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ABSTRACT

The brain processes information by relaying signals between neurons at the synapse,
creating a diverse network of neuronal circuitry. Protein interactions between receptors, ligands,
and cell adhesion molecules in the synaptic cleft enable the development of this highly intricate
network. A family of highly conserved cell-adhesion proteins called teneurins (TENS) play a role
in axon guidance, target selection, and synapse formation via transsynaptic interactions. TENs
are comprised of a transmembrane region (TM) and an extracellular region that forms a barrel-
like structure followed by a toxin-like domain at the C-terminus. This fold is not found in other
eukaryotic proteins but instead bears resemblance to the large barrel structure of bacterial Tc
toxins, a set of triple-protein complexes with a C-terminal cytotoxic region that plays an
important role in Tc toxin insecticidal function. Furthermore, sequence alignment reveals that a
catalytic site in Tc toxins involved in autoproteolysis of the C-terminus is mostly conserved in
TENSs. Due to this structural and biochemical homology, we investigated the importance of the
C-terminus of TENSs by targeting the toxin-like domain of the C. elegans orthologue, ten-1. We
observed endogenous expression of Ten-1 at the nerve ring, ventral nerve cord, and tail, and we
found that truncation of the toxin-like domain intensified expression. Moreover, defects in M4,
NSM, and HSN neurons were observed in both truncation and null mutants. We also observed
that protein purification of human TENZ yielded a C-terminal product when the EGF- and Ig-like
domains were deleted, which was abolished when the conserved catalytic residues were mutated.
Together, we characterized C. elegans ten-1 expression and significance of its C-terminus in vivo
and the autoproteolytic potential of human TENZ2 in vitro, providing insight into the importance

of the toxin-like domain, which may be worthwhile for studying TENs in human disease.
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CHAPTER I: INTRODUCTION

1.1 Background on Neuronal Circuit Assembly in the Brain

The brain is composed of an interconnected network of neurons that receives sensory
input from the entire body and processes this information to initiate a response. Neurons form
this network by migrating their axons to the correct anatomical position and connecting to each
other at a specialized region called the synapse, where the axon or dendrite of one neuron meets
the axon or dendrite of another. Intercommunication between neurons occurs at the synapse
when presynaptic chemical messengers called neurotransmitters are released from the axon
terminal and bind to postsynaptic receptors to induce a chemical or electrical signal, allowing for
the transfer of information between neurons. Investigating how neuronal circuitry is established
is vital for understanding information processing and proper brain function.

Neuronal circuit assembly can be divided into two steps: axon guidance and synaptic
specificity. After neural progenitor cells divide and differentiate into neurons, they migrate along
radial glia to reach their final destinations; additionally, extracellular cues in the surrounding
environment guide axons to their appropriate anatomical regions via chemical attraction or
repulsion. Upon reaching a particular region, axons select specific target neurons through
interactions between cell-adhesion molecules, forming the synaptic cleft. Furthermore,
transsynaptic crosstalk between cell adhesion molecules directs the type of synapse formed,
whether excitatory or inhibitory. Presynaptic cell-adhesion molecules can be classified into at
least five major groups, while postsynaptic cell-adhesion molecules emerge from more than 50
genes (Sudhof, 2017) Thus, the convergence of dozens of protein-protein interactions give rise to

the intricate network of neurons in our brains.



1.2 Role of Teneurins in Neuronal Circuit Assembly

Teneurins (TENSs), a family of evolutionarily conserved cell-adhesion proteins, are
among the multitude of proteins that play a role in neuronal circuit assembly. They are type-II
transmembrane proteins, with an internal N-terminus and external C-terminus, composed of four
isoforms in humans, mice, chicken, and other vertebrates (TEN1-4), two isoforms in Drosophila
(Ten-a and Ten-m), and a single ortholog in C. elegans (ten-1). TENs are located at the
presynaptic side of the synapse, supporting the migration of axons across large distances and

directing synaptic specificity at the appropriate region.

1.2.1 Teneurins and Axon Guidance

TENSs are widely expressed in the brain during embryonic development, in addition to
non-neuronal areas (Kenzelmann et al., 2008; Lossie et al., 2005; Nakamura et al., 2013; Rubin
et al., 2002; Tucker & Chiquet-Ehrismann, 2006; Tucker et al., 2001). Expression during
development indicates that TENs may play a role in migration of cells and axons necessary for
correct neuronal wiring. Indeed, in vivo mouse studies reveal that TENSs expressed in migrating
cortical neurons bind to latrophilin-1, an adhesion G-protein coupled receptor (GPCR),
expressed in radial glial cells and contributes to cortical cell migration via contact-repulsion
mechanism (Del Toro et al., 2020). Furthermore, the whole extracellular region of TEN2 is
proteolytically cleaved and released into the medium, inducing attraction of axonal growth cones
via interaction with latrophilin-1 in rat hippocampal neuron cultures (Vysokov et al., 2016;
Vysokov et al., 2018). In the mouse visual system, TEN2, TEN3, and TEN4 knockouts (KO)
disrupted projection of ipsilateral axons from retinal ganglion cells (RGCs) to the correct targets

