phages obtained from this library, as well as from already existing 
libraries obtained from immunizations with CD9 expressing cells lines (HeLa 
and MCF7), were panned on 1 μg of wtCD9-3Strep immobilized on pre-blocked 
Streptavidin coated wells (Pierce™ Streptavidin Coated High Capacity Plates, 
Thermo Scientific) for 2 hours at room temperature. Extensive washing with 
0.05% v/v Tween/PBS followed and the remaining bound phages were eluted 
with the incubation with Trypsin (1mg/ml) for 40min. A clear amplification in 
the phage titer over the control was observed in the phages that were eluted 
from the CD9 library. Therefore, 94 single TG1 colonies were tested in a phage 
ELISA to confirm specific binding on CD9.       

Phage ELISA

Phages from single colonies were produced after superinfection of log phase 
100 μl TG1 cultures with M13KO7 helper phage, which were further allowed to 
grow at 37 oC overnight while shaking. The day of the assay, wtCD9-3Strep was 
captured on Streptavidin coated plates (100 ng/well), after a 2 hours incubation 
at room temperature in GF Buffer and blocked with 4% w/v milk in GF Buffer for 
another hour. The overnight bacterial cultures were pelleted by centrifugation 
at 4600 rpm for 20 minutes. Both empty or wtCD9-3Strep-containing 
streptavidin 96-wells plates were incubated with 20 μl of phage-containing 
supernatant for 2 hours at room temperature in 2% w/v milk/GF Buffer. After 
extensive washing with 0.05% v/v Tween/PBS, bound phages were detected 
with horseradish peroxidase-coupled anti-M13 antibodies (1:10000 in 2% w/v 
milk/PBS). Peroxidase activity after addition of 3,3´,5,5´-tetramentylbenzidine 
(TMB; 1-Step Ultra TMB-ELISA, Thermo Scientific) was evaluated after 
measuring absorbance at 450nm using FLUOstar microplate reader (BMG 
Labtech). The clones showing binding only on the CD9 containing wells and 
not the streptavidin well, were send for sequencing with the M13 forward 
primer (Macrogen) and the ones that had unique sequences were further 
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characterized. 

Nanobody production, purification and binding to CD9

Clones 4E8 and 4D11 were expressed from the phagemid vector pUR8100 that 
contained a C-terminal Myc-tag followed by a His6 tag. The cDNA encoding 
for clone 4C8 was ligated into a pHEN6 vector using SfiI and BstEII sites in 
order to introduce a C-terminal thrombin-cleavable His6 tag. Nanobodies were 
produced as described before (45). In brief, expression was induced in YT2x/
ampicillin (100 μg/ml; Sigma-Aldrich) cultures of log phase (OD600 0.5-0.6) E. 
coli BL-21 Codon Plus (DE3)-RIL bacteria (Agilent Technologies Inc., Santa Clara, 
CA, USA) transformed with nanobody-encoding plasmids. Protein production 
was induced with addition of isopropyl-h-D-thiogalactopyranoside (IPTG) 
(Thermo Scientific) at a final concentration of 1 mM and overnight incubation 
at 25 °C with continuous shaking. The periplasmic fraction of the bacterial 
cultures was applied to Ni-NTA beads (Qiagen) and incubated for 1 hour at 
4 °C on an overhead rotator. The beads were washed with 10 bed volumes 
of 15 mM Imidazole/PBS, pH7.0 before elution with 300mM Imidazole/PBS, 
pH7.4. Overnight dialysis in SnakeSkinDialysis Tubing (10K MWKO; Thermo 
Scientific) against PBS followed. Pure nanobodies were stored in PBS at -20 °C 
until further use.

All samples were analyzed with 15% SDS-PAGE and by analytical-SEC, using a 
Superdex 200 10/300 Increase column (GE Healthcare) monitoring tryptophan 
fluorescence (excitation 488 nm, emission 509) with an in-line fluorescence 
detector (Shimadzu). Nanobodies binding to full-length CD9 A6 (C9A, C78A, 
C79A, C87A, C218A, C219A) or W6 (C9W, C78W, C79W, C87W, C218W, C219W) 
and to CD9EC2 (res. 114-191) was evaluated by mixing the proteins at 1:1 molar 
ratio and injecting the complex on a Superdex 200 10/300 Increase column (GE 
Healthcare), monitoring tryptophan fluorescence as described above. Human 
full-length tag-less CD9 W6 was kindly provided by Wout Oosterheert. Human 
C-terminal His-tagged CD9EC2 was kindly provided by Wouter Pos.

Introduction of free terminal cysteine and site-directed conjugation of 
nanobodies

The DNA sequence of nanobody clone 4C8 was ligated into an in-house 
modified pET28 expression vector using SfiI and BstEII sites in order to introduce 
a C-terminal free cystein and EPEA tag. Nanobody 4C8cysEPEA was produced as 
described above and purified using EPEA beads. The purified 4C8cysEPEA was 
conjugated at its C-terminal cysteine with AlexaFluor 647 C2 Maleimide (Life 
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Technologies; Thermo Fisher Scientific Inc, Breda, the Netherlands). For that, 
purified protein sample of the desired concentration was buffer exchanged 
to 5 mM ethylenediaminetetraacetic acid (EDTA) in PBS, pH 8.0 (Sigma-Aldrich 
BV) using Zeba Spin Desalting Columns (7K MWCO) (Life Technologies; Thermo 
Fisher Scientific Inc). Disulfied bonds were reduced after a 15 min incubation 
at room temperature with a final concentration of 20 mM Tris(2-carboxyethyl) 
phosphine hydrochloride (TCEP) in 50 mM Tris-HCl, pH 8.0 (Sigma-Aldrich BV). 
Afterwards, the buffer was exchanged to 0.4 mM EDTA in PBS, pH 7.5 using 
Zeba column and samples’ concentration was adjusted to 1 mg/ml. Protein 
samples were mixed with AlexaFluor 647 C2 Maleimide at a molar ratio of 
1:4 and incubated overnight at 4 °C on an overhead rotator. Finally, excess of 
non-reacted free dye was removed from the samples using consecutive Zeba 
columns conditioned with PBS, until the amount of free dye was below 10% 
of the total. Conjugates were analyzed on SDS-PAGE and the amount of free 
dye was determined. Absorbance at 280 nm and 650 nm was measured using 
NanoDrop spectrophotometer (Thermo Fisher Scientific Inc) and the degree of 
conjugation was calculated. All conjugates were stored at 4 oC until further use.

Determination of nanobody binding affinity

To determine the binding affinity of the different anti-CD9 clones on CD9 
several strategies were followed. Binding on purified protein was carried on 
wtCD9-3Strep captured via the Strep tag on pre-blocked Streptavidin coated 
wells (either in an 8-well strip format; Pierce™ Streptavidin Coated High 
Capacity Plates, Thermo Scientific, or 96-well plate format; NUNC Immobilizer 
Streptavidin plates, Thermo Scientific). In all cases, 100 ng of wtCD9-3Strep 
in GF Buffer were added in each well and incubated overnight at 4 °C. The 
following day, wells were rinsed twice with GF Buffer and blocked with 4% w/v 
milk/GF Buffer for 1 hour at room temperature. Binding affinity assays were 
also performed on cells, where cells were seeded on 96-well flat-bottomed 
Nunc Nunclon plate (Thermo Scientific Nalgene) two days prior to starting the 
assay. HeLa cells were seeded at a concentration of 4,000 cells/well in DMEM 
supplemented with 10% FBS and 1% Penicillin/Streptomycin (Sigma-Aldrich 
BV) and kept at 37 °C, 5% CO2. On the day of the assay, growth medium was 
replaced with Binding buffer (1% w/v BSA and 25 mM HEPES, pH7.2 in DMEM 
without phenol red), cells were placed at room temperature for 5 minutes and 
further incubated at 4°C for at least 15 minutes. The target (either purified 
CD9 or CD9 on cells) was incubated with serial dilutions of nanobodies at 
room temperature for 2 hours. When purified protein was used as the target, 
nanobodies were diluted in 2% w/v milk/GF Buffer and as a control for 
successful CD9 capturing a well incubated with mouse anti-CD9 (#555370 
BD Biosciences) was included in the assay. In the case of cells, nanobodies 
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were diluted in Binding buffer. Each condition was performed in duplicate. 
When not directly fluorescent nanobodies were used, bound proteins were 
detected after 1-hour incubation with rabbit anti-VHH antibody (1:1000 in 2% 
w/v milk/PBS; clone k1216, QVQ B.V.) followed by 1-hour incubation with goat 
anti-Rabbit IRDye800CW (1:1000 in 2% w/v milk/PBS; LI-COR Biosciences) at 
room temperature in the dark. For cell binding assays, cells were fixed with 2% 
paraformaldehyde/PBS (PFA) for 10 minutes and a subsequent incubation with 
4% w/v PFA for another 10 minutes, prior to the incubation with the detecting 
antibodies. Finally, wells were rinsed three times with PBS and bound proteins 
were visualized by detection of fluorescence with the Odyssey® Infrared 
Imager. The 800 nm channel was used for IRDye800CW or 700 nm channel 
for AlexaFluor647 detection. Fluorescent intensities were plotted (mean ± SD) 
over protein concentration using the GraphPad Prism 7 software for Windows 
(GraphPad Software, San Diego, CA). Apparent binding affinity (KD) of the 
different proteins was determined by non-linear regression curve fitting for 
one-site specific binding.

Cell transfections and immunofluorescence

NIH 3T3 2.2 cells, that do not endogenously express CD9, were transfected 
with human wtCD9 fused to GFP. For that, the gene encoding human wtCD9 
was C-terminally fused to GFP spark into a pcDNA5-EF1a-GFPspark-IRES-Zeo 
vector and cells were transfected using polyethylenimine at a DNA:PEI ratio 
of 4:1. Cells were kept in DMEM (Lonza) supplemented with 10% v/v FBS, 1% 
v/v penicillin/streptomycin (#P0781 Sigma-Aldrich B.V.) at 37 °C with 5% CO2 
in a humidified chamber. Transfected cells, seeded on 2% w/v gelatine-coated 
coverslips, were fixed for 15 minutes with 2% and subsequently with 4% w/v 
PFA/PBS. After washing with PBS, any residual PFA was quenched by a 15 
minutes incubation with 100 mM Glycine/PBS. For permeabilization, coverslips 
were further treated with 0.2% v/v Triton-X 100/PBS for 10 minutes. After 
blocking with 2% w/v milk/PBS, cells were incubated with either the different 
anti-CD9 VHH clones or Mouse anti-CD9 antibody (#555370; BD Biosciences), 
as a positive control. Detection of anti-CD9 VHH was performed with Rabbit 
anti-VHH and Goat anti-Rabbit IgG-AlexaFluor 555 (#A21429 Thermo Fisher). 
Detection of Mouse anti-CD9 IgG was performed with Goat anti-Mouse IgG-
AlexaFluor 555 (#A32727 Thermo Fisher). Cell nuclei were stained with DAPI. 
Coverslips were mounted with Mowiol and samples were imaged using a 
confocal laser scanning microscope Carl Zeiss LSM700 (Carl Zeiss Microscopy 
GmbH, Jena, Germany) and a 63x oil immersion objective (Plan-Apochromat 
63x/1.40 Oil DIC (WD=0.19 mm). Acquired images were analysed using ImageJ 
software (46).
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Competition assays

An ELISA set up was employed to determine whether the different anti-CD9 
clones compete for binding on the same epitope. The target was prepared 
the same way as for the binding affinity determination assay on either 
purified wtCD9-3Strep or HeLa cells. It was further incubated for 1.5 hours 
at rt with a serial dilution of either 4E8mycHis or 4D11mycHis in the presence of 
a saturating amount of 20 nM 4C8cysEPEA-Alexa647. Similarly, to the binding 
affinity determination assay, binding was carried out in 2% w/v milk/GF Buffer 
in the case competition was tested on purified protein, or binding buffer on 
cells. Plates were finally washed three times with PBS and fluorescent signal of 
bound 4C8cysEPEA-Alexa647 was detected using Odyssey® Infrared Imager in the 
700 nm channel.

Purification of CD9Strep-4C8 complex

4 mL of HEK293 cells were transfected with CD9 C-terminal 3Strep tag mutants 
and kept in culture for 96 hours. 200 μg of 4C8 nanobody, corresponding to 
100x excess from the expected purification yield for CD9, was added to the 
cell culture and incubated for 1 hour at 37 °C. Cells were then harvested and 
spun down at 1,000 g 4 ˚C for 10 minutes. Cells were resuspended in 0.5 mL 
solubilization buffer (1% w/v DDM, 25 mM HEPES/NaOH pH 7.5, 25 mM NaCl, 
1 tablet EDTA-free protease inhibitor cocktail (Roche)) and incubated for 1 
hour on the rotating wheel at 4˚C. Solubilized cell extracts were separated by 
ultracentrifugation (100,000 g, 1h, 4°C) and protein complexes were purified 
using 20 μL Strep-Tactin Sepharose High-Performance beads (GE Healthcare), 
equilibrated in GF Buffer (0.03% DDM, 25 mM HEPES pH 7.5, 150 mM NaCl), 
and incubated overnight. Samples were washed in GF Buffer and eluted 2.5 
mM d-desthiobiotin in 50 μL. Presence of CD9-4C8 complexes was detected 
using SDS-PAGE and by analytical-SEC via tryptophan fluorescence (excitation 
at 275 nm and emission at 354 nm) using an in-line fluorescence detector 
(Shimadzu).
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Supplementary information

Table 1 Crystallographic data collection statistics

CD9HisEPEA
Data collection
Beamline ESRF ID23-1
Wavelength (Å) 0.97
Space group C 2 2 21

a, b, c (Å) 148.97, 156.83, 63.54
α, β, γ (°) 90, 90, 90
Resolution range (Å) 49.33–4.30
No. reflections (merged) 39,060 (5,346)
Rmerge 0.18 (2.59)1

I /σI 5.58 (0.58)
cc1/2 0.99 (0.2)
Completeness (%) 99.9 (100.0)
Multiplicity 5.53 (5.29)

1 highest resolution shell in parenthesis   

Table 2 The CD9 mutants used in this study, to evaluate binding of the three 
nanobodies to the purified CD9 protein.

          residue

mutant

87 9 219 79 78 218

WT C C C C C C

A
6

A A A A A A

W
6

W W W W W W

W
3
A

3
W W W A A A

A
3
W

3
A A A W W W
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Figure S1: Screening of anti-CD9 nanobodie

ELISA of llama sera before immunization (in blue), 4 weeks (in red) and 6 weeks (in 
green) after immunization, to evaluate the immune response to CD9. 
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Figure S2: Immunofluorescent staining of 3T3 2.2 mouse fibroblasts stably 
expressing human wtCD9-GFP 

A) Representative confocal images of non-permeabilized cells stably expressing 
C-terminal GFP tagged CD9 (CD9-GFP), stained with mouse anti-CD9 antibody, 
4D11mycHis, 4E8mycHis or Alexa-467-conjugated 4C8 nanobodies. Anti-CD9 IgG 
as well as Nb4D11 and Nb4E8 were detected using AlexaFluor 555-conjugated 
secondary antibodies and 555 nm laser. Nb4C8 was directly conjugated with 
AlexaFluor647, using a 633nm laser. Merged images show CD9-GFP (green), anti-
CD9 nanobodies (red) and DAPI-stained nuclei (blue). 

B) Representative confocal images of permeabilized cells stained with mouse 
anti-CD9 antibody, 4D11mycHis, 4E8mycHis or Alexa-467-conjugated 4C8 
nanobodies. Anti-CD9 IgG as well as Nb4D11 and Nb4E8 were detected using 
AlexaFluor 555-conjugated secondary antibodies and 555 nm laser. Nb4C8 was 
directly conjugated with AlexaFluor647, using a 633 nm laser. Merged images 
show CD9-GFP (green), anti-CD9 nanobodies (red) and DAPI-stained nuclei 
(blue).
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A

B

+ Nb4C8 + Nb4D11 + Nb4E8

Figure S3: Binding characteristics of anti-CD9 nanobodies

A) Competition assay between Alexa647-conjugated Nb4C8-A647 and Nb4D11 (in 
blue) or Nb4E8 (in purple). Both Nb4D11 and Nb4E8 compete with Nb4C8 for 
binding on wtCD9-3Strep. Binding is plotted as normalized fluorescent intensity 
at 700 nm ± SD, n=2.

B) Analytical-SEC showing nanobody binding to purified C-terminal His tagged 
CD9EC2. CD9EC2 is shown in light blue and represented by almost a flat line, as its 
sequence does not include tryptophans. Peaks representing Nb4C8, 4D11 and 
4E8 are shown in orange, red and purple respectively. Formation of Nb-CD9EC2 
complex is represented (in green) by the appearance of an additional peak and 
by a lower peak, corresponding to the Nb in excess. 
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Abstract

Monoclonal antibody AT1412, isolated from a patient who survived a 
metastatic melanoma, targets cell-surface receptor CD9. Tetraspanin CD9 has 
been implicated in cell adhesion, fusion, migration and metastasis, but little 
is known about its molecular role in melanoma and no structural details of 
this transmembrane protein are available. Whilst other antibodies against CD9 
cause life-threatening aggregation of blood platelets, AT1412 does not induce 
this side effect, making it a candidate for possible therapeutic applications. 
Here, we improved the affinity of the antibody, yielding a double-mutant 
variant (AT1412dm), and determined its epitope, which mapped onto region 
D of the large, second extracellular loop (EC2) of CD9, corresponding to a well-
known site of interactions of its CD81 homolog. A crystal structure of CD9EC2 in 
complex with the Fab fragment of AT1412dm revealed that AT1412dm binds 
CD9EC2 through interactions with extended loops of both regions C and D. In the 
structure of unbound CD9EC2, the extended loop of region D formed a dimeric 
CD9-CD9 interface, consistent with a possible CD9 homo-dimer in the cell 
membrane with their EC2 lids in closed conformations. Binding of AT1412dm 
at EC2 loop C-D, or head region, would disrupt such CD9 homo-dimers and 
result in a monomeric CD9-Fab configuration with the EC2 lid in an open 
conformation, but with its major interaction site blocked for further protein 
interactions. These findings provide a molecular framework to understand the 
mode of action of AT1412dm and, importantly, demonstrate the applicability 
of CD9 as a therapeutic target.
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Introduction

Melanomas are heterogeneous tumors that develop from malignant 
melanocytes (1). Many antigens are expressed by malignant melanoma cells 
including cell-surface enzymes, glycoproteins, integrins and immunoglobulin-
superfamily receptors, which can be exploited as diagnostic tools or as targets 
for immunotherapy (2–4).

CD9 is a member of the tetraspanin family, which is found on the surface of 
many hematopoietic and non-hematopoietic cell lineages (5–7). Among 
the many diverse roles described, CD9 promotes muscle-cell fusion (8, 9), 
hematopoietic stem and progenitor cell adhesion, migration and homing 
(10) and sperm-egg fusion (11, 12). In melanoma, CD9 resides at the contact 
area between tumor and endothelial cells and anti-CD9 antibodies are able to 
inhibit the trans-endothelial migration of melanoma cells (13). Other studies 
show that expression of CD9 is down-regulated in melanoma cells, depending 
on the tumor growth stage (14–17). The role of CD9 as present or absent in 
cancer is correlated to the cell-type dependent membrane organization 
in tetraspanin-enriched microdomains (TEM) and to the clustering of CD9 
with different partner proteins in tumor cells (18, 19). Recently, a model was 
proposed in which the expression of EWI-2, a major protein partner of CD9 
and CD81 (20, 21), regulates the membrane organization of these tetraspanins. 
CD9 and CD81 promote association of TGFβ receptor 1 with TGFβ receptor 2 
and, therefore, allow the evolution of melanocytes into metastatic melanoma 
(22).

Tetraspanin CD9 is defined by four trans-membrane helices with a small and a 
large extracellular loop (called EC1 and EC2, respectively). Structural studies on 
EC2 of CD81 show that it is composed of helices A-E; with A, B and E forming 
a stalk region and C and D forming a head region (23–26). The head region 
displays high sequence variability among the 33 human tetraspanins (27, 
28) and has been implicated in various functions (29). In particular, helix D 
of CD81 is involved in human hepatitis C virus (HCV) infectivity (24, 30) and 
TEM organization (31). More recently, a structure of full-length human CD81 
was reported (32). In this structure, the EC2 loop caps a cone-shaped cavity 
formed by the four trans-membrane helices. A molecular dynamics model 
by the authors suggested potential conformational rearrangements yielding 
a putative open conformation of CD81 with EC2 pointing outwards. Despite 
the similarity of CD9 and CD81, which share a sequence identity of 44%, the 
structural details of CD9 remain unresolved.

Antibodies directed towards CD9 have previously been reported in autoimmune 
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diseases, specifically thrombocytopenic purpura and de-myelinating disease, 
or in graft-versus-host response (33–36). Additionally, several antibodies have 
been developed against CD9 (13, 37–40), among which is the ALB6  antibody 
that suppresses tumor growth and proliferation in mice bearing MKN-28 
gastric cancer cells (41, 42). However, none of these antibodies has entered 
the clinic, because for most of them platelet activation and aggregation, and 
in some cases complement-mediated lysis of platelets has been reported (37, 
38, 43–45). Platelet aggregation is a major life-threatening side effect that has 
hampered further clinical antibody development.

Here, we used a human monoclonal antibody, AT1412, identified from a BCR-
positive stable-cell line derived from a stage-IV melanoma patient, who was 
successfully treated with an infusion of autologous ex vivo expanded tumor 
reactive T cells and is now in remission for more than ten years (46, 47). We 
developed a high-affinity antibody variant, dubbed AT1412 double-mutant 
or AT1412dm, and showed that these antibodies do not aggregate platelets, 
in contrast to other known anti-CD9 antibodies. To provide insights into 
antibody-antigen recognition, we determined the AT1412dm epitope on CD9 
and solved crystal structures of the AT1412dm-Fab fragment, CD9EC2 (residues 
114-191) and the complex of AT1412dm Fab and CD9EC2. Our work provides a 
basis for understanding how CD9 is targeted and constitutes a stepping-stone 
to further therapeutic development of AT1412 against melanoma.

