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The structure of fly Teneurin-m reveals an
asymmetric self-assembly that allows expansion

into zippers

1,23, 1,231

Jingxian Li , Sumit ). Bandekar

Abstract

Teneurins are conserved cell adhesion molecules essential for
embryogenesis and neural development in animals. Key to
teneurin function is the ability of its extracellular region to form
homophilic interactions in cis and/or in trans. However, our molec-
ular understanding of teneurin homophilic interaction remains
largely incomplete. Here, we showed that an extracellular frag-
ment of Teneurin-m, the major teneurin homolog in flies, behaves
as a homodimer in solution. The structure of Teneurin-m revealed
that the transthyretin-related domain from one protomer and the
p-propeller domain from the other mediates Teneurin-m self-
association, which is abolished by point mutation of conserved res-
idues. Strikingly, this architecture generates an asymmetric oligo-
merization interface that enables expansion of Teneurin-m into
long zipper arrays reminiscent of protocadherins. An alternatively
spliced site that exists only in vertebrates and regulates homo-
philic interaction in mammalian teneurins overlaps with the fly
Teneurin-m self-association interface. Our work provides a molec-
ular understanding of teneurin homophilic interaction and sheds
light on its role in teneurin function throughout evolution.
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Introduction

Cell-surface receptors mediate the recognition and adhesion
between cells and initiate signaling to control countless develop-
mental and regulatory processes. Teneurins (TENs) are critical cell-
surface receptors conserved across metazoans and even in unicellu-
lar choanoflagellates (Tucker et al, 2012; Leamey & Sawatari, 2014;
Mosca, 2015; Tucker, 2018; Baumgartner & Wides, 2019). C. elegans
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has one TEN homolog, Ten-1; D. melanogaster has two homologs,
Ten-m and Ten-a, which are named for their major and accessory
roles in the fly; vertebrates have four TEN homologs termed Tenl-
Ten4 (Tucker, 2018).

TENs have multiple essential functions in animals that can be
broadly categorized into functions in embryonic development and
functions in the nervous system (Levine et al, 1994; Levine
et al, 1997; Oohashi et al, 1999; Ben-Zur et al, 2000; Tucker
et al, 2001; Fascetti & Baumgartner, 2002; Rubin et al, 2002;
Zhou et al, 2003; Drabikowski et al, 2005; Tucker & Chiquet-
Ehrismann, 2006; Broz et al, 2010; Tucker, 2018). During embryonic
development, TENSs are strongly expressed in the heart and the brain
(Baumgartner et al, 1994; Levine et al, 1994; Tucker et al, 2001;
Lossie et al, 2005; Tucker & Chiquet-Ehrismann, 2006; Nakamura
et al, 2013). In flies, both the embryonic central nervous system and
heart are severely malformed in the TEN-null embryo (Levine
et al, 1994). TENSs are essential for gastrulation and the epithelial to
mesenchymal transition in mice (Ben-Zur et al, 2000; Zhou
et al, 2003; Lossie et al, 2005; Nakamura et al, 2013); and for the cor-
rect germ cell development and formation of basement membranes
in worms (Drabikowski et al, 2005; Trzebiatowska et al, 2008). Dur-
ing brain development, TENs guide axons to the correct targets
(Drabikowski et al, 2005; Leamey et al, 2007; Dharmaratne
et al, 2012; Hong et al, 2012; Mosca et al, 2012; Young et al, 2013)
and regulate synapse formation (Leamey & Sawatari, 2014; Woelfle
et al, 2016; Stidhof, 2017). TEN perturbations cause synapse loss and
impair synaptic organization trans-synaptically suggesting TENs act
as bi-directional trans-cellular signaling molecules (Silva et al, 2011;
Mosca et al, 2012; Boucard et al, 2014; Mosca, 2015). Mutations in
TENSs are linked to microphthalmia, congenital anosmia, and essen-
tial tremors and they are also associated with the progression of glio-
blastoma and ovarian cancer (Aldahmesh et al, 2012; Ziegler
et al, 2012; Hor et al, 2015; Alkelai et al, 2016; Chassaing et al, 2016;
Graumann et al, 2017; Talamillo et al, 2017).

TENs are large type-II transmembrane proteins (Jackson
et al, 2018; Li et al, 2018; del Toro et al, 2020; Li et al, 2020; Meijer
et al, 2022). From their N-termini, they have intracellular domains
with putative nuclear localization sequences (Bagutti et al, 2003;
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Nunes et al, 2005). A single transmembrane helix is next, followed
by the extracellular region (ECR) starting with eight epidermal
growth factor (EGF) repeats which mediate a constitutive cis-dimer
(EGF-dimer) through two disulfide bonds in EGF2 and EGFS
(Oohashi et al, 1999; Ben-Zur et al, 2000; Feng et al, 2002; Berns
et al, 2018). Mature TEN molecules are composed of two TEN poly-
peptides linked in the EGF-dimer and presented on the extracellular
surface. The TEN superfold (SF) follows the EGF repeats, where the
remaining domains are organized around a large B-barrel (or YD-
shell). A cysteine-rich domain (CRD) is followed by the
transthyretin-related (TTR) domain which is alternatively spliced in
flies. The Ig-like domain (or Fn-plug) is inserted inside the “bottom”
of the barrel. Then a B-propeller domain (or NHL), which is alterna-
tively spliced only in vertebrate TENs, packs against the B-barrel, Ig-
like, and TTR domains (Berns et al, 2018; Li et al, 2018). Finally,
there is a large B-barrel domain (or YD-shell; del Toro et al, 2020; Li
et al, 2020), and a toxin-like domain (or ABD-Tox-GHH) which is
partially inside the B-barrel. The two superfolds in a mature TEN
molecule may be found freely moving in solution (Feng et al, 2002;
Li et al, 2018), and they may also form dimers distinct from the
EGF-dimer (Jackson et al, 2018; Li et al, 2020; Meijer et al, 2022).

