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Summary

Tetraspanins are four-pass transmembrane proteins that function by regulating trafficking of 

partner proteins and organizing signaling complexes in the membrane. Tspan15, one of a 

six-member TspanC8 subfamily, forms a complex that regulates the trafficking, maturation 

and substrate selectivity of the transmembrane protease ADAM10, an essential enzyme in 

mammalian physiology that cleaves a wide variety of membrane-anchored substrates including 

Notch receptors, amyloid precursor protein, cadherins and growth factors. We present here crystal 

structures of the Tspan15 large extracellular loop (LEL) required for functional association 

with ADAM10 both in isolation and in complex with the Fab fragment of an anti-Tspan15 

antibody. Comparison of the Tspan15 LEL with other tetraspanin LEL structures shows that a 

core helical framework buttresses a variable region that structurally diverges among LELs. Using 

co-immunoprecipitation and a cellular N-cadherin cleavage assay, we identify a site on Tspan15 

required for both ADAM10 binding and promoting substrate cleavage.
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eTOC blurb

Tspan15 is a member of the TspanC8 subfamily of tetraspanins that regulate the essential 

transmembrane protease ADAM10. Lipper, et al. report crystal structures of the extracellular 

domain of Tspan15 both in isolation and in complex with a Fab fragment. They use cell-based 

assays to identify a conserved ADAM10 binding site.

Introduction

The tetraspanins are a family of membrane proteins found in all metazoans, with 33 

members in humans (Charrin et al., 2014). Tetraspanins play critical roles in diverse 

physiological and pathophysiological processes, including cell morphology (Yamada et al., 

2008), immune regulation (van Spriel, 2011), adhesion (Reyes et al., 2018; Yáñez-Mó et 

al., 2001), signal transduction (Termini and Gillette, 2017), viral infection (Martin et al., 

2005) and cancer progression (Hemler, 2014). Tetraspanins form specific interactions with 

partner proteins and regulate their trafficking and function (Levy et al., 2012; Matthews 

et al., 2017; te Molder et al., 2019). They organize signaling complexes in the membrane 

through secondary interactions with other tetraspanins, forming what has been referred to 

as tetraspanin enriched microdomains or the tetraspanin web (Hemler, 2005; Levy and 

Shoham, 2005).

Tetraspanins are defined by a structural organization consisting of four membrane-spanning 

helices and two extracellular domains, with a small extracellular loop (SEL/EC1) connecting 

TM1 and TM2 and a large extracellular loop (LEL/EC2) connecting TM3 and TM4 

(Hemler, 2005). The LEL domain has a conserved helical motif and a variable region that 

forms specific contacts with binding partners (Susa et al., 2020, 2021; Yang et al., 2020). 

Tetraspanins can be classified as C4, C6 or C8, based on the number of disulfide bond 

forming cysteines in their LEL domain (DeSalle et al., 2010). To date structures of three C4 

tetraspanins, CD9 (Umeda et al., 2020), CD53 (Yang et al., 2020) and CD81 (Zimmerman 

et al., 2016) have been reported, each adopting a similar cone-shaped conformation with 
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a central intramembrane lipid-binding cavity in their apo, uncomplexed form. Molecular 

dynamics simulations of CD81 suggested that these proteins can adopt “open” and “closed” 

conformations, with the LEL domain shifting up away from the transmembrane region 

in the open form, possibly acting as a molecular switch (Zimmerman et al., 2016). Our 

group recently reported the cryo-EM structure of CD81 bound to its partner CD19, showing 

directly that CD81 can adopt such an open form when bound (Susa et al., 2021). Low 

resolution structures of CD9 in complex with EWI-2 (Oosterheert et al., 2020; Umeda et al., 

2020) and EWI-F (Oosterheert et al., 2020) are also consistent with the conclusion that it 

adopts a more open conformation when bound to its partners.

An important role for the six TspanC8 subfamily members (Tspan5, Tspan10, Tspan14, 

Tspan15, Tspan17 and Tspan33), named for the presence of eight cysteine residues in the 

LEL, is to regulate the function of the single-pass transmembrane protease ADAM10 (A 

Disintegrin and Metalloproteinase 10). ADAM10 is produced as a zymogen, and when 

processed into its mature, active form, it cleaves the extracellular domains of membrane-

anchored proteins in a process termed ectodomain shedding (Seegar and Blacklow, 2019), 

processing a number of substrates involved in diverse biological processes (Kuhn et al., 

2016; Pruessmeyer and Ludwig, 2009). It functions in physiological Notch signaling by 

cleaving the Notch receptor upon ligand engagement (Sprinzak and Blacklow, 2021), 

and ADAM10 knockout is embryonically lethal in mice with phenotypes attributed to 

loss of Notch signaling activity (Hartmann et al., 2002). Dysregulation of ADAM10 has 

implications in Alzheimer’s disease because it acts as the constitutive α-secretase in non-

amyloidogenic proteolysis of the amyloid precursor protein (APP), preventing β-secretase 

cleavage and toxic β-amyloid peptide production (Kuhn et al., 2010). ADAM10 also 

functions in the regulation of cell adhesion through the shedding of cadherins (Kohutek et 

al., 2009; Maretzky et al., 2005). Studies suggest that dysregulation of ADAM10-dependent 

cadherin cleavage promotes cancer metastasis due to increased cell migration (Kohutek et 

al., 2009; Yuan et al., 2020).