on the dLGN and superior colliculus (Dharmaratne et al., 2012; Leamey et al., 2007; Young et



al., 2023; Young et al., 2013). TEN3 knockdown in zebrafish also cause morphological and
functional defects of retinal ganglion cells in the visual system, while TEN4 point-mutations
result in defects in motor axon pathfinding, outgrowth and branching (Antinucci et al., 2013;
Antinucci et al., 2016; Hor et al., 2015). In Drosophila, ten-m mutants cause the inter-segmental
nerve to target the incorrect region of the neuromuscular junction (NMJ), which is also observed
in ectopic overexpression of ten-m (Zheng et al., 2011). C. elegans ten-1 null mutant exhibits
axonal defects in pharyngeal neurons and enhances many axon guidance defective mutants
(Drabikowski et al., 2005; Morck et al., 2010). TENs have a profound role in axon guidance in
both vertebrates and invertebrates, influencing motor neuron axon routing, binocular visual

circuits, and general neuronal wiring in the developing nervous system.

1.2.2 Teneurins and Synaptic Specificity

While TENSs can influence long-range axonal development, they also control short-range
synaptic targeting and synapse formation through heterophilic and homophilic interactions. In
the mouse hippocampus, Schaffer-collateral axons from the CA3 region and perforant-path
axons from the entorhinal cortex project to nonoverlapping dendritic domains of CA1 pyramidal
neurons depending on distinct latrophilin expression, respectively: latrophilin-3 in dendritic
domains located on the stratum (S.) oriens and S. radiatum layers, and latrophilin-2 in the
stratum (S.) lacunosum moleculare. In vivo experiments revealed that conditional latrophilin-3
KO mice infected with lentiviral Cre in the CAL region exhibited a decrease in Schaffer-
collateral EPSCs, which was rescued by wildtype latrophilin-3; however, blocking binding of
latrophilin-3 to TENs or FLRTS, another cell adhesion molecule that forms the LPHN-TEN-

FLRT trimeric complex, prevented rescue of electrophysiological activity, indicating that



coincident binding of TENs and FLRT was necessary for Schaffer-collateral-specific synapse
formation via latrophilin-3 GPCR-dependent mechanism. (Sando et al., 2019; Sando & Sudhof,
2021). Further studies show that TENs form presynaptic nanoclusters to promote excitatory
synapse formation in the hippocampus via heterophilic interactions (Zhang et al., 2022). Mouse
TENS recruits presynaptic active zone scaffold proteins present as liquid-liquid phase-separated
(LLPS) condensates, which was found to be functionally essential for synapse formation
alongside latrophilin-3-mediated recruitment of postsynaptic LLPS condensates (S. Wang et al.,
2024; Zhang et al., 2025). Moreover, TEN3 cis-dimerization generated by disulfide bridges
between unpaired cysteines in EGF-like domains was found to be crucial for synapse formation.
Alternative splicing of TENSs has been postulated as the driving mechanism for determining
excitatory or inhibitory synaptic identity by restricting heterophilic binding of latrophilin to a
specific splice variant with flexible conformation (Li et al., 2020).

In addition to heterophilic interactions, homophilic interactions between TENSs drive
circuit assembly. For example, mouse TEN3 is required in both CA1 and subicular neurons of
the hippocampus to connect proximal CA1 axons to distal subiculum (Berns et al., 2018). In a
similar mechanistic manner, axons from about 50 classes of olfactory receptor neurons (ORNS)
form one-to-one connections to dendrites of projection neurons (PNs) in the antenna lobe of
Drosophila via homophilic interactions of Ten-m and Ten-a. Mutant KOs of either ten-m or ten-a
result in mismatching ORN-PN pairs, which could not be rescued by overexpression of the other
isoform (Hong et al., 2012; Mosca et al., 2012). Furthermore, different expression levels of Ten-
m or Ten-a instruct partner matching (DePew et al., 2019). Genetic interaction studies revealed
that Ten-m binding to RhoGAP and subsequent activation of Racl small GTPase regulate the

actin cytoskeleton and drive synaptic partner matching (Xu et al., 2024).



Dimerization has been reported in different TEN isoforms and at multiple domain sites in
both cis and trans conformations, further highlighting how homophilic interactions are integral
to TENSs function (Feng et al., 2002; Gogou et al., 2024; Li et al., 2023; Meijer et al., 2022).
Altogether, TENSs drive synaptic specificity in vertebrates and invertebrates through a delicate

balance between homophilic and heterophilic interactions.

