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Abstract

Neuronal network formation is facilitated by recdgm between synaptic cell adhesion molecules
(CAMSs) at the cell surface. Alternative splicing GAMs provides additional specificity in forming
neuronal connections. For the teneurin family of\@A alternative splicing of the EGF-repeats and NHL
domain controls protein-protein interactions atsieapse. Here we present a 3.2 A cryo-EM struaifire
the compact dimeric ectodomain of teneurin-3 haribguboth splice inserts. This dimer is stabilissd

an EGF8-ABD contact between subunits. Cryo-EM retmigtions of all four splice variants, together
with SAXS and negative stain EM, reveal compactededs for each, with variant-specific dimeric
arrangements. This results in specifians-cellular interactions, as tested in cell clustgramd stripe
assays. The compact conformations provide a suaicthasis for teneurin homo- and heterophilic
interactions. Altogether, our findings demonstratev alternative splicing results in rearrangemaeits

the dimeric subunits, influencing neuronal recagnitand circuit wiring.
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I ntroduction

During the formation of the central nervous systepecific guidance and recognition signals are
required to orchestrate the billions of outgrowirgurons as they form complex circuits. Importargscu
are especially provided by combinations of cellegibn molecules expressed on the surface of neurons
Among these, teneurins, a conserved family of tffpeansmembrane proteins, play a crucial role in
circuit wiring across various specieslowever, the molecular mechanisms of how teneunilitate the

formation of functional neuronal circuits remainoply understood.

In mammals, there are four family members of teimsyreach expressed in distinct and often
interconnected areas of the developing nervoussiat They have the capability to form homophilic
interactions with other teneurfh§ as well as heterophilic interactions with other synaptic proteins,
enabling a diverse range of functions in circuivelepment and maintenariceFor instance, the
interaction between mouse teneurin-3 (Ten3) amdghatlin-2 (Lphn2), an adhesion G-protein coupled
receptor (GPCR), orchestrates proper circuit wiringhe hippocampds This interaction involves a
Ten3-Lphn2 repulsive mechanism, where axons expigs¥en3 avoid connecting with Lphn2-
expressing target regions. Instead, Ten3-expressiogs grow toward other areas enriched in Ten3,
pointing toward homophilitrans-synaptic interactiods®. Additional players such as FLRT proteins and
Glypican-3 may contribute to ternary complex forimatwith teneurins to control diverse functionsisuc
as neuronal cell migration, synapse formation, pneshind***% Finally, all members of the teneurin
family have been associated with diverse neurofdgicsorders’. For example, teneurin-1 is linked to

autismt* teneurin-3 to microphthalniy and teneurin-4 to essential treffor

Structural studies of the teneurin ectodomains lravealed a multi-domain ~1850-residue core
superfold, prominently featuring a tyrosine-aspartach barrel-shaped structure termed YD-Shé&ll
This YD-shell is adorned with a calcium-binding i€ardomain, a transthyretin-like (TTR) domain and a
fibronectin-like region (FN-plug), as well as wigh6-bladed3-propeller NHL domain (NCL-1, HT2A,
Lin-41), all located at its N-terminal eHd® At the C-terminal side of the ectodomain, strudtyra
adjacent to the YD-shell, lies an antibiotic-binglitiomain-like (ABD) fold and a domain akin to thex¥
GGH class of DNasé$ Connecting the transmembrane helix with the earperfold are a predicted
Immunoglobulin (Ig)fold and eight predicted EGF dains (EGF1-8). Notably, EGF2 and EGF5 contain
free cysteines that directly contribute to covalgetdimers formation in all teneuriffs. A homophilic
compactcis-dimer was resolved for human teneurin-4, which oestrated a key role for the ABD
domain in the dimer interface. In this compact comfation, the ABD domain contacts the C-rich
domain, the YD-shell, and the ABD domain of the estlsubunit. More recently, Li and coworkers

reported aDrosophila teneurin (Ten-m) homodimer connected through a NFR- interfacé® This
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asymmetric complex was shown to be capable of fogndipper-like higher-order oligomers, most
probably as linear superstructures. Two subsegstedies detailed the structural basis of the teneur
latrophilin interaction. Both works revealed a hinglsite for the Lec domain of Lphn on the YD-shuil
teneurin-2, directly opposite to the ABD and Toxd&ldomains?. Together, these structural studies
unveiled the intricate architecture of teneurirodomains, showcasing their multi-domain core sugberf
and revealing critical insights into their dimergonformations and interactions, both homo- and

heterophilic.

Often, alternative splicing of CAMs plays a crdai@e in diversifying their functions and fine-
tune cellular interactions. For instance, seveyabptic CAMs, such as Dscam, the LAR-RPTP family,
neurexin, and neuroligin, harbour few-residue emdjosariations that changeans-cellular binding sites
directly’** The ectodomains of teneurin proteins also corttainalternatively spliced regions that may
combinatorically contribute to the code for molesulecognition at the synapse. The Ten3 splicatimse
reside between EGF7 and EGF8 (AHYLDKIVK in mousen3k referred to as splice insert A, and
between the first and the second blade of the IRkpkopeller (RNKDFRH in mouse Ten3) referred to as
splice insert B. Alternative splicing in teneurimss found to affect binding partner specificity and
synaptic differentiatioh’®*® For instance, mouse Ten3B), lacking both splice inserts, is not capable of
homophilic cell clustering in K562 cells, whereth® presence of either or both splice insertsBA
AoB1, A1B;) was reported to induce clustering in homophiﬁskﬁoﬁo. Interestingly, Ten3-4B, (as well

as Ten3-ABy, other variants not tested) is capablendiiicing heterophilic cluste with latrophilin-3°.

It is therefore evident that the role of alternatsplicing in teneurins is crucial for controlling
trans-cellular interactions, yet the structural basisspficing-dependent assembly formation remains
unclear. Here, we present a structural comparisofour splice variants of mouse teneurin-3 full
ectodomains. Using single particle cryo-electrooroscopy (cryo-EM), in combination with small-angle
X-ray scattering (SAXS) and negative stain EM, weeal a novel homo-dimeric interface for teneurin-3
A;Bs, resulting in a compact dimer conformation. Thigeiface is stabilised by an extendgégheet
interaction between EGF8 and the ABD domain ofraxténg subunits. Also, #,, AoB: and ABy
variants are compact dimers in solution, of whiclyoA;B, adopts the same compact conformation as
A1B;. For the other two variants, an additional consitet is observed between EGF6 and the YD/ABD
domains, and each display a different arrangemetie core superfolds. Finally, cell clustering and
neuronal stripe assays highlight the capabilityhef A and B splice insert to directly mitigatens-
cellular interactiongn vitro. Together, these findings support a model whetteinsubunits of the Ten3

dimers adopt different orientations due to the @nes of relatively small splice inserts. Thesecttnal
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rearrangements, in turn, expose different bindinggrfaces that play a crucial role in orchestrating

cellular interactions essential for specifying reaal circuitry formation.
Results

Teneurin-3 A;B; formsa compact dimer through an edge-to-edge-extended p-sheet.

To examine the structural basis of the alternasipbce variant AB; of teneurin-3 (Ten3-/B;), we
expressed the complete extracellular domain (E£D341 residues) of N-terminal hexahistidine-tagged
mouse Ten3-fB; in HEK293-E cells (Fig. 1A). We purified the pristeby Ni-NTA affinity
chromatography followed by size-exclusion chromedpby in the presence of calcium (Supplemental
Fig. 1A). The purified ECD forms a constitutive dimlinked by two disulfide bonds in EGF2 and -5
(Cys549 and Cys648, respectively, Fig. 1A). Theatirstructure was resolved to 3.3 A using single
particle cryo-electron microscopy, revealing a castgonformation (Fig. 1B, Supplemental Fig. 1Dd an
Table 1). The core of the compact dimer could Iothér resolved to 3.2 A (Supplemental Fig. 1D)tHe
compact conformation, the NHL domains are facingyiom each other (Fig. 1B, middle) and the two
subunits are in-plane when viewed from the NHL dioni{&ig. 1B, right). The total dimensions of the
compact in-plane dimer @rl22 A by 141 A by 70 A. The interface is maingmposed of hydrophobic
and -phobic surface (Supplemental Fig. 2A).