Current evidence suggests that each TspanC8 protein binds to ADAM10 in the endoplasmic 

reticulum (ER), and promotes export of ADAM10 to the Golgi where it is processed 

into the mature form by pro-protein convertases (Saint-Pol et al., 2017a). ADAM10 then 

appears to be directed to different compartments depending on the cell type and the identity 

of the bound TspanC8 (Dornier et al., 2012). It has also been suggested that TspanC8s 

differentially regulate substrate selectivity of ADAM10 (Jouannet et al., 2016; Matthews et 

al., 2017; Noy et al., 2016). Whether this selectivity derives from differences in subcellular 

localization or by differences in the site of ADAM10 binding, however, remains unclear.

This work focuses on Tspan15 (also known as NET-7, TM4SF15) as a representative 

member of the TspanC8 subfamily. It forms a complex with ADAM10 that is active as a 

protease in the plasma membrane (Koo et al., 2020) and selectively promotes N-cadherin 

shedding by ADAM10 both in cell lines and in vivo (Jouannet et al., 2016; Noy et al., 2016; 

Prox et al., 2012; Seipold et al., 2018). The Tspan15-dependence of N-cadherin cleavage 

may have particular relevance to cancer progression, as high Tspan15 expression has 

recently been reported to promote cancer cell metastasis in oral and esophageal squamous 

cell carcinomas (Hiroshima et al., 2019; Zhang et al., 2018), and knockdown of Tspan15 
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exhibited reduced N-cadherin shedding along with reduced cell invasion and migration in 

oral squamous cell carcinomas cell lines (Hiroshima et al., 2019).

We present here the crystal structure of the Tspan15 LEL domain both in isolation and 

complexed with the Fab fragment of the anti-Tspan15 antibody 1C12 (Koo et al., 2020). The 

core helical framework of the LEL supports a variable region that diverges substantially in 

structure from that of other known tetraspanin LEL domains. Structure-guided analysis of 

Tspan15 mutants in two cell-based assays identifies a conserved site required for functional 

association of the two proteins.

Results

Crystal structure of the Tspan15 LEL

The LEL domain of Tspan15 (Figure 1A, colored residues) was expressed in Expi293 

cells, purified to homogeneity and used for crystallization. The amino acid sequence of the 

purified protein has two modifications from the native sequence: the glycan at N189 was 

removed with PNGase F, producing an Asp residue, and N118 was mutated to Gln to prevent 

non-native glycosylation at that site. Although there are three predicted glycosylation sites 

in the sequence, Tspan15 only has a single glycan at N189 (Figure S1), perhaps due to the 

close proximity of N118 and N230 to the membrane (Nilsson and von Heijne, 1993).

The structure of the LEL domain was determined to 2.52 Å by x-ray crystallography in 

space group P1 with 24 copies in the asymmetric unit (Table 1). The 24 copies superimpose 

with an average backbone RMSD of 0.317Å and maximum RMSD of 0.395 (Figure S2); 

we use copy B as representative for all figures and structure descriptions (for representative 

electron density maps, see Figure S3). The overall architecture of the LEL contains a 

framework of 3 conserved helices, here termed helix A, helix B, and helix E by analogy to 

other tetraspanins (Figure 1B). The variable region, which connects helices B and E, consists 

mainly of loops with some short helical segments.

The defining feature of the TspanC8 subfamily is the presence of eight cysteines in the 

LEL domain that form four disulfide bonds. The first two disulfides are conserved among 

tetraspanins, the first connecting the C-terminal end of Helix B to the N-terminal end 

of Helix E (C154 to C219), and the second connecting C155, just after Helix A, to 

C185 in a small helical segment in the domain core. The two disulfide bonds specific 

to TspanC8 proteins form two loops between pairs of adjacent cysteines, C171-C179 and 

C186-C198. A surface representation of the LEL colored by surface potential highlights 

distinct acidic and basic surfaces on opposing sides of the domain (Figure 1C). There is also 

a hydrophobic, solvent-exposed region within the variable domain adjacent to the TspanC8 

specific disulfide bonds.

The variable region of the Tspan15 LEL differs substantially from reported tetraspanin 
structures

Structures of three other tetraspanin proteins - CD9, CD81 and CD53 - have been solved 

(Umeda et al., 2020; Yang et al., 2020; Zimmerman et al., 2016). All of these tetraspanins 

have four extracellular cysteines and are in the C4 subgroup. Structural alignment of our 
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Tspan15 structure with the LEL domains of the other tetraspanins shows that the A, B, and 

E helices form a shared structural framework, whereas the variable region of Tspan15 is 

strikingly divergent from the others (Figure 2). Tspan15 has a longer variable region with 

additional loops formed between the TspanC8 specific disulfide bonds, which may impart 

additional capacity to bind to diverse partner proteins.

Crystal structure of the Tspan15 LEL bound to the 1C12 Fab

We also determined the crystal structure of the Tspan15 LEL domain in complex with the 

Fab fragment of the α-Tspan15 1C12 antibody to 3.6 Å resolution (Figure 3A; Table 1). 

1C12 was previously reported to partially inhibit VE-cadherin cleavage by ADAM10 in 

a cell-based cleavage assay (Koo et al., 2020). The antibody contact site lies primarily in 

a loop formed by the C198-C219 disulfide bond, which also encompasses a small helical 

segment (Figure 3B). Additional residues in contact with the Fab are also adjacent to this 

loop. Overlay of the Fab complex with the free LEL domain structure shows that the binding 

site conformation is unaffected by complexation with 1C12. The major difference between 

the Fab bound and free structures is a 5.6 Å shift in the loop between I187 and N195, and 

there is unidentified electron density in the loop that may be due to bound co-solvent or 

other small molecule. Due to the modest resolution of the structure, however, we cannot 

definitively assign the identity of this molecule.