1.3 Teneurin Structure and Conservation

TENS are single-pass transmembrane proteins with highly conserved domains, sharing an
N-terminal intracellular domain (ICD), a single-pass transmembrane region (TM), and a large
(over 2000 amino acids) extracellular region (ECR) at the C-terminus (Figure 1.1A). The ECR
comprises five domains forming a large barrel-like structure and mediates transsynaptic

interactions at the synaptic cleft.

1.3.1 The Intracellular Domain and the Nucleus

The ICD is composed of 300-400 residues that contain a nuclear localization sequence
(NLS) and proline-rich SH3-binding domain (Tucker, 2018). A furin-like cleavage site is found
upstream of the TM, allowing for proteolytic processing and cytoplasmic release of the ICD to
the nucleus (Vysokov et al., 2016). In vitro studies show that the ICD acts as a transcription
regulator at the nucleus by repressing zic, a transcription factor, and binds to CAP/ponsin, a
protein involved in cytoskeleton organization and signaling, and MBD1, a methylated DNA
binding protein (Bagutti et al., 2003; Nunes et al., 2005). Deletion of the ICD alters the ability of
TENS to localize to synaptic sites, implying the ICD contains motifs that bring TENSs to synaptic

sites (Cheung et al., 2022). Furthermore, the ICD is indispensable for presynaptic active zone



A ICD TM 1:EGF 2: 1g-like 3: B-propeller 4: B-barrel 5: Toxin-like

TEN2 N C
10-269 456-726 727-1114 1115-1454 1455-2348 2349-2648

H. sapiens TEN2

Figure 1.1: Human TEN2 diagram and structure

(A) Linear diagram of full-length human TEN2 protein shows an intracellular domain (ICD) at the N-terminus,
single-pass transmembrane (TM), and extracellular region (ECR) comprised of five domains: epidermal growth
factor-like domain (EGF), immunoglobulin-like domain (Ig), B-propeller, B-barrel, and toxin-like domain at C-
terminus.

(B) Cryo-EM model of human TEN2 ECR monomer without EGF-like domain.

LLPS recruitment necessary for synapse formation alongside latrophilin-3 (Zhang et al., 2025).
Alternative splice variants of ICD are present in human and chicken teneurins, while ten-1 in C.
elegans is expressed as two isoforms, either the long form (ten-1L) full-length protein or short

form (ten-1S) lacking the ICD.



1.3.2 The EGF-like Domain and Dimerization

The ECR of most TENSs contains eight epidermal growth factor (EGF) repeats about 200
residues downstream of the TM. Six of these EGF repeats each contain 6 cysteines that form
three pairs of disulfide bond, while EGF2 and EGF5 express five cysteines, leaving an unpaired
cysteine from each repeat to form a disulfide bridge to lone cysteines from other TENS in cis
(Feng et al., 2002; Oohashi et al., 1999). Negative stain EM micrographs of full ECR showed
two globular domains linked together at their stalk-like ends, while ECR with truncation of the
EGF-like domain expressed as a monomeric protein, indicating that the EGF-like domain is

responsible for homodimerization in full-length TEN proteins (Li et al., 2018).

1.3.3 The Ig-like Domain and Structure Seal

Downstream of the EGF-like domain, the immunoglobulin (1g)-like domain (Figure 1.1B
in teal) spans about 500 residues comprising three subregions: cysteine-rich domain (CRD),
transthyretin-related domain (TTR), and fibronectin (FN)-plug. In Drosophila, the TTR domain
of Ten-m creates an asymmetrical interface with the downstream B-propeller domain of another
Ten-1 in a cis- or trans- orientation, potentially forming long multimer structures, or “zippers”
(Li et al., 2023). Furthermore, this Ten-m interface is conserved in arthropods but not in
vertebrate TENSs. The Ig-like domain plugs the bottom of the barrel-like structure, forming
hydrophobic and hydrogen bonds with the shell interior and creating contacts with the toxin-like

domain inside the barrel (Li et al., 2018).



1.3.4 The p-propeller and Protein-Protein Interactions

The Ig-like domain holds the flexible B-propeller in place, which resides perpendicular to
the barrel (Figure 1.1B in silver) (Jackson et al., 2018; Li et al., 2018). This 6-bladed -propeller
contains a series of NCL-1, HT2A and Lin-41 (NHL) repeats that participate in homophilic
interactions and directing synaptic specificity. While the B-propeller/lg-like interface, which
allows for homodimerization in Drosophila ten-m, is not conserved in vertebrates, TENS express
an alternative splice site in an NHL loop of the B-propeller that drives homophilic interactions in
trans (Beckmann et al., 2013; Berns et al., 2018; Jackson et al., 2018; Li et al., 2020). This
alternative splice site is in the same region as the asymmetrical interface in Ten-m, suggesting
that regulation of TEN dimerization diverged during evolution (Li et al., 2023). Additionally,
alternative splicing in B-propeller influences the ability of TENS to bind to transsynaptic partner

latrophilin, controlling synaptic identity as either excitatory or inhibitory (Li et al., 2020).