Results

Development of AT1412 antibody with improved binding affinity

Using AIMMs proprietary B cell immortalization platform (46) with multiplex 
surface-plasmon resonance (SPR), we first improved CD9-binding affinity of 
AT1412 wild-type (AT1412wt), which exhibited a KD of 49.5 ± 7.5 nM (Figure 
1A-B). Supernatants from 800 B cell clones were collected and antibodies 
were tested for binding to Fc-tagged CD9EC2 (Figure 1A). Eight clones with 
enhanced binding affinity to CD9EC2 were selected and sequenced, identifying 
four mutations in AT1412 (Figure S1A). Mutations His40Tyr and Tyr112Phe in 
the heavy chain yielded increased association and reduced dissociation rates, 
while Asp116His and Thr29Asn resulted in increased rates for both association 
and dissociation. Mutation, Gly110Asp, which displayed loss-of-binding was 
included to serve as negative control for further antibody characterization. 
Based on these heavy-chain mutations we generated AT1412 variants and 
characterized them by SPR (Figure 1B). The highest affinity was obtained 
for the His40Tyr/Tyr112Phe double mutant, referred to as AT1412dm, which 
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yielded a KD of 219 ± 58 pM. We analyzed the thermal stability of the AT1412 
variants using differential scanning fluorimetry (DSF). Single mutations 
His40Tyr and Tyr112Phe reduced thermostability of AT1412 by 3 °C and 1.5 
°C, respectively. The combined double-mutation His40Tyr/Tyr112Phe yielded 
a cumulative effect, reducing the thermostability by 4.5 °C (Figure S1B).

A B

C

D

E F
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Antibody binding to CD9 on melanoma cells and platelets

We tested AT1412wt and AT1412dm antibodies for binding to four melanoma 
and two melanocyte cell lines (Figure 1C). Both antibodies bound CD9 
expressed on the surface of melanoma cell lines A375, WBO and BLM. 
Significantly less binding of the two antibodies was observed for SKMEL5 cells, 
despite a high CD9-expression in all melanoma cell lines analyzed (Figure S1C). 
Binding to A375 cells was higher for the high-affinity AT1412dm antibody than 
for AT1412wt. In contrast to melanoma cell lines, we observed a low level of 
AT1412wt and AT1412dm binding to melanocytes M0506 and M0607 (Figure 

Figure 1: Generation and characterization of an AT1412 high affinity mutant. 

A) SPR analysis of AT1412 sub-clones. B cell supernatants are injected over an SPR 
chip, on which CD9, CD81, and anti-human IgG are each immobilized on separate 
spaces (‘spots’). The figure shows a serial representation of sequential injections 
with B-cell supernatants and controls. Binding response on a CD9-coated spot is 
represented with a red line, while binding response on an anti-human IgG-coated 
spot with a black line, and binding on a CD81-coated spot (negative control) with 
a grey line. Sub-clones demonstrating enhanced binding, or loss-of-binding are 
indicated with arrows. 

B) SPR analysis of AT1412 mutants. Shown are duplicate injections of 0.25 mg/ml 
(recombinant) IgG on a spot coated with 0.5 mg/ml CD9. Combination of highest 
affinity mutations (H40Y and Y112F) further enhances the binding affinity. Table 
shows binding kinetics of AT1412 mutants. Group 1 shows faster association and 
slower dissociation, Group 2 faster association and dissociation and Group 3 no 
clear difference with AT1412. Average values ± SD from measurements on two 
spots coated with 0.5 µg/ml CD9 are shown. ka in 104 sec-1M-1, kd in 10-5 sec-1, KD in 
pM, -: No Binding Detected. 

C) Melanoma cells (WBO, A375, BLM and SKMEL5) and skin melanocytes (M0506 and 
M0607) were incubated with AT1412 wild type, AT1412dm or left unstained and 
analyzed by flow cytometry. Plotted numbers are median fluorescence intensities 
for the AT1412 conditions corrected for the m.f.i. of unstained control cells. 

D) A375 wild type and CD9 knock out cells were incubated with directly Alexa647 
labelled AT1412 wild type or AT1412dm antibodies. To determine cell surface 
expression of CD9, CD81 and HLA molecules PE labelled antibodies were used. 
Cells were analyzed for presence of bound antibody by flow cytometry. 

E) Platelet Rich Plasma was incubated with AT1412 variants, anti CD9 (ALB6), anti 
CD81 (JS-81) or anti Influenza (AT1002) antibodies. Binding was visualized by 
secondary anti IgG A647 staining and flow cytometry. Plots were electronically 
gated on CD61 expressing cells. 

F) AT1412 does not aggregate platelets. Whole blood 1:1 diluted in PBS was 
incubated with AT1412 affinity variant antibodies and subsequently tested for 
platelet aggregation. TRAP (Thrombin Receptor Activating Protein) and ALB6 are 
included as positive controls for aggregation. 
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1C), which is most likely due to low expression of CD9 on melanocytes (Figure 
S1C). We further generated a CD9-/- A375 cell line with CRISPR/Cas9 to test the 
CD9-specific reactivity of AT1412wt and AT1412dm on tumor cells. AT1412wt, 
AT1412dm and the anti-CD9 antibody HI9a did not bind the CD9-/- A375 cells, 
while expression of other surface antigens such as CD81 and MHC class I was 
maintained (Figure 1D). This indicates that AT1412 antibodies specifically 
recognize CD9 expressed on tumor cells.

Next, we analyzed binding of AT1412wt, high-affinity AT1412dm and heavy-
chain single-mutant variants (H40Y and Y112F) to blood platelets. Flow 
cytometry showed that all AT1412 variants, as well as anti-CD9 antibody ALB6 
(37), bound to the platelets. The intensity of binding of the AT1412 variants 
correlated with their CD9-binding affinities (Figure 1E). Next, we determined 
whether AT1412 or its variants would cause the platelet aggregation in a 
whole-blood coagulation assay. Figure 1F shows that neither AT1412, nor its 
variants, induced platelet aggregation; in contrast to ALB6, which was shown 
before to induce activation and aggregation of platelets (37). The absence 
of platelet aggregation distinguishes AT1412 and its high-affinity AT1412dm 
from other reported anti-CD9 antibodies (38). 

Alanine scanning localizes AT1412dm epitope on CD9EC2

In order to map the epitope of AT1412, AT1412dm and four other anti-CD9 
antibodies (ALB6, AR40A746.2.3, HI9a and MM2/57), we generated CD9/
CD81 chimeras by swapping peptide regions corresponding to helices A, B, 
C, D and E in CD81. Flow cytometry indicated that ALB6 binds residues from 
both regions C and D, in agreement with previous data (48) (Figure 2A), 
while AR40A746.2.3, HI9a and MM2/57 bound regions C and A (Figure S2A). 
The AT1412wt antibody recognized regions C and D of CD9EC2, whereas high-
affinity AT1412dm was dependent only on region D for binding CD9EC2, based 
on these flow-cytometry data.

Next, we used alanine scanning of CD9 regions C and D to precisely map the 
epitopes of these antibodies. Our results indicated that AT1412dm specifically 
recognized residues Lys 169, Asp 171, Leu 173 and Phe 176, with a partial 
contribution of Val 172 (Figure 2B). Instead, ALB6, AR40A746.2.3, HI9a and 
MM2/57 antibodies bound residues scattered throughout different EC2 sub-
regions (Figure 2B and S2B). In particular, the epitope of ALB6 included 
residues Gln 161 of region C, confirming a previous report (48), and Phe 176 of 
region D. Thus, epitope-mapping data indicated that AT1412wt and AT1412dm 
target CD9EC2 by binding specifically to region D. 
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Figure 2: Epitope mapping on CD9-CD81 swap mutants.
 
A) HL-60 cells stably expressing CD9-CD81 swap mutant proteins

B) HL-60 cells stably expressing CD9 C- and D-loop alanine mutants. 

Cells were incubated with AT1412 wild type (AT1412wt), double mutant (AT1412dm) 
or AT1002 negative control antibody. Binding was visualized using an anti-human 
IgG PE labelled antibody. ALB6 or unstained cells were secondary stained using an 
anti-mouse IgG PE antibody. AT1412dm unique binding site corresponds to D loop of 
CD9EC2. 
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Crystal structures of AT1412dm Fab, CD9EC2 and their complex

We expressed soluble CD9EC2 (residues 114-191) in HEK293 cells and 
AT1412dm-Fab fragments in CHO cells (see Methods). Expression of CD9EC2 
yielded a mixture of disulfide cross-linked CD9EC2 dimers. Mixing CD9EC2 and 
AT1412dm-Fab solutions at 1:1 molar ratio and purification by size-exclusion 
chromatography (SEC) resulted in monodisperse CD9EC2-AT1412dm Fab 
complexes (Figure S3A-B). To obtain purified CD9EC2, we used AT1412dm 

antibodies conjugated to beads and eluted the protein at pH 2.5 (Figure S4A). 
SEC multi-angle light scattering (MALS) of purified CD9EC2 indicated an average 
molar mass of 20.7 kDa (±0.38 kDa), which is approximately twice expected 
mass (10.1 kDa) of CD9EC2, indicating that CD9EC2 obtained from AT1412dm-
conjugated beads behaved as a dimer in solution (Figure S4B). 

Crystals obtained for AT1412dm Fab, CD9EC2 and the complex of AT1412dm 
Fab-CD9EC2 (Figure S3C and S4C) diffracted to 2.5, 2.0 and 2.2-Å resolution, 
respectively (see Methods and Table 1 for diffraction data statistics). Structures 
were determined by molecular replacement. Diffraction data collected for 
CD9EC2 indicated non-merohedral twinning of the crystal with a twofold rotation 
around the a*+ b* diagonal as twin operation. Moreover, we observed diffuse 
streaks in the a*+ b* direction (Figure S4D). Figure S4E shows the two twin 
domains in the crystal with the twinning interface in the middle. For structure 
refinement the dataset was de-twinned based on the twin fraction of the 
observed data (see Methods). The final CD9EC2 model had Rfree and Rwork-values 
of 27.9% and 23.9%, respectively, for data up to a maximum resolution of 2.0 
Å and had no outliers in the Ramachandran plot, 4.6% rotamer outliers and a 
clash score of 4. In comparison, the final AT1412dm-Fab model yielded 26.7% 
and 24.2% R-values up to 2.5-Å resolution and the final AT1412dm Fab-CD9EC2 

complex 28.7% and 25.4% up to 2.2-Å resolution. The complete statistics of 
X-ray data collection, processing and refinement obtained for the three crystal 
structures are presented in Table 1. 

The crystal structure of the AT1412dm Fab-CD9EC2 complex revealed antibody-
Fab fragments bound to the head region of CD9EC2 molecules (Figure 3A), with 
four nearly identical copies of the complex in the asymmetric unit (Figure S5A). 
Bound and unbound Fab showed almost identical structures of their variable 
(VH, VL) and constant (CH1, CL) domains, but differed by 8.4° in elbow angles 
(Figure S5B). Superposing constant and variable domains separately yielded 
root-mean-square coordinate differences of 0.8 Å for all atoms. Consistent 
with the germline VK4-gene family, AT1412dm exhibited a long light-chain 
complementarity-determining region CDR-L1 (Figure S1A and S5A), instead 
of a long heavy-chain CDR-H3 that is typically observed for human derived 
antibodies (49). All CDR loops of the Fab contribute to the interactions with 
CD9EC2, yielding a buried contact area between antigen and Fab of ca. 1,300 Å2.
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Figure 3: The AT1412dm Fab:CD9EC2 complex crystal structure.
 
A) Cartoon representation of AT1412dm Fab heavy chain shown in green, light chain 

in blue and CD9EC2 in magenta. 

B) Representation of AT1412dm Fab-CD9EC2 interaction. The Fab is displayed as 
surface with CDRs highlighted in blue or green shades. CD9EC2 is shown as cartoon 
with D loop in magenta and C loop in pink. Residues involved in the interface are 
displayed as sticks and marked with a black Ca sphere if also identified by alanine 
scanning. 

C;D) Detailed view of residues involved in the binding interface. CD9EC2 is shown in 
pink, while the heavy chain in green (C) and the light chain in blue (D). Mutation 
sites conferring higher affinity are marked with a black Ca sphere. 
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In the observed Fab-CD9EC2 crystal structure, AT1412dm makes extensive 
interactions with both regions C and D of CD9EC2 (Figure 3B). A striking feature 
of the structure is a groove, formed by the AT1412dm Fab that binds region 
D of CD9EC2 in an extended loop arrangement. Epitope residues identified by 
the alanine scanning (Lys 169, Asp 171, Val 172, Leu 173 and Phe 176) are part 
of this extended loop D (Figure 3B). The contacts between the Fab fragment 
and CD9EC2 are largely hydrophobic. In particular, the central CD9EC2 binding 
interface is formed by heavy-chain residues Val H108, Tyr H111, Phe H112 
and supported by Tyr H37, Tyr H40 and Trp H58 (Figure 3C). The light chain 
contributes to the interface through Trp L56 and 5 tyrosines: Tyr L31, Tyr L38, 
Tyr L55, Tyr L107 and Tyr L108 (Figure 3D). Residues 168-180 of region D in 
CD9EC2 displayed higher B-factors than those of the surrounding Fab residues 
lining the groove (Figure S5C). Such a difference in B-factors supports the 
notion that the residues of CD9EC2 loop D bind in the Fab groove through van 
der Waals contacts with only minor orientation-specific polar or main-chain 
hydrogen bonding interactions. 

Four residues of loop D in the CD9EC2-alanine scanning were most important 
for AT1412dm binding (Figure 2B); ranked by their apparent loss of binding, 
these were Leu 173, Asp 171, Phe 176 and Lys 169. In the same region, 
intermediate to minor effects were observed for Val 172, Thr 175 and Val 178. 
Of the residues 169-178, hardly any effect was observed when mutating Lys 
170, Glu 174 and Thr 177. The hydrophobic side chain of Leu 173 is deeply 
bound into a pocket that is part of the groove formed by AT1412dm Fab. The 
Leu 173 alanine mutant lacks the contacts, observed for the hydrophobic 
Leu-side chain, thereby losing binding affinity. The aromatic side chain of Phe 
176 stacks onto the Gly-Tyr H110-111 peptide bond on the Fab surface; this 
contact is also lost upon mutation into an alanine. Side chains of CD9EC2 Asp 
171 and Lys 169 are bound to the Fab surface making hydrogen bonds and 
charged interactions (Figure 3C). Loss of these polar side-chain interactions 
explains their effect in the alanine scan. Val 172, which gave an intermediate 
effect in the alanine scan, is pointing outwards and its side chain does not 
interact with the AT1412dm Fab in the crystal structure. Thus, it is unclear 
why V172A would affect the AT1412dm binding negatively. Lys 170 contacts 
Fab Tyr H111, however its NZ makes an internal hydrogen bond to Asn 151. 
Apparently, the overall contribution of the Lys-170 side chain is not important 
for epitope binding. Next, the carboxylate Glu 174 is positioned on the surface 
without making any apparent hydrogen bond or charged interactions. Both 
side chains of Lys 170 and Glu 174 showed a higher B-factor (compared to 
the other residues of 169-178), indicating a lack of interactions, which explains 
why the alanine mutation did not affect binding. Finally, Thr 175 sticks into 
the shallow sub-pocket of the groove formed with its OG1 forming hydrogen 
bond with a Fab main-chain NH and hydrophobic contacts through its CG2. 
Possibly, the tyrosine side chains of L31, L38 and L108 that make up this Fab 
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pocket readjust when Thr 175 is replaced by an alanine, yielding a net zero 
loss in binding interactions. Thus, except for Val 172, the AT1412dm Fab-CD9EC2 
structure explains the antibody-epitope interaction details of loop D as found 
by the alanine scanning.

Next to interactions with residues from region D, AT1412dm Fab interacts 
with CD9EC2 residues 154-167, corresponding to region C. Here, interactions 
with main-chain atoms of CD9EC2 region C are predominant (with hydrogen 
bonds between CO Gly 157 and NZ Lys L36, CO Val 159 and NE1 Trp L56; and, 
NH of Gln 161 and OH Tyr L55 of CD9EC2 and Fab, respectively). Interactions 
with main-chain atoms explain why this interaction site was not found by the 
alanine-scanning approach. Nevertheless, alanine scanning of loop C indicated 
minor effects when mutating Gly 154, Phe 162 or Ile 163. The AT1412dm Fab-
CD9EC2 structure shows that Gly 154 and the side chains of Phe 162 and Ile 163 
are not directly involved in CD9EC2-Fab interactions. Mutations of these three 
residues, however, likely destabilize the folding of CD9EC2, thereby reducing the 
observed Fab binding. Besides the major interaction sites that involve regions 
C and D of CD9EC2, an additional electrostatic interaction is found between 
CD9EC2 Lys 144 NZ (of helix B) and Fab Asp H36 OD1 and OD2 at 4.3-Å distances. 

The two mutated AT1412dm residues, His H40Tyr and Tyr H112Phe responsible 
for the increased binding affinity are located within the paratope. The Fab Tyr 
H40 is positioned adjacent to CD9EC2 Leu 173 and shapes its binding pocket. 
The Fab Phe H112 faces CD9EC2 region C and makes contacts with CD9EC2 main-
chain atoms of Asp160, Gln 161 and CB of Ser 164 (Figure 3C and S1A). Gly 
H110, which is mutated to aspartic acid in the AT1412 loss-of-binding variant, 
resides in front of Phe 176 within region D (3.8-Å distance) (Figure 3C). Mutation 
of Gly H110 to an aspartic acid causes a clash with the phenylalanine residue, 
destabilizing the interaction of the Fab with the epitope, which explains the 
failure of the antibody carrying this mutation to bind CD9.

Next, we determined the structure of unbound CD9EC2 to evaluate whether 
the observed conformations for loop C (residues 154-167) and D (residues 
168-180) were induced by binding of AT1412dm Fab. The crystal structure of 
unbound CD9EC2 displayed for both regions C and D similar loop arrangements 
as observed in the complex with AT1412dm Fab. In comparison, structures 
of the homologous CD81EC2 display a helical region C and conformational 
plasticity within region D, showing both helical and loop arrangements (24, 26, 
50)  (Figure S6). However, in the P1 unit cell we observed four CD9EC2 molecules 
that were arranged as a dimer of domain-swapped dimers (Figure 4A) In this 
domain swap the N-terminal helix A (residues 114-138) was exchanged with 
the helix A of its dimeric partner. Consequently, and common to structures of 
domain-swapped dimers (51, 52), this resulted in two connected protein cores, 
each  strongly resembling the monomeric form. The extensive dimer interface 
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of the domain swap buried ca. 3,400-Å2 surface area. Such a domain-swap of 
the soluble EC2 fragments of CD9 explains the observed double molecular 
mass of the purified CD9EC2 in solution (Figure S4B) and is possibly due to the 
low pH (pH 2.5) used in the CD9EC2 purification, which may have destabilized 
the monomeric form (51).

A B

C

Figure 4: Structure and homo-dimerization interface of CD9EC2. 

A) Cartoon representation of CD9EC2 arrangement in the asymmetric unit. The four 
copies are shown in yellow, cyan, green and pink and, A-D sub-regions are labelled. 

B) Dimeric interface formed by the D-loop of two antiparallel copies of CD9EC2, shown 
in green and cyan. 

C) The hydrophobic contact formed by CD9EC2 Val172 (shown in green spheres) with 
the D-loop central cavity of the dimer copy, is replaced by the Fab Tyr111 (shown 
in grey spheres), when CD9EC2 is in complex with the Fab.
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In the crystal structure of (unbound) CD9EC2, we observed a dimerization 
interface that was mediated by the D regions of two molecules (burying ca. 
800-Å2 surface area). The interactions at this interface involved electrostatic 
interactions between Lys 169 and Asp 171 from both loops (with additional 
electrostatic interactions of Lys 170 and Glu 174 within each D loop) and 
hydrophobic contacts made by Val 172 and Leu 173 at the tips of D loops 
(Figure 4B). Val 172 showed hydrophobic contacts with the Cys 153 - Cys 
167 disulphide bond of the dimeric partner molecule; whilst Leu 173 formed 
hydrophobic contacts with Val 159 of the C region of the dimeric partner 
(Figure 4B). Superposition of the AT1412dm Fab-CD9EC2 complex (Figure 4C), 
indicates that Fab Tyr H111 is in a similar position as Val 172, suggesting that 
Fab Tyr H111 mimics the interactions of Val172 with the Cys 153 – Cys 167 
disulphide bond, as observed in the CD9EC2-dimer interface in the crystal. We 
observed higher crystallographic B-factors for residues 170-177 of region D in 
the crystal structure of (unbound) CD9EC2 in comparison to the same residues in 
the AT1412dm Fab-bound CD9EC2. This region corresponds to the interface of 
(unbound) CD9EC2 copies between neighboring layers along the a + b direction 
and that are poorly packed, a likely cause for twinning of the crystal (Figure 
S4F).

Sequence variation in CD9EC2

Mapping the sequence conservation among orthologs on the structure CD9EC2 
indicated a variable and a conserved side (Figure S7A) (53). Residues of helices 
A, B and E form on one side a conserved region that is positioned on the inside 
of the EC2 lid in the closed conformation of CD81 (32). The opposite side, with 
residues from helices A and E and loops C and D, forms the solvent-exposed side 
of EC2 in the closed conformation, and exhibits a large variation in sequence 
among its orthologs. Sequence comparison of the 33 tetraspanin paralogs 
(Figure S7B) indicated a highly conserved region around the tetraspanin 
super-conserved motif (Cys 152, Cys 153 and Gly 154), comprising His 147, 
which might contribute to the integrity of the EC2 as described for CD81EC2 
(26). Moreover, CD81 residues Phe 126 and Val 146, which are respectively 
a phenylalanine (fully conserved) and a threonine residues in CD9, form the 
interface between the transmembrane helices 1 and 2 and the EC2 in the CD81 
structure (32) (Figure S7B). Cancer-associated nucleotide variations (SNVs) 
derived from genome sequencing of disease samples (54) in CD9 are located 
primarily in helices A, B and E (Figure S8A). Only one SNV, V172L, was observed 
within the loop C and D of CD9. Similarly to CD9, no SNVs within region D were 
found in CD81 (Figure S8B).
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Discussion

Monoclonal antibodies acquired from human donors or patients have 
potentially high stability, solubility features and unique properties in the 
way they recognize the target (for some recent examples see references (55) 
and (56)). Besides, they are less likely to be harmful for the same antigens on 
healthy cells (49, 57). 