The main compact dimer interface is formed throaghextended edge-to-edfiesheet between
the EGF8 domain (residues 762-764) and the ABD dorfrasidues 2595-2597) of the two respective
subunits (interface 1, Fig. 2A, D-E). This interéais only permitted upon displacement d¥-atrand on
the ABD side, which remains present in a non-corngghcsubunit reconstruction (Fig. 2C and
Supplemental Fig. 2B-D). Residues Gly2576-Ser25&2 abserved in the electron density map, and
engage in Asp765-Thr2581 and Asn766-Ser2582 hydrdgading, but the rest of the loop becomes
unstructured (Fig. 2D). Interestingly, a mutatioss@ciated with microphthalmia in humans, namely
Arg2563Trg® in human Ten3 - corresponding to Arg2579 in motise3 -, is directly flanking the-
strand and participates in the compact dimer iaterf(Fig. 2C). The EGF8-ABD interface is also
supported by hydrophobic interactions between Tepaitd Leu764 on EGF8, and Leu2575 and Val2595
on ABD (Fig. 2D-E). Splice insert A residues Val7dys749 are resolved at the N-terminal side of
EGF8 (Fig. 2D), and focussed classification ofdither particles results in extra connected derthigy
folds back onto the ABD domain, which presumablyresent the remainder of the insert (Supplemental
Fig. 1D). The compact dimer is further stabilisgd¥b-ABD (interface Il, Fig. 2A and F) and YD-YD
(interface 11, Fig. 2A-B, F-G). Interface Ill camins between Thr1604-Glg18 and Thr1607-Asn2589
hydrogen bonding (Fig. 2G). Individually, the irfeare-contributing residues in EGF8 span a total
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interface area (IA) o#62 A2, those in the YD-shell 478 A2, a6@9 A2 in the ABD domain (Fig. 2B).
Notably, a separate subset of dimer particles haghao YD-YD interactions, resulting in relatively
flexible YD domains hinging at the C-rich/EGF8 mgi(“open conformation”, Supplemental Fig. 1D,
Supplemental Videos 1 and 2).

What are the differences between the mouse ten8ucmmpact dimer presented here and the
human teneurin-4 (Ten4) compact dimer publishedipusly’? The main difference between the Ten3
and Ten4 structures is the orieida of the two subunits with respt to each other (Fig. 3A). The
subunits in the human Ten4y dimer are each turned outwards at a 30° angleehlyecreating a
‘transverse dimer’ (Fig. 3A). The subunits in thempact dimer configuration of mouse Tend3A
however, align in the same plane (Fig. 1B). In ksithictures, the ABD domain is central in the ifaee,
but different interactions are formed. In the Teérahsverse dimer, the ABD domain contacts the &-ric
domain, the YD shell and the ABD domain of the otbgbunit. In the dimer of mouse ten3, the ABD
domain contacts EGF8 and the YD shell (Fig. 3B)e Hifference in dimer conformation results in a
molecule with larger dimensions for mouse Ten3 camag to human Ten4 (122 A by 141 A by 70 A
versus 133 A by 166 A by 112 A, respectively). Aailed structural comparison reveals that similar
residues on the ABD domain and the YD shells avelired in both the transverse versus and in-plane
dimer interactions (Fig. 3C). Interestingly, a calty positioned ABD loop in Ten4 interface - couidt
be resolved in the in-plane Ten3 compact dimercgire (missing Asn2531-Asn2534, Fig. 2F-G).
Altogether, our cryo-EM density map reveals a noseipact conformation of covalently dimerised
mouse Ten3, which is different from previously psiéd dimeric conformations of teneurin

homologued*’#

Spliceinsert A asa potential spacer to dislodge EGF6.

To investigate the effect of splice insert A on #rrehitecture of the EGF-repeat domains, we exptess
and purified the full ectodomains and acquired €&y data of all splice variant combinations of meus
Ten3: Ten3-ABo, AoB1, A1Bo and AB; (Fig. 4A, Supplemental Fig. 3A-C, and Table 1)ll Eatodomain
structures of compact dimers could not be resolpeelsumable due to air-water interface issues gurin
cryo-EM grid preparation. Similar issues were aibserved previously for the Ten4 dimdnstead, we
resolved non-compacted subunits containing paEiF-repeat domains for each of the proteins (Fy. 4
and Supplemental Fig.3D). Comparison of the fouucstires reveals that the subunits adopt similar
conformations with largest differences in the ortion of EGF6 and EGF7. In absence of splice tnSer
(AoBo and AB; isoforms), EGF-repeats 6-8 run across the FN dormavards the YD shell, whereby
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EGF6 is located in a groove between the YD shall ABD domain of the same subunit (Fig 4C). EGF6
directly contacts several negatively charged aspacids on the YB-barrel (Fig. 4C), and GIn2522 in
the ABD domain. However, in the presence of spheert A (ABo and AB, isoforms) — predicted to be

a 9-residue helix inserted in the linker betweerFE@ -, EGF6 and EGF7 cannot be resolved anymore,
suggesting increased flexibility of EGF6 with resp® the YD shell. Possibly this splice insertsaas a
physical spacer to dislodge EGF6 out of its bindgrgove, hereby preventing the EGF6-YD/ABD
interface to form. Low-resolution EM density of thetential splice insert A can indeed be observed
hovering over the ABD domain (Supplemental Fig. 1tbys dislodging EGF6 from its YD/ABD groove.
The increased rigidity of EGF6 and EGF7 with respedhe YD shell in the absence of splice insert A
appears to hinder EGF8 from interacting with theDABomain on the other subunit (Fig. 4D-E) - an
interaction necessary for the compact dimerizabbeerved in AB; (Fig. 2C-E). Thus, depending on
splice insert A, the EGF-repeat region reorganisgative to the core superfolds, with potential
implications for the orientation of the two subsnithemselves, and further homo- or heterodimeric

interactions.

All isoforms are compact in solution in a calcium-dependent manner.

To further investigate the splicing-dependent effeam the conformation of the Ten3 dimers in soluti
we performed small-angle X-ray scattering (SAX8)ptesence of calcium, all isoforms are compact in
solution (Fig. 5A), with average radii of gyratigRg) 7.3, 7.8, 7.7, and 7.9 nm, for TengB§ AqBi,
A1Bo, and AB;, respectively (Fig. 5A and Supplemental Fig. 5B)e absence of calcium, as well as the
addition of calcium chelator EDTA, result in incsed radii of gyration for all isoforms (Fig. 5A and
Supplemental Fig. 4B), as well as a loss of theirdis compact-protein profile in the dimensionless
Kratky plot (Supplemental Fig. 4A). These effects aimilar to the transition of Ten4 from a compact
conformation into a more elongated conformatiothi® absence of calcittmNotably, in the presence of
calcium, out of the four splice variantgBy is most compact in the presence of calcium, wisereB;
deviates most from a compact form (Fig. 5A). Theréased compactness o§By could possibly be
explained by a predicted interaction between anthefflexible Ig or EGF domains and the splice Bite
within the NHL domain, that would condense thyBfcompact dimer even further (Supplemental Fig. 6).
The data further show that Ten3By and AB; have highly similar SAXS profiles. Thus, it appeé#nat
splice insert B affects compact dimerization omyabsence of splice insert A. The general compastne
in presence of calcium is supported by increasetkprstability observed as a thermal shift in the girot

melting curves of all splice variants (Fig. 5B aBdpplemental Fig. 4C). Note that calcium-binding
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residues of the C-rich domain of human Ten4 ard-eaiserved in mouse Ten3 (Fig. 3C), suggesting

that the C-rich domain of Ten3 also selectivelydsicalcium ions.