TENSs are reported to mediate their functions in a trans-cellular
manner via the interaction of their large ECRs; this is suggested to
occur either through trans-cellular homophilic interaction, or
through their interaction with the latrophilin subfamily of adhesion
G protein-coupled receptors (ADGRLs or LPHNs) (Berns et al, 2018;
Li et al, 2020; Pederick et al, 2021; Zhang et al, 2022). D. melanoga-
ster Ten-m is reported to direct olfactory synaptic partner matching
as well as the formation of neuromuscular junctions (NMJs)
through trans-cellular homophilic interactions (Hong et al, 2012;
Mosca et al, 2012). In the mouse hippocampus, Ten3 has been
suggested to instruct synapse specificity through homophilic trans-
synaptic interactions (Berns et al, 2018; Pederick et al, 2021),
whereas Ten2 mediates synapse specificity through heterophilic
trans-synaptic interactions with a non-TEN ligand that is likely an
ADGRL (Sando et al, 2019; Zhang et al, 2022). Using super-
resolution microscopy, Ten3 was demonstrated to assemble into
presynaptic nanoclusters of approximately 80 nm in most excitatory
synapses of the hippocampus suggesting that TENs exist in oligo-
mers that are larger in size than dimers (Zhang et al, 2022).
Although the EGF-dimer and the heterophilic interaction of TEN
with ADGRLs has been visualized via structural analysis (Feng
et al, 2002; Li et al, 2018, 2020; del Toro et al, 2020), a molecular
understanding of TEN self-association and whether TENs form
trans- or cis- homophilic interactions (distinct from the constitutive
EGF-dimer) remains unclear.

An alternatively spliced site in the p-propeller domain of
mouse Ten3 is required to induce cell-cell aggregation via trans
homophilic interaction (Berns et al, 2018), whereas the same
splice site in human Ten2 diminishes the interaction of human
Ten2 with ADGRL3 (Li et al, 2018). The presence of the splice
site in human Ten2 induces inhibitory synapse formation in an
artificial synapse formation assay (Li et al, 2018; Sando
et al, 2019). The homodimer mediated by the spliced site was
proposed to mediate a cis interaction (Li et al, 2020), whereas
another study proposed a trans interaction (Jackson et al, 2018).
Another proposed TEN dimer interface is mediated by the f-
toxin-like although no mutagenesis
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experiments were performed to ensure this is indeed a biologi-
cally relevant dimerization interface (Meijer et al, 2022). Trans-
cellular interaction of Ten-m has been reported (Hong et al, 2012;
Mosca et al, 2012), but current studies are limited by a lack of
mechanistic detail, for instance, whether Ten-m performs its func-
tion through direct interactions or whether it requires another
ligand to mediate trans interactions.

Herein we studied the homophilic self-association of Teneurin-
m, the major TEN homolog in fruit flies. We used gel filtration
chromatography to show that Ten-m behaves as a homodimer in
solution in a concentration-dependent manner. The 2.4 A crystal
structure of Ten-m revealed a large self-association interface
mediated by the transthyretin-related domain from one protomer
and B-propeller domain from the other. This organization gener-
ates an asymmetric interface which allows for the addition of
incoming protomers to create long zipper arrays reminiscent of
protocadherins; these zippers are consistent with the observation
of the large Ten3 nanoclusters in vivo (Zhang et al, 2022). Point
mutations in conserved residues at the interface abolished
observed Ten-m dimer formation. A vertebrate-only alternatively
spliced site in the B-propeller domain which regulates homodi-
merization and ADGRL binding in mammalian TENs overlaps
with the Ten-m self-association interface, suggesting that this
splice site might have evolved to finely regulate homophilic inter-
actions. Evaluation of our Ten-m structure reveals that the self-
association interface is compatible with both cis- and trans-
association of Ten-m. Our work provides molecular-level evidence
that Ten-m can directly oligomerize, and we provide important
point mutations which will help understand the role of homo-
philic interaction in Tem-m function.

Results

The Teneurin-m superfold self-associates in solution and has
similar structure to vertebrate TENs

We purified the Ten-m superfold (Ten-m®") containing residues
779-2731, including the CRD through the toxin-like domain
(Fig 1A). While purifying the construct, we observed that the elu-
tion volume of Ten-m*" on size exclusion chromatography (SEC)
was consistent with a dimer in a concentration-dependent manner
(Fig 1B). The equivalent human Ten2 (hTen2) construct displays
only a small shift in elution volume (Fig 1C). We used seleno-
methionine labeling to determine the crystal structure of D. melano-
gaster Ten-mF to 2.4 A resolution (Fig 1D and Table 1) and found
that it was structurally homologous to vertebrate TENs (Fig 1E;
Meijer et al, 2022). Our Ten-m structure retains the major structural
features of vertebrate TEN structures, with a few differences. The
N-terminus of the CRD is not resolved, and the toxin-like domain
has the C-terminal portion unresolved (Figs 1D and EV1A). Minor
structural differences are also present, such as the tracks of the Ig-
like (Fig EV1B) and toxin-like domains (Fig EV1C) inside the B-
barrel. When ADGRL binding is modeled using the structure of the
hTEN2:hADGRL3 complex (PDB 6VHH), a B-strand protruding from
the B-barrel sterically clashes with the lectin domain of hADGRL3
(Fig EV1D). Compared to human Ten2 (PDB 6VHH), an alignment
of the Ten-m structure produces an all-atom RMSD of 5.7 A; a

© 2023 The Authors
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Figure 1. Ten-m behaves as a concentration-dependent dimer in solution and has a similar fold to vertebrate TENs.

A Domain architecture diagram of Ten-m with domains shown as rectangles. TM, transmembrane domain; EGF, epidermal growth factor repeats; CRD, cysteine-rich
domain; TTR, transthyretin-related domain; Ig-like, immunoglobulin-like domain. A horizontal solid black line below the diagram shows the domain boundary of
the construct used in this study, the Ten-m superfold (Ten-m®%), with the position of the vertebrate-only splice site shown as an open pink star.