Here, we made use of a patient-derived antibody AT1412 that targets CD9 on 
melanoma cells, from which we developed a double-mutant (His H40Tyr and 
Tyr H112Phe) AT1412dm variant that exhibited 0.2 nM binding affinity for CD9 
(Figure 1). As reported for other mutations that enhance antibody-binding 
affinities (58), these mutations reshape the antigen-binding site at the cost 
of 4.5 °C thermostability of the antibody (Figure S1B). Both wildtype AT1412 
antibody and the high-affinity AT1412dm variant bound CD9 on melanoma 
cells, but bound less to melanocytes with reduced CD9 levels. In addition, we 
showed that both the wildtype and the double mutant antibody bind CD9 
to platelets but do not cause platelet aggregation, despite that a substantial 
portion of the platelet surface is covered by tetraspanin CD9 (59). These 
characteristics make AT1412 a potential anti-CD9 cancer immunotherapeutic.

Epitope mapping by alanine scanning identified amino-acid residues Lys 169, 
Asp 171, Val 172, Leu 173 and Phe 176 of CD9EC2 as the AT1412dm epitope. 
Residues 168-180 in CD9EC2 correspond to helix D in the structure of CD81EC2. 
This region in CD81 has been shown to mediate cluster formation in HepG2 
cells, to associate with a protein partner (EWI-2) in TEM and to determine 
binding sites for human papilloma virus (HPV) (31) and human hepatitis C virus 
(HCV) infection (24–26, 30). Although originally observed as a helix, the region 
D in CD81 displays conformational plasticity, as shown by CD81EC2 crystal 
structures (24, 26) and indicated by nuclear magnetic resonance spectroscopy 
studies (30) and molecular dynamics simulations (60, 61). Thus, AT1412dm 
targets a site in CD9 that corresponds to a well-established interaction site in 
its close homolog CD81.

The crystal structure of AT1412dm Fab in complex with CD9EC2 revealed 
interactions between Fab and CD9EC2 regions C and D, which both exhibited 
extended loop conformations (Figure S6). A striking feature of AT1412dm 

Fab-CD9EC2 structure is the binding of CD9EC2 residues 168-180 of region D 
into a groove formed by the Fab around Tyr H111 of CDR-H3. All AT1412dm-
epitope residues identified by the alanine scanning are part of this loop. The 
four most critical residues of the AT1412dm epitope, CD9EC2 Leu 173, Lys 169, 
Asp 171 and Phe 176, display specific side-chain interactions that explain their 
contribution to the Fab-epitope recognition. Fab interactions, with the main-
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chain atoms only of residues from loop C, explain why this region did not show 
up significantly in the alanine-scanning results. Overall the structure of the 
AT1412dm Fab-CD9EC2 complex correlates very well with the results obtained 
in the alanine scan of CD9 expressed in HL-60 cells, except for Val 172. In the 
AT1412dm Fab-CD9EC2 structure, the side chain of Val 172 is exposed to the 
solvent and makes no specific interactions with the Fab. Thus, the structure 
of the complex does not explain why mutation of this particular residue to 
alanine resulted in an apparent (medium) loss of Fab binding. 

The crystal structure of the (unbound) CD9EC2 fragment revealed extended 
conformations for region C and D, similar to those found in the structure of 
the AT1412dm Fab-CD9EC2 complex. Moreover, this crystal structure showed 
that these conformations enabled CD9EC2 to form homo-dimeric structures, 
through electrostatic interactions between the Lys 169 and Asp 171 residues 
of the two dimerizing D loops and hydrophobic packing of Val 172 and Leu 
173, positioned at the tips of the D loops, with the Cys 153-Cys 167 disulphide 
bond and side chain Val 159 of loop C of their dimeric partner molecules. 
This dimeric arrangement is consistent with a possible formation of homo-
dimers of full-length CD9 molecules in the cell membrane (Figure 5). Our 
data indicate that AT1412dm targets specifically this conformation that leads 
to loop-D mediated dimerization. Three residues, Leu 173, Lys 169 and Asp 
171 are important for both interactions. Phe 176 is important for AT1412dm 
binding, but is not involved in the loop-D dimer interface. Moreover, the crystal 
structure of AT1412dm-Fab CD9EC2 did not explain why the V172A mutation, in 
full-length CD9 expressed in HL-60 cells, yielded a (medium) loss of AT1412dm-
antibody binding. Its critical position in the CD9EC2 region D mediated dimer 
suggests a potential explanation for the partial loss of antibody binding. 
Possibly, in the experimental setup used for the alanine scanning, AT1412dm 
targets predominantly CD9 homo-dimers in the HL-60 cell membrane. Given 
its position, even conservative mutations, such V172A in our alanine scan and 
also V172L as found in bladder cancer (54) (Figure 8A), will alter the packing 
of the dimerizing D loops and thereby either stabilize or destabilize homo-
dimerization of CD9 in the membrane. Hence, an enhanced interaction due to 
V172A that stabilizes CD9 homo-dimers would be consistent with an apparent 
(medium) loss of antibody binding to cells. CD9 homo-dimerization is in line 
with recent microscopy studies on full-length CD81, with deletions of EC2 
regions, (31, 62) and with molecular-dynamics simulations of isolated CD81EC2 

and full-length CD81 (60), which suggested that TEM formation occurs via a 
dimerization step involving region D.

Recent reports indicated that tetraspanin CD9, like its homolog CD81, is 
involved in different stages of melanoma progression, forming tetraspanin 
homo-clusters or hetero-clusters with EWI-2 (22, 63). Our data suggests that 
AT1412dm may possibly interfere with CD9 functioning in two possible ways, 
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by disrupting homo-dimers of CD9 and by blocking other proteins to bind 
the C-D region. Due to the size of a Fab fragment, binding of AT1412dm to a 
C-D region will most likely induce conformational changes yielding an open 
configuration of the EC2 with respect to the transmembrane region (Figure 
5). In newly initiated melanoma and metastatic melanoma the levels of EWI-2 
are low, allowing CD9 to cluster and thereby promote dimerization of TGFβ 
receptor 1 with TGFβ receptor 2 (22). Whilst in primary melanoma EWI-2 is 
expressed at high levels, leading to CD9-EWI-2 complex formation without 
receptor dimerization and signaling. Putatively, AT1412dm may affect such 
a process in various ways. Possibly, AT1412dm breaks up sites of homo-
dimerization, thereby disrupting CD9-mediated clustering in newly initiated 
and metastatic tumors. Alternatively, in primary tumors AT1412dm possibly 
blocks EWI-2 functioning, since immuno-precipitation experiments using CD9/
CD82 chimera constructs showed that EWI-2 interacts with CD9 via a region 
comprising the second half of the EC2, which includes the C-D interaction 
site (64). Other antibodies, such as ALB6 (37) also suppress tumor growth 
and proliferation (41, 42), but induce platelet activation and aggregation as 

Figure 5: Proposed model of AT1412dm Fab binding to CD9. 

Model of a putative full-length homo-dimeric configuration of CD9, obtained by 
superposing two CD81 full length molecules (PDB ID: 5TCX; shown in grey) to the 
CD9EC2 dimer (shown in green and magenta). Model generated by superposing the 
co-complex structure on CD81 full length structure (PDB ID: 5TXC). In this case, the Fab 
fragment seems to clash on the membrane planes. A second model of a hypothetical 
open conformation of CD9, which the Fab fragment could most likely bind.
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well (37, 38, 43, 45). The analyzed antibodies, ALB6, AR40A746.2.3, HI9a and 
MM2/57 (Figure 2 and Figure S2), recognize other (potentially overlapping) 
epitopes on EC2 of CD9. Possibly, AT1412dm is unique in specifically binding 
and blocking of the C-D region in its protein-interaction conformation. 
Putatively, blocking the C-D protein-binding site of CD9 by AT1412dm 
prevents formation or clustering of CD9-protein complexes, that are critical for 
progressing antibody-induced activation into aggregation.

In conclusion, based on antibody-antigen interaction data and crystal 
structures of the free components, AT1412dm Fab and CD9EC2, and their 
complex, we deduced a conceivable mode of action for AT1412dm. We suggest 
that binding AT1412dm disrupts CD9 homo-dimerization and blocks CD9 
hetero-complex formations that are mediated by protein interaction with the 
C-D or head region of EC2. We speculate that when targeted by AT1412, the 
overall conformation of CD9 could be most likely similar to CD81 in its open 
state. Last, our work provides the basis for the future development of an anti-
tetraspanin CD9 therapeutic antibody.

Material and Methods

Screening, cloning, expression and purification of human antibodies

Total RNA isolation from B cells and cDNA generation were performed as 
described before (46, 65, 66). Subsequently, the heavy and light chain variable 
regions were amplified by polymerase chain reaction (PCR) and cloned in 
frame, between a secretion leader sequence and the human IgG1 and kappa 
constant regions, into a pXC39 based vector. The Chinese hamster ovary cell line 
(CHO1-KSV; Lonza) was taken up in culture for one week in CD CHO medium 
(Thermo Fisher Scientific) and refreshed every 2 to 3 days. Ten million cells 
were electroporated with 40 µg of pXC39 vector using a gene pulser (Bio-Rad). 
Ten non-tissue treated 96 well plates (Costar) were filled with 5000 cells per 
well and 25 µM of methionine sulfoximine (Sigma) as a selection agent. After 
3-4 weeks of selection, wells with cellular outgrowth were picked and tested 
for optimal IgG expression (IgG quantitation ELISA; Jackson Laboratories) and 
cell growth/stability during the next following 3-4 weeks using a Casy Counter 
(Omni Life Sciences). The top stable clone was used to express AT1412, 
AT1412dm and AR40A746.2.3 as fully human IgG1 molecules. Antibodies were 
purified from the defrosted and filtered supernatant using protein A columns 
(GE Healthcare; GE) and followed by a size exclusion step using a Superdex 200 
10/300 Increase column (GE) in the appropriate buffer.
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Antibody binding to melanoma and melanocytes

Melanoma cell lines BLM and WBO were obtained from Prof. Dr. Rosalie Luiten 
(Amsterdam University Medical Center – AMC, Amsterdam, Netherlands). 
A375 was obtained from ATCC (Manassas, VA, USA). SKMEL5 were provided by 
Rene de Waal Malefyt (Merck & Co. (MSD), CA, USA). Healthy skin melanocytes 
were a generous gift from Nico Smit (Leiden University Medical Center, Leiden, 
Netherlands). Detached melanoma cells and melanocytes were incubated with 
AT1412 or AT1002 negative control antibody. Antibody binding was visualized 
by secondary staining using anti IgG PE (Southern Biotech) and subsequent 
flow cytometry (LSR Fortessa X20, Becton Dickinson). To determine the 
number of CD9 molecules on the cell surface melanoma cells and melanocytes 
were stained with anti CD9 PE (HI9a, Biolegend). Mean fluorescence intensity 
of the PE signal was measured by flow cytometry. Direct comparison with 
Quantibrite PE beads (Becton Dickinson) allowed calculation of the actual 
number of surface CD9 molecules.

Generation of CD9 knock out melanoma A375 cell line 

The CD9 targeting sequence (GGGATTGCTGTCCTTGCCAT) was cloned into 
the pCas-Guide vector (OriGene, Rockville, MD, USA) and subsequently 
transfected in A375 cells using an A375 transfection kit (Altogen Biosystems, 
Las Vegas, NV, USA). Cells negative for anti CD9 HI9a binding were single 
cell sorted using a BD Fluorescence Activated Cell Sorting (FACS) ARIA III. 
Mutagenesis of the CD9 loci at the predicted Cas9 cut site was confirmed by 
genomic sequence analysis.

Antibody binding to platelets and platelet aggregation analysis

Antibody binding to freshly isolated platelets was executed using Platelet 
Rich Plasma (PRP). Informed consent for this study was obtained from healthy 
volunteers. PRP was generated by collecting the top fraction from whole blood 
spun subsequently for 5 min at 300g, and 240g for 8 min. PRP was incubated 
at room temperature with 10 µg/ml antibody or the positive control Thrombin 
Receptor Activating Peptide (TRAP, Bachmen). Antibody binding of AT1412wt 
(and mutants) or a commercially available mouse anti-CD9 antibody (ALB6, 
Beckmann Coulter) to platelets was analyzed by flow cytometry using a 
LSR Fortessa X20 (Becton Dickinson). CD61 (VI-PL2; Biolegend) was used as 
a platelet marker. Platelet aggregation experiments was done using whole 
blood that was mixed 1:1 with PBS and allowed to warm at 37 °C for 2 minutes. 
Positive control peptide or antibodies were added, and platelet aggregation 
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was determined for 6 minutes at 37 °C under stirring conditions using a 
Multiplate analyzer (Cobas/Roche).

Affinity measurement using surface-plasmon resonance (SPR)

Binding was analyzed on an IBIS MX96 instrument by performing cycles of 
concatenated injections with dilution series (1.33 - 133 nM) of recombinant 
antibody diluted in binding buffer (PBS + 0.05% v/v Tween20 + 0.05% w/v 
sodium azide + 0.01% w/v BSA) on a chip with immobilized antigen. In each 
cycle, antibodies were injected and incubated for 5 min, followed by 5 min 
washing with system buffer (PBS + 0.05 % v/v Tween20 + 0.05% w/v sodium 
azide) to measure dissociation. Injections were performed in duplicate for 
every tested antibody and injections with blank binding buffer were used as 
reference. After each concatenated injection, the chip was regenerated with 
regeneration buffer (10 mM glycine/HCl + 150 mM NaCl pH 2.5). Experimental 
data were processed with SPRintX software (IBIS Technologies) and kinetic 
constants were determined using Scrubber2 software (BioLogic).

Affinity maturation platform using single cell sorted 2H15 B cells and SPR

The original identified B cell clone of AT1412 (2H15; IgG3) was single cell 
sorted using a BD Fluorescence Activated Cell Sorting (FACs) ARIA III in 20x 
384-well plates in appropriate culturing conditions. B cell outgrowth (~70%) 
was monitored via an Operetta confocal machine (Perkin Elmer) observing 
BCL6/Bcl-xL transduced GFP positive cells. Wells with a positive signal were 
transferred to a fresh 96-well plate and cultured up to 1-2 weeks before the 
supernatant was harvested, diluted 1:1 with PBS, 0.05% v/v Tween20 and 0.05% 
w/v sodium azide and sealed frozen in a -80°C freezer until further usage. B-cell 
supernatants containing the original 2H15 clone and an anti-HRV clone, that 
does not bind CD9 and CD81, were used as controls. SPR was performed on 
an IBIS Mx96 instrument (IBIS Technologies). Proteins are immobilized on an 
SPR chip pre-coated with streptavidin G-STREP H825-065 (Sens Technologies) 
using a CFM microfluidics spotter device (Wasatch Microfluidics). Various 
concentrations (0.2 - 2.0 mg/ml) of CD9EC2- and CD81EC2-FLAG3-Fc-Sortase-Biotin 
(see supplemental information) were immobilized to examine CD9 binding 
compared to a serial dilution (1.33 - 133 nM) of recombinant AT1412 (IgG1) 
antibody. To quantify the IgG concentration and to check quality of injected 
B cell supernatants, biotinylated anti-human CH1 nanobody (Thermo) and 
biotinylated full length anti-human Fc antibody (Jackson) were immobilized 
on the same SPR chip, at various concentrations (0.5 - 2.0 mg/ml). The binding 
was examined for all spots as such that binding to similar amounts of spotted 
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CD9 and CD81 could be compared. Binding of IgGs was monitored using the 
IBIS MX96 SPR imager, as described above. Data was processed with SPRintX 
software (IBIS Technologies). B cell sub-clone RNA isolation, cDNA amplification 
and sequencing were executed as described before (46, 65, 66).

Transient and stable expression, purification and analysis of the AT1412 
high affinity mutants

CHO1-KSV cell line was taken up in culture for one week in CD CHO medium 
and refreshed every 2 to 3 days. Cells were transiently expressed (67) with 
the designated heavy-chain single mutants (H40Y, Y112F, D116H and T29N), 
combination double mutants (H40Y/Y112F and D116H/T29N) and combined 
quadruple mutant (H40Y/Y112F/D116H/T29N) including AT1412wt and 
control mutant (G110D), which does not bind CD9. In short, 4.0 x 106 cells/ml 
were taken up in CD CHO media supplemented with 0.25% v/v DMA (Sigma). 
Cultures were added with 3.2 µg/ml DNA (pXC39 vector expressing both heavy 
and light chains) subsequently with PEImax (Sigma). After two days, a feed of 
10 ml of fresh medium was added. Medium was harvested after 7 days and 
IgG expression was quantified using the IgG quantification ELISA (Jackson). 
Purified protein samples were tested for binding to the same SPR chip setup 
used for the AIMprove method. To scale up yields, we employed stable CHO 
clone generation for these mutants as well as described for AT1412. Sequence 
alignments were made using SeaView software (68).

Epitope mapping

Human CD9 (UniProt P219226) constructs and CD9/CD81 (UniProt P60033) 
swap variants were constructed by GeneArt (Thermo Fisher Scientific) with a 
C-terminal FLAG3-tag for possible detection on western blot. We constructed 
CD9EC1 (res. 34 - 58) and CD9EC2 (res. 112 - 195) chimera, by swapping 
selected regions of CD9 with CD81. To deconstruct the EC2 loop further, we 
proposed smaller swap mutants replacing predicted α helical stretches for the 
corresponding region of CD81 leading towards 5 swap mutants: A (residues 
112-134 of CD9 replaced by the corresponding CD81 residues), B (residues 135-
151 of CD9 replaced by the corresponding CD81 residues), C (residues 154-166 
of CD9 replaced by the corresponding CD81 residues), D (residues 168-180 
of CD9 replaced by the corresponding CD81 residues), and E (residues 182-
195 of CD9 replaced by the corresponding CD81 residues). Alanine mutants 
of peptide stretch C (residues G154A, L155A, G157A, G158A, V159A, E160A, 
Q161A, F162A, I163A, S164A, D165A, I166A) and D (residues K169A, K170A, 
D171A, V172A, L173A, E174A, T175A, F176A, T177A, V178A, K179A and S180A) 
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were as well constructed as described above. The CD9 cDNA was cloned into 
a pHEF-TIG third-generation lentiviral vector containing an IRES-GFP 3’ of the 
CD9 cDNA; VSV-G lentiviral particles were produced in HEK293T cells (ATCC; 
CRL-11268). The chimera constructs were transduced in the multiple myeloma 
CD9 negative cell line HL-60 (ATCC; CCL-240) in the presence of retronectin 
(Takara, Clontech, Japan) and sorted using a BD FACs Aria III for green GFP to 
obtain a pure population of CD9 overexpressing cells. Flow cytometry analysis 
was performed using AT1412, AT1412dm, AR40A746.2.3 and other commercial 
anti-CD9 antibodies (ALB6, Beckmann Coulter; HI9a; Biolegend; MM2/57, 
Thermo Fisher). Human and mouse unlabeled antibodies were detected using 
a secondary anti-human- or anti-mouse-PE labeled antibody from Southern 
Biotech, respectively. As a control, anti-CD81-PE (clone 5A6; Biolegend) was 
used.

Expression and purification of AT1412dm Fab

The AT1412dm heavy chain was amplified to insert a C-terminal cysteine and 
sub-cloned into the pXC39 vector expressing both the VHCH and VLCL regions 
of the AT1412dm antibody. Clones were generated in the same way as for full 
length AT1412dm, tested for binding to CD9EC2 in ELISA and purified using a 
Mono S column (GE) with a gradient of 5 – 1000 mM NaCl in 50 mM MES pH 5.8. 
The main protein peak was further purified with using a Superdex 200 10/300 
Increase column (GE Healthcare) in 25 mM HEPES/NaOH pH 7.5, 150 mM NaCl 
and concentrated using a 10 kDa molecular weight cut-off concentrator (Merck 
Millipore) to ~11 mg/ml concentrated protein. Aliquots were flash frozen in 
liquid nitrogen and stored at -80 °C for further use.

Expression and purification of CD9EC2 in complex with AT1412dm Fab

Codon optimized human CD9 (UniProt P219226) was obtained from DNA.02. 
The large extracellular loop (EC2) of CD9, corresponding to sequence 
boundaries 114-191 without start and stop codon, was amplified by PCR and 
cloned into pCR8 vector using TOPO TA cloning (Thermo Fisher). cDNA was 
then sub-cloned into pUPE107.03 (U-Protein Express BV, The Netherlands) 
with a N-terminal cystatin secretion signal and a C-terminal His6 tag, using 5’ 
BamHI and 3’ NotI restriction site. CD9EC2 was transiently expressed in Epstein-
Barr virus nuclear antigen I (EBNA1) expressing HEK293 suspension cells 
(U-Protein Express B.V., The Netherlands). Six days after transfection, the cells 
were spun down by centrifugation (15 minutes at 1000g) and the medium 
harvested. CD9EC2 was purified by batch binding overnight at 4 °C using Ni-
Sepharose Excel resin (GE Healthcare) supplemented with 25 mM HEPES/
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NaOH pH 7.5, 500 mM NaCl (Buffer A) and 2.5 mM imidazole. A packed column 
was washed with Buffer A supplemented with 7.5 mM imidazole. Protein was 
eluted in Buffer B (25 mM HEPES/NaOH pH 7.5, 500 mM NaCl and 250 mM 
imidazole), concentrated using a 3-kDa molecular weight cut-off concentrator 
(Merck Millipore) and further separated via size-exclusion chromatography 
(SEC), using a Superdex 75 10/300 Increase column (GE Healthcare), in Buffer 
C (25 mM HEPES/NaOH pH 7.5, 150 mM NaCl). AT1412dm Fab was added to 
the CD9EC2 at a molar ratio of 1:3. The protein complex containing monomeric 
CD9EC2 was finally separated by a second SEC, using a Superdex 200 10/300 
Increase column (GE Healthcare), in Buffer C. 

Expression and purification of CD9EC2 

Supernatant containing expressed CD9EC2 was loaded overnight onto a ~5 ml 
anti-CD9 AR40A746.2.3 affinity column (7.5 mg antibody/ml CNBr Activated 
Sepharose 4B beads; GE) in line of an AKTA explorer (GE). After loading, 
unbound proteins were washed away and bound CD9EC2 was eluted using 
0.2 M Glycine, 150 mM NaCl pH 2.5 and neutralized with 1:10 volume of 1M 
Tris pH 9.0. A size-exclusion step on a Superdex 200 10/300 Increase column 
equilibrated in buffer C was performed to remove any impurities. Next, another 
affinity-purification step was performed on a ~5 ml anti-CD9 AT1412dm affinity 
column (7.5 mg antibody/ml CNBr Activated Sepharose 4B beads; GE). After 
loading, unbound proteins were washed away and bound CD9EC2 was eluted 
with 0.2 M Glycine, 150 mM NaCl pH 2.5 and neutralized 1:10 volume of 1M Tris 
pH 9.0. A final size-exclusion step on a Superdex 200 10/300 Increase column 
equilibrated in Buffer C was performed prior to crystallization.