To corroborate the SAXS profiles indicating compaghformations for all splice variants, we
collected negative stain TEM (nsTEM) datasets fovariants. The 2D classifications of all Ten3isgl
variants indeed revealed compact conformationgdch variant (Fig. 5C). Whereas Ten®/and AB;
have conformations similar to the cryo-EM structuie A;B;, AsBo and AB; revealed alternative
architectures. While the low resolution of the datacludes detailed analysis, a potential YD-YD
interface is observed foroBy — also observed at low abundance in cryo-EM 2Bsda (Supplemental
Fig. 4E) -, and the /8, compact dimer could be explained by an FN-FN adgon. 3D reconstructions
and low-resolution fitting confirmed these potehtiimer interfaces (Fig. 5D). Splice site B is not
directly involved in any of the observed compacheli interfaces, hinting at an unresolved allosteric
mechanism that could explain the shifts betwegBofAand AB; conformations. Notably, an additional
dimer interface was observed in the negative sI&M dataset of the /8, variant, in which the NHL
domains are connected (Supplemental Fig. 4F). dbigormation would, however, not be compatible
with a compact dimer due to restraints imposedneyEGF2-2/5-5 disulfide bond, and may represent an

additional higher-ordetis contact.

We next used the SAXS profiles and compact diméerfimaces from nsTEM to model the
structures of the full ectodomain of all the sph@iants (Supplemental Fig. 4G). For SAXS modgllin
the dimer interfaces obtained from nsTEM were a@s&d, whereas the domains in the EGF-Ig stalk were
treated as independent connected rigid bodies, BF2-4 restrained to enforce the intermolecular
disulfide bonds. All modelled splice variants, epictor the AB; dimer, explain their SAXS profiles well
(Supplemental Fig. 4G). Possibly, the SAXS dataAegB; cannot be explained by the nsTEM-based
model, because #; in solution does not exhibit the same level of paniness or adopts multiple
conformations. Nonetheless, the combination of tB@EM and SAXS data indicates at least three
different dimer conformations, with Bo and AB; sharing the same EGF8-ABD mediated dimer, also
observed in the 8, dimer cryo-EM structure, and splice variangBAand AB; each adopting a distinct

dimer conformation.

A model for splice-dependent trans-inter actions.

The alternative conformations as shown in Fig. 5y raffect the capabilities of Ten3 splice
variants for trans-cellular interactions. To test this, we electrgied GFP-tagged full-length

transmembrane variants of all four Ten3 splice args in K562 hematopoietic cell$rans-cellular
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interactions were quantified by assessing clusienétion of the Ten3 electroporated K562 cells (Fig
6A-B and Supplemental Fig. 5A). Similar to previgushowr®, all isoforms except B, form
homophilic clusters. In addition, we observe a diaive difference between clustering of TengB4
A.By and AB;, whereby AB, and AB; have only limited clustering capabilities, whileeefroporation
with AgB; results in the highest clustering index and clusiee averages (Fig. 6B). As such, similar to
the structural data (Fig. 5), splice insert B haarge effect, but exclusively when splice insertisA

absent.

No trans-interaction is observed in the cell clusteringags®r Ten3-AB, (Fig. 6C). Possibly,
the A\Bo may not engage itrans-cellular interactions because it forms homophdanplexes incis,
through the above-mentioend NHL-NHL contact (Suppmetal Fig. 4F). To model higher-order
interactions that may explain the observeshs-cellular interactions for the other variants, welgsed
dimer-of-dimer formation of the SAXS- and nsTEM-bddull ectodomain models. For compact dimer
Ten3-AB;, harbouring a potential FN-FN interface, the AB@htiin would be accessible to fornrans
dimer-of-dimer interaction with the EGF8 domain of a dimer at the opposing men(bignéC). This
interface could not be employed for dimer of dimiergis due to increased constraints induced by the
EGF6-ABD/YD interaction. Remarkably, theyBy trans dimer-of-dimers displays an additional NHL-
NHL interface between them (close-up, Fig. 6C),hwaplice inserts B located at this interface. This
interface is reminiscent of the teneurin-2 crystitact reported previously Compact dimers 8, and
A;B; could formtrans-cellular interactions by means of the FN-FN iraed (Fig. 6C). This same
interface could also be employed for an additionalinteraction (Fig. 6C). A presumed equilibrium
betweencis- andtrans dimers of dimers would explain the limited cell-sfering capability of the 8,
and AB; dimers, axis dimers-of-dimers would harbour no potential fians-interactions. The distinct
conformations of compact dimers may also have itatibns for their ability to bintrans-cellularly with
latrophilin. As illustrated in Supplemental Fig. 5&B; may not readily engage tnans-interaction with
latrophilin, given that the latrophilin-interactisuface appears to be oriented towards the membrane,
obstructing access to the Olfactomedin-Lectin dom#&he other three splice variants seem to be more
conducive to latrophilin binding. This observatiaiigns with earlier findings that indicated the exchasi
incapability of a teneurin-2 #8, version to bind latrophilin, and thus providestaicural basis for the

proposed shapeshifting mechanisft?

Spliceinsert B attracts outgrowing axons of teneurin-3-expressing neuronal explants.
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We hypothesised that the emergent NHL-NHL contacTén3-AB; (close-up Fig. 6C) could
provide additionatrans-cellular stabilisation in a B-dependent manner.abdress this hypothesis and
whether this contact by itself provides sufficiawthesive strength, we set up chick retinal strgsags.
First, we characterised Ten3 expression patternthénchick retina, using RNA fluoresceirt-situ
hybridization (FISH). We observed that Ten3 mRNAighly expressed in the ventral, but not dorsal,
retina. (Fig. 7A). Then, to address whether Ten8 as an attractant or repellent for neurons friahree
retinal regions, we plated retinal chick explamtsrf both regions and grew them on Ten3 stripe assay
To directly evaluate the impact of splice inserbiBtrans-cellular interactions, we utilised a monomeric
variant of mouse Ten3 lacking the Ig and EGF domdimesidues\1-845). This specific monomer is
incapable of establishing EGF8-ABD interactiongpwh in this work to restrict the influence of sglic
insert B. Furthermore, the designed Ten3 monometi@nt cannot participate in theBy EGF8-ABD-
based dimers-of-dimetsans-interaction, thereby isolating the contributionB®fin directtrans-cellular
binding. At 2-3 days after explant growth, it wdsserved, that ventral neurons localised preferinta
the Ten3-B-covered regions with their axons growing parditethe stripes, whereas the dorsal neurons
covered the entire surface with axons growing mdoam directions (Fig. 7B-D). No such difference was
observed when culturing ventral or dorsal neuramsTen3-B stripes (Fig. 7E-F). Notably, when only
labelled and unlabelled control antibody was imriséd in the stripe assay, neither the ventralther
dorsal neurons showed any preferential growth pegticular stripes. (Fig. 7C-F). The K562 and rafin
explant studies together show that, while the preseof splice insert A may allow fdrans-cellular
clustering in a manner unaffected by B, the presesfcsplice insert B itself can support and induce
robusttrans-cellular interactions and serves as an attrad@rdhick retinal neurons from the ventral

region.

Discussion

Cell adhesion molecules (CAMS) play a promineng ial the process of neuronal wiring by establishing

a molecular recognition code at the synapse threlugin combinatorial expression pattern. Teneuaires

a family of synaptic CAMs that exhibit additionalns-synaptic specificity through alternative splicing

of two inserts, referred to as splice insert A apudice insert B. Here, we reveal a compact dimer
conformation of the ectodomain of mouse TenB-AThe compact dimer interface is formed through an
extended B-sheet interaction between the EGF8 and ABD domains on interacting monomers.
Additionally, the YD-shell and ABD domain participate in further stabilisation. We resolved th&btyo
subunits of each splice variant, and these dataodsimate an additional interaction between EGF6 and

the ABD/YD domain, only when splice insert A is abt We further provide small-angle X-ray
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scattering (SAXS)-based evidence, complemented métiative stain EM, that all splicing variants are
compact in presence of calcium. Splice variapByfadopts a similar conformation agBA while AjBg
and AB; display different compact conformations. Thesedamgarrangements of the two subunits have
practical implications fotrans-cellular interactions, as demonstrated in the Hepwaetic cell line K562
and chick retinal neurons. Our data provide a madwre relatively short splice inserts of ~7 amino
acids result in large structural rearrangementselheimpactingtrans-cellular interactions and neural

circuit wiring.