B Size exclusion chromatograms of Ten-m*" at low concentration (0.01 mg/ml, black curve) and high concentration (0.63 mg/ml, green curve) show a shift in elution
volume in agreement with formation of a dimer species at high concentration, normalized A,g, plotted vs. elution volume. The elution volumes of gel filtration
chromatography standards are indicated on the figure with vertical dashed lines. SEC experiments were performed once, N = 1.

C Gel filtration chromatograms of hTen2 at low concentration (blue) and high concentration (pink). A large shift is not observed with hTen2. The elution volumes of
protein standards are shown as in B.

D, E A structural comparison of the Ten-m*F crystal structure with the most complete vertebrate TEN structure to date, Ten4°" (PDB 7BAM) shows that the folds of
invertebrate and vertebrate TENs are structurally homologous. A filled pink star shows the location of the vertebrate-specific splice insert in the B-propeller domain
and the equivalent location is marked on Ten-m structure as (-SS).

Source data are available online for this figure.

© 2023 The Authors
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Table 1. Data collection and refinement statistics.

Ten-m Ayative

Ten-m Asemet

Wavelength (A)

1.033

0.9792

Resolution range (A)

476-2.4 (2.486-2.4)

65.33-2.95 (3.055—
2.95)

Space group P2,2,2, P2:2,2,
Unit cell dimensions (A) 95.203 129.857 95.189 130.76
188.158 187.79

Total reflections

628,823 (61532)

344,116 (35290)

Unique reflections

91,702 (9032)

50,034 (4923)

Multiplicity 6.9 (6.8) 6.9 (7.2)
Completeness (%) 99.90 (99.97) 99.69 (99.66)
Mean I/l 10.09 (1.00) 9.49 (1.87)
Wilson B-factor 53.88 54.58

R-merge 0.1438 (1.533) 0.2735 (1.367)
R-meas 0.1558 (1.66) 0.2965 (1.473)
R-pim 0.05937 (0.6307) 0.113 (0.546)
CCipn 0.996 (0.537) 0.981 (0.667)
cc* 0.999 (0.836) 0.995 (0.894)

Reflections used in
refinement

91,686 (9031)

Reflections used for
R-free

1,697 (168)

R-work 0.2183 (0.3503)
R-free 0.2417 (0.3862)
CCoworky 0.948 (0.681)
CClrreq) 0.928 (0.640)
Number of non-hydrogen 14,844
atoms

Macromolecules 14,201
Ligands 334

Solvent 309

Protein residues 1772

RMS bonds (A) 0.009

RMS angles (°) 1.26
Ramachandran 9514
favored (%)

Ramachandran 4.64
allowed (%)

Ramachandran 0.29

outliers (%)

Rotamer outliers (%) 1.55
MolProbity Clashscore 515

Average B-factor 68.53
Macromolecules 68.30
Ligands 92.00
Solvent 53.86
Number of TLS 9

groups

Statistics for the highest-resolution shell are shown in parentheses.
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5.9 A RMSD compared to human Ten4 (PDB 7BAM); a 5.8 A RMSD
when compared to chicken Ten2 (PDB 6FB3), and a 5.1 A RMSD
compared to mouse Ten3 (PDB 6FAY) (Fig EVIE). In contrast,
deposited vertebrate TEN structures are within 3.1 A RMSD of each
other. The lower structural homology goes hand in hand with lower
sequence homology; Ten-m retains 35% sequence identity in com-
parison to vertebrate TENs, whereas vertebrate homologs have at
least 75% sequence identity (Fig EV1F). The sequence identity of
Ten-m compared to vertebrate TENs varies by domain and
decreases from the N-terminus to the C-terminus: the TTR domain
has 50% identity, whereas the toxin-like domain only retains 25%
identity (Fig EVIG-K).

The Ten-m crystal structure reveals an asymmetric self-
association interface that allows expansion into longer
multimers

The Ten-m crystal structure contained only one copy of the protein
in the asymmetric unit, so we searched if the observed dimer in
solution could be represented by any of the crystal packing inter-
faces. We found one packing interface which buries a large amount
of surface area from solvent at 2700 A% and is primarily composed
of hydrophobic residues, both indicators of protein—protein inter-
faces. This interface is formed by the TTR domain of one Ten-m
monomer interacting with the p-propeller domain of the next mono-
mer to create a structure with dimensions 180 x 140 x 60 A (Fig 2).
In the TTR/B-propeller interface, the face of TTR farthest from the
B-barrel on the same monomer interacts with the open face of the f-
propeller on another monomer, sandwiching one monomer’s -
propeller between two TTR copies, albeit different surfaces (Fig 2A—
C). Another small portion of the interface includes the B-propeller
from one protomer interacting with the B-propeller of another
protomer. We examined other packing interfaces using ePISA (Kris-
sinel & Henrick, 2007), but they bury far less surface area at 420 A2
and 150 A% and they are poorly conserved, so we did not pursue
them (Appendix Fig S1A and B).

The asymmetric nature of the Ten-m self-association interface
leaves each interaction surface open for interaction with another
protomer (Fig 3A), allowing for repetition into longer multimers.
Our crystal packing is consistent with this idea as the interface
falls exactly along one of the crystallographic P2; screw axes
(Fig 3B); each monomer is related to the next one by a transla-
tion of 48 A and a rotation of 180°. Ten-m oligomers can be built
ad infinitum in this manner. We see shoulders in our SEC curves
that contain Ten-m by SDS-PAGE; this is consistent with the pres-
ence of a small amount of higher-order Ten-m species (Fig 3C).
Our mass photometry data are also consistent with the presence
of higher-order Ten-m species at higher concentrations (Fig EV2).
At low concentrations, we see populations of monomer
(~ 222 kD) and dimer (~ 444 kD) (Fig EV2A). At high concentra-
tions (Fig EV2B and C) we see a larger spread in our data. The
curve is centered around a dimer species by molecular mass, but
the low end of the curve corresponds with our monomer, and the
high end of the spread includes masses which are consistent with
the trimer at ~ 666 kD and tetramer at ~ 888 kD. This is consis-
tent with an equilibrium from at least monomer to roughly tetra-
mer present in solution.