Mutation at conserved site impairs binding to ADAM10

To identify conserved, surface-exposed regions of Tspan15 that might comprise an 

ADAM10 binding site, we used the program Consurf (Ashkenazy et al., 2016; Figure 

4A). Based on the structural and conservation data, we designed triple alanine mutations 

at two highly conserved sites in the variable region. The first mutant has the N166A, 

Y168A and H169A substitutions (166/168/169), and the second has the V193A, N195A 

and T196A (193/195/196) substitutions. We designed an additional triple alanine mutant, 

D204A, K205A and E206A (204/205/206), at a non-conserved patch overlapping the 1C12 

antibody binding site.

To test for the effect of the mutations on the interaction of Tspan15 with ADAM10, 

plasmids encoding DNA constructs for expression of these proteins with a FLAG tag 

were co-transfected with a plasmid encoding Myc-tagged ADAM10 in HEK-293T cells, 

and anti-FLAG immunoprecipitates were probed for the amount of recovered Tspan15 and 

ADAM10 by Western blot with anti-FLAG and anti-Myc antibodies, respectively (Figure 

4B). Immature and mature ADAM10 have previously been shown to run at ~90 kDa and ~65 

kDa respectively (Noy et al., 2016). Wild-type Tspan15 increased ADAM10 maturation and 

immunoprecipitated both mature and immature ADAM10. When the 166/168/169 mutant 

and ADAM10 were co-expressed, co-immunoprecipitation of ADAM10 with the mutant 

was nearly undetectable. Maturation of ADAM10 was diminished by comparison to that 

seen with co-transfected WT Tspan15, but increased relative to empty vector, suggesting 

that binding was greatly reduced but not completely abolished. The 193/195/196 mutant 

co-immunoprecipitated ADAM10, although maturation of ADAM10 was reduced relative 

to wild-type. As anticipated, the 204/205/206 mutation at the 1C12 binding site did not 

have an effect on ADAM10 co-immunoprecipitation or maturation. These three sites are 
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highlighted on the crystal structure (Figure 4C). The steady state protein levels of both 

WT Tspan15 and the 166/168/169 mutant were similarly increased with overexpression of 

ADAM10 (Figure S4). This effect on 166/168/169 protein amount together with increased 

ADAM10 maturation (relative to empty vector) is also consistent with the conclusion that 

the mutant is properly folded and forms a weak interaction with ADAM10 that is not 

stable to immunoprecipitation. The increased mobility of the 166/168/169 band seen in 

Figure 4B is likely due to different glycoforms in the free and ADAM10 bound states. 

This interpretation is consistent with a reported mobility difference for Tspan5 that was 

immunoprecipitated with an antibody that only recognized the fraction not associated with 

ADAM10 (Eschenbrenner et al., 2020).

To assess whether the transmembrane region (TM) of ADAM10 contributes to its 

association with Tspan15, we expressed an ADAM10 chimera in which the TM 

of ADAM10 was replaced with the TM of the unrelated sigma 1 receptor (S1R). 

When the 166/168/169 mutant and the ADAM10-S1R chimera were co-expressed, 

co-immunoprecipitation of the ADAM10-S1R chimera with the mutant was virtually 

undetectable and the ADAM10-S1R chimera failed to mature. The overall abundance 

of the Tspan15 mutant was also greatly reduced when co-expressed with the ADAM10-

S1R chimera, when compared to its abundance when co-expressed with wild-type 

ADAM10 (Figure 4B). These results suggest that there may be additional contacts in the 

transmembrane region that are lost in the ADAM10-S1R-TM chimera, with the loss of these 

contacts leading to decreased steady-state Tspan15 protein abundance and loss of ADAM10 

maturation. These findings are consistent with the lower steady-state abundance of Tspan15 

when ADAM10 was not co-expressed (Figure S4), and was also consistent with other work 

investigating the Tspan15-ADAM10 interaction, in which the steady-state amounts of the 

two proteins depended on their association (Koo et al., 2020).

N-cadherin shedding is selectively promoted by Tspan15 expression

Multiple studies have shown that Tspan15 promotes shedding of N-cadherin by ADAM10 

(Jouannet et al., 2016; Noy et al., 2016; Prox et al., 2012; Seipold et al., 2018). Using the 

known ADAM10 activating compound N-ethylmaleimide (NEM), we observe near complete 

processing of N-cadherin in U251 glioblastoma cells (measured by appearance of a ~40 

kDa C-terminal fragment), whereas cleavage is severely reduced in Tspan15 knockout U251 

cells (Figure 5). When each of the six TspanC8 proteins was individually added back to the 

knockout cells, Tspan15 restored cleavage most effectively (Figure 5A). Tspan10, Tspan17 

and Tspan33 were detected at similar or higher abundance when compared to Tspan15, 

but did not increase N-cadherin cleavage above the basal amount seen in the empty vector 

control. There was no detectable expression of Tspan5 or Tspan14, however (Figure 5A). 

The incomplete cleavage upon re-addition of Tspan15 is most likely due to transfection 

efficiency in these cells that is less than 100%.

Tspan15 binding mutant is unable to rescue N-cadherin cleavage

To examine the functional effect of the Tspan15 LEL mutants, we compared their 

effect on N-cadherin cleavage in Tspan15 knockout cells with that of wild-type Tspan15 

or empty vector. Whereas the 193/195/196 and 204/205/206 mutants, which both co-
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immunoprecipitated ADAM10 comparably to wild-type Tspan15, rescued N-cadherin 

cleavage like wild-type protein, the 166/168/169 mutant, which was highly deficient in 

ADAM10 immunoprecipitation (Figure 4B), also failed to rescue N-cadherin cleavage, 

indicating that it does not form a functional complex (Figure 5B).