Trans-synaptic adhesion is commonly regulated by altdrely splice variants, often directly
affecting thetrans-cellular contact$**= For instance, the neuroligin-neurexin complexeigulated by
the presence of two neuroligin splice inserts (B\r&sidues; B, 8 residues) that directly occludererdn
binding®™. Wilson and colleagues further revealed that ttesgnce of a neurexin splice insert (2A, 8
residues) elongates flasheet near the interface with neurexophilin, diyestabilising this compleX.
Similarly, two ‘micro-exons’ A and B (meA, 9 resies; meB, 4 residues) strongly determinans-
synaptic binding for PT&® PTRs, and LAR, three members of the LAR-RPTP failffhe inserts were
shown to either directly remodel thians-synaptic interfacd@ 2 or - in the case of meB as a linker
between 1g2 and Ig3 - by increasing the flexibilif Ig3 relative to 1g1/gZ, thereby extending the
interface. These inserts then determine selectineliig of PTR to ILLRAPL1 and IL-1RAc?,
Slitrk1/2°%%°, and SALMS?, and the interactions of P&Rwvith SALM3* and TrkC® Similarly, cell-
specific expression of Dscam splice variants — witiotal of 38,016 possible Dscam isoforms - unerl
dendritic self-avoidané® and various structural works have shown how Dscpticing directly
remodels the homophilic binding interface to ord¢tae differentcis and trans interaction§"*. These
findings are all examples in which thieans-cellular binding interface is directly modulated bmall

splice variations.

In contrast, our data illustrate how alternativelickpg of teneurin-3 results in large
rearrangements of the individual subunits, refet@as shapeshifting by Li et?3l forming different
compacted dimers, and thereby exposing new binsitleg. Specifically, the presence of splice ingert
increases the flexibility of the EGF repeat regitimgreby facilitating EGF8-ABD compact dimers to
form. Additionally, the presence of splice insertfdilitates an FN-FN compact dimer, - but only in
absence of splice insert A. Our data does not explay Ten3-AB, and Ten3-AB; are structurally
different. Although splice insert B locally only modifies the loop in which it is located (Supptahtig.
6A), we speculate that the NHL domain (includintjcepsite B) may be engaged in a direct contadh wit
any of the Ig or EGF domains (Supplemental Fig.09B-This would impose or remove additional

restraints resulting in FN-FN compact dimers foe then3-AB; variant (Supplemental Figure 6).
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Importantly, these different compact dimer confadiiores expose different surfaces available for dimer
of-dimer formations irtrans. For instance, the EGF8-ABD compacted dimers gaposing FN domains
for FN-FN trans interactions. Conversely, the FN-FN compact dingesexposing the EGF8 and ABD

domains foitrans andcis dimers-of-dimers.

In recent years, it has become evident that the gme postsynaptic membranes are tightly
organised. For instance, post-synaptic receptors are aligmétl pre-synaptic vesicle release sites,
hereby forming nanodomains, and potentially enh@antie efficiency of signal transfer. Cell adhesion
molecules may also play a significant role in thi®cess by directly interacting with receptors to
orchestrate the molecular organization at the dimapembrane. Indeed, few studies have now shown
that cell adhesion molecules are also presentrindmmains, exemplified by neurexthsMore recently,
using STORM super-resolution microscopy, reseasck@écovered that teneurin-3 is also organised in
nano-size clusters, of approximately 80 nm in slpealised at the pre-synaptic stdelt would be
interesting to explore further what is requiredfeom such 80 nm clusters, as ocis- and trans-
interactions only resulted in linear arrays (daté shown). This outcome resembles what is predicted
from the asymmetric dimeric contact observed intéiyeurii®. Presumably, formation of such clusters
may require the presence of additional cell admesiolecules, membrane-embedded proteins, lipids, or

interacting receptors.

Taken together, an underlying principle is emergiregarding the relationship between
alternative splicing and neural connectivity. Tem@g splicing-dependent conformational
reorganisations itself present a unique example of large rearrangements causing indirestingnodd
trans-synaptic interactions. These splicing-dependenfarmation acrobatics shed light on how small
changes in protein sequence realise large confamadtshifts at the molecular level, and orchestrat
neuronal circuitry formation up to the scale ofienhervous systems. Future studies will have tresbs

the cell-specific expression of such splice vasaartd the consequences for neuronal wiring spegific

Data Availability

Cryo-EM data have been deposited to the PDB and BEMatabases, with the following identifiers: PDB
ID 8R50, PDB ID 8R51, PDB ID 8R54, EMD-18889, EMB890, EMD-18891, EMD-18900, EMD-
18902. See Table 1 and Supplemental Figure 1Dpeciications. SAXS data have been deposited to the
SASBDB databases and assigned the identifieBsSDTY2, SASDTZ2, SASDT23, SASDT33,
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SASDT43, SASDT53, SASDT63, SASDT73, SASDT83, SASBTSASDTA3, SASDTB3, SASDTCS3,
SASDTD3, SASDTES3, SASDTF3, SASDTG3, SASDTH3, SASBTJ
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Table 1: Cryo-EM data collection and refinementistias.
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Data collection and Teneurin-3 Teneurin-3 Teneurin-3 Teneurin-3 Teneurin-3
processing AiB; AiB; AoBo AoB1 A1Bg
Compact dimer | Subunit Subunit Subunit Subunit
(EGFs focused) | (EGFs focused)
Magpnification 105,000x 105,000x 105,000x 105,000x 5,000x
Electron exposure 50 50 50 50 50
(el/A?
Voltage (kV) 300 300 300 300 300
Defocus rangeym) | -0.8to -2.0 -0.8t0 -2.0 -0.8t0-2.3 -0.81t0 -2.0 -0.8t0-2.0
Pixel size (A) 0.836 0.836 0.836 0.836 0.836
Symmetry imposed Cc2 C1 C1l C1l C1
Initial particle | 2,904,462 2,904,462 2,182,558 1,197,761 1,005,254
images (n)
Final particle| 36,680 69,290 66,637 67,787 47,915
images (n)
Map resolution (&) | 3.3 3.2 3.5 3.2 3.4
FSC threshold 0.143 0.143 0.143 0.143 0.143
Map resolution| 3.2-4.9 3.1-45 3.4-4.8 3.2-54 3.2-6.2
range (A)
Refinement
Initial model used| 6FAY 6FAY 6FAY
(PDB code)
Model  resolution| 3.5 3.2 3.6
A
FSC threshold 0.5 0.5 0.5
Model composition EGF8  throughEGF8  through| EGF6  through
Tox-GHH Tox-GHH Tox-GHH
Non-hydrogen 29,762 13,977 15,898
atoms
Protein residues 3,782 1,793 1,982
Ligands (glycans) 32 13 24
B factors (A%
Protein 58.38 37.02 87.02
Ligand 66.77 40.61 99.70
R.m.s. deviations
Bond lengths (A) 0.002 0.004 0.004
Bond angles (°) 0.431 0.505 0.572
Validation
MolProbity score 1.88 1.76 2.00

13


https://doi.org/10.1101/2023.10.27.564434
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.27.564434; this version posted November 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Clash score 7.92 6.60 8.97
Poor rotamers (%) 0.00 0.35 0.35
Ramachandran

plot
Favoured (%) 92.89 94.14 90.94
Allowed (%) 7.06 5.86 8.91
Disallowed (%) 0.05 0.00 0.15
M ethods
Plasmids

The ectodomain and full-length version of TendA(MGC premier cDNA clone BC145284, Biocat
GmbH, BamH1 sites removed with silent mutationsjemeoned into the pUPE106.03 and pUPE3820
vectors (U-protein Express), containing a N-termgyestatin secretion signal followed by a hexa-tdig

or a N-terminal GFP tag, respectively, by using BérandNotl restriction sites. Ectodomains and full-
length splice variants of Ten3,B¢, Ten3-AB,, Ten3-AB; were constructed from full-length Ten3&\
using Pmll-Agel, EcoRI-PmIl and EcoRI-Agel restidet ligation cloning. Monomeric mouse Ten3
(residues 846—2715) for stripe assays as in Jaaksain2018%’.