© 2023 The Authors
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Top view

Figure 2. Ten-m structure reveals an asymmetric self-association interface.
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A The proposed Ten-m self-association interface is shown in cartoon representation, which is composed of the B-propeller in one monomer (green) interacting with
the TTR (red) and B-propeller (green) of another monomer. The left monomer is outlined with a dotted oval, and the interface is shown with a solid pink bar. N-
and C- termini are labeled when visible. Dotted lines show the approximate dimensions of a dimer structure.

B, C Top and bottom views of the dimer show the antiparallel nature of the Ten-m self-association interface.

Source data are available online for this figure.

The Ten-m self-association surface is a broad surface primarily
composed of hydrophobic residues

Our proposed Ten-m self-association interface (Fig 4A) buries
2,700 A? from solvent (Fig 4B) and employs greater than 80 resi-
dues. We employed the ConSurf server to check whether our TTR/
B-propeller interface was conserved throughout evolution (Ashke-
nazy et al, 2016). We found that the entire surface area of the
interface (Fig EV3A) was well conserved within arthropods. Due
to its large extent, here we divide up the interface into three
patches and highlight important interactions (Fig 4C). Patch 1 con-
tains the small number of interactions that occur between adjacent
B-propeller domains (Fig 4D), with R1312 and D1313 of one

© 2023 The Authors

monomer making salt bridges with E1454 and R1427 of the next
monomer. S922 of the TTR domain also interacts with Q1426 of
the next protomer’s B-propeller. Patch 2 (Fig 4E) also has some
hydrophilic interactions, with Y1494 of the B-propeller forming a
network of interactions including the backbone carbonyls of P917,
R919, and M942 on the TTR domain. The side chain of R919
makes another interaction with the backbone of A1492 and the
backbone carbonyl of M942 interacts with Q1156. A hydrophobic
cleft also exists in patch two, where P917 and M942 from the TTR
domain nestle against L1174, A1175, V1177, F1192, and Y1494.
Patch 3 (Fig 4F) is dominated by hydrophobic interactions: W1347
is supported on its protomer’s f-propeller by Y1287 and is cradled
by three residues on the opposing TTR domain, L847, Y850, and

EMBO reports 5672812023 5 of 15
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Figure 3. The asymmetry of the Ten-m self-association interface allows for repetition into longer multimers.

A The observed Ten-m dimer from SEC is shown in bright colors and each monomer is enclosed by a dotted line. The interface is shown as bright pink bars between
each monomer. Unoccupied surfaces on the TTR (red) and B-propeller (green) can accommodate more protomers to extend the interface into a longer multimer.

B The Ten-m self-association interface coincides with one of the P2; screw axes in the crystal, supporting the idea that the interface can extend into larger multimers.
Four copies of Ten-m are shown in cartoon representation along the mentioned axis to demonstrate how a Ten-m oligomer would appear.

C Size exclusion chromatogram with A,g, plotted versus elution volume and accompanying reducing SDS-PAGE stained with Coomassie Brilliant Blue shows that the
shoulder at the front of the SEC peak (fraction 14, arrow) contains Ten-m and is consistent with higher order species in solution.

Source data are available online for this figure.

F890. V877 opposes V1215, and Y850 makes a hydrogen bond
with the backbone carbonyl of C1266.

Since the TTR/B-propeller interface contains some hydrophilic
and hydrophobic residues, we tested the NaCl dependence of Ten-m
self-association using size exclusion chromatography (Fig EV2D).

6 of 15  EMBO reports €56728 | 2023

We found that higher salt concentrations at a constant protein con-
centration caused the protein to shift toward the observed dimer
elution volume. In addition, the shoulder of the Ten-m peak, which
may correspond to a higher-order species of Ten-m, has higher
absorbance in the higher salt concentration conditions.

© 2023 The Authors
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Figure 4.

Ten-m self-association can be abrogated in solution by point
mutation of conserved residues

To validate the proposed Ten-m self-association interface, we gener-
ated point mutations in key residues found on the B-propeller

© 2023 The Authors

domain which contact multiple residues and bury a large amount of
surface area from solvent (Fig 5A). We started with three residues
due to the large number of contacts they make and their high
sequence conservation (Figs 4E and F, and EV3B): F1192, Y1287,
and W1347. Using a quadruple mutant including F1192A, Y1287A,
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Figure 4. The Ten-m self-association interface is large and is mediated by hydrophobic residues.

A The overall structure of Ten-m self-association is shown using a cartoon representation of two monomers, one wheat and another purple.

B Two monomers in surface representation, with only the domains involved in the interface used, illustrates the total surface area of 2,700 A? that the interface
covers, with a closed and open book view shown. Pink and orange colors are used to highlight portions of the surface involved in the interface.

C A zoomed in view of the interface in A with individual residues shown as sticks. The surface is broad and is divided into three patches, each highlighted with a

colored oval.

D-F Patches 1, 2, and 3 are shown in detail, with individual residues shown as sticks, with salt bridges shown as red dotted lines, and hydrogen bonds shown in yellow
dotted lines. Patch 1 is comprised of salt bridges and a hydrogen bond, whereas patches 2 and 3 are mostly hydrophobic, with a few hydrogen bonds.

Source data are available online for this figure.
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Figure 5. Structure-guided point mutations disrupt Ten-m self-association in solution.

A The Ten-m self-association interface is shown in a cartoon representation, with the TTR domain of one monomer in purple, and the B-propeller of another copy
shown in wheat. Key aromatic residues in the B-propeller that bury a large amount of surface area against the TTR domain and make several contacts are shown as

sticks and labeled.