Size exclusion chromatography multi-angle light scattering

A sample of 25 µL of 12 mg/ml CD9EC2 was injected onto a Superdex 75 10/300 
Increase column (GE Healthcare) in Buffer C. The calibration of the instrument 
was performed by injection of 25 µL of 10 mg/ml conalbumin. For molecular-
weight characterization, light scattering was measured with a miniDAWN 
TREOS multi-angle light scattering detector (Wyatt), connected to a differential 
refractive index monitor (Shimadzu, RID-10A) for quantitation of the protein 
concentration. Chromatograms were collected, analyzed, and processed by 
ASTRA6 software (Wyatt, using calculated dn/dc values of 0.186). 
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Crystallization and data collection

AT1412dm Fab was concentrated up to ~10 mg/ml and crystallized at 4 °C by 
sitting-drop vapor diffusion method using 39% v/v PEG-400, 0.1 M KCl, 0.1 M 
Tris at pH 8.5. Crystals grew after 1 day and reached their maximum size after 
14 days. Crystals were harvested from the mother liquor and flash frozen in 
liquid nitrogen. X-ray diffraction data set was collected at ID29 beamline of the 
European Synchrotron Radiation Facility (ESRF) using a wavelength of 0.97 Å 
and 100 K temperature. 

The AT1412dm Fab-CD9EC2 complex was concentrated up to ~5 mg/ml in 
Buffer C. Crystals were grown with the same method at 20 °C using 20% w/v 
PEG-1000, 0.2 M NaCl, 0.1 M Na+/K+ phosphate at pH 6.2. Thin stacked plates 
appeared after 1 day and reached their maximum size after 20 days. Crystals 
were harvested adding 20% v/v PEG-400 as cryo-protectant and flash frozen 
in liquid nitrogen. X-ray diffraction data set was collected at ID30-A beamline 
(ESRF), using a wavelength of 0.96 Å and 100 K temperature. 

His-tagged CD9EC2 was concentrated up to ~10 mg/ml in Buffer C. Crystals grew 
after 6 days at 20 °C in sitting-drop using 33% w/v pentaerythritol propoxylate 
(69), 0.2 M KCl, 0.1 M sodium citrate at pH 6.0. Crystals were harvested in reservoir 
solution and flash frozen in liquid nitrogen. Obtained crystals were measured 
at I04 beamline of Diamond Light Source (DLS), using a wavelength of 0.98 
Å and 100 K temperature. Most of the crystals presented frames impaired by 
multiple lattices and diffuse scattering. We therefore screened crystals using a 
mesh-scan and collected the best dataset centering at the edge of one crystal.

CD9EC2 conservation analysis

Sequences of the top 50 CD9 homologues were retrieved from Ensembl.
org. Sequences of the 33 tetraspanin paralogs were retrieved from UniProt.
org. Multiple sequence alignment for both sets of sequences, corresponding 
to the large extracellular loop, was performed with Clustal Omega (70). The 
alignment was then submitted to the ConSurf server and the conservation 
score was calculated using the empirical Bayesian method (53). Alignment 
figures were created with SeaView (68). 

CD9EC2 single nucleotide variation analysis

Single nucleotide variations (SNV) in CD9EC2 were acquired from the BioMuta 
database (54), mapped on the CD9EC2 crystal structure and represented using 
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Supplementary information

Table 1 Data collection and refinement statistics (molecular replacement).

AT1412dm Fab CD9EC2:AT1412dm Fab CD9EC2

PDB ID 6RLM 6RLO 6RLR
Data collection
Space group C 2 2 21 P 1 P 1

Cell dimensions

a, b, c (Å) 224.91, 238.59, 209.81 73.78, 89.86, 91.53 39.99, 39.40, 63.64 

α, β, γ (°) 90, 90, 90 71.12, 89.59, 85.96 80.39, 76.29, 68.15

Resolution range (Å) 88.32 - 2.5 
(2.59 - 2.50) 1

52.66-2.20 
(2.27 – 2.20)

29.02-2.0 
(2.07-2.0)

Rmerge 0.25 (1.84) 0.24 (1.04) 0.10 (1.15)

I /σI 13.26 (0.47) 6.7 (0.97) 4.82 (0.82)
Completeness (%) 99.20 (94.80) 92.46 (94.16) 95.61 (93.00)
Multiplicity 6.5 (4.9) 3.9 (3.9) 3.4 (3.4)

Refinement
No. total reflections 1,252,740 (90,502) 406,540 (41,559) 76,175 (6,985)
Rwork / Rfree (%)2 24.2 / 26.7 25.4 / 28.7 23.9 / 27.9
No. atoms 26,544 15,875 2,569
    Protein 26,540 15,644 2,525
    Ion 4 19 -
    Water - 212 44
Average B-factors (Å2) 80.6 32.5 41.7
    Protein 80.6 32.6 41.8
    Ion 78.9 36.7 -
    Water - 22.4 36.1
R.m.s. deviations

    Bond lengths (Å) 0.01 0.01 0.01
    Bond angles (°) 1.89 1.78 1.75
Ramachandran plot
    Favored (%) 97.2 97.2 99.4
    Allowed (%) 2.8 2.8 0.6

1Values in parentheses are for highest-resolution shell

2Values reported by Refmac5 at the end of refinement
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Diffuse scattering from CD9EC2 crystals

Reciprocal space reconstructions were obtained from the diffraction images, 
using IMG2HKL, which is part of the EVAL package (80, 83). Figure S4D shows 
three sections through reciprocal space. The crystal is twinned by a two-fold 
rotation along a*+b*. Figure S4E shows two twin domains with the twinning 
interface in the middle: a layer with base vectors c and a-b. Each layer is a 
possible twinning interface and diffuse streaks in the a*+b* direction imply 
that the layers can also stack randomly. Starting from the middle layer, every 
fourth layer, belonging to the two twin structures, exactly overlap. Therefore, 
the structure can be indexed on a so-called stacking lattice (84, 85) with 
dimension 1/4c. On this lattice the twinned structure is completely ordered, 
causing reciprocal space reconstruction slices at l=4n to be ordered and all 
slices in between to have streaks in the direction a*+b*, i.e. the direction of 
packing disorder (Fig. S4D).

Supplementary methods

Sortase A site specific biotinylation of CD9EC2-FLAG3-Fc-Sortase-His6

Freestyle cells (Thermo) were transiently transfected using the pcDNA3.4 
vector and X-tremeGENE™ 9 (Sigma) containing the CD9EC2 sequence 
(amino-acid residues 112-195) fused together with a FLAG3-tag 
(DYKDHDGDYKDHDIDYKDDDDK) and, subsequently, the Fc region (CH2-CH3) 
of a rabbit IgG1 protein (amino acids 108-322; UniProt P01870). CD9 was spaced 
from the 3xFLAG tag by a -GGGT- linker, while the rabbit Fc was spaced by the 
FLAG3 tag by a -GSS- linker. The Sortase-His6 tag (LPETGGHHHHHHstop) was 
spaced from the Fc part by a -GGGS- linker. Cell medium was harvested after 
5-7 days, filtered and loaded on a 5 ml of protein G column (GE Healthcare), 
pre-equilibrated in PBS. Protein was eluted with 0.2 M glycine/HCl and 150 mM 
NaCl pH 2.5. Top protein fractions were neutralized with 1:10 v/v 1M Tris pH 9.0 
and applied onto a Superdex 200 16/60 column (GE), equilibrated with PBS. 
The enzyme Sortase A, prepared as described before (70), was used in a 1:1 
molar ratio together with a 10 times molar ratio of the GGG-biotin nucleophile. 
The biotinylated CD9 protein was separated from Sortase A and from the 
reaction components on a Superdex200 16/60 column, equilibrated with PBS. 
The amount of biotinylation was checked via streptavidin-binding using ELISA. 
CD9EC2-FLAG3-Fc-Sortase-His6 was detected with AT1412 and with a goat-anti-
human HRP labeled antibody (Jackson). All the steps above were repeated for 
the control protein CD81EC2-FLAG3-Fc-Sortase-His6, in which the coding region 
of CD9 was replaced for the EC2 coding region of CD81 (amino acids 113-201). 
ELISA was performed using the mouse-anti-human CD81 antibody clone JS-



Structural basis of CD9-EC2 targeted by a patient-derived antibody

95

3

81 (BD) and detected with a goat-anti-mouse HRP labeled antibody (Jackson).

DSF assay 

Purified antibody (1 mg/ml) was diluted in Tris-buffered saline (TBS), to which 
SyPro-dye orange (at a concentration of 10x) was added. Measurements were 
performed in triplicate with an iCycler qPCR instrument (Bio-Rad) as described 
(71). Melt curves were obtained with a temperature gradient increasing from 
34 to 92.5°C at 0.5 °C/min. Data was analyzed and plot generated with Prism.

Data processing and refinement of AT1412dm Fab unbound and in 
complex with CD9EC2

X-ray diffraction data for both samples were integrated with DIALS (72) and 
scaled using Aimless (73) in the CCP4 suite. First, the dataset of AT1412dm Fab 
was solved by molecular replacement with PHASER MR (74), using as model a 
previously solved Fab structure (PDB ID: 5I1D (75)) with similar CDR lengths. The 
best resolved (lowest B-factor) Fab copy was manually adjusted and/or re-built 
in COOT (76); these changes were propagated to other copies and the model 
was refined with Refmac5 (77). This process was repeated until convergence. 

After, the best resolved Fab chains (chains A and B) were exploited as a search 
model to phase the AT1412dm Fab:CD9EC2 complex dataset with PHASER MR. 
Four Fab copies were placed in the asymmetric unit. Unmodeled electron 
density remained, in proximity to the Fab CDRs. Therefore, a solved structure 
of CD81EC2 with the highest resolution (PDB ID: 5M33 (26)) was used to place 
four CD9EC2 molecules. Molecular replacement was done using PHASER MR, 
searching for all peaks as additional parameter. The structure was iteratively 
refined using Refmac5 alternated with model improvement in COOT. For 
both structures local non-crystallographic symmetry (NCS) restraints were 
maintained during refinement. 

Chloride ions were modelled at strong electron-density peaks in proximity 
to heavy chain residue Trp58 and of light chain residue Phe114. Additional 
chloride, sodium or potassium ions were placed at sites where water molecule 
B-factors refined below 10 A2 and were lower than the proximal protein residues. 
Choice of ion was dependent on predicted bond lengths to surrounding atoms 
(78). Occupancy of ions was not refined.

Data collection and additional refinement statistics are shown in Table 1. The 
binding interface was analyzed using the PISA server (79). Structure figures 
were generated with PYMOL (http://pymol.org). 
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Data processing and refinement of CD9EC2

The triclinic crystal was twinned with a twofold rotation about a*+b* as 
twin operation. Consequently, two orientation matrices were used for the 
integration with the Eval15 software (80). In the prediction of reflection profiles 
an isotropic mosaicity of 1.1° and a mica expansion of 0.077 along a*+b* was 
assumed. The resulting reflection file contained 21.5% overlapping reflections 
belonging to both twin domains. Initial de-twinning was performed with 
the TWINABS software (81). These data were used for structure solution with 
Molecular Replacement, using PHASER (74) within the CCP4 software, using 
CD9EC2 from the previously solved AT1412dm Fab-CD9EC2 complex as model. 
The structure was iteratively refined using Refmac5 (77) alternated with 
model improvement in COOT (76). Local non-crystallographic symmetry 
(NCS) restraints were maintained during refinement. The calculated structure 
factors from this refinement were then used for the final de-twinning of the 
overlapping data. The scale factor of 6.2147 * exp(-8.19544*sin(θ/l)2) between 
the two twin domains was determined with XPREP, based on the non-
overlapping reflections (82). Interframe scaling of the de-twinned data was 
performed with SADABS and merging was performed with the CCP4 suite. We 
performed final refinement rounds using the latest data which yielded Rwork/
Rfree = 23.9/27.9%. Data collection and refinement statistics are shown in Table 
1. The binding interface was analyzed using the PISA server (79). Structure 
figures were generated with PYMOL.
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Supplementary figures

A

B C

Figure S1: Generation and features of AT1412 antibody mutants 

A) Variable heavy chain and light chain sequence of AT1412 aligned to its germline 
with presented hypermutations. High affinity (H40Y, Y112F, D116H and T29N) or 
loss of binding (G110D) mutations are shown beneath the AT1412 heavy chain 
sequence. The double high affinity mutant combines H40Y and Y112F in the 
AT1412 sequence. Sequences are presented and numbered according to the IMGT 
database (http://www.imgt.org). 

B) Protein melting curve derivative (dF/dT) of AT1412 and mutants. Purified 
antibodies were analyzed by differential scanning fluorimetry (DSF) to determine 
their thermostability. 

C) Comparison of number of CD9 molecules per cell, measured in different melanoma 
cell lines (WBO, A375, SKMEL5, BLM) or melanocytes (M0506, M0607) were stained 
with anti CD9 HI9a PE. The number of surface CD9 molecules was calculated from 
direct flow cytometric comparison with PE Quantibrite beads. 
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Figure S2: Epitope mapping by other anti-CD9 antibodies 

A) Epitope mapping by antibodies AR40A746.2.3, HI9a and MM2/57. 5A6 antibody 
against CD81 is used as control. 

B) Alanine scanning of regions C and D reveals the amino acids recognized by 
AR40A746.2.3, HI9a, MM2/57 and 5A6.

A

B

C
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Figure S3: Purification and crystallization of CD9EC2 in complex with AT1412dm Fab
 
A) SEC profile of C-terminal His6 tagged CD9EC2. In light green the fractions pooled 

from SEC1. SDS-PAGE run in reducing (with beta-mercaptoethanol; +) and non-
reducing (without beta-mercaptoethanol; -) conditions. The arrow indicates 
CD9EC2, while the asterisk shows that intermolecular disulphide-induced dimer 
(other oligomeric species are also visible). 

B) Co-purification of the AT1412dm Fab:CD9EC2 complex. In light green the fractions 
pooled from SEC2, used for crystallization. SDS-PAGE run in non-reducing (-) 
conditions. The arrow at 50 kDa indicates the AT1412dm Fab while the arrow 
at 10 kDa the C-terminal His6 tagged CD9EC2. The asterisk shows the residual 
intermolecular disulphide-induced dimer, excluded from the sample pooled for 
crystallization. 

C) Crystals of AT1412dm Fab and stacked plates of the AT1412dm Fab:CD9EC2 
complex.
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Figure S4: Purification and crystallization of CD9EC2 

A) Purification of CD9EC2 after acidic elution from AT1412dm antibody-conjugated 
beads. SDS-PAGE in reducing (+DDT) and non-reducing (-DDT) sample buffer and 
final SEC profile.  

B) UV trace and molecular mass distribution of CD9EC2, acquired by SEC-MALS, 
indicates a molecular mass of 20,8 (±1.8) kDa. 

C) Crystals of CD9EC2 that resulted to be twinned and impaired by diffuse scattering. 

D) Reciprocal space reconstructions, hk0, hk2 and hk4. Each slice has Bragg reflections 
from the two twin lattices. In addition, in hk2 streaks along a*+b* can be clearly 
observed. All slices hk(l=4n) are ordered. 

E) Green and orange structures represent the two twin domains in the crystal. The 
middle layer is the twin interface with base vectors c and a-b. From there, the 
structure can continue in the green or orange direction; the relative shift between 
the two is 1/4 c. Starting from the middle layer, every fourth layer, the two twin 
structures exactly overlap. 

F) Structure of CD9EC2 viewed in the same orientation as (E) and colored by B-factor 
(spectrum blue-white-red, minimum 20 maximum 100 Å2). A region within the D 
loop shows high B-factor. It is located at the interface with the next layer, along 
the a + b direction.
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Figure S5: Structural characteristics of AT1412dm Fab in complex with CD9EC2

 
A) Superposition of the four copies of the Fab-CD9EC2 structure, shown in red, yellow, 

blue and green. 

B) Superposition of the Fab structure unbound and in complex with its target on the 
constant domain (CH1, CL).

 
C) B-factor analysis of the binding interface (spectrum blue-white-red, minimum 

9 maximum 60 Å2). Only the CD9EC2 variable regions, loops C and D, have been 
shown in this figure for clarity. Differently from region C, region D shows higher 
B-factors in comparison with the surrounding Fab residues, as binding occurs 
predominately through van der Waals contacts.
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Figure S6: Structural conservation of CD9EC2 D-loop fold 

Superposition of (Fab-bound) CD9EC2 solved in this work (in red) and to two structures 
of CD81EC2 (1G8Q and 1IV5 chain B, coloured in cyan and light blue respectively). 
Regions A, B, C, D and E are marked. Top view of peptide stretches C and D of the same 
CD81EC2 superposed structures (in cyan and light blue) form either a loop or a helix. 
Top view of peptide stretches C and D of CD9EC2 bound to AT1412dm Fab (in red) and 
unbound CD9EC2 (in green).
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A

B

Figure S7: Conservation analysis of CD9EC2 

A) Conservation of CD9EC2 versus the most homologous 50 orthologs determined by 
ConSurf. Highlighted the CD9EC2 regions A, B, C, D and E. The amino acids with 
highest conservation are shown in maroon, those with highest variability in cyan. 
Superposition of CD9EC2 (in surface representation) to CD81 full-length (PDB ID: 
5TCX) shows areas of high variability (including D loop and outer A and E helices) 
in the solvent-exposed side of the structure. 

B) Conservation of CD9EC2 versus the 33 tetraspanin paralogs. The base of the head 
region displays high conservation.
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A B

Figure S8: Single nucleotide variations of CD9EC2 and CD81EC2 

A) Single nucleotide variations (SNVs) presented in cancer tissue samples (retrieved 
from the BioMuta Database) mapped on the CD9EC2 crystal structure and listed 
according to the tumor type. 

B) SNVs mapped on CD81EC2 structure (PDB ID: IG8Q). 
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Abstract 

Lipidation of transmembrane proteins regulates many cellular activities, 
including signal transduction, cell-cell communication and membrane 
trafficking. However, how lipidation affects membrane-protein function 
remains elusive. Here, we determined by native mass-spectrometry that 
human tetraspanins CD9 and CD81 exhibit non-stochastic distributions of 
bound acyl chains. CD9 is fully modified by palmitoylation and stearoylation 
at Cys9, 87 and 219 and variably at Cys78, 79 and 218. We revealed that CD9 
interaction with the single-pass transmembrane protein EWI-F, but not EWI-
2, was dependent on its lipidation state. Site-specific cysteine mutations into 
alanines or tryptophans, representing absence or presence of fatty acid chains 
respectively, mimicked this binding specificity. These mutations, however, did 
not affect the nanoscale distribution of CD9 in cell membranes, as shown by 
super-resolution microscopy using a CD9-specific nanobody. Thus, these data 
demonstrate site-specific functionality of lipidation in tetraspanin CD9 and 
identify tryptophan mimicry as a biochemical strategy to study site-specific 
transmembrane-protein lipidation.
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Introduction

Protein lipidation is a post-translational modification that occurs on many 
membrane proteins in eukaryotic cells and affects multiple biological pathways, 
such as membrane trafficking, protein secretion and signal transduction (1–
3). The most studied protein lipidation form is S-acylation, which concerns a 
reversible attachment of a fatty acid chain to a cysteine residue via a thioester 
linkage. The human genome encodes 23 zinc-finger Asp-His-His-Cys domain-
containing (zDHHC) enzymes, which reside predominantly in the Golgi 
complex and are responsible for protein acylation (4). The most prevalent 
substrate for the zDHHC enzymes is palmitoyl-CoA. However, attachment of 
acyl chains of different lengths is also observed and depends on the substrate-
specificity of individual zDHHC proteins (5, 6), which is determined by their 
substrate-binding hydrophobic cavity (7). Although acyl substrates for zDHHCs 
are known and residues targeted for lipidation have been described for several 
proteins (1), it remains unclear how modification of specific cysteines affects 
the conformation and function of transmembrane proteins. In this study we 
addressed this question using tetraspanin CD9 as a model transmembrane 
protein. 

Human tetraspanins are a superfamily of 33 proteins with four transmembrane 
a-helices that are heavily lipidated on cytoplasmic membrane-proximal 
cysteines. Tetraspanins support the formation of an extensive functional 
network in the plasma membrane and allow spatial distribution in cis of 
specific protein partners influencing cell morphology, signal transduction, cell-
cell communication and cell migration events (8, 9). In the plasma membrane 
tetraspanins form dynamic and diffuse clusters up to ca. 120 nm in size, named 
tetraspanin-enriched microdomains (TEMs), which are estimated to contain 
approximately 10 single-type tetraspanin molecules (10). The assembly of 
TEMs relies on multiple levels of interactions, which was originally revealed 
by their susceptibility to harsh or mild detergents (11, 12). Tetraspanin 
interactions are influenced by palmitoylation and involve the formation of 
homodimers, heterodimers and the association of tetraspanins with protein-
partners (13), including integrins, Ig-superfamily proteins, cell-receptors and 
metalloproteases (8, 13, 14).

The presence of palmitoylation has been confirmed for tetraspanin CD9 (15), 
CD81 (16, 17), CD151 (Berditchevski, 2002; Yang, 2002) and CD82 (18) and 
has been associated with possible tetraspanin-mediated cellular functions. 
Importantly, CD81 palmitoylation regulates the interaction of the B-cell 
receptor with the CD19/CD21/CD81 complex (19), the interaction of CD81 
with the serine-threonine-binding epsilon isoform of 14-3-3 protein (20) and 
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promotes hepatitis C virus entry (21). Absence of palmitoylation in CD151 
showed diminished interaction with integrins, altered cellular distribution 
and morphology (Yang et al. 2002; Berditchevski et al. 2002). Palmitoylation 
of CD82 is important for inhibition of invasiveness (23) and for the membrane 
organization of protein kinase C and α4 integrin (24, 25).

CD9 is a widely expressed tetraspanin acting in several cellular functions such 
as cell-migration and invasion (26, 27), adhesion (28), fertilization (29, 30) and 
muscle-cell fusion (31, 32). CD9 regulates the cell-surface assembly of numerous 
protein partners (28), including the Ig-superfamily EWI-motif containing 
single-pass membrane proteins (EWI-F and EWI-2), which have been shown 
to directly bind CD9 (33–35). CD9 features six membrane-proximal cysteines 
(residues 9, 78, 79, 87, 218 and 219) that undergo lipidation (36) mediated 
by zDHHC2 (37) and possibly other zDHHC enzymes. Previous studies using 
cysteine cross-linking (38) and monoclonal antibody C9BB (39) suggested 
that CD9 palmitoylation influences the clustering of CD9 into oligomers, 
while absence of palmitoylation increases formation of hetero-oligomeric 
complexes with the protein partner EWI-2. However, how palmitoylation of 
specific cysteines of CD9 affects the size of TEMs composition and behavior is 
unclear.