Protein expression and purification

Epstein—Barr virus nuclear antigen l-expressing B&Kcells (HEK-E; U-Protein Express) were used to
express all secreted Ten3 ECD isoforms. Cells watired in FreeStyle293 expression medium with
GlutaMAX (FreeStyle; Gibco) supplemented with 0.Z&tal bovine serum (FBS, Gibco) and 0.1%
Geneticin (G418 Sulfate; Gibco), in a shaking iretiob at 371°C and 5% C@ Prior to transfection,
HEK-E cells were seeded at 0.25-0.32 R @élls/mL onto 1L Erlenmeyer cell culture flasks in FreeStyle
medium without supplements.24h later, cells wesedfected with a total of 1359 DNA encoding the
full ECD per 250 mL of cells using polyethylenimiieEl, 1:3 DNA:PEI ratio; Polysciences), according
to the manufacturer’s protocol, and treated with%.Primatone in Freestyle medium 6-24h post-
transfection. Six days after transfection, the mmediwas collected by pelleting the cells through
centrifugation at 300g for 10 min. The medium waseagain centrifuged at 4000g for 10 min to remove
any remaining cells from the medium. Proteins wargfied by Ni-NTA affinity chromatography using
an elution buffer containing 25 mM HEPES (pH 78)0 mM NacCl, and 500 mM Imidazole, followed
by size-exclusion chromatography (SEC) using a &igeé Increase 10/300 GL column (Cytiva) into a
final buffer composition (SEC-buffer) of 20 mM HEBHEpH 7.8), 150 mM NaCl. After each Ni-NTA
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affinity and SEC purification step, the proteinsreieoncentrated using a 15 mL Amicon ultra centrifugal
filter at 100 kDa cut-off. The final SEC-buffer wagher supplemented with 2 mM Ca®l concentrated
proteins were dialysed overnight at 4 °C using 3MKWCO Slide-A-Lyzer MINI Dialysis Devices
(Thermo Scientific) in 100 mL SEC buffer containiagnM CacC}. Purified proteins were diluted to 20
pg/mL, boiled for 5 min at 98 °C in the presencealosence of-mercaptoethanol and loaded onto a TGX

mini protean precast gel {@ad) for 50 min at 200V.
SEC-MALS

The oligomeric and conformational states of thdedint purified isoforms were probed and directly
compared by using analytical size exclusion chrography with subsequent multi-angle light scattgrin
(SEC-MALS). The Teng3 isoforms, along with a bovasum albumin (BSA) reference, were diluted to a
final concentration of 0.5 mg/mL in SEC buffer (B0M HEPES pH 7.8, 150 mM NaCl.) supplemented
with 2 mM CaC} and loaded onto a Superose6 Increase 10/300 GImoo(GE Healthcare) integrated
on a high-performance liquid chromatography (HPL@iX (1260 Infinity Il, Agilent) with an online UV
detector (1260 Infinity Il VWD, Agilent), an 8-argybtatic light scattering detector (DAWN HELEOS 8+,
Wyatt Technology), and a refractometer (OptilatEKy Wyatt Technology) in series. On the basis ef th
measured Rayleigh scattering at different angled #re established differential refractive index
increment of value of 0.185 mb ™" for proteins in solution with respect to the charig protein
concentration (dn/dc), weight-averaged molar ma$segach species were calculated using ASTRA

software (Wyatt Technology; v.7.3.1).
Cryo-€electron microscopy and data processing

All cryo-EM imaging of Ten3 ECDs was performed omrifed protein samples diluted in SEC-buffer
supplemented with 2mM Cagto a final concentration of 0.5 mg/mL. 810 of diluted sample was
deposited onto Quantifoil R1.2/1.3 Cu 300 meshstitht were glow-discharged for 1 minute at 15mA.
Excess sample volume was blotted away for 2.5-ddorsds with blot force of -3.0 at 22°C and 100%
humidity before plunging into liquid ethane usinyirobot Mark IV (Thermo Scientific). Movies were
acquired using a K3 detector (Gatan) in countingesuesolution mode with a 20keV (Gatan) slit width
at 105,000x nominal magnification, a correspondsnger-resolution pixel size of 0.418A, and a total
dose of 50 #A? per movie. A total of 10,927; 3,888; 4,412 and48,4novies were acquired for thgBy,
AoB1, A;By, and A1B1 isoforms, respectively, at a defocugeaof -0.8 to -2.um (-0.8 to -2.3um for
the A1B1 isoform). All datasets were processed GISRELION3.T* unless otherwise stated. Beam-
induced motion and drift correction was performathg MotionCorr2® with a pixel binning factor of 2

. physical pixel size), and Ctf estimationusing Gctf®. Particles were initially picked from the
(0.836A physical pixel size), and Ctf estimationusing Gctf®. Particl initially picked from th
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corrected images using RELION’s own Laplacian-ofi&ian method, upon which a manual selection
from subsequent 2D classification was used foreefee-based particle re-picking. 2D classificaticas
used to clean data of non-particle objects likéHole edges and ice crystals from the extractetigha
sets. Random subsets of particles were further RSsified to select class averages &b initio
reconstruction of a reference for 3D classificationthe full set of particles that were cleaneduigh 2D
classification. For all datasets, 3D map reconstructions were performed according to the regular
workflows of Relion3.1, and as reported in the esponding supplemental figures. C2-to-C1 symmetry
expansions for the A1B1 compact dimer were performe refined particle datasets. Particle subtractio
was performed without automated centering of tisalltieng maps. For particle subtraction in symmetry-
expanded data, the C2-to-C1 particles were fifsted with a full-map reference in C1 before magkin
regions of interest on a single subunit for sulttbacoutside the masked region. To select partisiiésin
datasets that contained good-quality signal for B@F domains and splice insert A, focussed 3D
classification was performed with increased regeddion parameters T, while masking the region of
interest. To visualize the compact dimer movemeninfopen to closed conformation, 3D variability
analysis in CryoSPART was used. CryoSPARC's local refinement was usedeftonstruction of the

dimer particles containing splice insert A density.
M odédl building and refinement

Monomeric Ten3-AB, (6FAY, Jackson et al, 2018) was combined with negeadicted by ColabFoifi

for EGF6-8 (A), C-rich, ABD, and Tox-GHH domains. Recompact subunit models for the other
isoforms were created by predicting structurestfe EGF6-8 containing splice insert A, and NHL
containing B, and substituting them in the initi&$B, model. The Ten3 ‘stalk’ was predicted by
ColabFold multimer for a dimeric amino acid inpyiaaning the residues of the ECD through EGFS5,
which exclusively resulted in stalks with EGF2-2fE5855 configuration. To model the compact dimer,
two A;B; subunit models were refined in the compact dinhesexd conformation full map by iterative
cycles of real space refinement in phenix.real_speafine of the Phenix packdgend manual real-
space refinement in Co8t EGF6-7 and A that were outside the map were rexhdvom the model.
Residues and side chains lacking sufficient densitye removed from the model to enhance the
refinement process. At the final stages, the me@al refined in the full map of teneurin-3B\ compact
dimer using C2 symmetry constraints in Phenix. #gke subunit AB, model containing EGF6 through
the C-terminal Tox-GHH domain was refined in thepma which EGF6 and 7 were additionally
resolved. Before refinement, this model's C-richm@in was substituted for the C-rich domain from the
final refined AB; compact dimer model. The stereochemistry of thedet® was checked with

MolProbity”*, the interfaces were analysed with the Proteiarfates, Surfaces and Assemblies (PISA)
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web servef. The structural figures of maps and models wemegged with Chimerd and PyMOL

(Schrodinger Molecular Graphics System, DeLanor8itie, San Carlos, CA).