B Size exclusion chromatograms with Aygo values plotted versus elution volume show that the introduction of alanine residues in place of important aromatic residues
(W1347A, wheat, F1192A, Blue, or a quadruple mutant of F1192A, Y1217A, Y1287A, and W1347A, pink) run at a later elution volume than wild-type Ten-m (black),
suggesting that despite a similar or higher peak concentration, these proteins are monomeric in solution. Vertical dotted lines show the expected position of the dimer
around 14.6 ml and the monomer at 15.8 ml. SEC experiments were performed once, N = 1.

Source data are available online for this figure.

W1347A, and Y1217A, (Y1217A was changed mistakenly), we
found that even at high concentrations, this mutant eluted as an
apparent monomer in SEC (Fig 5B). Single point mutations of
W1347A and F1192A were also able to shift the SEC peak of Ten-m
from dimer toward monomer (Fig 5B), suggesting that the hydro-
phobic residues in patches 2 and 3 are key for stabilizing the Ten-m
interface in solution. We also tested whether the insertion of a 9-
residue alternatively spliced sequence present in arthropod TENs
had the ability to affect Ten-m self-association. The splice insert is
hydrophobic in character (SIFWNYFNA) and is found in the TTR
domain, near the interface yet faced away from it (Appendix
Fig S2A). We found that the presence of the splice insert did not dis-
rupt observed dimer formation (Appendix Fig S2B).

An alternatively spliced site in vertebrates overlaps with the fly
self-association interface

When the vertebrate TEN B-propeller domain containing the verte-
brate splice insert (RNKDFRH) is superimposed with the Ten-m self-
association interface, a steric clash is observed between the two
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(Fig 6A). Moreover, the vertebrate splice sequence directly overlaps in
three-dimensional space with our identified patch 2 (Fig 6B), specifi-
cally with F1192, a conserved residue in the Ten-m interface which
disrupts the observed dimer when mutated. This implies that the pres-
ence of this spliced sequence is not compatible with the TTR/pB-
propeller interface shown here, and this further suggests that the
splice site may have evolved to regulate interactions on this patch.

Discussion

TENSs are critical cell adhesion molecules conserved across animals
(Tucker et al, 2007, 2012; Tucker, 2018). The homophilic interac-
tions of TENs have been implicated in the processes of neuronal
wiring in both invertebrates and vertebrates (Hong et al, 2012;
Mosca et al, 2012; Mosca & Luo, 2014; Berns et al, 2018; Pederick
et al, 2021; Zhang et al, 2022). In this work, we determined the
high-resolution crystal structure of Ten-m, revealed its self-
association interface, and identified point mutations that break the
observed dimer on SEC.

© 2023 The Authors
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Figure 6. The vertebrate-specific splice insert in the p-propeller domain overlaps with Patch 2 of the Ten-m self-association surface.

A The Ten-m self-association interface is shown using two individual monomers shown in wheat and purple in surface representation. In cartoon representation, col-
ored pink, is hTen4 containing the vertebrate +SS aligned by the B-propeller domain. An arrow points out the location of the spliced sequence.
B Structural superimposition of B-propeller domains from Ten-m (colored as above) and hTen4 (pink) shows that F1192 is in close proximity to the vertebrate +SS

(shown in bright pink with side chains shown as sticks).

Source data are available online for this figure.

Ten-m may use the TTR/B-propeller interface to expand into
zippers on cell surfaces

The Ten-m self-association interface is mediated by two different Ten-
m domains from each protomer, creating an asymmetric interface
(Fig 2) and leaving each protomer with an open interface available for
a new incoming protomer (Fig 3A). The asymmetric nature of the Ten-
m self-association surface means that it has the potential to accept an
infinite number of new protomers and form long multimer structures
or “zippers” (Fig 7) reminiscent of protocadherins (Brasch et al, 2019).
Protocadherins are alternatively spliced cell-surface receptors that form
zippers between nerve cells using a combination of isoform-

© 2023 The Authors

promiscuous cis dimers and isoform-specific homophilic trans dimers;
these zippers signal to avoid a nerve cell from making a synapse onto
itself (Thu et al, 2014; Goodman et al, 2016; Brasch et al, 2019). Similar
to protocadherins, we speculate that Ten-m zippers might be used to
specify self in the process of neural wiring. Consistent with the pres-
ence of higher-order species, we observe shoulders on our SEC peaks
which contain Ten-m by SDS-PAGE (Fig 3C) and we also observe
higher order species in mass photometry at high concentrations
(Fig EV2B and C). Furthermore, the crystal packing of this structure
revealed the architecture of such a zipper (Fig 3B).

A recent report that imaged mouse hippocampal neurons using
super-resolution microscopy showed that TENs can form 80 nm
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Figure 7. Models for Ten-m self-association and zipper formation.

A B The Ten-m self-association interface identified in this work is compatible with both a cis interaction mode, (A) and a trans interaction mode, (B) each allowing for
repetition into zipper structures (right). Two opposing cell membranes are shown with TEN molecules projecting out of them, with intracellular faces toward the
top and bottom of the page, and an extracellular space in the middle of the page. TEN superfolds are shown as a cartoon representation, linked to their transmem-
brane helices (shown as rounded cylinders) by dotted lines representing the EGF repeats. Please also see Fig EV4 for details including how constitutive cis-
dimerization via the EGF repeats fits into the models.

(800 A) nanoclusters in the synaptic cleft equally distant from pre- zipper, consistent with the idea that Ten-m may form higher order
and post-synaptic markers (Zhang et al, 2022). A nanocluster of structures on cell surfaces. Other recent reports show that TENs are
800 A can accommodate 10-15 Ten-m monomers within a Ten-m key in synaptic organization, which requires precise distance
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restraints that could be imposed by the TEN zipper (Mosca
et al, 2012; Mosca & Luo, 2014; Mosca, 2015). This may be only a
part of the picture, where the kinetics of zipper formation and disas-
sembly are dynamically regulated by other protein binding partners,
such as ADGRLs, and the overall environment of the TEN-
presenting cell.