1.3.5 The p-barrel and Unique Superfold

The B-barrel domain is composed of about 800 residues with more than two dozen
tyrosine-aspartate (Y D)-repeats forming pairs of B-strands connected by a B-hairpin. These YD-
repeat strands coalesce into a spiraling -sheet, resulting in a hollow cylindrical structure (Figure
1.1B in sky blue). The B-barrel is sealed at the bottom by the Ig-like domain but contains an
opening at the side, allowing the C-terminus to perforate the barrel outwardly through this exit

site. This barrel structure is conserved in all TEN isoforms.



1.3.6 The Toxin-like Domain at the C-terminus

The most C-terminal domain of TENS, the toxin-like domain, is composed of an internal
linker about 80 amino acids long that is continuous from the inside of the barrel cavity and exits
through a gap in the shell wall (Figure 1.1B in purple). More than 200 residues of the toxin-like
domain reside outside the barrel exposed to extracellular space. These residues form loops that
wrap around a-helices and are tethered to the side of the B-barrel via hydrogen bonds. The final
~40 residues of the toxin-like domain comprise the Teneurin C-terminal Associated Peptide
(TCAP), which shares conserved elements with neuropeptides. This TCAP region is conserved
among TEN homologs.

Taken together, the extracellular domains of TENs form a unique tertiary structure with
multitude of protein-protein interfaces, and the convergence of these structural properties give
rise to the functional role of TENSs in neuronal circuit formation. Intriguingly, YD-repeats
forming the barrel-like structure of TENs are not found in other eukaryotic proteins, leading to

questions about the evolutionary origin of TENs and its significance on TEN function.

1.4 Teneurin Origins and Evolution

TEN domain organization is phylogenetically conserved in metazoans. A search for TEN
domains in non-metazoan sequences revealed that the single-celled choanoflagellate Monosiga
brevicollis contains teneurin in its genome, which suggests that TENSs evolved from
choanoflagellates. Further sequence analysis of choanoflagellate teneurin revealed that its ECR is
more analogous to YD repeats in bacteria than ECR of metazoan TENS, suggesting that M.
brevicollis acquired teneurin from bacterial prey via gene transfer (Tucker, 2013; Tucker et al.,

2012). Nevertheless, YD-repeats and B-barrel structure in metazoan TENS share a striking



resemblance to many prokaryotic YD proteins secreted by bacteria. By looking at the function of
YD proteins of bacteria, we can gain more insight into TEN structure and function (Tucker,

2018).

1.5 Bacterial Toxin Structure and Functional Implications

One class of YD-repeat proteins consists of bacterial Tc toxins, a group of ABC toxin
protein complexes (Ara¢ & Li, 2019). ABC toxins were first discovered in the bacterium
Photorhabdus luminescens and have since been characterized in various insecticidal bacteria
(Bowen et al., 1998; Bowen & Ensign, 1998; Hurst et al., 2011; Pinheiro & Ellar, 2007; Tennant
et al., 2005; Waterfield et al., 2001). These bacteria secrete A, B, and C protein components that
are individually secreted and assembled into a tripartite ABC complex on neighboring cell
membranes (Figure 1.2). The A component forms a bell-shaped structure whose funnel-like
TcB-binding domain at the top attaches to the B -propeller TcA-binding domain of the B
component. The bottom of the A component forms a pore with a target cell upon anchoring to
the membrane. The B and C components assemble into a barrel-like structure with a hollow
cavity that is closed at both ends; the B end is plugged by its p-propeller domain, and C end is
sealed by a conserved RHS- repeat-associated domain sequence. The C-terminus of the C
component contains a cytotoxic domain that is enclosed by the TcB-TcC hollow shell, which
shields the toxic enzyme from the extracellular environment to maintain its cytotoxic potential

(Busby et al., 2013; Meusch et al., 2014).
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Figure 1.2: ABC toxin components form a hollow cavity and channel

(A) ABC toxins are composed of three A, B, and C protein components that form a tripartite protein complex.

(B) The TcB and TcC components form a hollow shell that encapsulates a cytotoxic domain at the C-terminus. The
TcA component contains a translocation cavity that releases the toxin domain into target cells.