Small-angle X-ray scattering

SAXS was performed at the European Synchrotron d&iadi Facility B29 beamline, at 12.5 keV
operating energy equipped with a Pilatus3 2M dete&amples at approximately 1 mg/mL were diluted
two-fold twice in series, and then 50 microlitefseach was injected. Data were collected at 20°€r ov
10 frames, one frame per second, with a scattesetpr range of 0.0456-5.15 firRadiation damage
was monitored and data frames were selected mgrinathe PRIMUS GUY, which was also used for
frame averaging, buffer subtraction, Guinier maagliand determining the pair-distance distribution
P(r). Kratky analyses were performed according twadet al. (2010§°. In preparation for rigid-body
fitting, complex glycan trees were built manualty glycosylation sites of the compact models in €oot
A model for the N-terminal domains that could nat kesolved by cryo-electron microscopy was
generated in ColabFdfd These were then taken together, and short fiexibkers were introduced
between domains, conserving the interfaces of tmepact dimers, as well as the EGF2/EGF5 covalent
dimerization interface, and fit to the datasetgath splice insert was optimised using CORATLhe fit

of each resulting model to each dataset was theulated in CRYSOF, using 50 as “number of
spherical harmonics” and allowing for constant saditon. All programs were used as implemented in
ATSAS 3.1.8%

Thermal stability assay

Thermal shift assay (TSA) assays were performeagysirified human Ten3 isoforms at a concentration
of 0.5 mg/mL. Prior to the experiments, the samplese buffer exchanged into SEC buffer (150-mM
NaCl, 20- mM HEPES, pH 7.8) without additional ¢gain denoted “SEC” condition, into SEC buffer
supplemented with 2 mM CaQphysiological calcium) denoted “€# condition, or into SEC buffer
supplemented with 5 mM EDTA (no calcium) denotedDTA” condition. SYPRO Orange Dye
(Invitrogen) was diluted to a concentration of 5&ncentrated solution and filtered using a O.22
membrane. Final protein concentrations wereu@OnL protein, 1x dye and final buffer concentraton
132 mM NaCl, 17.6 mM HEPES, pH 7.8, supplementetth &i76 mM CaGlor EDTA. A temperature
ramp from 5°C to 95°C was set up at a speed of°GB2on a QuantStudio 3 Real-Time PCR system
(Thermo Fisher Scientific). All measurements wezgfgrmed in triplicates. The melting temperaturgs T
were determined as the intersection of the x-axik e smoothened second derivative of the melting

curve between the valley and peak shown in themnalting curves.
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Negative stain imaging and analysis

Purified protein samples were diluted to gd/mL before depositing 3.4L of the resulting sample
volume onto glow-discharged carbon-coated coppielsdor 2 min incubation. Excess sample volume
was then blotted away, followed by three washingley of depositing 10uL of SEC buffer
supplemented with 2 mM CaQlith subsequent blotting. The grid was then intethavith 3.5uL 2%
uranyl acetate or 1% uranyl formate (fogB8) for another 60 sec before blotting the excessya@aids
were left to dry at RT for up to 2 min before imagjior storage. At least 20 micrographs were acduire
for each sample using a JEOL JEMOO0PIus transmasion electron microscomperating atL20 kV with

a standard magnification of 30,000x, 1000 ms exygsand a defocus value of -2uh (or, Tecnail2
microscope operated at 120 kV fopB). Micrographs were processed using RELIOKSHefore
following standard reconstruction workflow. In shagparticles were first picked using RELION’s own
Laplacian-of-Gaussian implementation, followed bgference-based particle picking after 2D
classification. An initial 3D model was generated fultiple rounds of 3D classification of all palés.

The final selection was refined and postprocessé&ELION.

Cell clustering assay

Cell electroporation for the clustering assays paormed as previously reportédk562 cells (DSMZ)
were cultured in RPMI-1640 medium (Gibco), supplated with 10% FBS (Gibco) and 1%
Penicillin/Streptomycin (Gibco), and grown in a kimg incubator at 37°C and 5% CQ@ Prior to
electroporation, K562 cells were centrifuged farmin at 3001g and washed in 1x PBS (Gibco). Cells
were once again centrifuged foriBin at 3001xg and resuspended in buffer R (Gibco). Per camliti
20x[010° cells were incubated with a total amount of 11 of DNA (Ten3:empty vector ratio was 1:5)
for 150min at room temperature. After the incubation, Ka&ls were electroporated with the Neon
Transfection System (Thermo Fisher Scientific)hgghe following parameters: 145¥, 10 /ms pulse
length, and 3 pulsésAfter electroporation, cells were directly seededo 51mL of pre-warmed RPMI-
1640 medium with 10% FBS in 6-well plates. Cellgevplaced in a shaking incubator at 8T and 5%
CO2 for approximately 20 hours. Cells were imagedam EVOS M5000 microscope with a 10x
objective (0.25 NA; EVOS, Thermo Fisher Scientifiasing the EVOS LED GFP cube (Thermo Fisher
Scientific). The researcher was blind to which dbad was being imaged to prevent bias for cluster
formation. In the GFP channel, regions of intei@®Dls) larger than 100 pixels were identified using
Fiji ®® Analyze Particles after rolling ball backgroundsaction with 50-pixel radius was performed. The
area of each ROI was then measured. A cell clugtsrdefined as an object three times larger than th

mean large single cell size (800 pixels). The eusy index was determined as the summed cluster ar
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divided by summed area of all ROIs (clusters + plusters) times 100%. The cluster size and clusderi
index were averaged per image, and data from thoependent experiments (5 images per experiment,
15 images total per condition). Statistical sigrafice was determined by performing a one-way ANOVA

followed by a Tukey's multiple comparison test. Allalysed data are represented as mean + SEM.

Animalsfor neuronal assays

Fertilised chicken eggs (Gallus gallus, white laghowere obtained from a commercial dealer and

incubated in a forced draft incubator at 37°C ab®héumidity until the desired embryonic stage.

In Situ Hybridisation (1SH)

Eyes from chick embryos at developmental day (R)eée fixed in 4% paraformaldehyde (PFA) solution
for 2 days, followed by perfusion with 4% sucro8és% PFA solution, until samples sunk to the bottom
of the tube. Eyes were embedded in O.C.T. cryo-elaihg matrix prior to cryo-sectioning. @fh-thick
coronal sections were cut on the cryostat to oltansoventral sections of the chick retina andestat -
80°C. Sections were rehydrated for 5 min in PBSX RBS + 0.1% Tween-20), and permeabilised by
digestion with ig/mL Proteinase K for 5 min at room temperaturgyestion was inhibited by 2mg/mL
(2%) glycine in PBS-T, followed by 2 times 5 minsi@s with PBS-T and fixation with 4% PFA for 20
min. Residual PFA was removed by washing twice WRBS-T for 5 min, and sections were
prehybridised in hybridisation mix (50% formamidex SSC pH 4.5, 5@y/mL tRNA, 1% SDS and
50ug/mL Heparin) for 1 hour at 65°C, prior to hybrigfin of probe overnight at 65°C. Sections were
washed 3 times for 15 min with a solution contagnt®% formamide, 5 X SSC pH 4.5 and 1% SDS and
3 times for 15 min in solution comprising 50% fommde, 2 X SSC pH 4.5, at 65°C and 60°C,

respectively.