Teneurin-m self-association is compatible with both cis- and
trans- orientation

Our results show that Ten-m behaves as a dimer in solution in the
context of the Ten-m®" construct, which lacks the transmembrane
helix and EGF repeats that mediate the constitutive EGF-dimer of
TENs. If we assume these EGF repeats are extended, our TTR/f-
propeller interface is compatible with both cis (Fig 7A) or trans
(Fig 7B) modes of interaction in the context of full-length TEN.
Moreover, many possibilities exist to describe how the TTR/f-
propeller interface forms in relation to the EGF-dimer of the mature
TEN molecule (Fig EV4A and B).

Nevertheless, we show the TTR/B-propeller-mediated Ten-m
oligomer exists in solution as an abundant species rather than repre-
senting a small fraction of the species because point mutations at
this interface strongly reduce the amount of the dimer species in our
size exclusion chromatograms (Fig 5).

Conservation of self-association surfaces between vertebrates
and invertebrates

Vertebrate TENs are thought to use a seven-residue B-propeller
splice insert to regulate dimerization where the presence of the
splice insert favors dimerization (Berns et al, 2018; Li et al, 2020).
In comparison, Ten-m is not alternatively spliced at this site and has
the shorter sequence. Strikingly, superimposition of the vertebrate
TEN structures with the fly Ten-m reveals that the p-propeller splice
insert lays directly on top of patch 2 residues that are critical for
Ten-m self-association, most notably F1192 (Fig 6). The residues at
the Ten-m interface are conserved among arthropods (Fig EV3A),
but not strongly conserved outside of this phylum (Fig EV3C). This
may represent an evolutionary divergence with how dimerization is
regulated in different TEN orthologs. In addition, the Ten4 dimer
surface is not conserved in arthropods (Fig EV3D). Ten-m self-
association is not regulated by alternative splicing (Appendix
Fig S2) and uses the TTR/B-propeller interface we describe in this
manuscript (Fig 2). In contrast, we speculate that vertebrates
evolved the B-propeller splice site as a method to tightly regulate
TEN self-association and ADGRL interaction (Li et al, 2020), thus
allowing for increased functional complexity and diversity.

Other TEN self-association interfaces and modes of homophilic
interaction

Several dimer interfaces have been reported for mammalian
TENs. The Ten-m self-association interface differs from other
TEN dimers in that it is asymmetric and thus allows for repeti-
tion into higher order species (Figs 7 and EV5A). In contrast,
the Ten4 dimer (Meijer et al, 2022) determined by cryoEM is
symmetric about an interface formed by the B-barrel and toxin-
like domains (Fig EVSB), and the dimer structure proposed for
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Ten2 (Jackson et al, 2018; Li et al, 2020) is symmetric with
respect to the vertebrate-only B-propeller splice insert (Fig EV5C)
(Jackson et al, 2018). Other groups have presented structurally
sound models for TEN self-association (Jackson et al, 2018;
Meijer et al, 2022), yet no mutagenesis studies were performed
to rigorously validate their models.

Our structurally validated model for Ten-m self-association pro-
vides a new framework for understanding this complex and
extremely relevant process. Future exciting work will use the single
point mutations we provide here to understand how Ten-m oligo-
merization fits in to the complexities of nervous system
development.

Materials and Methods

Cell culture

As previously described (Li et al, 2020), High Five insect cells
(Trichoplusia ni, female, ovarian. ThermoFisher, B85502) were used
for production of recombinant proteins. Cells were cultured using
Insect-Xpress medium (Lonza, 04351Q) with 10 pg/ml gentamicin
at 27°C.

Cloning and construct design

Similar to previously described (Li et al, 2020), D. melanogaster
Ten-m (UniProt entry 061307-1, Ten-m isoform B) was inserted into
the pAcGP67a vector. Sf9 cells (Thermo Fisher, 12659017) were
transfected with Ten-m plasmids and commercial baculovirus DNA
(Expression Systems, 91-002) using Cellfectin II (Thermo Fisher,
10362100). High-titer recombinant baculovirus was obtained using
Sf9 cells grown in SF900-III medium with 10% (v/v) FBS (Sigma-
Aldrich, F0926). High Five cells (Thermo Fisher, B85502) were
infected with baculovirus at 2.0 x 10° cells/ml and incubated at
27°C with 120 rpm shaking for 72 h. Ten-m®" (residues L779-
A2731) was cloned with a 6x polyhistidine tag at the C-terminus.
Ten-m" was amplified using these primers: F: 5'-CGCATTCTG
CCTTTGCGGCGGATCCCTTGAACTGTGGCGACAGCAAG-3’ and R:
5'-GAAAGGATCAGATCTGCAGCTTAGTGATGGTGATGGTGATGCG
CACTCAGCTCGCCGAAC-3'. Ten-m F1192A primers were F: gcagt
cttttcgtcggtgatgctaattacatecgecgeatc and R: gatgeggeggatgtaattageat
caccgacgaaaagactgc. Ten-m Y1217A primers were F: cgcgtctcgGC
ccgctaccacatggeccand R: atgtggtagegggecgagacgegagtegegtt. Ten-m
Y1287A primers were F: caaaggatgccaaattggctgctccgaaaggcattgega
tttc R: gaaatcgcaatgcctttcggagcagcecaatttggeatectttg. Ten-m W1347A
primers were F: ggagatgcatcttcgcgegeccactgagetageagt R: tgcetagetca
gtgggcgegegaagatgcatctcct.