1.5.1 C-terminal Cytotoxic Domain Release and Mechanism

When the A component attaches to a target cell, a change in pH triggers opening of the A
component at the attachment site and induces conformational change of the inner translocation
channel, which opens the gate at the B-propeller gate at the bottom of the TcB-TcC barrel and
forms a continuous pore from the inside barrel cavity to the target cell. The cytotoxic domain is
jettisoned through the newly opened translocation channel and invades the target cell, inducing
insecticidal activity on the infected organism (Gatsogiannis et al., 2018). To release the cytotoxic
domain, the C component must first be cleaved inside the hollow shell. The TcB-TcC barrel
expresses a catalytic site composed of three residues that induce autoproteolysis of the cytotoxic

domain: two aspartate residues that reside near the cleavage site and an arginine residue that
11



provides structural stability to the adjacent aspartate. These catalytic residues are highly
conserved among all bacteria that express C protein, indicating that autoproteolysis is the

common mechanism of release for their respective cytotoxic domains (Busby et al., 2013).

1.5.2 C-terminal Cytotoxic Domain Function

Despite sharing autoproteolysis as a mechanism for release, C-terminal cytotoxic
domains exhibit different toxic activities. In the case of P. luminescens, the cytotoxic domain
functions as an ADP-ribosyltransferase, which post-translationally modifies actin in the cytosol
and leads to actin clustering and subsequent cell death (Gatsogiannis et al., 2018; Lang et al.,
2010; Meusch et al., 2014). On the other hand, Yersinia entomophaga produces two chitinases
that exhibit endochitinase activity, which may be relevant for insect exoskeleton breakdown
(Bushy et al., 2012). This disparity can be attributed to the hypervariable nature of the cytotoxic
domain sequences across C protein bacteria. The convergence of sequence variability, unique
tertiary structure, and conserved proteolytic sites give rise to the multidimensional nature of
bacterial toxin activity. This thesis takes these observations into account and applies them to

metazoan TENSs in search for understanding TEN function at a biochemical and cellular level.

1.6 Structural and biochemical similarities between teneurins and Tc toxins

Comparison between cryo-EM models of TcB and TcC components of P. luminescens
(TcdB2-TccC3) and human TEN2 demonstrates that, despite a low (13%) sequence identity,
TENS are structurally homologous to Tc toxins (Figure 1.3A-C). Distance Matrix Alignment
(Dali) server is a tool for identifying structurally similar proteins, where a higher Z-score ( > 2)

indicates a strong structural similarity and a lower RMSD (Root Mean Square Deviation)
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P. luminescens TcdB2-TccC3
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Figure 1.3: Teneurins exihibt structural homology to Tc toxins

(A) Cryo-EM model of TcB and TcC components of P. luminescens.
(B) Top view comparison of TcB-TcC and human TEN2 barrel structures shows similar diameters.

(C) Superimposition of TEN2 B-barrel and TcB-TcC barrel.
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value, which is the average distance between structurally aligned residues, points to better
structural alignment. Dali results for TEN2 compared to TcB-TcC components show a high Z-
score of 13.4 and RMSD value of 4.9 A. Analysis via Pymol, a molecular visualization program
for protein structures, shows that TEN2 and TcB-TcC share 40 and 45 A cylindrical diameters
(Figure 1.3B). The length of the TcB-TcC barrel, however, is longer than the TEN2 barrel by
more than 20 A. These dimensions may arise from the TcB-TcC barrel housing its lengthy C-
terminal cytotoxic domain of about 200 residues, whereas the TEN2 barrel encapsulates only 86

out of about 300 residues of the toxin-like domain (Li et al., 2018).

1.6.1 Similarities in Barrel Plug

In Tc toxins, the TcB-TcC barrel is plugged by a B-propeller domain, which acts as the
point of interaction with the A component. Analogously, TEN barrel is plugged by its Ig-like
domain. Both the bacterial B-propeller plug and human Ig-like domain contain predicted
carboxypeptidase domains, where amino acid sequences align with nearly 50% similarity
(Tucker, 2018). Furthermore, the receptor binding domains of toxin A component are composed
of Ig-like domains structurally homologous to Ig-like domain on TENSs. The receptor binding
domains mediate anchoring of the A component to target cells, suggesting that the 1g-like

domain in TENs may carry similar functions in protein-protein interactions.

1.6.2 Similarities in C-terminal Domain

Sequence alignment of Tc toxins to species expressing TENSs reveals that the catalytic

site of Tc toxins is mostly conserved across species (Figure 1.4). Chordate TENS express one
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Tc-toxin GFRYYQPWAGRWLSABPAGT-——----—- VDGLNLYRMVRNNPLRL-TBBEGM

TEN1 GORDYDVVAGRWT TPNHHIWKQLNLL--P-KPFNLYSFENNYPVGKIQBVAKY
TEN2 (Lasso) TORIDY DVLAGRWT S P Y TMWKNVGKE - - P-APFNLYMFKSNNPLSSELGLKNY
TEN2 TORDYDVLAGRWT S P§Y TMWKNVGKE~~P~APFNLYMFKSNNPLSSELBLKNY
TEN3 GERDYDILAGRWTTPEBIEIWKRIGKD--P-APFNLYMFRNNNPASKIHBVKDY
TEN4 GREIDYDVLAGRWT SPEHELWKHLSSS--NVMPFNLYMFKNNNP I SNSQEIKCE