Discussion

Tspan15 is a member of the tetraspanin-C8 subfamily of proteins, which have eight 

extracellular cysteine residues and function by directing ADAM10 trafficking, maturation, 

and substrate selectivity (Matthews et al., 2017). Tspan15 binds to ADAM10 and forms a 

functional, plasma-membrane complex that carries out ectodomain shedding of membrane-

bound substrates. This work reports X-ray crystal structures of the LEL domain of Tspan15 

both in isolation and in complex with the 1C12 antibody Fab fragment, identifies a 

conserved ADAM10 binding site in the variable region of the LEL, and confirms the 

functional importance of this site in an ectodomain shedding assay for N-cadherin.

The structure of the Tspan15 LEL is distinct from that of known structures of other 

tetraspanins, which are all from the C4 group with two disulfide bonds (Umeda et al., 2020; 

Yang et al., 2020; Zimmerman et al., 2016). Like all tetraspanins, Tspan15 has the same 

core three-helix motif formed by the A, B and E-helices, but differs from the C4 tetraspanins 

by having a substantially larger variable region with two additional loops formed by the 

disulfide bonds unique to the TspanC8 proteins. Interestingly, the loop formed between 

C171 and C179 is present in Tspan15 and Tpsan10, where the loop is hydrophobic, and 

diverges in Tspan5, Tspan14, Tspan17 and Tspan33, where the sequence is less hydrophobic 

and has a two-residue insertion (Figure S5).

Our structure of the Tspan15 LEL-1C12 Fab complex reveals that the antibody binding site 

is located away from the experimentally determined ADAM10 interaction site. Furthermore, 

mutation at the 1C12 binding site had no effect on ADAM10 binding or N-cadherin 

cleavage. These findings are consistent with the observation that 1C12 can bind to the 

ADAM10-Tspan15 complex at the cell surface (Koo et al., 2020). 1C12 was reported to 

have a modest inhibitory effect on VE-cadherin cleavage by ADAM10 (Koo et al., 2020), 

but the mechanism of inhibition is not clear from our structure of the LEL-Fab complex.

The results of our co-immunoprecipitation and cleavage assays show that functional 

association between ADAM10 and Tspan15 is primarily mediated by the LEL domain, 

with additional contacts potentially present between the transmembrane regions. Mutation 

of the conserved 166/168/169 site impairs, but does not completely eliminate binding to 

ADAM10, as judged by the partial maturation of ADAM10 and the increased amount of 

Tspan15 present when co-expressed with ADAM10. The equivalent site in Tspan5 has also 

been reported to impair ADAM10 binding (Saint-Pol et al., 2017b), fully consistent with 

the results reported here. This three-residue site is highly conserved across the TspanC8 

subfamily and likely constitutes an important part of the ADAM10 binding interface for all 

TspanC8s.
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Our results show that ADAM10 specifically requires Tspan15 in order to cleave N-cadherin 

in U251 cells. This observation raises the question of how TspanC8 family members 

promote ADAM10 processing of specific substrates. One possibility is that the bound 

TspanC8 directs ADAM10 to a membrane microdomain containing its substrate, possibly 

through interactions with additional proteins. One study provides an example for how 

the different TspanC8s can affect ADAM10 membrane compartmentalization: Tspan33 

clusters ADAM10 in cell-cell junctions through interaction of its C-terminal cytoplasmic 

tail with the PLEKHA7-PDZD11 complex in mouse CCD cells (Shah et al., 2018). An 

alternative possibility is that different TspanC8 proteins can engage ADAM10 in different 

ways, potentially altering its conformation. Co-immunoprecipitation experiments with a 

series of ADAM10 ectodomain truncations show differences in ability to bind TspanC8s, 

with Tspan15 as the only one that immunoprecipitated with ADAM10 truncated to the 

membrane-proximal stalk domain (Noy et al., 2016). It is also plausible that localization 

differences and variability in the ADAM10 contact interface both contribute to substrate 

selectivity.

Structures have been reported of full-length tetraspanins both in isolation and in complex 

with binding partners (Oosterheert et al., 2020; Susa et al., 2021; Umeda et al., 2020; 

Yang et al., 2020; Zimmerman et al., 2016), with the structure of one such complex at 

sufficiently high resolution to build an atomic model (Susa et al., 2021). The isolated 

tetraspanin proteins adopt closed conformations in which the LEL covers a cavity formed 

by the transmembrane helices, whereas the bound forms of the tetraspanins adopt an open 

conformation in which the central cavity either becomes exposed or occluded by closer 

approximation of the transmembrane helices. The crystal structure of CD81 contained 

a bound cholesterol in the intramembrane cavity, but when bound to CD19, the cavity 

collapsed and there was no pocket available for cholesterol binding (Susa et al., 2021; 

Zimmerman et al., 2016). Mutations to the cholesterol binding site increased the ability 

to traffic CD19 to the cell surface, suggesting that binding to cholesterol could regulate 

CD19 binding by CD81 (Zimmerman et al., 2016). Whether Tspan15 undergoes a similar 

conformational opening in response to ADAM10 binding remains unresolved, and structures 

of full-length Tspan15 in its free and ADAM10-bound states will ultimately resolve this 

question.

STAR Methods

Resource availability

Lead contact—Further information and requests for either resources or reagents 

should be directed to and will be fulfilled by the lead contact Stephen C. Blacklow 

(stephen_blacklow@hms.harvard.edu).