Protein expression and purification

As previously described (Li et al, 2020), media were harvested from
cell cultures 72 h after infection. The media were centrifuged at
room temperature at 900 g for 15 min. The supernatant was
harvested and transferred to a beaker with stirring at room tempera-
ture and the following were added: 50 mM Tris pH 8.0, 5 mM
CaCl,, and 1 mM NiCl, (final concentrations listed). After 30 min,
the solution was centrifuged for 30 min at 8,000 g. The clarified
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supernatant was then incubated with nickel-nitriloacetic (Ni-NTA)
resin (QIAGEN 30250) with stirring at room temperature for 3 h. A
Biichner funnel was used to collect resin and wash using a buffer
composed of 10 mM HEPES pH 7.2, 150 mM NaCl (HBS), and
20 mM imidazole, and then the washed resin was transferred to a
poly-prep chromatography column (Bio-Rad). The protein was
eluted using HBS buffer containing 200 mM imidazole. Fractions
containing desired protein were pooled and concentrated using a
100 kDa centrifugal concentrator (Amicon UFC810024) and loaded
on gel-filtration chromatography using a Superose 6 Increase 10/300
column (GE Healthcare) and the following buffer: 25 mM Tris pH
8.0, 150 mM NaCl. Selenomethione-labeled Ten-m>F was expressed
as previously described (Dong et al, 2009; Leon et al, 2020). High
Five cells were grown in ESF921 medium (Expression Systems, 96-
001-01). Cells were then centrifuged at 100 g for 15 min and resus-
pended in methionine-free ESF921 medium (Expression Systems,
96-200). Cells were infected using Ten-m recombinant baculovirus
at a density of 2.0 x 10° cells/ml. Ten hours after infection, 100 mg
seleno-L-methionine (Sigma-Aldrich, S3132) per liter of culture was
added. An additional 150 mg seleno-L-methionine was added to
each liter of cell culture at 36 h post-infection. The cells were
harvested 72 h post-infection and the purification process was the
same as described above.

Protein crystallography

Purified Ten-m®" was concentrated to 8.8 mg/ml using a 100 kDa
cutoff centrifugal concentrator system (Amicon UFC810024) and
applied to sitting drop crystal trays in a drop volume of 0.2 pl
against a well volume of 50 pl. Crystals were grown in a well solu-
tion consisting of 0.5 M ammonium sulfate with 16% PEG 3350.
Crystals grew at room temperature and appeared after 7 days. Crys-
tals were looped from their mother liquor and transferred to a cryo-
protection solution of original mother liquor supplemented with
30% glycerol and then immediately frozen in liquid nitrogen. SeMet
crystals were grown and harvested under the same conditions.

X-ray data collection, reduction, and analysis

Frozen crystals were shipped on liquid nitrogen to the GM/CA
beamline or the NE-CAT beamline at the Advanced Photon Source
at Argonne National Labs for remote data collection at 110 K. Two
datasets were collected in P;1;5151, crystal form Anaive and its SeMet
derivative Agemer- The final resolution was determined using shells
which contain CC,,, > 0.5 using analysis done by aimless. Detailed
data collection and processing statistics are available in Table 1.
Data collected at GM/CA were reduced, indexed, integrated, and
scaled using the automated data processing suites of GM/CA
(AutoPROC) which employs XDS and aimless. Data collected at NE-
CAT were similarly processed but using their automatic data proces-
sing workflow called RAPD.

Structure solution and model building

All structural solution and model building phases were carried out
using the PHENIX suite of software for macromolecular crystallogra-
phy (Liebschner et al, 2019). A partial solution was first obtained
with Apatve Using molecular replacement in PHASER (McCoy
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et al, 2007) of the Ig-like and B-propeller domains of chicken Ten2
(PDB 6FB3). Using this original model (or other published struc-
tures) to determine or manually build the rest of the Ten-m struc-
ture was not successful and thus we switched to SeMet techniques.
Using the partial model from molecular replacement and SeMet-
SAD, we obtained an experimentally phased density map using the
MR-SAD module in PHASER. This density map was density modi-
fied using RESOLVE (Terwilliger, 2003) and used to manually build
the structure using Coot (Emsley et al, 2010), using PDB 6FB3 as a
guide to place secondary structure elements. During the manual
building process, AlphaFold was released to the public via Colab-
Fold and we used ColabFold (Mirdita et al, 2022) generated models
of Ten-m to further guide manual building. Following extensive
manual building using the density-modified maps from Ageper, We
used molecular replacement to move our manually built model into
the native crystal form Anative, and switched to refinement against
Anative Using phenix.refine (Liebschner et al, 2019). Initial rounds of
refinement used alternating rounds of real and reciprocal space
refinement using individual B-factors. Next rounds of refinement
included the previous parameters but also included translation-
libration-screw refinement, optimization of X-ray/stereochemistry
weight, and optimization of X-ray/ADP weight. Final rounds of
refinement included individual B-factor refinement, translation-
libration-screw refinement, optimization of X-ray/stereochemistry
weight, and optimization of X-ray/ADP weight, and rigid body
refinement. The model based on crystal form Anaive Was finalized
using Coot’s built-in validation tools including MolProbity (Williams
et al, 2018).

Structural analysis and sequence conservation analysis

Structural analysis and manual inspection of structures were
performed using PyMOL version 2.4.1 (Schrodinger) and sequence
analysis was done using PROMALS3D (Pei et al, 2008) and the
ConSurf (Ashkenazy et al, 2016) server. The align function in
PyMOL was used to generate root mean squared deviation (RMSD)
values between TEN structures.

Analytical size exclusion chromatography

Standards were run in buffer comprised of 25 mM Tris pH 8.0,
150 mM NaCl on a Superose 6 column for direct comparison. Ten-m
wild type and variants were prepared in the same buffer, concentrated
using a 100 kDa cutoff centrifugal concentrator system (Amicon
UFC810024), and filtered through 0.22 pm filters and run using the
above buffer, supplemented with additional NaCl as necessary.