C. elegans ten-1 NGEPLDLYSERYMSISPEAVVRLELNEKFSNSIDLMALEIDRQPFRV—ENVPE

Figure 1.4: Sequence alignment of catalytic residues in Tc toxin and TENSs

Catalytic site in Tc toxins, composed of one arginine and two aspartates, is mostly conserved.

arginine and two aspartates that make up the catalytic site in most of their isoforms. Non-
chordate TENSs like Drosophila and C. elegans express partial conservation: Drosophila have
arginine and the first aspartate residues but express glutamate in place of the second aspartate; C.
elegans also has an arginine but express serine and glutamate instead of two aspartates. Tc toxins
interact with neighboring cells by releasing their C-terminal cytotoxic domain from their barrel
structure via autoproteolysis; thus, conservation of these catalytic residues and structural
homology in metazoan TENSs suggest that the C-terminal toxin-like domain may play a role in

TEN function as well.

1.7 Current Knowledge of C-terminal Toxin-like Domain Function

The majority of research on the toxin-like domain has focused on the most C-terminal
portion of the domain, the TCAP. This 41-amino-acid peptide region, which is well-conserved
across all TENSs, has been shown to modulate behavior, stress, and metabolism in both
vertebrates and invertebrates (Abramov et al., 2022; Colacci et al., 2015; D'Aquila et al., 2017;
Hogg et al., 2019; Mueller et al., 2024; Reid et al., 2019; Tan et al., 2011; Wang et al., 2005).
Sequence alignment revealed conserved elements with neuropeptides and corticotrophin

releasing factor (CRF); indeed, TCAP-mediated calcium response has been shown to attenuate
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CRF-induced stress behavior (Hogg, Casatti, et al., 2022). Interaction between TCAP and
latrophilin, the canonical binding partner to TENS, has been speculated as far as their role in
astrocytes and tissue repair in the CNS and skeletal muscle contraction, but evidence of direct
interaction has not been found (Hogg, Reid, et al., 2022; Husi¢ et al., 2019; Li et al., 2020;
Tessarin et al., 2019). Small deletions in the toxin-like domain failed to rescue synaptic defects
in cultured neurons from TEN3 and TEN4 double conditional-KO mice, indicating that at least
partial toxin-like domain is indispensable for synapse formation (Zhang et al., 2025).

TCAP has been reported to be transcribed as a smaller mRNA transcript, exhibiting its
own ATG starting codon. Furthermore, cleavage sites have been identified that yield smaller
fragments in mouse brain lysates and hippocampal neurons, leading to speculation that TCAP
may be released and post-translationally processed (Chand et al., 2013). Some groups have
characterized the C-terminus of TENS to be cytotoxic, similar to their Tc toxin counterpart,
where the addition of purified C-terminal TEN increases apoptosis of HEK 293T cells in vitro;
however, sequence alignment with DNAses shows that TENSs lack the HNH catalytic pocket
necessary for nuclease activity (Ferralli et al., 2018; Li et al., 2018)

Upstream of the TCAP, the antibody-binding domain (ABD) is expressed, but there are
currently no known ligands for this region. The toxin-like domain portion after the barrel-exit
site forms hydrogen bonds with the side of the B-barrel and is exposed to the synaptic cleft. It has
yet to be determined if this exposed region binds to any post-synaptic receptors or is released

into the synaptic cleft, though it is widely speculated by different groups.
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Isoform Perturbation Associated disorder/disease Source

TENI missense mutaion congenital general anosmia Alkelai, et al., 2016

TEN2 overexpression glioma patients; brain cancer cell lines proteinatlas.org

TEN3 null mutation microphthalmia Aldahmesh, et. al,. 2012

TEN3 null mutation pediatric autoimmune disease Li, et. al,. 2015

TEN4 missense mutaion essential tremor Hor, et al. 2015

TEN4 risk factor Parkinson's Disease Pu, et al., 2020; Liang et al. 2020
TEN2, TEN4 missense mutaion schizophrenia Li, etal., 2021; Y1, et al., 2021
TEN4 risk variant bipolar disorder Heinrich, et al. 2013

TEN2, TEN4 disregulated expression ovarian tumor tissue Graumann, et al., 2017

TENI1, TEN2, TEN4 missense mutation autism Tossifov, et al, 2014

Table 1: Summary of TEN mutations and human disease.

All human TEN isoforms are involved in neurological disorders and non-neuronal diseases, as summarized by their
literature source.