Materials availability—Requests for materials generated in this study should 

be directed to and will be fulfilled by the lead contact Stephen C. Blacklow 

(stephen_blacklow@hms.harvard.edu).
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Data and code availability—Atomic coordinates and structure factors have been 

deposited in the RCSB Protein Data Bank (PDB) under the accession numbers 7RDB 

(Tspan15 LEL) and 7RD5 (Tspan15 LEL-Fab complex).

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

Experimental model and subject details—Protein for crystallography was isolated 

from conditioned media of Expi293F cells. Expi293 cells were maintained in suspension at 

37 °C in Expi293 expression medium (ThermoFisher). Co-immunoprecipitation experiments 

were performed in HEK293T cells. N-cadherin cleavage assays were performed in U251 

cells. HEK293T and U251 cells were maintained at 37 °C in DMEM (VWR) supplemented 

with 10% fetal calf serum and pen/strep.

Method details

Plasmid construction—The LEL domain of Tspan15 (residues 115–230) was cloned 

into the pFUSE-hIgG1-Fc2 vector containing a C-terminal human IgG Fc tag after a 3C 

protease site. The mutation N118Q was introduced using site directed mutagenesis. A 

single DNA insert containing the 1C12 light chain followed by a P2A ribosomal skipping 

sequence and then the heavy chain Fab sequence was chemically synthesized (Integrated 

DNA Technologies) and inserted into the pFUSE-hIgG1-Fc2 plasmid containing the human 

IgG Fc. The sequence contains a 3C protease site between the light chain and the P2A 

sequence, and another 3C site between the heavy chain and the Fc. The light chain uses the 

IL2 signal sequence in the vector and the heavy chain uses the native signal sequence. 1C12 

contains the N5Q mutation in the light chain to remove a glycosylation site. N-terminal 

Flag-tagged Tspan5, Tspan10, Tspan14, Tspan15, Tspan17 and Tspan33 were cloned into 

pcDNA3.1/Hygro(+) using synthetic genes (gBlocks) from Integrated DNA Technologies. 

Tspan15 mutations were made using site-directed mutagenesis. ADAM10-myc in the 

pRK5m plasmid was obtained from Addgene.

Protein expression—Tspan15 LEL and 1C12 antibody were expressed in Expi293F 

cells. For each protein, Expi293F cells were grown in Expi293 growth medium to a density 

of 3.0×106 cells/mL and then transfected with 1 mg DNA / L of culture and PEI MAX 40K 

reagent at a 1:3 DNA/PEI ratio. 24 hours following transfection the cells were fed with 6 

mL of 45% D-(+)-Glucose solution (Sigma-Aldrich) and 3 mM valproic acid sodium salt 

(Sigma-Aldrich). Cells were incubated for 5–6 days following transfection, then centrifuged 

at 4000×g for 15 minutes to harvest the medium.

Tspan15 LEL purification—The protein was harvested from the culture medium on a 

column containing protein A agarose resin. After the protein was loaded onto the column, 

the column was washed with buffer containing 20 mM HEPES, 150 mM NaCl pH 7.4. 

Protein was then eluted with buffer containing 20 mM glycine, 150 mM NaCl pH 3.0, 

and the eluate was rapidly neutralized with 1M HEPES buffer, pH 7.4 to a final buffer 

concentration of 100 mM. After the Tspan15 LEL was concentrated to 1–2 mg/ml, 3C 
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protease and PNGaseF were added at 1:5 and 1:2 ratios (w/w) respectively to remove the Fc 

tag and the glycan. The Tspan15 LEL enzyme mixture was incubated at room temperature 

overnight on a rotator. The his-tagged enzymes and Fc were removed by flowing over 

HisPur Ni-NTA resin and Protein A resin. Tspan15 LEL was then purified using a Mono-Q 

10/100 GL anion exchange column with 20 mM HEPES buffer using a gradient of NaCl. 

The protein was further purified by size exclusion chromatography (SEC) on a Superdex-75 

10/300 column equilibrated with 20 mM HEPES, 150 mM NaCl pH 7.4. Peak fractions 

containing purified protein were concentrated using a 3 kDa cutoff centrifugal concentrator.

Tspan15 LEL 1C12 Fab complex purification—1C12 was purified using Protein-A 

resin with the same protocol as for the Tspan15 LEL. The Fc was removed by cleavage with 

3C protease at a ratio of 40:1 (w/w) at room temperature overnight. The Fc tag and enzyme 

were removed by passage over Ni-NTA resin and Protein A resin. 1C12-Fab was mixed 1:1 

with Tspan15 LEL and incubated at 4 C for 1 hour. The complex was then purified by size 

exclusion chromatography using a Superdex-200 10/300 column equilibrated with 20 mM 

HEPES, 150 mM NaCl pH 7.4. The protein complex was concentrated using a 10 kDa cutoff 

centrifugal concentrator.

Protein crystallization and data collection—24 well hanging drop trays with 10 

mg/ml Tspan15 LEL were set at room temperature with 0.5 μl protein and 0.5 μl reservoir 

solution. P1 space group crystals were grown in 0.1 M MES pH 6.9, 34–35 % polypropylene 

glycol p-400. P321 crystals were grown in 0.1 M HEPES pH 7.4, 37 % polypropylene 

glycol p-400. Crystals appeared overnight and started to degrade beyond 24 hours. Tspan15 

LEL crystals were cryoprotected in reservoir solution and flash frozen in liquid nitrogen. 