Mass photometry

Mass photometry experiments were performed in the Biophysics core
facility on a Refeyn Two™" at the University of Illinois-Chicago. The
instrument was calibrated using p-Amylase and thyroglobulin. First,
Ten-m samples were purified as described above, and samples were
diluted in SEC buffer to various concentrations from 10 nM to
500 nM. 3,000 frame movies were collected and individual counts
were recorded, and masses were extrapolated using calibration
curves. The data were examined and plotted using Refeyn Disco-
verMP software.
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Data availability

The final model and crystallographic data have been deposited into
the Protein Data Bank under PDB ID 8FIA (http://identifiers.org/
pdb/8FIA). Other raw data are provided in Source Data. Plasmids
and other reagents are available upon reasonable request to the
corresponding author, Demet Arag.

Expanded View for this article is available online.
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Expanded View Figures

Figure EV1. Structural and sequence differences between TENs.

A-C Structural superimposition of Ten-m (purple) and hTen4 (cyan, used as a stand in for vertebrate TEN structures as a whole) reveal that the overall structure of the
TEN superfold is conserved, yet there are differences in specific regions. Inside the barrel, (B): the Ig-like domain takes a different track demarcated by arrows and
(C): the portion of the toxin-like domain inside the barrel also follows a different track.

D A B-strand in the B-barrel sterically clashes with the putative binding site of ADGRLs, based on the structure of the hTen2-hADGRL3 complex (PDB 6VHH).

E The all-atom RMSD between representative TEN structures is shown in a table.

F-K The sequence identity of different TEN homologs is compared using the full-length sequence, (F) and broken up individually by domain (G—K).
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Figure EV2. Further biophysical studies on Ten-m self-association using mass photometry and size exclusion chromatography.

A-C Mass photometry shows an increase in oligomer proportion at higher concentrations. Mass photometry curves, molecular counts vs. mass, shown with 100 nM
final Ten-m concentration in gray and 500 nM final concentration in pink. Various zooms in of the Y-axis are shown to show detail on the high concentration plot.
The expected molecular mass of the monomer is ~ 222 kDa, dimer is ~ 444 kDa, trimer is ~ 666 kDa, and tetramer is ~ 888 kDa, and they are highlighted using

arrows. Counts are observed consistent with the presence of higher order species.

D SEC chromatograms with A,go versus elution volume plotted show that increasing salt (NaCl) concentrations shift the protein toward an earlier elution volume.

Mass photometry and SEC experiments were performed once, N = 1.
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ConSurf Conservation Score
Low E—————mmHi
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Figure EV3. Sequence conservation of the Ten-m self-association interface.

The ConSurf server was used to assess surface conservations of Ten-m and make comparisons with other TENs. The conservation score is plotted onto a surface representation
of each structure. Purple indicates high conservation, cyan indicates low conservation, and white indicates intermediate conservation.

A The ConSurf server was used to generate a sequence alignment of Ten-m using homologs with greater than 35% sequence identity. The conservation score is plotted
onto a surface representation of the self-association interface with the TTR, Ig-like, and B-propeller shown. Yellow dotted lines and ovals enclose the Ten-m surface
used for self-association and show that it is largely composed of conserved residues.

B A close-up view shows that the residues which break the binding interface when mutated, including F1192, Y1287, and W1347 are strongly conserved.

C A sequence alignment of Ten-m using homologs across animals was plotted onto the Ten-m self-association interface.

D The ConSurf server is used to generate a sequence alignment of Ten-m using homologs with greater than 35% sequence identity. The conservation score is plotted
onto a surface representation of Ten-m arranged in the Ten4 B-barrel/toxin-like dimer. Yellow dotted lines and ovals enclose the Ten4 dimer surface and show that
it is not strongly conserved in arthropods.

Figure EV4. The EGF-dimer leads to many possible scenarios for Ten-m self-association.
Many possibilities are present and they can also mix and match each other.

A If Ten-m self-associates in cis, there are two reasonable possibilities for this: the interface could form between two superfolds part of the same EGF-dimer (left), or
between two superfolds protruding from different EGF dimers (right).

B If the interface forms in trans, a “parallel” situation could occur (left) where a set of superfolds protruding from the same EGF dimer is occupied by another
completed set, or an asymmetric situation (right) where the one superfold of each opposing EGF dimer is occupied in the Ten-m self-association interface, and the
other two superfolds are free to form similar trans association with other EGF dimers, or cis self-associated Ten-m molecules.
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A D. melanogaster Ten-m o

Figure EV5. Comparing available TEN oligomer structures.
PyMol was used to generate cartoon representations of TEN oligomerization.

A The Ten-m self-association interface (this manuscript, PDB 8FIA).

B The ggTen2 dimer (PDB 6FB3). Individual monomers are shown in contrasting colors. The vertebrate-specific splice site in the B-propeller domain is shown as a pink
star.

C the hTen4 dimer (PDB 7BAM). Symmetry operators which generate each presented interface are shown, with a 2; screw axis for Ten-m self-association, and twofold
axes for ggTen2 and hTen4 dimers.
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Appendix for: “The structure of fly Teneurin-m reveals an asymmetric self-
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Appendix Figure S1: Crystal contacts within the Ten-m structure. Using PDB ePISA,
major contact interfaces were identified within the Ten-m crystal packing. The largest
interface is the one depicted in the manuscript as the putative Ten-m self-association
interface. The next two largest interfaces are depicted. Neither interface is large or well

conserved, so they were not studied further.

A. 420 A2 is buried from solvent in this interface.

B. 150 A2 is buried from solvent in this interface.
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Appendix Figure S2: The presence of an alternatively spliced sequence in the TTR

domain does not disrupt the observed Ten-m dimer in solution.

A. The Ten-m dimer is shown in a cartoon representation. Each monomer is colored
differently, and the loop region which the alternatively spliced sequence (SIFWNYFNA)

would insert into is highlighted in pink, with a pointer emphasizing its location.

B. SEC chromatograms with Azgo plotted vs. elution volume show that the presence of the
alternatively spliced sequence does not shift the elution volume of Ten-m. SEC

experiments were performed with N=1.
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