1.8 Implications on Disease

Human TENs comprise four isoforms whose mutations have been associated with various
neurological disorders. Congenital anosmia, a neurological disorder that shuts down the ability to
smell, was associated with X-linked missense mutations of TEN1 in the B-barrel (Alkelai et al.,
2016). Point mutations for essential tremor (ET) have been found in the Ig-like and B-propeller
domains of TEN4, which has been identified as a regulator of oligodendrocyte differentiation
and significant for myelination of small-diameter axons in the CNS of mice and zebrafish (Hor et
al., 2015; Suzuki et al., 2012). Risk variants and other mutations associated with Parkinson’s
disease, schizophrenia, autism, and bipolar disorder have been identified in most isoforms
(Table 1) (Alkelai et al., 2016; Hor et al., 2015; lossifov et al., 2014; Li et al., 2021; Liang et al.,
2021; Pu et al., 2020; Xue et al., 2018). Furthermore, TEN overexpression has been found in
glioma patients and brain cancer cell lines, in addition to non-neuronal cancers like ovarian

cancer tissue (https://www.proteinatlas.org/ENSG00000145934-TENM2/pathology) (Graumann

etal., 2017; Uhlen et al., 2017).
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Interestingly, missense mutations in TEN4 have been identified in schizophrenia patients,
meaning that single nucleotide polymorphisms (SNPs) in TEN4 are sufficiently deleterious to
TEN4 protein function associated with schizophrenia. One of these variants, Q2735E, is part of
the toxin-like domain, indicating that the C-terminus of TENs may be as significant as other
TEN domains in neurological disorders than previously thought. Knockdown and overexpression
studies of ten-m in Drosophila show disruption in sleeping behavior, learning ability, and
increased aggression, which are schizophrenia-like phenotypes related to cognitive deficits,
further supporting TEN4’s association with schizophrenia (Carruthers et al., 2021; Ferrarelli,
2020; J. Wang et al., 2024; Yi et al., 2021). Despite the potential implications of the TEN toxin-
like domain on brain development and health, the molecular and cellular details for this domain

remain to be fully elucidated.

1.9 Teneurin Research in C. elegans

To study genes and proteins that underlie neurological disorders, animal models are
commonly used as tools for understanding defects in disease, investigating mechanism and
function of genes, and searching for potential therapeutic treatments. TENs have been observed
to play a role in neurite outgrowth, axon target selection, and synapse identity specification in
difference species, which include the canonical model organism C. elegans (Antinucci et al.,
2013; Del Toro et al., 2020; Drabikowski et al., 2005; Li et al., 2020; Mosca et al., 2012; Sando
etal., 2019; Vysokov et al., 2018). C. elegans encode a single ten-1 gene as two isoforms that
differ by separate promoters initiating transcription at different points on the N-terminus,
resulting in full-length ten-1L and short form ten-1S lacking the ICD (Drabikowski et al., 2005).

Ten-1 has been implicated in basement membrane integrity and proper axon migration of
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pharyngeal neurons; additionally, mutations cause embryonic lethality, sterility, infertility, larval
arrest, and disrupted neuron targeting (Drabikowski et al., 2005; Mdorck et al., 2003; Morck et al.,
2010; Topf & Chiquet-Ehrismann, 2011; Trzebiatowska et al., 2008). Thus, ten-1 is important

for C. elegans nervous system and body development.

1.9.1 Current knowledge of C. elegans ten-1 localization

Ten-1L isoform (F28F5.1) is driven by the ten-1a promoter to produce the full-length
protein of 2837 amino acids (aa). This isoform includes translation of the ICD, which contains an
NLS, 8 EGF-like repeats, and predicted furin cleavage at 100 and 120aa downstream of TM.
Transcriptional GFP reporter using the ten-a promoter (BC15001) exhibits GFP expression in
mesoderm, pharynx, somatic gonads, and various muscles and neurons. In adults, nervous
system expression is specific to 3 marginal cells mc1 and mc3, head ganglion cells, M2
pharyngeal neurons, DVB neurons, and nerve ring interneurons. Body expression is found in
intestine, posterior body wall muscles, vulva muscles, gonad and spermatheca sheath cells, utse
cells of uterus, and hypodermal cells like rectal hypodermis (Drabikowski et al., 2005; Morck et
al., 2010). RNA.I interference of ten-1a transcript crossed with ten-1(ok641), a null mutant for
ten-1, expressed defects in germ line development, somatic gonad formation, meandering distal
tip cells, and other morphological abnormalities.

Ten-1b promoter expression, which lack the ICD, differs from ten-1a. The alternate
transcriptional reporter (BC15000) drives ten-1b promoter expression in ectoderm, hypodermis,
and extra-pharyngeal neurons. Adult worms exhibit GFP in head and tail neurons, CAN, HSN,
lumbar, retro-vesicular ganglion, and some nerve ring interneurons, along with specialized

epithelial cells in anterior end and excretory duct. Mutations via RNAI interference and null
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mutant present with axonal pathfinding defects, such as wrong direction or turns, defasciculated
axons of ventral nerve cord (VNC), abnormal VNC integrity, few or no sperm, and ectopic nerve
ring mislocalization to the metacorpus. Together, these reporters demonstrate that ten-1 is

expressed in nervous system and body development of C. elegans.