Tspan15 LEL-1C12 complex crystals were grown in 24 well hanging drop trays with 2.5 

mg/ml protein. Drops were set with 0.5 μl protein and 0.5 μl reservoir solution. Crystals 

grew in 0.1 M sodium acetate pH 4.6, 3.4 M sodium nitrate. Tspan15 LEL-1C12 crystals 

were cryoprotected in reservoir solution with the addition of 20 % glycerol and flash frozen 

in liquid nitrogen. X-ray data was collected at Advanced Photon Source NE-CAT beamlines 

24 ID-C and ID-E.

Structure determination—X-ray diffraction images were processed and scaled using 

XDS (Kabsch, 2010). The Phenix software suite (Afonine et al., 2012) was used for phasing 

(Phaser) and refinement for all data sets. Coot (Emsley and Cowtan, 2004) was used for 

manual building. All crystallographic data processing, refinement, and analysis software was 

compiled and supported by the SBGrid Consortium (Morin et al., 2013). The coordinates 

of the anti-ADAM10 11G2 Fab (PDB: 6BDZ; Seegar et al., 2017) were used to make 

a homology model (SWISS-MODEL; Waterhouse et al., 2018) of the anti-Tspan15 11C2 

Fab. Tspan15 LEL-1C12 complex data was phased using this modeled Fab as a search 

model for molecular replacement. Initially we built a partial model of the Tspan15 LEL 

using Coot, but it was incomplete in the variable region due to low resolution data. The 

partial model of the Tspan15 LEL was used as a search model to phase a low resolution 

P321 data set of the Tspan15 LEL alone. Two copies (of four in the asymmetric unit) 

from the P321 partial model were then used as a search model to solve a data set that 

diffracted to higher resolution in space group P1 with 24 copies in the asymmetric unit. 
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Data from two crystals were combined for the P1 space group data set. The complete 

model was built with iterative cycles of manual building in Coot and refinement in Phenix 

Refine. Refinement used optimization of real space and reciprocal space xyz coordinates, 

individual B-factor refinement, TLS and NCS restraints. The final cycles of refinement were 

done without NCS restraints. The complete high-resolution structure of Tspan15 LEL was 

then used to fit the LEL for the Fab complex data set. The Fab complex structure was 

refined with optimization of real space and reciprocal space xyz coordinates, individual B-

factor refinement, TLS, NCS and secondary structure restraints. Quality of the models was 

evaluated using composite omit density maps. Final models were validated using MolProbity 

in the Phenix suite and the PDB validation server. Structures were visualized using Pymol 

(Schrödinger, 2010).

Sequence conservation analysis—The Consurf server using the Clean Uniprot 

database was used for conservation analysis. 150 sequences that sample the list of 

homologs with between 95 and 35 percent sequence identity were used. The sequence 

conservation output was mapped onto the Tspan15 LEL crystal structure using Consurf 

default parameters.

Immunoprecipitation and western blotting—HEK-293T cells were plated in 6-well 

tissue culture dishes and cultured in DMEM with 10% BSA. Cells were transfected with 

2 μg total DNA and PEI MAX 40K transfection reagent at a 1:3 ratio. After 48 hours 

cells were washed in ice cold PBS and lysed in buffer containing 20 mM HEPES pH 7.4, 

150 mM NaCl, 1% DDM and 10 μM BB94 and centrifuged at 20000 × g for 10 minutes. 

Lysates were added to 20 μl of M2 anti-FLAG resin and incubated for one hour at 4 °C. 

The resin was washed three times with buffer containing 20 mM HEPES pH 7.4, 150 

mM NaCl, 0.1% DDM and 1 μM BB94. 2X SDS loading dye was added directly to the 

washed resin. Samples were run on an SDS-PAGE gel, and transferred to a nitrocellulose 

membrane. Membranes were blocked in tris-buffered saline containing 0.1% tween 20 

(TBST) containing 5% non-fat milk for one hour, and then incubated in primary antibody 

overnight at 4 °C. Primary antibodies were anti-FLAG (1:2000 dilution), anti-Myc (1:2000 

dilution), and anti-GAPDH (1:2000 dilution). Membranes were washed three times with 

TBST and incubated with anti-rabbit-HRP secondary antibody at 1:10000 dilution for one 

hour. Membranes were again washed three times with TBST. Western blots were developed 

using Western Lightning Plus-ECL detection Kit. Experiments were performed in duplicate.

Development of U251 Tspan15 knockout cell line—The guide RNA sequence 

GCGCGCGCUUCUCCUACCUC was cloned into the pSpCas9(BB)-2A-GFP vector. The 

resulting plasmid, coding for the guide RNA, spCas9 and GFP was used to transfect U251 

cells. GFP expressing cells were single-cell sorted into 96 well plates and clonal populations 

were expanded for 3 weeks. Genomic DNA was extracted from the cells and the targeted 

locus was amplified by PCR and Topo-cloned (Topo TA cloning kit) for sequencing. A 

minimum of ten clones were sequenced to confirm the targeted mutation.

N-cadherin cleavage assay—U251 cells were plated in 6-well tissue culture dishes in 

DMEM with 10% BSA. The cells were transfected with 2 μg DNA using 3.2 μl U251 
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Avalanche transfection reagent. 48 hours after transfection, fresh media containing the 

gamma-secretase inhibitor compound E (500 nM) was added to the cells. After one hour, 

2 mM N-ethylmaleimide (NEM) was added to the cells. 40 minutes after adding NEM, the 

cells were washed in PBS and lysed directly in 500 μl SDS-loading dye containing 5% 

β-mercaptoethanol and 2 mM EDTA. Samples were sonicated and run on an SDS-PAGE gel. 