In this work, we investigated the site-specific lipidation of the tetraspanin 
superfamily, as a prototype of extensively lipidated membrane proteins. We 
profiled the lipidation states occurring for CD9 and its close-homologue, CD81, 
using high-resolution native mass-spectrometry (MS) (40, 41). The achieved 
mass resolving power allowed us to distinguish and monitor individual 
lipidation states of CD9 (and mutants made thereof ). The observation 
that specific cysteines are lipidated to different extents, led us to generate 
CD9 constructs mimicking different lipidation states. In these constructs, 
membrane-proximal cysteines were mutated to tryptophans. Tryptophans 
occur frequently at the lipid-water interface regions (42). We hypothesized 
that substituting cysteines at lipidation sites by bulky amino-acid residues 
could putatively simulate the effect of covalently attached fatty acid chains, 
whilst short amino-acid residues mimic the absence of covalently attached 
acyl chains; thereby, enabling us to mimic particular lipidation states of a 
membrane protein. We analyzed these lipidation mimics of CD9 with respect 
to their cellular distribution, clustering at the cell membrane and association 
with the direct protein partners EWI-2 and EWI-F. Our work indicates that 
CD9 site-specific lipidation does not influence the TEM cluster size but affects 
the association with protein partners. We conclude that tryptophan mimicry 
represents a novel strategy to study site-specific functional effects of this 
post-translational modification in tetraspanins and possibly other lipidated 
membrane proteins.
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Results

Native-MS profiling of lipidation in wildtype CD9 and CD81 

Wildtype tetraspanins CD9 and CD81 were expressed in human cells (HEK-293) 
and purified using C-terminal 3Strep-tag (Figure 1A). CD9 was solubilized and 
isolated with a high yield (16 ± 2 µg per 12 mL of cell culture) and eluted largely 
as a single peak in analytical size-exclusion chromatography (SEC). CD81 was 
expressed at variable yields (from 3 to 16 µg per 12 mL of cell culture) and its 
analytical SEC analysis indicated a non-homogeneous protein distribution. 

To determine the extent of lipidation, we recorded high-resolution native 
mass spectra of solubilized and purified wildtype CD9 and CD81, making 
use of Orbitrap with extended mass range (43) (Figure 1B and S1A-B). The 
spectra revealed low-abundant peaks that matched the theoretical masses 
of the bare protein backbone, both with and without the initial methionine. 
The relatively low intensity of these peaks indicated that the majority of the 
CD9 proteins carried modifications. We observed sets of peaks separated by 
238 Da mass differences, indicating the sequential addition of one up to six 
palmitoyl chains. Additional peaks of lower intensity, prominently visible for 
highly modified proteins with larger mass, can be attributed to modifications 
with one or more acyl chains that differ from palmitates. The relative mass 
difference of 28 Da from the major peaks suggested that these modifications 
concerned predominantly the attachment of a stearic acid chain, which has 
not been reported before for tetraspanins. The distributions of lipidated, either 
palmitoylated or stearoylated, species for CD9 and CD81 are shown in Figure 
1C, whereby we used the ion abundances in the mass spectra as proxy for the 
intensities. Although we observed that CD9 migrated as two bands on SDS-
PAGE, we excluded the possible presence of glycans on CD9 (44, 45), as such 
species was not detected via high-resolution native MS. The majority of CD9 
molecules had three or more acyl chains attached, whilst the most prevalent 
CD9 species carried five acyl chains. Instead, CD81 molecules were mostly 
modified by four or more acyl chains and showed increasing occurrences with 
higher number of acyl chains attached, with the most prevalent CD81 species 
carrying six acyl chains. 

CD9 and CD81 present high or variable lipidation at specific sites

We analyzed the propensities of lipidation at the six membrane-proximal 
cysteines in CD9 and CD81 (residues 9, 78, 79, 87, 218, 219 and 6, 9, 80, 89, 
227, 228, respectively) by mutating all cysteines, except one, to alanines. 
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These alanine mutants with single cysteine-lipidation sites were expressed in 
HEK-293 cells, solubilized and purified; and their lipidation was also profiled 
using high-resolution native MS (Figure 2A-B). Native mass spectra of these 
variants showed peaks, corresponding either to no acylation, palmitoylation 
or stearoylation at the single cysteine sites (Figure S2A-B). Palmitoylation 
was the most predominant lipidation for most sites on CD9 and CD81, 
except for cysteine 228 in CD81 that displayed ca. 50-50% palmitoylation and 
stearoylation. 

The six membrane-proximal cysteines in the CD81 crystal structure (46) 
represent a mixed state, due to mutations of Cys6, 9, 227 and 228 to serines and 
alkylation with iodoacetamide of the remaining free Cys80 and 89. Mapping 
our data onto this structure showed that the least lipidated residues, Cys80 
and 227 in CD81, identical to Cys79 and 218 in CD9, are positioned towards 
the inner cone-shaped cavity of CD81 (Figure 2C).  In our previous work, we 
measured the palmitoylation occurrence of human Claudin 3, CD20 and two 
heterologous expressed bacterial membrane proteins (40) and observed that 
palmitoylation displayed a stochastic distribution. Figure S3 presents the 
predicted stochastic distributions computed from the lipidation propensities 
of single-cysteine sites for CD9 and CD81. The correlations between observed 
and predicted distributions were R2 = 0.65 and R2 = 0.41, respectively (cf. R2 > 
0.9 found for claudin-3 and CD20 (40)), indicating a more intricate process than 
mere stochastic lipidation as observed for claudin-3 and CD20.

Figure 1: Expression, purification and high-resolution native-MS analysis of CD9 and 
CD81 wildtype.

A) SDS-PAGE of the purified wildtype CD9 and CD81 (biological triplicate), run 
in reducing (+BME) or non-reducing (-BME) conditions. Analytical-SEC elution 
profiles of the same samples.

B) Native MS-spectra (deconvoluted to zero charge) of wildtype CD9 and CD81. Peaks 
representing the modified protein with zero to six acyl chains are indicated with a 
dotted line and, at the top, with the number of the respective modifications. Peaks 
modified with the same number of acyl chains (palmitates or stearylates) are 
highlighted with the same color. Peaks belonging to adjacent color bars represent 
the species in absence or presence (+M) of the initial methionine. Additional peaks 
of lower intensity, found under the same color bars, represent species modified 
with both palmitates and stearylates.

C) Lipidation occurrence of wildtype CD9 (in orange) and CD81 (in blue). Intensities 
are derived from the integrated peaks belonging to the same color bars, therefore, 
including species modified with any acyl chain and in absence or presence of the 
initial methionine. Bars represent the mean of three independent experiments 
(+/- SEM).
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Figure 2: Expression, purification and high-resolution native-MS analysis of CD9 and 
CD81 mutants with single cysteine lipidation-sites and with three cysteine lipidation-
sites.

A) SDS-PAGE of the purified CD9 mutants with single cysteine lipidation-sites and 
lipidation occurrence measured for each mutant (in orange). Lipidation occurrence 
is divided into palmitoylation (striped bars) and stearoylation (checked bars). Bars 
represent the mean of three independent experiments (+/- SEM).

B) SDS-PAGE of the purified CD81 mutants with single cysteine lipidation-sites and 
lipidation occurrence measured for each mutant (in blue). Lipidation occurrence 
is divided into palmitoylation (striped bars) and stearoylation (checked bars). Bars 
represent the mean of three independent experiments (+/- SEM).

C) Representation of CD81 structure (PDB ID: 5TCX) where membrane-proximal 
cysteines are shown as blue spheres. Protein oriented with respect to the 
membrane planes has been retrieved from the OMP database (https://opm.phar.
umich.edu/) (90).

D) Mean lipidation occurrence of CD9 mutants with single cysteine lipidation-sites 
ranked in decreasing order, showing the highly lipidated cysteines (Cys 9, 87 and 
219), followed by the variably lipidated cysteines (Cys79, 78 and 218). Below the 
bar chart, a scheme of CD9 mutants with three cysteine lipidation-sites (denoted 
C3A3 and A3C3, based on the ranking order) and the CD9 sequence displaying 
the location of the Cys-triplets, highly modified (in red) or variably modified (in 
orange). 

E) SDS-PAGE, showing the purified mutants and, for comparison, wildtype CD9. 
Mean lipidation occurrence of C3A3 (in red) and A3C3 (in orange), was measured in 
three independent experiments (+/- SEM).
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Use of tryptophan to mimic lipidation in CD9

The observed differences in the lipidation occurrence on the six membrane-
proximal cysteines of CD9 raised the question whether lipidation of specific 
residues affects the function of this protein. We grouped CD9 cysteines based on 
their lipidation propensities into (nearly) fully lipidated, res. 87, 9 and 219, and 
variably lipidated, res. 79, 78 and 218 (Figure 2D). Native MS profiling of a CD9 
variant with cysteines at the three fully lipidated sites and alanines at variably 
lipidated sites (denoted C3A3; Figure 2E) yielded predominantly (~85%) triple-
lipidated CD9, whilst a variant with three alanines and three cysteines, at the 
other sites (denoted A3C3), yielded a mixture of non-lipidated, single, double a 
triple lipidated species (Figure 2E and S2C). These observations reflect those 
made for wildtype CD9, showing that three sites are typically lipidated in CD9 
yielding species with three up to six attached acyl chains.

Since there is no consensus sequence for protein lipidation (47) that can be 
used to elucidate site-specificity, we designed a new tool to address this 
topic. Sequence analysis showed that the six cysteines that can be lipidated 
in CD9 are not fully conserved among the 33 human tetraspanins (Figure 
S4A). Some tetraspanin paralogues present membrane-proximal cysteines 
but at neighbouring positions, while other cysteines are replaced by small-
hydrophobic, aromatic or positively charged amino-acid residues. Tspan16, 
for instance, does not present any membrane-proximal cysteines, but a 
serine (corresponding to Cys9 in CD9), tryptophan-tyrosine (Cys78-Cys79), 
glycine (Cys87) and glycine-leucine (Cys218-Cys219). The observation that 
specific amino acids are present at the same site of cysteines and the higher 
frequency of certain amino acids in the membrane-proximal intracellular side 
of proteins (42), brought us to design constructs where cysteines are mutated 
into different amino acids. We hypothesized that bulky aromatic amino-acid 
chains could possibly lock CD9 in a site-specific lipidated-like conformation. 
Small amino-acid side chains would instead allow conformational flexibility, 
achieving possibly the same effect of the absence of a conjugated acyl-chain. 

A set of CD9 mutants was designed as a 3Strep-GFP fusion, to initially monitor 
their expression in HEK-293 cells, purification and stability (mutants are listed 
in Figure S4B). We substituted highly lipidated cysteines (residues 9, 87, 
219) with bulky aromatic residues, while the remaining three cysteines were 
mutated to alanines. Conversely, we generated mutants where we substituted 
variably lipidated cysteines (residues 78, 79, 218) with aromatic residues, while 
the three other cysteines were mutated to alanines. Similarly, we created two 
non-lipidated versions of CD9, in which the six cysteines were mutated to 
alanine (A6) or to serine (S6), in line with previously reported mutants (36, 38, 
39), and a version of CD9, where we mutated all cysteines to tryptophans (W6). 
GFP fluorescence-assisted SEC traces of the CD9 3Strep-GFP tagged constructs 
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showed a symmetrical peak, indicating that the proteins are monodisperse 
and folded (Figure S4C). However, CD9 S6 did not elute a monodisperse peak, 
indicating heterogeneous forms. CD9 A6 was therefore chosen over CD9 S6 to 
represent the non-lipidated state. The final set of mutations used to mimic 
lipidation states in functional cellular studies is listed in Figure 3A. 
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Figure 3: Lipidation does not affect surface expression or trafficking of CD9 but 
affects CD9 complexes in a site-specific way.

A) Overview of the lipidation mutants.

B) Comparable CD9 surface expression on HEK-293 cells transfected with GFP-
tagged WT CD9 or one of its lipidation mutants as assessed by flow cytometry 
using the MEM61 antibody. Depicted MFI values are normalized to WT CD9 and 
represent the mean of 3-7 independent experiments (+/- SEM).

C) Similar cellular localization of WT CD9 and its lipidation mutants in HEK-293 cells 
as shown by confocal microscopy. CD9 is visualized with a GFP-tag (green) and the 
nucleus is stained with DAPI (blue). (Scale bar = 10 mm).

D) Confocal microscopy shows the localization of the total pool of CD9 (visualized by 
its GFP-tag, shown in green), and of the membrane-exposed pool of CD9 (visualized 
by MEM61 antibody staining, shown in red) in RAJI cells over-expressing WT CD9 
or its lipidation mutants. The merged channel also shows the nucleus stained by 
DAPI in blue. (Scale bar = 10 mm).

E) The proportion of intracellular WT CD9 molecules is similar to the proportion of the 
different lipidation mutants. This proportion is calculated by dividing the fraction 
of GFP signal not overlapping with the membrane staining by the total GFP signal. 
Depicted values show the mean (+/- SEM) of 3 independent experiments, 10 cells 
per experiment.

F) Flow cytometry shows a comparable CD9 surface expression on RAJI cells 
transfected with GFP-tagged WT CD9 or one of its lipidation mutants as assessed 
by flow cytometry using the MEM61 antibody. Depicted values are normalized 
to WT CD9 and represent the mean of 6-11 independent experiments (+/- SEM).

G) Differential binding of conformation-dependent antibody C9BB to WT CD9 and 
the different lipidation mutants was measured by flow cytometry. Depicted 
values are normalized to WT CD9 and represent the mean of 3-8 independent 
experiments (+/- SEM).
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Lipidation does not affect surface expression or trafficking of CD9

Because most CD9 functions are carried out at the plasma membrane, we 
first tested whether all mutants were expressed on the cell-surface to similar 
extents. We overexpressed the different GFP-tagged CD9 constructs in HEK-
293 cells, stained for surface CD9 using the antibody MEM61, and measured 
the mean fluorescence intensity (MFI) by flow cytometry (Figure 3B). Surface 
expression of the non-lipidated mutant CD9 A6 was similar to wildtype CD9, 
indicating that lipidation is not involved in the transport of CD9 to the plasma 
membrane, which is in line with previous reports (37). Since the other CD9 
mutants showed similar CD9 surface expression and microscopy experiments 
showed a comparable intracellular distribution of GFP signal (Figure 3C), 
we exclude major folding or trafficking defects as a result of the introduced 
mutations.

To rule out the possibility that endogenously expressed CD9 in HEK-293 cells 
would mask potential trafficking defects, the experiments were repeated in 
the CD9-negative B cell line RAJI. Both the intracellular localization (Figure 
3D) and the percentage of GFP signal that is intracellular, i.e. not overlapping 
with surface CD9 staining, (Figure 3E) were comparable for the different GFP-
tagged CD9 constructs in RAJI cells. These observations, together with a similar 
CD9 surface expression (Figure 3F), confirmed that lipidation of CD9 does not 
affect its surface expression or trafficking. 

Lipidation affects CD9 complexes in a site-specific way

Although total surface expression of CD9 was unaffected by the introduced 
mutations, CD9 protein complexes formed at the cell surface could be 
altered. To test this, the antibody C9BB was used which has been reported to 
preferentially bind homoclustered CD9 (39). C9BB binding is strengthened 
by lipidation and by expression of integrins, while absence of lipidation and 
association with the protein partner EWI-2 diminished C9BB staining (39). We 
detected a significant decrease in C9BB binding to CD9 A6 mutant compared to 
binding to wildtype CD9 (Figure 3G). Interestingly, the CD9 W6 mutant showed 
similar levels of C9BB binding to the wildtype protein, which indicates that 
tryptophan mimics lipidation of CD9. Furthermore, we observed differential 
C9BB binding when tryptophan was used to replace the cysteines that were 
shown to have a high (W3A3) or low (A3W3) CD9 lipidation propensities. Binding 
to CD9 W3A3 was comparable to the wildtype, whereas CD9 A3W3 was more 
comparable to non-lipidated CD9 A6 (Figure 3G). Although difference in C9BB 
binding to W3A3 and A3W3 mutants was not significant, it is consistent with 
the results obtained for the complementary mutants C3A3 and A3C3, again 
indicating that tryptophan can mimic lipidated cysteines. Also, the differences 
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in C9BB binding between W3A3 and C3A3, on one hand, and A3W3 and A3C3, on 
the other hand, were consistent with the concept of a site-specific effect of 
lipidation on CD9 complexes.

Generation of anti-CD9 nanobody probe for super-resolution microscopy

In order to understand whether the differential, lipidation-associated, C9BB 
binding was due to differences in the clustering of CD9 on the cell surface, we 
employed dSTORM super-resolution microscopy (48) to visualize membrane-
embedded CD9 at the nanoscale level. To achieve imaging at single-molecule 
resolution, we generated a novel nanobody (Nb) - based anti-CD9 fluorescent 
probe. After immunization of llamas with purified A6 mutant CD9, we 
constructed a phage display nanobody library with a size of 1.1x108. Phage 
display on C-terminal 3Strep-tagged wildtype CD9 yielded several Nb clones 
that specifically bound CD9 (Figure S5A-B). For the purpose of the current 
study, we selected Nb clone 4C8, as it displayed the highest binding affinity 
on purified wildtype CD9 (KD of 0.6 nM) and on HeLa cells (KD = 0.9 nM) 
(Figure S5A-B). Binding of 4C8 Nb on adherent cells indicated that its epitope 
was located in the extracellular loops of CD9 (Figure S5B). We purified the 
C-terminal Cys-EPEA tagged Nb 4C8 from the periplasmic fraction of E. coli cells 
and site-directly conjugated it to maleimide-Alexa647, via the introduced free 
C-terminal cysteine (Figure S5C). The final probe had a degree of conjugation 
of 0.5 and contained less than 10% of free dye. Finally, its binding affinity was 
validated on purified wildtype CD9, yielding a KD of 3.1 nM (Figure S5D).

Lipidation does not affect CD9 clustering on the cell surface

Wildtype CD9, its non-lipidated mutant (A6) and the mutant that potentially 
mimics a fully lipidated CD9 protein (W6), were overexpressed in CD9-negative 
RAJI cells, stained with the Alexa-647 conjugated 4C8 nanobody and the basal 
membrane of aldehyde-fixed cells was imaged using a dSTORM set-up.

Whole-cell dSTORM images showed the nanoscale organization of CD9 on 
the cell surface (Figure 4A), whereas individual molecules can be observed in 
the magnified images (Figure 4B). The latter images showed a population of 
wildtype, A6 and W6 CD9 molecules, which appeared clustered in small groups, 
and a second population of single CD9 molecules that did not associate in 
clusters. 

To compare the clustering of different CD9 lipidation mutants, we applied the 
density-based spatial clustering (DBSCAN) algorithm (49). Given a distance 
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Figure 4: Lipidation of CD9 does not affect its clustering on the cell surface.

A) Reconstructed dSTORM images of representative RAJI cells over-expressing WT, 
A6 or W6 versions of CD9 stained with an Alexa647-conjugated anti-human CD9 
nanobody. Scale bar is 2 µm.

B) Zoom-in of the cells depicted in A). Scale bar is 0.5 µm.

C) Convex Hull representation of the zoomed images shown in B) generated with 
the DBSCAN algorithm using an e of 50 nm and a minpts of 5. Localizations that 
are classified as part of a cluster are depicted as circles in the same color and 
localizations that are classified as non-clustered appear as black circles. Scale bar 
is 0.5 µm.

D) Quantification of the number of localizations per cluster as calculated by DBSCAN 
versus the density of localizations per square µm cell surface. Each dot in the 
graph represents the mean of all clusters in a single cell. The regression curve, R2 
and 95% confidence interval are derived from a linear regression model of log # 
localizations per cluster versus log localizations / μm2 on the pooled data of all 
mutants. N=3 independent experiments, n>30 cells per CD9 construct.

E) Residuals of the regression model for the different CD9 constructs and a P-value 
as calculated by ANOVA analysis. Each dot represents a single cell and the mean of 
all cells is depicted +/- SEM.

F) Quantification of the percentage of localizations in a cell that were classified by 
DBSCAN as non-clustered versus the density of localizations per square µm cell 
surface. Each dot in the graph represents a single cell. The regression curve, R2, 
and 95% confidence interval are derived from a linear regression model of logit % 
non-clustered localizations versus log localizations / μm2 on the pooled data of all 
mutants. N=3 independent experiments, n>30 cells per construct. 

G) Residuals of the regression model for the different CD9 constructs and a P-value 
as calculated by ANOVA analysis. Each dot represents a single cell and the mean of 
all cells is depicted +/- SEM.
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range (e) and a minimal number of detected molecules in a cluster (minpts), 
this algorithm assigns each detected molecule to a specific cluster or it does 
not assign it to any cluster. In the convex Hull representation of the magnified 
images generated with DBSCAN (Figure 4C), localizations (detection events of 
single molecules) that are classified as part of a cluster are depicted as circles in 
the same color and localizations that are classified as non-clustered appear as 
black circles.  Based on previously reported  tetraspanin-cluster diameter and 
density (10, 25), an e of 50 nm and a minpts of 5 were chosen for quantification. 
However, similar conclusions were obtained using different e and minpts 
values (Figure S6).

The number of localizations in a cluster showed a strong correlation with the 
density of molecules at the cell surface for all the three tested CD9 mutants 
(Figure 4D). The regression curve in this figure is derived from a linear 
regression model of log # localizations per cluster versus log localizations / μm2 

on the pooled data of all mutants. This regression model was used to check 
whether lipidation affects the number of molecules per cluster independently 
of density. Since the residuals of this regression are not significantly different 
between the different CD9 constructs (Figure 4E), this data does not provide 
evidence for an effect of lipidation on the number of molecules per cluster. 
Similarly, the fraction of localizations that is not assigned to a cluster was 
strongly dependent on the CD9 expression level on the cell surface (Figure 
4F). The regression curve in this figure is derived from a linear regression model 
of logit % non-clustered localizations versus log localizations / μm2 on the 
pooled data of all mutants. Again, the residuals of this regression model do not 
provide evidence for an effect of lipidation on the fraction of molecules that is 
not assigned to a cluster (Figure 4G). In conclusion, we found no evidence that 
lipidation directly affected either the number of molecules per cluster or the 
fraction of non-clustered molecules. 