After blocking for 1 hour at room temperature wiib% sheep serum in TBS-T (1x TBS + 0.1% Tween-
20), sections were incubated with Alkaline Phosabat(AP)-conjugated anti-DIG antibody (Roche)
diluted 1:2000 in 10% sheep serum in TBS-T over@gh4°C. Samples were extensively washed to
remove excess antibody. Sections were then wadimggk tfor 10 min in NTMT buffer containing
100mM NaCl, 100mM Tris-HCI pH 9.5, 100mM MgCI2 ai@ Tween-20. The colour staining was
developed at room temperature and in the dark U$BIyBCIP stock solution (75mg/mL and 50mg/mL,
respectively) (Roche) diluted 1:200 in NTMT bufféhe reaction was terminatéxy 2 washes for 10 min

in NTMT, followed by a wash in PBS-T pH 5.5 for irin and 2 washed for 10 min in 1x PBS. Samples
were postfixed in 4% PFA in PBS for 30 min at rotemperature and stained with Hoechst diluted
1:10,000 in 1x TBS before a final wash in PBS armdinting in 90% glycerol.
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Stripe assays

Stripe assays were performed according to a prshjiaestablished protocdl Prior to the experiment,
specially designed silicone matrices were boilechinoclaved water, glass coverslips were coated in
10pg/mL poly-L-lysine (PLL) for 1 hour and both wedeft to dry overnight in a laminar flow hood. On
the day of the experiment, dry matrices were fixedto glass coverslips and rinsed with ethanol and
Hank’s Basic Salt Solution (HBSS) using a Hamil®yringe. Ten3-BB; monomeric (referred to as
Ten3 from now on) proteins were diluted in HBSS dithoFisher) and used at a concentration of
10ug/mL in final stripe assays. Ten3 was clusterechgignti-6xHis Tag antibodies (GeneTex) and
fluorescently labelled using a goat anti-rabbit>@Eluor 568 secondary antibody (ThermoFisher). The
anti-6xHis Tag antibody (1@®/mL) alone was used for generating control strig@scond stripe).
Laminin and merosin solutions were prepared td fioacentrations of \g/uL and Jug/mL, respectively

by combining equal volumes of both solutions. Neasal (NB) medium was supplemented with 2%
methylcellulose, 1% B27, 1% glutamine, 1% PenicillStreptomycin (Pen/Strep) and 0.01% forskolin.

To generate the first set of stripes, purified @imtsolutions were injected into the matrices using
Hamilton syringe and culture dishes were incubaie87°C/ 5% C@for 45 min. Following the removal

of matrices from the coverslips and HBSS wash, hallad second stripe solution, containing the anti-
6xHis Tag antibody in HBSS, was pipetted on toghefstripes. Culture dishes were incubated for #b m
at 37°C and coverslips subsequently coated withnliaimerosin solution for 1 hour. Freshly dissected
chick retinas at embryonic stage E6 were flat-medrdn nitrocellulose filter paper and cut into ~2mm
wide strips along the dorsoventral axis using augschopper. Explant strips were placed on top of
protein stripes and incubated at 37°C/ 5%CO2 fotathree days in neurobasal media. Explant strips
were fixed in 4% PFA/ 0.33% sucrose for 15-20 min at room temperature and péseddy washing
twice for 5 min with 1x PBS/0.1%Triton and subsetfliestained by incubation with 1:200 phalloidin
conjugated with- AlexaFluor 488 for 20 min at robemperature, in a wet chamber and under aluminium
foil. After a series of washes to remove excesmisig solution, coverslips were mounted onto glass
slides using Mowiol. Stripe assays were imaged gusn Fluorescence microscope (Zeiss) at 20x
magnification. Three independenurals of stripe assays were merhed, eachiound consisting of 4-6
individual assays per condition (Control vs TenBing explants from at least 2 animals. For indigid
stripe assay, two images were taken from the viemtih dorsal regions of each retinal explant s#on
guidance decisions in all images were scored blinl 3 people, in accordance with a previously
established scoring system, with values betweefl eé8d +3, representing strong repulsion, no guidan

and strong attraction, respectiVl$? Mean scores were calculated and plotted usingl@tad (meatt
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SEM), and statistical significance was determined with Two-way ANOVA with Tukey's multiple

comparisons tests.
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Figure 1: Teneurin-3 M, core superfolds form a compact dimés) Linear representations of the full-length
teneurin-3 AB; domain composition. Splice insert are indicatedstass: splice insert A in between EGF7 and
EGFS8; splice insert B in the NHL domain. The expegsand purified ectodomain is indicated with tlelk line
below. Free cystines in EGF2 (C549) and EGF5 (C@4&) enable constitutive dimerization are indidat€he
bottom black line indicates domains resolved usiyg-&M (EGF8 through Tox-GHH)CD, intracellular domain;
Ig, immunoglobulin fold; EGF, epidermal growth factrepeat domains 1 through 8; C-rich, cysteinb-riggion;
TTR, transthyretin-related; FN, fibronectin plugHN NCL, HT2A and Lin-41; YD, tyrosine-aspartate BB,
antibiotic-binding domain; Tox-GHH, toxin-glycingstidine-histidine.B) Three different views of the density map
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of the teneurin-3;B; compact dimer at 3.3 A resolution. Domain annotetiare coloured corresponding to the

linear representation in A). Positions of the sphites are indicated with stars. Scale banig.
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Figure 2: The teneurin-3;B; compact dimer interface comprises three distirtetrattion sitesA) Density map of
the Ten3-AB; compact dimer with domains that participate inittierfaces shown in colour. Colour code is shown
below panels B, along with the interface area #&) domainB) Open book representation of the electron density.
The left subunit shows the participating domaincotour, and the right subunit displays the spedifierface
residues. Fill colours indicate the domains in \whtbe residues are located, and outline colourgane the
domains in which the contacting residues reside.Schematic representation of EGF8-ABD interfacethia
compact dimer versus the ABD domain of a TenB;Mon-compact subunit reconstruction. Residues 253%
are displaced or disordered in the compact dimen fand residues 2582-2587 fofistrand 5 in ABD of the non-
compact subunitD) Close-up of interface |, the EGF8-ABD extendggdheet. For clarity, only residues that
contribute directly to the interface, or demardadeindaries of stretches of interface residuesadelled.E) Open
book surface hydrophobicity representation of ti@&-B-ABD interface.F) Close-up of interface Il, comprising
YD-ABD contacts.G) Close-up of interface l1ll, the YD-YD and YD-ABD uotacts. In the close-ups, hydrogen
bonds are indicated in dashed blue lines, and geaiast surface representation is used to distihgbetween

subunits within the compact dimer. Only residuethwb% per-residue buried surface area are repegten
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750 EGCP! ! CVCQPGWRGAGCD 783 825 PDPODIISQSLOTPSQOAAKSFYDRISFLIGSD 857 mTen3
800 EGCP ! CVCOLGWRGTGCD 833 875 PDPLDIIQETQAPVSQONLNSFYDRIKFLVGRD 907 mTen4d

747 EGCP! E [ CVCQPGWRGAGCD 780 822 PDPODIISQSQQSPSQOAAKAFYDRISFLIGAD 854 chTen3
741 EGCP E CVCQPGWRGAGCD 774 816 PDPQDIISQSLQSPSQQAAKSFYDRISFLIGSD 848 hTen3

798 EGCP E CVCQLGWRGAGCD 831 873 PNPLDIIQETQVPVSQQNLHSFYDRIKFLVGRD 905 hTen4

YD YD
1596 RRDAGGMPLWLVVPGGOVY ISENGVLKRVSAOGYNLALMTYPGNTGLLA 1647 1891 TY svM 1898 mTen1
1629 RRDSSGMPRHLLMPDNQII E\r GGLKAVSTONLELGLMTYDGNTGLLA 1680 1925 sYIprsMv 1932 mTen2
1583 RRDPNRMPVRVVSPDNQVI T GCLKSMTAQOGLELVLFTYHGNSGLLA 1634 1879 TYLEKSMV 1886 mTen3
1634 RRDPNRMPVRVVSPDNQVI I GCLKSMTAQGLELVLFITYHGNSGLLA 1685 1929 TY sMv 1936 mTend
1580 RRDE RMPVRVVSPDNQVI T GCLKSMTAQGRELVLFTYHGNSGLLA 1663 1876 TYLEKSMvV 1883 chTen3
1567 RRDPNRMPVRVVSPDNQVI T GCLKSM%!A\QGLELVLFTYHGNSGLLA 1618 1863 TYLERSMV 1870 hTen3
1632 RRDSTGMPLWLVVPDGQVY SALKSV[TTOGHELAMMTYHGNSGLLA 1683 1927 Tyﬂr}(sw 1934 hTend
T # # # -
ABD AB