Proteins were then transferred to a nitrocellulose membrane. Membranes were blocked in 

TBST containing 5% non-fat milk for one hour, then incubated in anti-N-cadherin antibody 

(mouse, 1:1000 dilution), anti-FLAG (rabbit, 1:2000 dilution) or GAPDH (rabbit, 1:5000) 

overnight at 4 °C. Membranes were washed three times with TBST and incubated with 

anti-mouse-HRP or anti-rabbit-HRP secondary antibody at 1:10000 dilution for one hour. 

Membranes were again washed three times with TBST. Western blots were developed using 

Western Lightning Plus-ECL detection Kit. Experiments were performed in duplicate.

Quantification and Statistical Analysis

Each Western blot is representative of at least n=2 biological replicates.

Additional Resources

None.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Crystal structures of Tspan15 LEL domain both in isolation and in complex 

with 1C12 Fab

• Structures reveal a variable region supported by a conserved three-helix motif

• A conserved site in the variable region of Tspan15 LEL participates in 

ADAM10 binding

• This site is required for rescue of N-cadherin cleavage in Tspan15 knockout 

cells
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Figure 1. Crystal structure of the Tspan15 large extracellular loop (LEL).
(A) Tspan15 amino acid sequence and domain organization highlighting the structural 

elements of the LEL domain. (B) Cartoon representation of the Tspan15 LEL domain crystal 

structure, colored according to the domain organization schematic in (A). The sulfur atoms 

of the Tspan15 cysteine residues engaged in disulfide bonds are shown as yellow spheres. 

(C) Surface representation of the Tspan15 LEL colored by electrostatic potential on a scale 

from red (acidic) to blue (basic).
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Figure 2. Comparison of the Tspan15 LEL with other Tspan LEL structures.
The crystal structure of the Tspan15 LEL domain is aligned with the LEL structures of 

CD81 (PDB: 5TCX), CD53 (PDB: 6WVG) and CD9 (PDB: 6K4J). The Tspan15 LEL is 

shown in pale green with each of the other tetraspanins shown in orange.
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Figure 3. Crystal structure of Tspan15 LEL bound to the 1C12 Fab fragment.
(A) The crystal structure of the Tspan15 LEL bound to the 1C12 Fab is shown as a 

transparent surface over a cartoon representation (left), and as a solid surface with the 

two proteins displayed in an “open book” view to highlight the binding interface (right). 

The Tspan15 LEL is colored light brown with contacting residues in orange. 1C12 is 

colored slate blue with contacting residues in violet. Contact residues are defined as those 

approaching within 4 Å. (B) The structure of the Tspan15 LEL bound to 1C12 (light brown) 

is superimposed on that of the isolated LEL domain (pale green). The 1C12 binding site is 

colored in orange on both structures. The major difference between the two structures is a 

5.6 Å shift in the loop between I187 and N195.
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Figure 4. Mapping of an ADAM10 interaction site on the Tspan15 LEL.
(A) Conservation analysis of the Tspan15 LEL domain, performed using the Consurf server. 

150 sequences that sample the list of homologs with between 95 and 35 percent sequence 

identity were used. The crystal structure and amino acid sequence of the Tspan15 LEL are 

colored by the Consurf conservation score on a scale from teal (not conserved) to maroon 

(most conserved). (B) Co-Immunoprecipitation of ADAM10 with wild-type and mutant 

forms of FLAG-tagged Tspan15. HEK293T cells were co-transfected with FLAG-Tspan15 

or the indicated triple alanine mutants with either myc-tagged ADAM10 or ADAM10(S1R-

TM). Cleared lysates were subjected to immunoprecipitation with anti-FLAG resin. Lysates 

and immunoprecipitates were western blotted and probed with the indicated antibodies. 

Empty pcDNA3.1/Hygro(+) plasmid vector (EV) was used as a negative control. Bands for 

pro-ADAM10 (pA10) and mature ADAM10 (mA10) are labeled. (C) The three mutated 
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sites are highlighted in different colors on the Tspan15 LEL crystal structure. The site of the 

mutation that does not co-immunoprecipitate ADAM10 is boxed.
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Figure 5. A Tspan15 requirement for N-cadherin cleavage by ADAM10.
(A, B) N-cadherin cleavage assay. U251 cells and U251-Tspan15−/− cells were transfected 

with the indicated FLAG-tagged tetraspanin construct or empty vector. Cells were pre-

treated with the gamma-secretase inhibitor Compound E for one hour prior to addition of 2 

mM NEM. Cells were incubated for 40 minutes, subjected to western blotting, and probed 

with an antibody against the cytoplasmic region of N-cadherin (N-cad). Assay results are 

shown following transfection with (A) human TspanC8 proteins and (B) Tspan15 alanine 

mutants. Assay samples were also probed with anti-FLAG (middle panel) and GAPDH 

(lower panel) antibodies. Bands for full-length (FL) and C-terminal fragment (CTF) of 

N-cadherin are labeled on the blots.
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Table 1.