Lipidation influences CD9 interactions with direct protein partners

The observed differences between CD9 wildtype, A6 and W6 variants in C9BB 
binding (Figure 3G) could also be due to differential binding of CD9 to its 
interacting partner molecules, resulting in tetraspanin clusters of different 
compositions.  We analyzed the association of CD9 variants with the direct 
protein partners EWI-F and EWI-2, by overexpressing C-terminal 3Strep-tagged 
CD9 with either EWI-F or EWI-2 in HEK-293 cells. Because complexes of CD9 
with either EWI-F or EWI-2 are maintained in relatively stringent detergents 
(i.e. Brij96, digitonin and TritonX100) (33–35), we employed n-dodecyl-β-D-
maltopyranoside for solubilization and co-purification of 3Strep-tagged CD9, 
as we did for the initial MS characterization of purified protein. Both EWI-F 
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Figure 5:

Figure 5: Lipidation affects interaction of CD9 with EWI-F, but not with EWI-2.

A) Purified Strep-tagged CD9 WT and CD9 lipidation mutants (C3A3, A3C3, A6, W3A3, 
A3W3 and W6) were visualized by western blotting.

B) Co-purification of Strep-tagged CD9 WT and CD9 lipidation mutants with EWI-F 
indicates preferential binding of CD9 to mutants W6, C3A3 and W3A3, while mutants 
A3C3 and A3W3 bound EWI-F to a lower extent and mutant A6 did not bind EWI-F. 

C) Co-purification of the same CD9 mutants with EWI-2 shows no preferential binding 
to any CD9 lipidation mutant. (*) indicates an additional minor band below 150 
kDa (the molecular mass of EWI-2 corresponds to 65 kDa), possibly representing 
an EWI-2 dimer.
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and EWI-2 were co-purified with CD9 indicating stable complex formation 
with wildtype CD9, as described previously (33–35) (Figure 5). Hardly any 
EWI-F was found associated to the non-lipidated CD9-A6 variant and only weak 
association was observed when using CD9 A3C3 and A3W3. Instead, EWI-F was 
only co-purified efficiently with W6, C3A3 and W3A3 (Figure 5B). Since EWI-F co-
localized to a similar extent with the different CD9 variants, we can exclude 
that the observed defects are caused by aberrant localization of one of the 
proteins (Figure S7A-B). In contrast to EWI-F, co-purification experiments 
showed no differences in EWI-2 association with CD9 wildtype, alanine or 
tryptophan variants (Figure 5C). We therefore conclude that CD9 binds EWI-
2 independently of its lipidation state, whereas site-specific lipidation of CD9 
largely affects interactions with EWI-F. 

Our results showed that tryptophan mimics the effect of lipidation, since 
mutants A3W3 and W3A3 pulled down EWI-F to similar extent as their counterparts 
A3C3 and C3A3, whilst W6 interacted with EWI-F to a similar level as wildtype CD9 
(Figure 5B). Overall, these findings indicate that site-specific lipidation of CD9 
influences the behavior of the tetraspanin clusters which, despite maintaining 
the same number of molecules, are composed of different protein partners.

Discussion

Lipidation influences membrane protein folding, trafficking and protein-
protein interactions (50). Moreover, lipidation of membrane proteins facilitates 
compartmentalization in cholesterol- and sphingolipid-rich membrane 
domains (51, 52) and can affect changes in protein conformation (53). In 
this regard, membrane protein lipidation at the cytosolic border or within 
the transmembrane domain has been proposed to tilt transmembrane 
helices, influencing the protein state and orientation (3, 53–55). How site-
specific lipidation affects the conformation and function of transmembrane 
proteins, however, still needs to be understood. In this study, we identified a 
novel strategy to address this question by using site-directed mutagenesis of 
membrane-proximal cysteines. Profiling of site-specific lipidation of CD9, a 
prototypical membrane protein with multiple membrane-proximal cysteines, 
revealed residues with a specific lipidation propensity. We used tryptophan 
mimicry to induce a putative conformational arrangement in the tetraspanin, 
mimicking the effect determined by the attachment of acyl-chains at specific 
sites. Using tryptophan mimicry, we found site-specific functional effects of 
lipidation in tetraspanin CD9 which directly influences protein partner binding.

Site-specific aspects of lipidation have been shown for protein targeting to the 
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cell surface, interplay with other post-translational modifications and trafficking 
of the ion channels AMPA, NMDA and BK (56). Recently, S-palmitoylation 
of β2-adrenergic receptor has been shown to be site-specific and distinct 
in human and rodent proteins. In particular, palmitoylation of Cys153 and 
Cys292 within the human β3AR increased membrane-receptor abundance, 
but only Cys361/363 palmitoylation enhanced membrane-receptor half-life 
(57). In our work, we observed that the site-specific lipidation of CD9 does not 
affect protein targeting or localization at the plasma membrane, but it affects 
primarily CD9 interactions with other proteins. The differential interactions 
between EWI-F and different lipidation mutants of CD9 represent, to our 
knowledge, the first example of function associated to site-specific lipidation 
in the tetraspanin protein family.

Unlike the binding of protein partners, different lipidation states of CD9 did 
not affect membrane localization and clustering of CD9 on the cell surface 
(Figure 3A-F and 4D-E). dSTORM microscopy revealed a similar number of 
CD9 molecules in nanoclusters, most likely TEMs, and a similar population 
on non-clustered proteins for the different lipidation mutants of CD9. The 
appearance of a clustered and a non-clustered population of CD9 molecules is 
in line with the detection of confined- and Brownian- diffusion modes of single 
CD9 molecules in live cells (58). Whereas we found no evidence that lipidation 
does affect the number of molecules in CD9 clusters (Figure 4D), this is not a 
general characteristic of tetraspanins since loss of palmitoylation was shown 
to reduce cluster size of tetraspanin CD82 (24). Interestingly, we observed 
a strong correlation between the expression level of CD9 and its clustering 
behavior (Figure 4D-E), which is in line with the observation that CD82 forms 
larger clusters upon overexpression (24). 

Previous work has shown that CD9 could interact with EWI-2 via two 
independent regions including part of the second and third transmembrane 
helix (residues 69-116) and the second half of CD9 large extracellular loop 
(after the CCG tetraspanin-consensus motif ) (59). It has also been proposed 
that EWI-2 interacts with CD9 via a region that excludes the two more distal 
N-terminal Ig domains  (34). EWI-F was reported instead to interact with CD9 
via its transmembrane domain (60), while other groups have shown that a 
truncated form of EWI-F, corresponding to the extracellular region close to 
the transmembrane domain (residues 724-832), co-precipitates with CD9 
(61). These studies indicate that different regions of EWI proteins are involved 
in CD9 binding. Moreover, EWI-proteins also possess membrane-proximal 
cysteines that could be lipidated, which adds complexity to the regulation 
of this interaction. We hypothesize that lipidation influences the CD9-EWI-F 
association either by directly regulating the interacting domain or indirectly 
by changing the protein conformation and, thereby, exposing a binding site. 
By contrast, association between CD9 and EWI-2 appears not favored by a 
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particular lipidation state, indicating that the EWI-2 binding regions on CD9 
do not depend on lipidation of CD9.

Mapping lipidation profiles of single-cysteine variants of transmembrane 
proteins onto 3D structural data suggests that site-specific lipidation 
propensities are possibly correlated with the accessibility of the cysteine 
substrates for their membrane-embedded acyl transferases (40). In particular, 
the positions of Cys80 and 227 are located towards the inner protein cavity in 
the structure of CD81 and are the least acylated sites. The lipidation profiles of 
CD9 and CD81 do not fit a simple stochastic model for lipidations at multiple 
sites, in contrast to what has been observed for claudin-3 and CD20 (40). 
Though not experimentally proven, the potential occurrence of multiple 
conformations of CD9 and CD81, with different cysteine-SH accessibility, 
will cause a non-stochastic lipidation profile. Such conformation-dependent 
lipidation may explain the observed enhanced palmitoylation upon antibody-
induced co-ligation of CD81 (19). 

Palmitoylation is the dominant form of lipidation in CD9 and CD81, however, 
our native mass spectrometry experiments also revealed a population of 
these tetraspanins modified with stearic acid. Interestingly, despite the low 
abundance, stearic acid modifications show a variable and site-specific 
occurrence and were not detected in other membrane proteins, analyzed 
with the same high-resolution methodology (40). In addition, the presence 
of different acyl substrates could possibly contribute to the non-stochastic 
lipidation profile, displayed by CD9 and CD81. Although blood platelets 
proteins have been reported to be stearoylated (62) and CD9 is highly abundant 
membrane protein in platelets (63), this modification has never been described 
before for tetraspanins. Stearoylation has been reported for a limited number 
of other proteins (2), including influenza glycoproteins (64), P-selectin (65) and 
the transferrin receptor (66). It remains to be studied whether stearoylation of 
tetraspanins has a specific functional role.

The process of S-acylation is regulated by 23 different zDHHC enzymes 
(67) and in HEK-293 cells the expression of 20 of these enzymes has been 
detected (68). Removal of S-acylation is performed by acyl-thioesterases, 
namely APT1/2 (69, 70) and the ABHD17 protein family (71), making acylation 
a reversible modification. We hypothesize that CD9 function may also be 
regulated by selective (de-) S-acylation of specific cysteines. In principle, 
this regulation could happen right after protein synthesis or later at the cell 
membrane, since the major palmitoylating enzyme of CD9, DHHC2, is found in 
both compartments (37, 72). However, although zDHHC enzymes are known 
to be specific for certain target proteins, it is unclear whether they can also 
be specific for specific cysteine residues (56). Furthermore, a de-acylation 
enzyme for CD9 is still to be discovered.  Extensive and careful analysis of CD9 
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lipidation in different conditions will be required to prove the hypothesis of 
CD9 regulation by selective (de-)acylation of specific cysteines.

Amino-acid substitutions that mimic post-translational modifications, in 
particular substitution of a serine to a aspartate or glutamate, have proven 
to be a powerful tool to study phosphorylation of specific residues in a 
range of proteins, like tau (73, 74), Sox2 (75), α4-integrin (76), VASP (77) and 
tropomyosin (78). The tryptophan mimicry used in this work may represent a 
similar powerful strategy, based on sequence mutagenesis, which allows the 
protein to switch into a determined and non-reversible conformational state. 
We showed that the lipidation mutants used in this work truly mimic their 
lipidated constructs counter parts, as comparable outcomes were obtained for 
W6 and wildtype CD9, for A3W3 and A3C3, for W3A3 and C3A3, in binding to C9BB 
antibody and in binding to the protein partner EWI-F.  

In conclusion, our findings reveal that specific lipidation sites on membrane 
proteins have specific functions. We anticipate that the use of tryptophan 
mimicry to study site-specific membrane protein lipidation has important 
implications to decipher protein lipidation-associated functions, surface 
distribution and possible conformational states in other systems. 

Materials and Methods

DNA constructs and overexpression 

The cDNA encoding human CD9 and CD81 was purchased from GeneArt in a 
pJ201 plasmid. The cDNAs encoding human EWI-F and EWI-2 were obtained 
from Source BioScience in a pENTR223.1 and pCMV-SPORT6 plasmids, 
respectively. For expression in HEK-293 cells, CD9 and CD81 were subcloned 
in an expression vector containing a start codon and a C-terminal triple repeat 
Strep II tag followed by a stop codon (U-Protein Express B.V., the Netherlands) 
using a 5’ BamHI and 3’ NotI restriction sites. EWI-F and EWI-2 were subcloned 
in an expression vector containing a cystatin secretion signal peptide, a start 
and a stop codon (U-Protein Express B.V., the Netherlands) using a 5’ BamHI-
compatible BsmbI (for EWI-F) or BglII (for EWI-2) and 3’ NotI restriction site. 
For initial expression trials of the lipidation mutants CD9 were subcloned in an 
expression vector containing an N-terminal 3Strep-GFP tag (U-Protein Express 
B.V., the Netherlands). For large scale production and nanobody generation, 
the CD9 A6 mutant was subcloned in an expression vector having a C-terminal 
His6 fused to an EPEA tag (U-Protein Express B.V., the Netherlands).
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All the mutagenesis reactions were performed using the Q5 Site-Directed 
Mutagenesis Kit (NEB). For co-transfections, vectors containing CD9 and 
EWI-F/EWI-2 were mixed in 1:1 molar ratio. All the constructs were diluted 
100-fold (w/w) with a dummy plasmid expressing the tripeptide MGS (79), 
which yields the highest expression for membrane proteins (40). Constructs 
were then transiently expressed in 12 mL, for MS analysis, or in 25 mL, for co-
purification, HEK-293-EBNAI suspension cells (supplied by U-Protein Express 
B.V., The Netherlands).

The constructs used for (dSTORM) microscopy and flow cytometry 
experiments were obtained by a PCR reaction on the different CD9 (mutant) 
constructs and subcloned into an psGFP2-C1 vector (80). First the following 
primers, Fwd: AGTATTGAGAATTCAGGAATGCCGGTCAAAGGAGGC and Rev: 
AGTATTGAGTCGACAGTATTGACTAGACCATCTCGCGGTTCC, were used to add 
an EcoRI and a SalI restriction site to the coding sequence. Then the resulting 
PCR product was ligated into a EcoRI and SalI cutted psGFP2-C1 vector.

Purification of CD9, CD81 and co-purification of CD9 - EWI-2 and CD9 - 
EWI-F complexes

Cells were harvested 96 hours after transfection and resuspended in 1.5 mL 
of Buffer A (25 mM HEPES/NaOH pH 7.5, 150 mM NaCl, 1 tablet of protease 
Inhibitor cocktail (Roche) and 1% w/w n-dodecyl β-D-maltoside (DDM; 
Anatrace)). Solubilized cell extracts were separated by ultracentrifugation 
(100,000 g, 1h, 4°C) and 20 µL Strep-Tactin Sepharose High-Performance beads 
(GE Healthcare) were applied to the supernatant, supplemented with 3 mL of 
Buffer B (25 mM HEPES/NaOH pH 7.5, 150 mM NaCl and 0.025% w/v DDM). 
After overnight incubation, beads were washed with Buffer B and purified CD9 
and CD81 were eluted with 2.5 mM d-desthiobiotin in 50 µL. Protein purity 
and stability was assessed via Coomassie stained 14% SDS-PAGE and using an 
analytical Superdex 200 10/300 increase size exclusion chromatography (SEC; 
GE Healthcare) equilibrated in Buffer B. Tryptophan fluorescence was detected 
via excitation at 275 nm and emission at 354 nm using an in-line fluorescence 
detector (Shimadzu). For N-terminal GFP-tagged constructs GFP fluorescence 
was detected using the same system via excitation at 488 nm and emission at 
509 nm.

Antibodies and Western blotting 

For detection of CD9, a rabbit anti-hCD9 (ab7999, Abcam) primary antibody 
was used. For detection of EWI-F and EWI-2, a rabbit anti-hEWI-F (SAB2700379, 
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Sigma) and a rabbit anti-hEWI-2 (HPA011917, Sigma) primary antibodies 
were used respectively. As secondary antibody, a donkey anti-rabbit IRDye 
680LT antibody (LI 926-68023, Westburg) was chosen. Western blotting was 
performed according to standard protocols using a Trans-Blot Turbo transfer 
system (Bio-Rad) on mini or midi nitrocellulose membranes (Bio-Rad). For 
blocking, the Odyssey blocking buffer (LI-COR) was used and images were 
acquired using the LI-COR Odyssey Infrared Imaging System.

Native mass spectrometry

Purified proteins were buffer exchanged to 150 mM ammonium acetate, 
0.025% (w/v) DDM, pH 7.5 using Micro Bio-Spin columns (Bio-Rad). An aliquot 
of 1–2 μl was loaded into gold-coated borosilicate capillaries (prepared in-
house) for nano-electrospray ionization. Samples were analyzed on either a 
modified Orbitrap EMR instrument (Thermo Fisher Scientific) or a QE UHMR 
instrument (Thermo Fisher Scientific) (43, 81–83). Capillary voltage was set at 
1400 V, source fragmentation or in-source-trapping to 50V, extended trapping 
200-300 V. Nitrogen was used as collision gas. Spectra were acquired using an 
acquisition time of 32 or 64 ms per scan, averaged over several scans, typically 
one minute. Recorded spectra were deconvoluted using Intact Mass software 
(Protein Metrics) (84), relative lipidation levels were extracted by integrating 
over the manually selected mass range, including all relevant masses. Relative 
palmitoylation/stearoylation ratios were extracted by taking the top intensities 
at the expected mass. All data analysis following spectra deconvolution was 
performed using python 3.6 scripts.

Quantitative analysis

Predictions of wildtype lipidation patterns were calculated using a Poisson 
binominal distribution with each lipidation site having a unique lipidation 
probability. The fraction of lipidated - combined palmitoylated and stearoylated 
- single cysteine mutants of CD9 and CD81 was used as the lipidation 
propensity. Single-site propensities were obtained by averaging of biological 
triplicate experiments. All modelling was done using python 3.6 scripts.

Cell culture and transfection

RAJI B cells were cultured in RPMI 1640 medium supplemented with 10% 
fetal calf serum (FCS, Greiner Bio-One), 1 % ultraglutamine (Lonza) and 1% 
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w/v antibiotic-antimycotic. Transient transfections were performed in the 
absence of antibiotic-antimycotic using the SF Cell Line 4D-Nucleofector 
X kit and 4D Nucleofector system (Lonza). For protein purification, HEK-293 
cells were cultured in Freestyle 293-Expression medium (Invitrogen Gibco) 
supplemented with 0.02% fetal bovine serum (FBS) (Invitrogen Gibco) and 
0.01% Geneticin (Life Technologies). Transient transfections were performed 
on suspension cells using polyethyleneimine (Polysciences Inc.). For imaging, 
HEK-293 cells were cultured in DMEM+GlutamaxTM-1 medium supplemented 
with 10% w/v FCS, 1% w/v non-essential amino acids and 1 % w/v antibiotic-
antimycotic. Transient transfections were performed on adherent cells in the 
absence of antibiotic-antimycotic using Metafectene (Biontex). Unless stated 
otherwise, reagents are purchased from Thermo Fischer Scientific.

Flow cytometry

RAJI and HEK-293 cells were harvested for flow cytometry analysis 16 h after 
transfection with GFP-tagged CD9 (mutants). Single cell suspensions were 
blocked in PBS, 1% w/v BSA and 2% v/v normal human serum for 30 minutes 
at 4oC and subsequently stained for 30 minutes at 4oC in the same solution 
supplemented with 10 µg/ml of the following primary antibodies: anti-CD9 
(MEM61, Thermo Fischer Scientific), anti-CD9 (C9BB, a kind gift of Dr. Martin 
E. Hemler) or mouse IgG1 (MOIC-21, BioLegend). This was followed by a 30 
minutes incubation with anti-mouse IgG1-Alexa Fluor 647 (Thermo Fischer 
Scientific). Stained cells were analyzed using a Cyan flow cytometer (Beckman 
Coulter) and FlowJo software version 10 (Tree Start Inc.).

Confocal microscopy and image analysis

16 hours after transfection, HEK-293 cells were fixed in 4% v/v paraformaldehyde 
(PFA) for 20 minutes and RAJI cells were adhered to poly-L-lysine coated 
coverslips and subsequently fixed. Cells were blocked in 3% w/v BSA, 1% 
w/v filtered human serum, 10 mM glycine in PBS for 1 h and subsequently 
stained for 30 minutes in the same solution supplemented with 10 µg/ml of 
the following primary antibodies: anti-CD9 (MEM61, Thermo Fischer Scientific) 
or anti-EWI-F (polyclonal, Thermo Fischer Scientific). This was followed by a 
30 minutes incubation with an appropriate secondary antibody; anti-mouse 
IgG1-Alexa Fluor 647 or anti-rabbit IgG-Alexa Fluor 647 (both Thermo Fischer 
Scientific). Samples were then stained with DAPI, washed and embedded in 
mowiol. For intracellular staining of EWI-F, cells were permeabilized for 10 
minutes in 0.1% triton-X-100 in PBS and all subsequent solutions contained 
0.5% w/v saponin. Samples were imaged on a SP8 confocal microscope with 
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a 60x water 1.2 NA objective (Leica) using appropriate laser lines and settings. 
Colocalization was analyzed using the Coloc2 application of FIJI and the other 
image analysis was performed using CellProfiler (85).

Purification of CD9HisEPEA for nanobody generation

For large scale purification of CD9HisEPEA A6 mutant, HEK-293 cells were harvested 
after 84 hours, resuspended using a dounce homogenizer and incubated 
for 1 hour at 4 °C in hypotonic buffer (25 mM HEPES/NaOH pH 7.5; 150 mM 
NaCl; 10 mM MgCl2; 2 tablets of EDTA-free protease Inhibitor cocktail (Roche)). 
Membranes were collected by ultracentrifugation (45 minutes; 37,000 g; 4 °C), 
resuspended and incubated for 1 hour at 4 °C in hypertonic buffer (25 mM 
HEPES/NaOH pH 7.5; 1M NaCl; 10 mM MgCl2; 1 µg/mL DNAseI (Sigma); 2 tablets 
of EDTA-free protease Inhibitor cocktail (Roche)). Membranes were collected 
again by ultracentrifugation and solubilized in Buffer A (described above). After 
ultracentrifugation the supernatant was applied to Nickel-Sepharose high 
performance beads (GE Healthcare) for batch binding overnight. The Nickel 
beads were manually packed in a Tricorn column (GE Healthcare) connected to 
a second Tricorn column, packed with EPEA beads (Thermofisher), on an Akta 
chromatography system (GE Healthcare). After extensive washing in Buffer B 
(described above), the protein was eluted with Buffer C (25 mM HEPES/NaOH 
pH 7.5, 150 mM NaCl, 250 mM Imidazole, 0.025% w/v DDM) directly onto the 
EPEA column. The second elution from the EPEA column was performed in 
Buffer D (25 mM HEPES/NaOH pH 7.5, 150 mM NaCl, 2 mM EPEA peptide, 
0.025% w/v DDM). The eluted fractions were pooled and concentrated using a 
50 kDa MWCO concentrator (Merck Millipore). The protein was finally purified 
using size-exclusion chromatography (SEC) on a Superdex 200 10/300 column 
(GE Healthcare), previously equilibrated in Buffer B. Pooled fractions were 
concentrated to 0.4 mg/mL and used for llama immunization.