2506 ATVKSLI 2512 2531 NIANKE 2539 mTen3
2562 AS IF 2568 2587 SVANEDG 2595 mTend
2503 ATVKSLI 2509 2528 NIANEDC 2536 chTen3

2522 AAVPSVF 2528 2547 GVANEDS 2555 mTen1
2552 AT II 2558 2577 SIASEDS 2585 mTen2

2490 ATVKSLI 2496 2515 NIANEL 2523 hTen3
2560 ASSGSVF 2566 2585 SVA@ 2593 hTend
# #
ABD

2586 SLEEDIVLIGNTGERRILENGVNVIIVSOMTSVLNGRTRRFADIQLOHGALCFNIRYG 2642 mTen1
2616 AADGDLIVTLGTTIGRKVLE SGVNVIIVSOPTLLVNGRTRRFTNIEFQYSTLLLSIRYG 2672 mTen2
2570 TPESDIGTLRLTSGRKALENGINV[IVSOSTTVNGRTRRFADVEMOFGALALHVRYG 2626 mTen3
2626 PSEGDIAILGLSGGRRTLENGVNV[IVSQINTVLSGRTRRYTDIQLQYRALCLNTRYG 2682 mTend
2567 SPESDLGTLRLTSGRKALENGINVIVSOSTTYVNGRTRRFADVEMOYGALALHVRYG 2623 chTen3
2554 TPESDLGTLRLTSGRKALENGINV[IVSOSTTVVNGRTRRFADVEMOFGALALHVRYG 2610 hTen3
2624 PSEGDLAILGLSGGRRTLENGVNVIIVSOINTVLNGRT TDIQLQYGALCLNTRYG 2680 hTen4

T 7 -
Figure 3: Teneurin-3 and teneurin-4 (Ten4) compktter interfaces are differend) Alignment of one subunit
from the teneurin-3 (Ten3) compact dimer conforovativith one subunit from the teneurin-4 (Ten4) dinihe

remaining subunits from each dimer orient at atisedaangle of approximately 60°. Dashed outlineiéates the

subunit represented in panel B) Comparison of the mouse Ten3 and human Ten4 cdngi@mer interface
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projections on open-book subunits. Below: overlafyghe interface projections. Dashed circles indiche domains
that exclusively participate in one or the othempact dimer.C) Teneurin alignment across orthologues of the
interface residues for the EGF8, C-rich, YD and AB@mains. Boxes around the residues indicate th&acting
domains in mouse teneurin-3. Domain colouring gpoads to that in Fig. 1. Only residues with >5%nesidue
buried surface area are represented. #, hydrogedisizp residues in Ten3; _, interface residues in4Je,

Arg2579, the mouse homologue of microplhthia-associated AZH63 in humans.
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Figure 4:Subunits of A isoforms display a contact between EGF6 and the XBD domains.A) Linear
representations of the four full-length Ten3 isaferwith domain composition. Presence of splicertasadicated
with stars. Domains are labelled according to Fi@®) Cryo-EM reconstructions of isoform subunits. Dakhexes
I.-1l. indicate close-ups shown in panels C-D, exdjwely.C) EGF6-YD/ABD interface. Interacting residues on the
YD- and ABD-side of the interface are displayed amtotatedD) Overlay of EGF8 domains of Ten3Ry and
A;B;. The relative displacement of EGF8 is indicatedSchematic representation of dislodging by splnseit A.
Top: Absence of A is accompanied by an additiontdrface between EGF6-YD/ABD. This sil@ation impedes
EGF8pB-sheet extension with ABD for compact dimerisatiBelow: Splice insert A creates distance betweeREG
and EGFS8, in turn dislodging the EGF6-YD interfatess of this interface and the presence of splisert A
increases the flexibility of the EGF region and BG$-now free to interact with theposite ABD domain.
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Figure 5: All teneurin-3 isoforms are compact @lugion with isoform-specific conformationg.) Dimensionless
Kratky-plot of SAXS data for all Ten3 isoforms ab@ng/mL in the presence of 2 mM Canset, radii of gyration
(mean + SEMYlerived from SAXS data for each isoform in the alose(SEC) and presence of 2 mMCEC&™)
versus the presence of 5 mM EDTA (EDTB).Melting temperatures ¢J) for each isoform for the conditions as in
A. Single datapoints in B-C represent SAXS measeremrepeats at Ten3 concentration of 1.0, 0.5,0aR8
mg/mL. C) 2D classes of negative stain TEM for all Ten3asofs. D) 3D reconstructions for all splice variants,
shown at two different angles. Ovals indicate lmrabf the compact dimer interface, and the coldemotes the
involved domain(s) according to domain colouring-ig. 1. Attachment of the EGF repeats that ardnmatided in
the map or model are added schematically as dastodels. Disulphide-linked EGFs 2 and 5 shown irkdgey.
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Figure 6: Models for teneurin-3 homophiltcans-cellular complex formationA) Clustering assay of K562
hematopoietic cells electroporated with the mouse3Tisoforms. Scale bar is 100 pB).Analysis of the clustering
indices and mean cluster area of the condition. iData points correspond to the values of eacly@r& images
per N=3 independent experiments, 15 images totadr-image average values for cluster size. Eraos indicate
the mean £ SEM; ns: not significant, *: p < 0.05%:" < 0.001. One-Way ANOVA, Tukey's multiple coragsons
test. C) A non-clustering Ten3-§B, compact dimer, @rans-cellular dimer-of-dimer of Ten3+8;, and atrans-
cellular dimer-of-dimer of Ten3-M8,. The ABy dimer-of-dimers is also compatible withcis configuration due to
the EGF organisation. Close-up of thgBAtrans dimer-of-dimers display an additional contact besw the NHL
domains of subunits not involved in the EGF8-ABhiawt. Dimers located on opposing membranes astiitly
coloured salmon and dark teal. The rigid-body medéleach of the EGF-Ig stalks were calculatedgidie SAXS
data of each isoform (Fig. 5 and Supplemental 4&).
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Figure 7. Splice insert B directly guides axoA$.In situ hybridisation on E6 chick retinal cryosens showing
chick Ten3 mRNA expression in a gradient along olventral (D-V) axis. GCL= ganglion cell layer. Sdar is
400 pm. I. Close up of dorsal (D) region of then@tshowing little to no expression of Ten3, anckétfwst staining
of nuclei (blue) in V retina. Il. Close up of vealtr(V) region of the retina showing high expressigrren3, and
Hoechst staining of nuclei (blue) in D retif. Light microscope image of V RGC axons cultureccontrol versus
Ten3-B-covered stripes. Scale bar is 50 um. Right: Tgaahaxons in the light microscopy imag€3. Control
stripe assays with cultured retinal explants frorarid V retinas. Stripes were labelled with goai-Rabbit Alexa-
568 secondary antibody and RGC axons labelled Riithlloidin-Alexa Fluor 488. Scale bar is 1. Ten3 stripe
assays with 1Qug/mL Ten3-B (magenta), with retinal explants from D and V retiD) Quantification of axon
guidance in panel E of RGC axons from V vs D retmaontrol and Ten3-Bassays. Guidance decisions were
scored between -3, -2, -1, 0, 1, 2 or 3, reflecttaged degrees or repulsion or attraction; n= 26a8says per
condition, from 3 separate rounds; ns: not sigaific *: p < 0.05. Two-Way ANOVA, Tukey's multiple
comparisons tesg) Control stripe assays with cultured retinal exdgrom D and V retinas. Stripes were labelled
with goat anti-Rabbit Alexa-568 secondary antib@iyg RGC axons labelled with Phalloidin-Alexa FIu38.
Scale bar is 10@m. Ten3 stripe assays with 1@/mL Ten3-B (magenta), with retinal explants from D and V
retina.F) Quantification of axon guidance decisions in pabef RGC axons from V vs D retina in control and

Ten3-B, assays. Guidance decisions were scored betweei2,-31, 0, 1, 2 or 3, reflecting varied degrees or
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repulsion or attraction; n=13-14 assays per camitirom 3 separate rounds; ns: not significanp % 0.05. Two-

Way ANOVA, Tukey’s multiple comparisons test.
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