Data Collection and Refinement Statistics

Tspan15 LEL Tspan15 LEL – 1C12 Fab complex

Wavelength (Å) 0.979 0.979

Resolution range (Å) 48.67 – 2.52 (2.61 – 2.52) 44.71 – 3.6 (3.729 – 3.6)

Space group P 1 C 1 2 1

Unit cell (Å, °) 83.57, 91.95, 112.38, 87.552, 86.519, 86.241 171.3, 124.64, 116.12, 90, 98.171, 90

Total reflections 641293 (51951) 68508 (6908)

Unique reflections 111846 (11044) 27150 (2715)

Multiplicity 5.7 (4.7) 2.5 (2.5)

Completeness (%) 99.38 (97.51) 95.77 (97.17)

Mean I/sigma(I) 6.85 (1.34) 4.63 (0.86)

Wilson B-factor 76.66 121.58

R-merge 0.1461 (1.29) 0.1577 (1.08)

R-meas 0.1601 (1.451) 0.1991 (1.364)

R-pim 0.06505 (0.6453) 0.1196 (0.8215)

CC1/2 0.996 (0.441) 0.995 (0.52)

CC* 0.999 (0.782) 0.999 (0.827)

Reflections used in refinement 111803 (11044) 26966 (2715)

Reflections used for R-free 1971 (202) 1980 (200)

R-work 0.2350 (0.3650) 0.2701 (0.3910)

R-free 0.2736 (0.4137) 0.3088 (0.4077)

CC(work) 0.952 (0.538) 0.920 (0.596)

CC(free) 0.938 (0.491) 0.905 (0.571)

Number of non-hydrogen atoms 22771 8279

 macromolecules 22730 8279

 ligands 0 0

 solvent 41 0

Protein residues 2919 1136

RMS(bonds) 0.012 0.003

RMS(angles) 1.41 0.74

Ramachandran favored (%) 93.97 94.84

Ramachandran allowed (%) 6.03 4.80

Ramachandran outliers (%) 0.00 0.36

Rotamer outliers (%) 1.08 0.12

Clashscore 12.57 8.98

Average B-factor 95.75 126.93

 macromolecules 95.80 126.93

 solvent 69.06 N/A

Number of TLS groups 129 29

Structure. Author manuscript; available in PMC 2023 February 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lipper et al. Page 24

Highest shell statistics are reported in parentheses.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-FLAG Cell Signaling Technology Cat # 214793 RRID:AB_2572291

Rabbit anti-myc-tag (clone 71D10) Cell Signaling Technology Cat # 2278 RRID:AB_490778

Rabbit anti-GAPDH (clone 14C10) Cell Signaling Technology Cat # 2118s RRID:AB_561053

Mouse monoclonal anti-N-Cadherin (Clone 32) BD Biosciences Cat # 610920 RRID:AB_398236

Goat anti-rabbit-HRP Abcam Cat # ab6721

Goat anti-mouse-HRP ThermoFisher Cat # 62-6520

ANTI-FLAG M2 Affinity Gel Sigma-Aldrich Cat # A2220 RRID: AB_10063035

Chemicals, peptides, and recombinant proteins

Batimastat (BB94) Sigma-Aldrich Cat # 19440

Compound E EMD Millipore Cat # 565790

U251 Avalanche transfection reagent EZ Biosystems Cat # EZT-U251-1

PEI Max 40000 VWR Cat # 75800-188

n-Dodecyl-b-D-Maltoside (DDM) Anatrace Cat # D310

polypropylene glycol p-400 Hampton Research Cat # HR2-771

sodium nitrate Hampton Research Cat # HR2-661

sodium acetate trihydrate pH 4.6 Hampton Research Cat # HR2-731

StockOptions MES pH 6.9 Hampton Research Cat # HR2-243

StockOptions HEPES pH 7.4 Hampton Research Cat # HR2-102

N-ethylmaleimide (NEM) Sigma-Aldrich Cat # E3876

Expi293 expression medium ThermoFisher Cat # A1435103

HisPur Ni-NTA resin ThermoFisher Cat # 88222

Protein A agarose resin EMD Millipore Cat # 16-125

3C protease recombinant protein Produced in-house N/A

PNGaseF recombinant protein Produced in-house N/A

Critical commercial assays

Western Lightning Plus-ECL detection Kit PerkinElmer Cat # NEL103001EA

TOPO TA Cloning Kit ThermoFisher Cat # 450030

Deposited data

Human Tspan15 LEL structure coordinates This paper PDB: 7RDB

Human Tspan15 LEL-1C12Fab structure coordinates This Paper PDB: 7RD5

CD9 structure coordinates (Umeda et al., 2020) PDB: 6K4J

CD53 structure coordinates (Yang et al., 2020) PDB: 6WVG

CD81 structure coordinates (Zimmerman et al., 2016) PDB: 5TCX

ADAM10 ectodomain-11G2Fab complex structure 
coordinates

(Seegar et al., 2017) PDB: 6BDZ

Experimental models: Cell lines

HEK293T cells ATCC Cat # CRL-3216
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REAGENT or RESOURCE SOURCE IDENTIFIER

Expi293F cells ThermoFisher Cat # A14527

U251 cells Gift from Thomas M. Roberts at the Dana-
Farber Cancer Institute

N/A

U251-Ts15−/− cells This paper N/A

Recombinant DNA

pcDNA3.1/Hygro(+) ThermoFischer Cat # V87020

pRK5M-ADAM10-myc (Liu et al., 2009) Addgene Cat # 31717

pFUSE-hIgG1-Fc2 Invivogen Cat # pfuse-hg1fc2

pSpCas9(BB)-2A-GFP (PX458) (Ran et al., 2013) Addgene Cat # 48138

gBlocks Integrated DNA Technologies N/A

Software and algorithms

Phenix (Afonine et al., 2012) https://sbgrid.org/software/

Coot (Emsley and Cowtan, 2004) https://sbgrid.org/software/

XDS (Kabsch, 2010) https://sbgrid.org/software/

Pymol (Schrödinger, 2010) https://sbgrid.org/software/

SWISS-MODEL (Waterhouse et al., 2018) https://swissmodel.expasy.org/

SBGrid Consortium (Morin et al., 2013) https://sbgrid.org/software/

PDB validation server World Wide Protein Data Bank https://www.wwpdb.org/
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