Llama immunizations, phage display library construction and nanobody 
selections

One llama was subcutaneously injected with purified non-lipidated (A6) human 
CD9HisEPEA in buffer B four times over a period of six weeks. 40 μg of protein 
was used per injection with an interval of two weeks between subsequent 
boost injections. Pre-immune, as well as sera, samples 4 weeks (after 1st 
boost) and 6 weeks (end of immunization) after the start of immunizations 
were used to evaluate the presence of immune response. A nanobody library 
was constructed by QVQ B.V., the Netherlands, using the VHH repertoire that 
was found in peripheral blood lymphocytes (PBL) of the immunized llama. In 
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summary, total RNA was extracted from PBLs and the cDNA obtained from 
an RT-PCR was used as template to specifically amplify the DNA sequences 
encoding the VHHs. VHH fragments, digested with SfiI & BstEII, were ligated 
into a pUR8100 phagemid vector and E. coli TG1 bacteria were transformed 
yielding a nanobody phage-display library with a size of 1.1x108. Phages 
obtained from the CD9 library, as well as from already existing libraries 
obtained from immunizations with CD9 expressing cells, were panned on 1 
μg of C-terminal 3Strep tagged wildtype CD9 (wtCD9-3Strep) immobilized 
on pre-blocked Streptavidin coated wells (Pierce™ Streptavidin Coated High 
Capacity Plates, Thermo Scientific) for 2 hours at room temperature. Extensive 
washing with 0.05% v/v Tween/PBS followed and the remaining bound phages 
were eluted by an incubation with trypsin (1 mg/mL) for 40 minutes. A clear 
amplification in the phage titer over the control was observed in the phages 
that were eluted from the CD9 library. Therefore, 94 single TG1 colonies were 
tested in a phage ELISA to confirm specific binding on CD9.       

Phage ELISA

Phages from single colonies were produced after superinfection of log phase 
100 μl TG1 cultures with M13KO7 helper phage, which were further allowed 
to grow at 37°C overnight while shaking. wtCD9-3Strep was incubated for 2 
hours at room temperature on Streptavidin coated plates (100 ng/well) and 
CD9 coated wells were blocked with 4% w/v milk in buffer B for another hour. 
The overnight bacterial cultures were pelleted by centrifugation at 4600g for 
20 minutes. Both empty or wtCD9-3Strep-containing streptavidin 96-wells 
plates were incubated with 20 μl of phage-containing supernatant for 2 
hours at room temperature in Buffer B supplemented with 2% w/v milk. After 
extensive washing with 0.05% v/v Tween in PBS, bound phages were detected 
with horseradish peroxidase-coupled anti-M13 antibodies (1:10000 in 2% w/v 
milk in PBS). Peroxidase activity after addition of 3,3´,5,5´-tetramentylbenzidine 
(TMB; 1-Step Ultra TMB-ELISA, ThermoScientific) was evaluated after measuring 
absorbance at 450nm using a FLUOstar microplate reader (BMG Labtech). 
The clones showing binding only on the CD9 coated wells were send for 
sequencing with the M13 forward primer (Macrogen) and the ones that had 
unique sequences were further characterized. 

Nanobody production and purification

Nanobody was produced as described before (86). For the first characterization 
steps, nanobody was produced from the phagemid vector pUR8100-myc-His. 
The DNA sequence of nanobody clone 4C8 was further ligated into an in-
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house modified pET28 expression vector using SfiI and BstEII sites in order to 
introduce a C-terminal free cysteine. In brief, expression was induced in YT2x/
ampicillin (100 μg/ml; Sigma-Aldrich BV) cultures of log phase (OD600 0.5-0.6) 
E. coli BL-21 Codon Plus (DE3)-RIL bacteria (Agilent Technologies Inc., Santa 
Clara, CA, USA) transformed with nanobody-encoding plasmids, by addition 
of isopropyl-h-D-thiogalactopyranoside (IPTG) (Thermo Scientific) at a final 
concentration of 1 mM. The cultures were further allowed to grow overnight 
at 25 °C under continuous shaking. The periplasmic fraction of the bacterial 
cultures was applied to either Ni-NTA beads (Qiagen) or anti-EPEA beads 
(home-made) and incubated for 1 hour at 4°C on an overhead rotator. For 
His-tagged nanobodies, beads were washed with 10 bed volumes of 15 mM 
imidazole in PBS, pH 7.0 before elution with 300 mM imidazole in PBS, pH 7.4. 
For EPEA tagged nanobodies, PBS was used for washing and 20 mM Tris, pH 7.0, 
2 M MgCl2 was used for elution instead. Overnight dialysis in SnakeSkinDialysis 
Tubing (10K MWCO; Thermo Scientific) against PBS followed. All samples were 
analyzed with 15% SDS-PAGE to determine their purity. Pure nanobodies were 
stored at -20°C until further use.

Site-directed conjugation of nanobody

Nanobody 4C8cysEPEA was conjugated at its C-terminal cysteine with 
AlexaFluor 647 C2 Maleimide (Life Technologies; Thermo Fisher Scientific 
Inc, Breda, the Netherlands). For that, purified protein sample was buffer 
exchanged to 5 mM ethylenediaminetetraacetic acid (EDTA) in PBS, pH 8.0 
(Sigma-Aldrich BV) using Zeba Spin Desalting Columns (7K MWCO) (Life 
Technologies; Thermo Fisher Scientific Inc). Disulfide bonds were reduced after 
a 15 minutes incubation at room temperature with a final concentration of 
20mM Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) in 50 mM Tris-HCl, 
pH8.0 (Sigma-Aldrich BV). Afterwards, the buffer was exchanged to 0.4 mM 
EDTA in PBS, pH 7.5 using Zeba column and sample concentration was adjusted 
to 1 mg/ml. Protein samples were mixed with AlexaFluor 647 C2 Maleimide at 
a molar ratio of 1:4 and incubated overnight at 4°C on an overhead rotator. 
Finally, excess of non-reacted free dye was removed from the samples using 
consecutive Zeba columns conditioned with PBS, until the amount of free dye 
was below 10% of the total. Conjugates were analyzed on a 15% SDS-PAGE and 
the amount of free dye was determined. Absorbance at 280 nm and 650 nm 
was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific 
Inc) and the degree of conjugation was calculated. All conjugates were stored 
at 4oC and tested for binding CD9 prior to use.

Determination of nanobody binding affinity
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To determine the binding affinity of nanobody 4C8 on CD9 several strategies 
were followed. Binding on purified protein was carried on wtCD9-3Strep 
captured via the Strep tag on pre-blocked Streptavidin coated wells (either 
in an 8-well strip format; Pierce™ Streptavidin Coated High Capacity Plates, 
Thermo Scientific, or 96-well plate format; NUNC Immobilizer Streptavidin 
plates, Thermo Scientific). In all cases, 100 ng of wtCD9-3Strep in Buffer B was 
added in each well and incubated overnight at 4°C. The following day, wells 
were rinsed twice with Buffer B and blocked with 4% w/v milk in buffer B for 
1 hour at room temperature before incubation with the nanobodies. Binding 
affinity assays were also performed on HeLa cells in 96-well flat-bottomed Nunc 
Nunclon plate (Thermo Scientific Nalgene). Two days prior to starting the assay, 
cells were seeded at a concentration of 4,000 cells/well in DMEM supplemented 
with 10% FBS and 1% Penicillin/Streptomycin (Sigma-Aldrich BV) and kept at 
37°C, 5% CO2. On the day of the assay, growth medium was replaced with 
binding buffer (1% BSA and 25 mM HEPES, pH 7.2 in DMEM without phenol 
red) and binding was carried out at 4°C. The target (either purified CD9 or 
CD9 on cells) was incubated with serial dilutions of nanobodies for 2 hours 
in triplicate. When purified protein was used as the target, nanobodies were 
diluted in 2% w/v milk in buffer B. In the case of cells, nanobodies were diluted 
in Binding buffer. When not directly fluorescent nanobodies were used, bound 
proteins were detected by incubation with rabbit anti-VHH antibody (1:1000 in 
2% w/v milk in PBS; clone k1216, QVQ B.V.) for one hour, followed by one-hour 
incubation with goat anti-Rabbit IRDye800CW (1:1000 in 2% w/v milk in PBS; 
LI-COR Biosciences) at room temperature in the dark. For cell binding assays, 
cells were fixed with 2% w/v paraformaldehyde in PBS (PFA) for 10 min and a 
subsequent incubation with 4% w/v PFA for another 10 minutes, prior to the 
incubation with the detecting antibodies. Finally, wells were rinsed three times 
with PBS and bound proteins were visualized by detection of fluorescence with 
the Odyssey® Infrared Imager. The 800 nm channel was used for IRDye800CW 
or 700nm channel for AlexaFluor647 detection. Fluorescent intensities were 
plotted (mean ± SEM) over protein concentration using the GraphPad Prism 7 
software for Windows (GraphPad Software, San Diego, CA). Apparent binding 
affinity (KD) of the different proteins was determined by non-linear regression 
curve fitting for one-site specific binding.

dSTORM microscopy

RAJI cells over-expressing GFP-tagged CD9 (mutants) were harvested 16 h after 
transfection, blocked in 2% v/v filtered human serum, 10 mM glycin in PBS for 
30 minutes and stained with an Alexa Fluor-647 conjugated anti-CD9 4C8Nb 
for 45 minutes. Stained cells were seeded on poly-L-lysine coated 25mm round 
coverslips (#1.5 Micro Coverglass, Electron Microscopy Sciences) and fixed 
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with 0.1% w/v glutaraldehyde, 4% v/v PFA in 0.2 M phosphate buffer pH 7.4 for 
30 minutes. After thorough washing, remaining reactivity of the fixatives was 
quenched by a 30 minutes incubation with 100 mM glycine and 100 mM NH4Cl 
in PBS. After another extensive wash, coverslips were mounted in a custom 
made low-drift magnetic sample holder. Cells were imaged in 1ml of OxEA 
buffer (87). dSTORM microscopy was performed on a custom build low-drift 
inverted microscope setup, equipped with a nanometer resolution xyz piezo 
stage (PInano P-545.3R7 Piezo System, Physik Instrumente). In the excitation 
path, spatially overlapping 1000mW 639nm (Genesis MX STM OPSLaser 
System Coherent) and 100mW 405nm (OBIS LX Laser System, Coherent) 
laser light sources were expanded and focused at the back focal plane of the 
imaging objective (APON 60XOTIRF /1.49 OIL, Olympus America Inc.). Emission 
light was focused (f:175mm achromatic, Newport, PAC061AR.14) on a scientific 
CMOS camera (ORCA-Flash4.0 V2, Hamamatsu). All of the instruments were 
controlled by custom-written software in Matlab (MathWorks Inc.)

Imaging was performed in Wide Field illumination mode. During data 
acquisition, sample plane excitation power densities of ~1,8-5,0 kW/cm2 
were used for the 639nm laser. Optionally, for back pumping purposes, 
simultaneous excitation with the 405 nm light source was used at gradually 
increasing excitation power densities up to maximum 0,05 kW/cm2 in the 
sample plane. Typically, 50000 frames were acquired in a Region Of Interest 
(ROI) of 300×300pixels with a pixel size of 0.111 μm at an exposure time of 
10ms.

Image reconstruction and data analysis

Data sets were analyzed with Fiji Image J 1.52g and the analysis module 
ThunderSTORM (88).  A detection threshold of 300 photons was used, typical 
Uncertainty Mode values were 20 nm for the 639 channel. Images were 
reconstructed using the Averaged shifted histograms method, with a rendering 
pixel size of 10 nm. Software drift correction (ThunderSTORM) was applied 
based on cross correlation. The output of Thunderstorm, a data file containing 
the filtered localizations, was further analyzed by the DBSCAN cluster algoritm 
in R (49, 89). Based on previous research (10) an e-value of 50 nm was chosen 
and a minpts of 5. To validate these parameters, an e-value of 25 and 75 nm 
and an minpts of 3 and 10 was also tested, which yielded similar conclusions. 
Visualization and data fitting were performed using Prism5 (GraphPad).

Statistics
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Quantification of flow cytometry and (super resolution) microscopy is based 
on at least three independent experiments. Results are expressed as means 
+/- SEM and compared using a Friedman test followed by Dunn’s multiple 
comparison testing. To assess whether DBSCAN clustering parameters were 
affected by lipidation in a density-independent way, a regression model was 
fitted on the pooled data from all mutants combined for log # localizations per 
cluster versus log localizations per μm2 and logit % non-clustered localizations 
versus log localizations per μm2. The residuals of these regressions for the 
different CD9 constructs were then compared using ANOVA analysis. Statistical 
analysis was carried out in Prism5 (GraphPad) or R. Statistical significance was 
defined as *p ≤ 0.05 and **p ≤ 0.01.
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Figure S1: Profiling of CD9 and CD81 wildtype palmitoylation.

Native MS-spectra (deconvoluted to zero charge) of (A) CD9 and (B) CD81 wildtype 
for two additional biological replicates.  Peaks representing the modified protein 
with zero to six acyl chains are indicated with a dotted line. Peaks modified with the 
same number of acyl chains are highlighted with the same color. Peaks belonging to 
adjacent color bars represent the species in absence or presence (+M) of the initial 
methionine. Additional peaks of lower intensity, found under the same color bars, 
represent species modified with both palmitates and stearylates.



Chapter 4

148

A

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0
Re

l. 
In

te
ns

ity
+1

M
+1

M
0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1
M

+1
M

0 +1

A9C

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1
M

+1
M

0 +1

A78C

A79C

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0
Re

l. 
In

te
ns

ity
+1M

+1M
0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1
M

+1
M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

A87C

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1
M

+1
M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1
M

+1
M

0 +1

Figure 2 - Figure Supplement 1



Site-specific functionality of lipidation in tetraspanin CD9

149

4

A218C A219C

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29200 29300 29400 29500 29600 29700
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

B

A6C A9C

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
it

y

+1
M

+1
M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1



Chapter 4

150

A80C

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0
Re

l. 
In

te
ns

it
y

+1
M

+1
M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1
M

+1
M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
it

y

+1
M

+1
M

0 +1

A89C

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
it

y

+1
M

+1
M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1
M

+1
M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0
Re

l. 
In

te
ns

ity

+1M
+1M

0 +1

A227C

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
it

y

+1
M

+1
M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1
M

+1
M

0 +1

A228C

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1
M

+1
M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1
M

+1
M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
ity

+1M
+1M

0 +1

29600 29700 29800 29900 30000 30100
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

Re
l. 

In
te

ns
it

y

+1
M

+1
M

0 +1



Site-specific functionality of lipidation in tetraspanin CD9

151

4

C

C 3A 3
A 3C 3

29200 29400 29600 29800 30000 30200
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0
R

el
. I

n
te

n
si

ty
+1

M
+1

M
+1

M
+1

M
0 +1 +2 +3

29200 29400 29600 29800 30000 30200
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

R
el

. I
n

te
n

si
ty

+1
M

+1
M

+1
M

+1
M

0 +1 +2 +3

29200 29400 29600 29800 30000 30200
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

R
el

. I
n

te
n

si
ty

+1
M

+1
M

+1
M

+1
M

0 +1 +2 +3

29200 29400 29600 29800 30000 30200
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

R
el

. I
n

te
n

si
ty

+1
M

+1
M

+1
M

+1
M

0 +1 +2 +3

29200 29400 29600 29800 30000 30200
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

R
el

. I
n

te
n

si
ty

+1
M

+1
M

+1
M

+1
M

0 +1 +2 +3

29200 29400 29600 29800 30000 30200
Mass [Da]

0.0

0.2

0.4

0.6

0.8

1.0

R
el

. I
n

te
n

si
ty

+1
M

+1
M

+1
M

+1
M

0 +1 +2 +3

Figure S2: Profiling of CD9 and CD81 mutants having one or three cysteine lipidation-
sites.

Native MS-spectra (deconvoluted to zero charge) of (A) CD9 and (B) CD81 mutants 
with single cysteine lipidation-sites, shown in triplicate. Peaks representing the non-
lipidated (in red) or lipidated (in light green) protein are indicated with a dotted line. 
Peaks belonging to adjacent color bars represent the species in absence or presence 
(+M) of the initial methionine. Additional peaks of lower intensity, found under the 
same color bars, represent species modified with both palmitates and stearylates. 
(C) MS-spectra of CD9 with three cysteine lipidation-sites, shown in triplicate. Peaks 
representing the non-lipidated protein (in red) or modified protein, with one to three 
acyl chains (respectively in light green, green and turquoise), are indicated with a 
dotted line. Peaks belonging to adjacent color bars represent the species in absence 
or presence (+M) of the initial methionine. Additional peaks of lower intensity, found 
under the same color bars, represent species modified with both palmitates and 
stearylates.
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A B
Figure 2 - Figure Supplement 2

Figure S3: Quantitative analysis of lipidation occurrence in CD9 and CD81.

A) Comparison between measured lipidation occurrence (orange bars) and 
calculated (dotted bars) lipidation occurrence for wildtype CD9.

B) Comparison between measured lipidation occurrence (blue bars) and calculated 
(dotted bars) lipidation occurrence for wildtype CD81.
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B C
WT

A3W3*

W6

A6

A3W3

W3A3

W3A3*

S6

A) Scheme of the initial set of CD9 lipidation mutants, indicating the mutated 
cysteine sites (horizontally) and the construct acronyms (vertically), identified by 
the amino acid letter code and, as subscript, the number of modified residues. 
WT indicates the wildtype protein. * indicates that the mutant presents both 
tryptophans and tyrosines.

B) Analytical-SEC profiles of the purified 3Strep-GFP tagged mutants. Each peak is 
shown in a different color and each line indicates a specific mutant illustrated in 
(B).
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Figure S5: Characterization and labeling of the anti-CD9 nanobody 4C8 for use in 
super-resolution microscopy.

A) Determination of anti-CD9 nanobody affinity for purified CD9 using a binding 
assay on immobilized 3Strep-tagged CD9. Binding is expressed as normalized 
intensity at 800 nm ± SD, n=3.

B) Determination of anti-CD9 nanobody affinity for endogenously expressed CD9 
using a binding assay on HeLa cells.

C) Construct scheme of the Nb 4C8 probe for super-resolution microscopy and SDS-
PAGE of the purified sample, after site-directed conjugation with maleimide-Alexa 
647.

D) Binding of the conjugated nanobody on CD9 was confirmed with a binding assay 
on purified CD9. Binding is expressed as normalized intensity at 800 nm ± SD, n=3.
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Figure 4 - Figure Supplement 2
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Figure S6: Different e- and minpts-values do not induce differences between samples.

A) Quantification of the number of localizations per cluster as calculated by DBSCAN 
using different combination of e-values (25, 50 and 75 nm, grouped in columns) 
and minpts-values (3, 5 and 10, grouped in rows). Each dot in the graph represents 
the mean of all clusters in a single cell. The mean and SEM of N=1 and n≈10 is 
given. 

B) The same representation as described in (A), but now for the percentage of 
localizations in a cell that were classified by DBSCAN as non-clustered.
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Figure S7: Lipidation of CD9 does not affect co-localization of CD9 with EWI-F in HEK-
293 cells.

A) Colocalization of overexpressed CD9 (mutants) (visualized by a GFP-tag, depicted 
in green) and endogenous EWI-F (visualized by specific antibody, depicted in red) 
was visualized by confocal microscopy in HEK-293 cells. Scale bar is 10 µm. 

B) Manders Coefficients M1 and M2 are similar for CD9 and its mutants. Depicted 
values represent the mean (+/- SEM) of 3 independent experiments (10 cells per 
experiment).
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Chapter 5

General Discussion 

The cell membrane is a dynamic organization of lipid bilayers with embedded 
membrane proteins. The membrane proteins carry out crucial biological 
functions including cell-cell communication, adhesion, signal transduction, 
transport, catalysis and, often, they can be part of complex multimolecular 
platforms. Membrane proteins constitute more than 60% of the current 
drug targets, however they are poorly represented in the Protein Data Bank 
covering only approximately 2% of the solved structures. Despite major 
advances in structural biology, including the breakthrough in single-particle 
cryo-electron microscopy, have allowed the analysis of previously inaccessible 
drug targets, expression, purification and structural determination of 
membrane proteins remains challenging (1–3). In this thesis we focused on 
a large family of membrane proteins involved in membrane microdomains 
organization, called tetraspanins, and we made advances in understanding 
their structure-function relationship. After an initial expression and stability 
screen of selected tetraspanins, described in Chapter 2, we designed and 
optimized a purification protocol for tetraspanin CD9, which was applied in 
the two following studies here presented. Moreover, we used the micelle-
embedded CD9 for immunization and selection of high-affinity nanobodies, 
which we exploited as probe for super-resolution microscopy (in Chapter 4) 
and that are currently in use in our lab, for structural studies of CD9 in complex 
with the major protein partners. In this chapter we describe the implications of 
our results for understanding of the biological role and molecular mechanisms 
of tetraspanins and give future perspectives.

A molecular model for targeting CD9 in melanoma 

Melanoma are heterogeneous tumors which develop from malignant 
melanocytes, mostly caused by exposure to UV radiation and accounting for 
132,000 cases in the world each year (https://www.who.int/). The role of CD9 
in melanoma progression is not clear and appears almost controversial. Longo 
et al. stained CD9 at the contact site between melanoma cells and endothelial 
cells and at the junctions between endothelial cells; moreover, anti-CD9 
antibodies inhibit the tumor cells trans-endothelial migration (4).  Recently, 
another group has shown that CD9-containing extracellular vesicles (EVs) are 
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released from melanoma cells and an anti-CD9 Fab fragment inhibits the EVs 
endocytosis in recipient cells, thereby impeding the cellular communication 
in the tumor microenvironment (5). In contrast, other works reports that CD9 
is downregulated in melanoma (6–9), questioning whether CD9 presence or 
absence would be related to cancer. Because of the unclear role of CD9 in 
cancer, it was surprising that, first, AT1412 antibody, which was derived from 
a stage-IV melanoma patient, would specifically target CD9 and, second, that 
this antibody would not cause platelets aggregation as several known anti-
CD9 antibodies in the field. In Chapter 3, we described the structural basis of 
AT1412dm binding to CD9 and we revealed that the antibody targets a homo-
dimerization interface of CD9. On the surface of melanoma cells, we envisioned 
AT1412dm dissociating CD9 homo-dimers and binding to CD9 in a monomeric 
configuration. Additionally, due to the antibody size, we speculated that 
binding to CD9 occurs if the tetraspanin EC2 loop is in an open conformation 
(as modeled by Zimmerman et al. (10)). Finally, if AT1412dm is bound to CD9 
monomers in the open conformation, the antibody would putatively also work 
as an obstacle for protein partners, hampering their association to CD9 (Figure 
1).

Homo-dimerization of CD9 was further supported by the analysis of 
AT1412dm binding to full-length CD9 alanine mutants, at the AT1412 epitope, 
overexpressed in HL-60 cells. In particular, binding of AT1412dm to CD9 
mutant V172A was partially lost, despite no direct interaction of Val172 with 
the Fab was observed in the complex crystal structure. Possibly the CD9 V172A 
mutant would generate a homo-dimer with a tighter hydrophobic contact at 
the dimer interface, facing the Cys 153-Cys 167 disulphide bond and the side 
chain Val 159, stabilizing CD9 homo-dimers and hampering to a certain extent 
AT1412dm to bind. Surprisingly, a single nucleotide variant (SNV) in bladder 
cancer (11) was found at the same residue (V172L) and it was the only SNV 
mapped in the CD9EC2 variable region. In this case, the V172L mutant would 
possibly weaken CD9 homo-dimers, possibly disrupting the capability of CD9 
to form membrane clusters, although it is not clear how specifically this could 
affect cancer progression. Further research is needed to analyze the effect of 
Val 172 mutants on CD9 homo-dimerization.

A simple explanation of AT1412 action would be the disruption of CD9 
function. CD9 engages in multiple interactions forming the tetraspanin-
enriched-microdomains (TEM) (12) and CD9-CD9 oligomerization has been 
demonstrated by crosslinking of membrane-proximal cysteines (13, 14).  
Moreover, dimerization via the D-loop has been reported for the close-
homolog CD81  and identifies the first step in TEM formation(15, 16). If bound 
by AT1412, CD9 would not dimerize and, therefore, it would not allow TEM 
assembly; but also, it would not be able to associate with and organize other 
proteins, being the major interaction site, the EC2 variable region, blocked 
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(Figure 1). In Chapter 3, we contextualized this explanation to a recent model 
on melanoma progression introduced by Hemler’s group. In this model, CD9 
(and CD81) influences the clustering or the dissociation of the TFGβ receptor, 
respectively in absence or presence of EWI-2 (17, 18). In this context, AT1412 
could possibly intervene on both steps. First, AT1412 would hamper CD9 
oligomerization and second, it would interfere with CD9-EWI-2 association. 
Therefore, AT1412 would indirectly disrupt the organization of TFGβ receptor 
at subsequent stages of melanoma progression. 
Figure 1

A B C

EWI-2CD9

AT1412 Fab

in

out

164

Figure 1 Mechanistic model for antibody AT1412 targeting CD9

A) When no AT1412 is present, CD9 forms homo-dimers (shown in grey). The EC2 
loop is shown in blue.

B) AT1412 Fab, shown in red, binds a CD9 monomer with the open EC2 loop.

C) EWI-2, shown in orange, does not interact with CD9 when this is bound by AT1412 
Fab. Only the first 2 Ig domains of EWI-2 are shown for clarity.
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There are still many questions that remain regarding AT1412 mode of action. 
Since CD9 is expressed ubiquitously, what does distinguish CD9 membrane 
organization in tumor and normal cells? Importantly, CD9 is highly expressed 
on the surface of platelets, however antibody AT1412, although binding 
platelets, does not induce their activation and aggregation. On platelets 
CD9 has not been found to interact with EWI-2 (19) but with a number of 
other protein partners such as CD36 or integrins (20). This suggests that the 
membrane organization and interaction network on platelets and on tumor 
cells are different. Moreover, AT1412 binds a particular epitope on CD9EC2, 
which includes different residues from other CD9 antibodies. By binding the 
CD9EC2 variable region on platelets, AT1412 would not allow further interaction 
of CD9 with the membrane glycoprotein receptor GP IIb-IIIa (integrin αIIbβ3 
or fibrinogen receptor) (21, 22), which determines platelets activation and 
aggregation for other CD9 antibodies.

The region D of CD9: a flexible and extended homo-dimerization site 

Tetraspanin oligomerization via region D is a prerequisite for clustering, which 
is at the basis of tetraspanin network stabilization and extension. The Lang 
group introduced this notion for tetraspanin CD81, using a range of techniques 
including molecular dynamics, microscopy studies and biochemical assays 
(15, 16, 23). Importantly, region D of CD81 appears necessary for targeting and 
incorporating more tetraspanins to clusters, as chimeras of CD9 and CD151 
carrying the CD81 D-loop are assembled into CD81 clusters (23).

In Chapter 3, we showed that the EC2 stalk region, comprising helices A, 
B and E, is structurally similar within tetraspanins CD9 and CD81; instead, 
the variable region, comprising regions C and D and corresponding to the 
AT1412dm epitope, exhibits a different arrangement. While the C and D 
regions were found extended and unfolded in the crystal structures of CD9EC2 

unbound and in complex with the AT1412dm Fab, they adopted a helical 
conformation in the majority of CD81EC2 crystal structures, including the full-
length CD81 (10, 24–29). Only in a few crystal structures of CD81, region D was 
also unfolded while region C remained helical (25, 29). The flexibility and the 
lack of secondary structure of the D loop is in line with molecular dynamics 
simulations (16, 30) and nuclear magnetic resonance spectroscopy studies (31) 
on CD81. Despite we observed similar loop arrangements of region D in both 
unbound CD9EC2 and the complex crystal structures, we cannot exclude that a 
helical conformation of region D exists in certain circumstances. 

The variable region of tetraspanins is a well-known interaction site with protein 
partners (32) and also a possible dimerization site (23). Importantly, hepatitis C 
virus (HCV) envelope protein E2 contacts region D of CD81 leading to infection 
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(33, 34). Cunha et al. associated the flexibility of CD81 variable region to the 
different steps of HCV binding and internalization (27). Moreover, functional 
studies illustrate that CD9EC2 region D residues Thr 175, Phe 176 and Val 178 are 
involved in fusion of egg and sperm (35), residues 173-192 are a binding site 
in CHO cells adhesion to fibronectin (36) and residues 175-178 are involved in 
macrophage fusion (37). 

It is clear that similarly to CD81, the CD9EC2 variable region is a major functional 
and interaction site. However, no precedent work has shown that CD9EC2 
dimerizes through the flexible D loop. Although we supported CD9 homo-
dimerization with the CD9 alanine scanning mutants, our structural analysis 
regards exclusively the isolated EC2 fragment of CD9 and not the full-length 
protein. In Chapter 2, we preformed multi-angle light scattering (MALS) on 
micelle-embedded full-length CD9. Despite dimerization of CD9, investigated 
by cysteine crosslinking of single-cysteine mutants, suggested that the first 
two transmembrane helices are part of the dimer interface (13), our MALS 
data indicated a molecular weight consistent with a monomeric membrane 
protein. Possibly dimerization of isolated full-length CD9 could be hampered 
by presence of detergent, which we used in all the purification steps. In 
Chapter 3, instead, MALS analysis indicated that CD9EC2 is a dimer in solution; 
a result in line with the associated CD9EC2 fragments in the crystal structure. 
However, the observed dimeric species could also represent the dimer formed 
by domain swap that was found in the crystal structure (which presents a more 
extensive interface, than the dimer formed via the D region). It remains to be 
proven whether homo-dimerization of CD9 via region D occurs in the full-
length CD9 on cells and whether also the transmembrane regions are involved 
in dimerization.

Conformational switching of CD9 upon lipidation

Tetraspanins dynamically modulate and diffuse partner proteins within the 
membrane and are, therefore, involved in clustering and protein-partners 
organization. As we mentioned above, Zimmerman et al. have modeled 
CD81, using molecular dynamics, in presence or absence of cholesterol, which 
yielded to a close and open EC2 lid conformation, respectively (10). The same 
group hypothesized that binding of CD81 to CD19 occurs when CD81 is in 
an open conformation and raised the question on the role of conformational 
change in tetraspanin function. The same structure presents transmembrane 
helices arranged two-by-two and resembling an inverted cone, in contrast 
to a previous model of CD81 and to a 6 Å structure of uroplakin tetraspanins 
determined by 2D-electron crystallography, in which the transmembrane 
helices adopt a tightly packed configuration (38, 39). In Figure 2 we summarize 
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the putative conformational changes of a tetraspanins consisting in opening/
closing of the EC2 lid and in opening/closing of the transmembrane region.

In Chapter 4 we have shown that CD9 has six membrane-proximal cysteines 
that are modified with palmitic and stearic acid. Moreover, we revealed that 
the occurrence of acyl chain attachment is variable at different cysteine sites. 
Lipidation occurring at least on the three cysteines (Cys9, 87 and 219) showing 
the highest lipidation occurrence is necessary for CD9 to interact with the 
protein partner EWI-F. Interestingly, EWI-F has been shown to interact with 
CD9 via its transmembrane domain (TMD) (40). Considering that cysteines 
modified by protein palmitoylation resides no more than 8-Å deep in the 
inner membrane leaflet (41), lipidation at membrane-proximal cysteines of 
CD9 would possibly affect the conformation of its transmembrane region 
which, consequently, would allow binding to the TMD of EWI-F. This is in line 
with lipidation-dependent CD9-EWI-F association. Instead, interaction of CD9 
with the protein partner EWI-2 is not affected by lipidation, since the protein 
complex is formed independently from the number of modified cysteines. EWI-
2 has been shown to associate to a region comprising the second half of CD9EC2 
(19). This notion is in line with lipidation not affecting CD9-EWI-2 interaction, 
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Figure 2 Possible conformational changes in CD9

CD9 transmembrane helices can possibly assume two different conformations: an 
inverted-cone (A and C) or a tight bundle (B and D) arrangement. The EC2 can also 
possibly assume either a closed (A and B) or an open (C and D) conformation.
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as lipidation possibly influences the conformation of CD9 transmembrane 
region, but not the EC2 (Figure 3). 

The observation that different regions of EWI-F and EWI-2 bind CD9, led us 
to hypothesize that lipidation could influence the tetraspanin conformation. 
CD9 conformation could be affected in various ways. First, lipidation could 
modulate the transmembrane domain, shifting from a CD81-like cone shape 
(10) or to a tight four-helices bundle (38).  Second, the EC2 lid could move 
from open to close configuration (10). Last, it could be possible that, due to its 

Figure 3
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Figure 3 Site-specific lipidation affects CD9 protein-partners interaction

A) EWI-2 (in orange) interacts with CD9 independently from the tetraspanin 
lipidation, possibly via the extracellular region. 

B) EWI-F (in green) interacts with CD9 if at least the three sites, showing highest 
lipidation occurrence, are modified. Interaction possibly occurs via the 
transmembrane region. The six membrane-proximal cysteines in CD9 are shown 
as red circles and acyl-chains are shown in red, attached to the corresponding 
sites with highest lipidation occurrence.

The EC2 loops are shown with a dotted line, as their conformation (open, closed or an 
intermediate state) is not known. Only the first 2 Ig domains of EWI-2 and EWI-F are 
shown for clarity.
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flexibility, the EC2 variable region could assume a different arrangement. All in 
all, considering the above-mentioned observation on CD9-EWI-F interaction 
via the TMD, we can likely assume that CD9 lipidation would induce a change 
in the transmembrane helix arrangements, however we cannot exclude the 
other regions to be involved. The future goal is to experimentally determine 
the effect of site-specific protein lipidation on CD9 conformation.

In Chapter 2 we also presented nanobodies, raised against purified full-length 
CD9 antigen, and we showed that they bound similar epitopes located on the 
EC2. However, one of these nanobodies (4E8) did not bind CD9 on cells, most 
likely because the epitope is blocked by binding partners or not accessible 
when the protein is embedded in the cell membrane. This observation also 
suggests that CD9 possibly assumes conformations that are largely dependent 
on the membrane environment, on the protein partners and on dynamic 
lipidation (achieved by acyl-transferases and thioesterases) occurring in 
specific cell types.

 A new tool to study protein lipidation: the tryptophan mimicry

Substitution of a post-translational modification site, with a different amino 
acid residue, has been carried out before to simulate tau hyperphosphorylation 
(42, 43). Pseudo-phosphorylation mutants were designed such that a serine 
or a threonine is substituted with an aspartate or glutamate, to introduce a 
negatively charged side chain and replace the phosphate group. In Chapter 
4, we described that the substitution of a cysteine with a tryptophan can be 
effectively used to mimic the attachment of an acyl chain. Tryptophan allows 
the protein to switch into a specific non-reversible state that mimics lipidation. 
Because the bulky tryptophan is structurally different than a palmitate or a 
stearylate, this strategy that we called “tryptophan mimicry” would suggest 
that lipidation affects protein conformation, rather than influencing affinity 
with membrane lipids via the fatty acid chain. Altogether, the tryptophan 
mimicry is a simple tool, based on sequence mutagenesis, and it can be easily 
exploited to study site-specific lipidation for other membrane proteins.

Concluding remarks

The findings described in this thesis are a step forward towards defining the 
general molecular mechanism of tetraspanins and their function in homeostasis 
and disease. We defined the structural basis of monoclonal antibody AT1412 
targeting CD9, we found that CD9 is modified at specific sites by palmitic and 
stearic acid and that such lipidation affects protein-protein interactions. Finally, 
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we provided new tools for tetraspanin purification, structural characterization 
and to study site-specific protein lipidation. In the future we aim at 
deciphering the structural changes of full-length CD9 in complex with the 
major protein partners. How these macromolecular platforms are assembled, 
their oligomeric state and how their organization allow cell signaling in the 
membrane microdomains are our next research questions.
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Appendix

Summary

The plasma membrane is a thin, intricate, strong shell that covers and protects 
the interior of cells from the outer environment. Here vital cellular functions 
take place, allowing the cells to receive and transmit signals, to incorporate 
nutrients, to protect themselves from pathogens, to fuse with other cells. 
Different macromolecules build and control this entry passage to the cell 
interior, including proteins, various type of lipids and sugars. Membrane proteins 
constitute 30% of all the human proteins. This thesis focuses on a family of 
membrane proteins, called tetraspanins. As molecular facilitators, tetraspanins 
maintain the plasma membrane integrity by interacting with each other or 
with other macromolecules. If these master organizers are missing, if they are 
too abundant or defective, the membrane organization can be compromised 
and the cell functions affected, leading to diseases such as cancer and many 
others. Because of their crucial role on the cell surface, tetraspanins can also 
be regarded in some circumstances as targets of medicines. By targeting a 
tetraspanin we modulate their organization activities, aiming at restoring the 
normal cell function. How a protein works depends on its structural features. 
X-ray crystallography works like a magnifying glass and, combined with 
biochemistry, allows us to see what tetraspanins look like and how they work 
at the individual molecular level. 

The topic of this thesis is the biochemical, structural and functional 
characterization of human tetraspanin CD9. In Chapter 1 we introduce the 
main subjects of this thesis and their features: the membrane microdomains, 
the tetraspanin family and post-translational modifications on tetraspanins. 
Finally, this Chapter presents an overview of antibodies targeting CD9 
and their properties. Membrane protein production for structural studies 
requires multiple steps, which are often hampered by many technical issues. 
In Chapter 2 we describe the efforts to produce a stable and homogeneous 
tetraspanin sample, its characterization and the isolation of CD9-specific 
nanobodies. Chapter 3 presents the structure and mode of action of a 
CD9-antibody fragment, derived from a melanoma patient, that binds CD9 
extracellular loop (called EC2). This particular antibody binds tumor cells, but 
do not induce platelets aggregation, which is the major side-effect triggered 
by other reported CD9 antibodies. The structure of the Fab-CD9EC2 complex 
revealed that the antibody recognizes an extended and unfolded region of 
the extracellular loop. We observed that this unfolded region is also present 
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in the CD9EC2 unbound structure and that, surprisingly, it corresponds to a 
CD9 homo-dimer interface. The antibody-binding mode, described in this 
chapter, sets the basis for the development of a CD9-specific drug for cancer 
therapy. Tetraspanins can be modified by the attachment of a fatty acid chain 
to cysteine residues, that are situated on protein regions close to the plasma 
membrane. Chapter 4 describes how this post-translational modification 
(called lipidation) affects tetraspanins function. We found that specific 
cysteines on CD9 are modified at different levels: three cysteines are lipidated 
at high extent, while the other three cysteines show variable lipidation. We 
observed that lipidation, occurring at specific sites, affects CD9 interaction 
with its major protein partners, while membrane localization and clustering 
of CD9 did not change. We analyzed the effect of lipidation on CD9 using a 
novel and simple tool. We mutated cysteine residues, normally modified by 
lipidation, into tryptophans, to mimic the effect that lipidation might induce 
on the protein conformation. This widely applicable strategy allowed us to 
make significant advances in understanding how tetraspanins associates by 
forming lateral interactions in the membrane microdomains. We finally discuss 
the main implications of this thesis in Chapter 5, where hypothetical models 
on CD9 conformation and protein partners interaction, based on our findings, 
are presented. 

In conclusion, we investigated the molecular mechanism of tetraspanin CD9 
using different approaches. The dynamic association of tetraspanins in cell-
surface clusters and their regulation is a crucial aspect in cell-cell signaling, 
adhesion, migration, fusion and many other cellular processes.
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Samenvatting

Het plasmamembraan is een dun, complex omhulsel dat de binnenkant van een 
cel afdekt en beschermt tegen de buitenomgeving. Op het plasmamembraan 
vinden essentiële cellulaire processen plaats, waardoor cellen signalen 
kunnen ontvangen en verzenden, voedingsstoffen kunnen opnemen, zich 
kunnen beschermen tegen ziekteverwekkers, en kunnen fuseren met andere 
cellen. Deze toegangspoort  tot het inwendige van de cel wordt gevormd 
en gecontroleerd door verschillende macromoleculen, waaronder eiwitten, 
verschillende soorten lipiden en suikers. Membraaneiwitten vormen 30% 
van alle menselijke eiwitten. Dit proefschrift richt zich op een familie van 
membraaneiwitten, tetraspanins genaamd. Als moleculaire facilitators zorgen 
tetraspanins voor het behoud van de integriteit van het plasmamembraan 
door interacties aan te gaan met elkaar of met andere macromoleculen. Als 
deze meesterorganisatoren ontbreken, als ze te overvloedig of defect zijn, 
kan de membraanorganisatie worden aangetast en kunnen de celfuncties 
worden beïnvloed, wat leidt tot vele ziekten zoals kanker. Vanwege hun 
cruciale rol op het celoppervlak, kunnen tetraspanins in sommige gevallen 
ook worden beschouwd als doelwit van het ontwikkelen van medicijnen. 
Door de organisatiefunctie van een tetraspanin aan te passen, kan de 
normale celfunctie worden hersteld. Hoe een eiwit werkt, hangt af van zijn 
driedimensionale vouwing. Röntgenkristallografie werkt als een vergrootglas 
en laat ons in combinatie met biochemische technieken zien hoe tetraspanins 
eruit zien en hoe ze op moleculair niveau functioneren.

Het onderwerp van dit proefschrift is de biochemische, structurele en functionele 
karakterisatie van humaan tetraspanin CD9. In Hoofdstuk 1 introduceren 
we de hoofdonderwerpen van dit proefschrift: membraan microdomeinen, 
de tetraspanin familie en post-translationele modificaties op tetraspanins. 
Ten slotte presenteert dit hoofdstuk een overzicht van antilichamen gericht 
tegen CD9 en hun eigenschappen. Membraaneiwitproductie voor structurele 
studies vereist meerdere stappen, die vaak worden belemmerd door veel 
technische problemen. In Hoofdstuk 2 beschrijven we de inspanningen om 
een   stabiel en homogeen tetraspanin sample te produceren, aangevuld met 
de karakterisering en de isolatie van CD9-specifieke nanobodies. Hoofdstuk 
3 presenteert de structuur en het werkingsmechanisme van een CD9-
antilichaamfragment, afkomstig van een melanoompatiënt, dat bindt aan 
de extracellulaire loop van CD9 (EC2 genaamd). Dit specifieke antilichaam 
bindt tumorcellen, maar induceert geen aggregatie van bloedplaatjes, wat 
het belangrijkste ongewenste neveneffect is dat wordt veroorzaakt door 
andere gerapporteerde CD9-antilichamen is. De structuur van het Fab-
CD9EC2 complex liet zien dat het antilichaam een   uitgebreid en ongevouwen 
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gedeelte van de extracellulaire loop herkent. We hebben waargenomen dat 
deze ongevouwen regio ook aanwezig is in de ongebonden structuur van 
CD9EC2 en dat het verrassend genoeg overeenkomt met een CD9 homo-dimeer 
interface. Het mechanisme antilichaambindin, beschreven in dit hoofdstuk, 
vormt de basis voor de ontwikkeling van een CD9-specifiek geneesmiddel 
voor kankertherapie. Tetraspanins kunnen worden gemodificeerd door 
de aanhechting van een vetzuurketen aan cysteïne-residuen, die zich op 
eiwitdelen dichtbij het plasmamembraan bevinden. Hoofdstuk 4 beschrijft 
hoe deze post-translationele modificatie (lipidatie genaamd) de werking van 
tetraspanins beïnvloedt. We ondervonden dat specifieke cysteïnen op CD9 
op verschillende niveaus zijn gemodificeerd: drie cysteïnes zijn in hoge mate 
gelipideerd, terwijl de andere drie cysteïnes variabele lipidatie vertonen. We 
hebben waargenomen dat lipidatie, die op specifieke plaatsen plaatsvindt, 
de CD9-interactie met zijn belangrijkste eiwitpartners beïnvloedt, terwijl de 
membraanlocalisatie en clustering van CD9 niet veranderden. We analyseerden 
het effect van lipidatie op CD9 met behulp van een nieuwe, eenvoudige 
methode. We muteerden cysteïne-residuen, normaal gemodificeerd door 
lipidering, in tryptofanen, om het effect na te bootsen dat lipidatie zou kunnen 
induceren op de eiwitconformatie. Deze algemeen toepasbare strategie 
stelde ons in staat om belangrijke vooruitgang te boeken met betrekking tot 
het begrijpen van de lateraleinteracties die tetraspanins in de membraan-
microdomeinen te vormen. We bespreken tenslotte de belangrijkste implicaties 
van dit proefschrift in Hoofdstuk 5, waar hypothetische modellen over de 
CD9-conformatie in het plasmamembraan en de interactie met eiwitpartners, 
gebaseerd op onze bevindingen, worden gepresenteerd.

Concluderend, wij hebben het moleculaire mechanisme van tetraspanin 
CD9 onderzocht via verschillende benaderingen. De dynamische associatie 
van tetraspanins in celoppervlakteclusters en hun regulatie is een cruciaal 
aspect van cel-cel signalering, adhesie, migratie, fusie en vele andere cellulaire 
processen.
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