1.9.2 Null mutant for ten-1 exhibit axonal and body morphology defects

The Vancouver Gene Knockout Lab generated hundreds of mutants in C. elegans via
ethyl methanesulfonate and UV radiation and used large-scale PCR screening to detect deletions,
creating a public-domain source of knockout strains for research (Consortium, 2012). Among
those mutants was ten-1(ok641), an in-frame deletion of 675aa/2130bp removing 4 EGF-like
repeats and part of cysteine-rich region resulting in a null mutant with numerous vitality and
morphological defects. This mutant line exhibits embryonic lethality at a rate of about 5%, larval
arrest at about 25-30%, vulva defects, sterility, and infertility. Body defects include
mispositioned vulva muscle, no open vulva slit, gonad disruption, detachment of epidermis from
muscle cells, and basement membrane disruption, indicating ten-1 is important for basement
membrane integrity, adhesion in reproductive organs, and development of proper epidermis
(Topf & Chiquet-Ehrismann, 2011; Trzebiatowska et al., 2008). Nervous system defects
manifest as misplaced axon bodies, misguided and truncated axons, and conspicuous varicosities
in pharyngeal neurons such as M2, M3, M4, 13, and NSM. Increased expression of unc-
129::GFP in dorsal muscles is present in ten-1(ok641) mutants, but no axonal defects are visible
in ventral commissures traversing the body to reach dorsal muscles typical of unc-129
perturbations (Morck et al., 2010). In fact, body neurons exhibit normal axon guidance,

indicating neuronal defects are specific to pharyngeal neurons. Overall, ten-1 localization and
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defects have been studied over the past 20 years, but research has focused on general expression
via transcriptional GFP reporters and null mutants that disrupt whole protein. This thesis will
focus on specific domains that compose TENSs’ unique tertiary structure by examining
endogenous expression of ten-1 and the possible influence of its toxin-like domain in C. elegans

nervous system.

1.10 C. elegans as a Model Organism for the Nervous System

The neuroscience field has utilized C. elegans for studying the nervous system due to the
immense available knowledge and flexibility as an animal model. C. elegans contains a total of
302 neurons, 20 of which are pharyngeal neurons and 282 are body neurons. Compared to
billions of neurons in the human brain, their small size may appear restrictive and
disadvantageous, but the opposite is true. The C. elegans genome has been full sequenced,
allowing for complete access to the worm for genetic mapping, targeted mutagenesis, and precise
genetic manipulation. Typically, genes express fewer isoforms than their vertebrate counterparts,
but fewer isoforms mean easier targeting and isolation of genes for study. On a practical level, C.
elegans worms are relatively easy to maintain in laboratory settings compared to other organisms
as they require less space and inexpensive agar plates for feeding and maintenance. Their high
reproductive rate and short life cycle grants researchers the ability to address developmental
questions, conduct large-scale genetic screenings, and enable swift experimentation.

Despite their small number of neurons, C. elegans exhibit a complex nervous system.
They contain a tight axon bundle, or nerve ring, around the isthmus of the pharynx that can be
interpreted as the “brain” of the worm. While classified as an invertebrate, the worm expresses a

VNC, which act as a spinal cord-like structure littered with motor neurons essential for worm
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locomotion. Furthermore, axonal processes extend from neurons and form synapses along their
trajectory, and over half of these reach the nerve ring, the most synapse-rich part of the animal.
The transparency of the worm allows easy visualization of neuronal morphology through
microscopy, especially in conjunction with fluorescent reporters. Thus, C. elegans is often used
in studying synapses, neuronal development, and axonal wiring when addressing questions about
orthologs in the nervous system, and this makes the worm a compatible model organism for
investigating TENs and neuronal circuitry.

In this study, we examined the in vivo endogenous expression pattern of C. elegans ten-1
and the influence of ten-1 on proper pharyngeal neuron development. Furthermore, we assessed
the importance of the C-terminal toxin-like domain on proper expression and axon morphology.
In vitro, we used protein purification of TEN2 to address its ability to undergo autoproteolysis at
the C-terminus given its strong structural and biochemical homology to Tc toxins. Additionally,
we explore the possibility of these C-terminal properties in C. elegans ten-1. We aim to expand
on the current knowledge of the C-terminal toxin-like domain in TENs and its implications on
shaping neuronal circuitry. Among the abundant number of cell adhesion molecules at the
synapse, TENs function in all steps of neuronal circuit assembly, which emphasizes their
importance in proper brain wiring and need for further study. This thesis couples C. elegans
genetic modification and microscopy with biochemical experiments to examine the fundamental
properties of the C-terminus underlying TEN function, which may contribute to understanding

TENSs’ importance in brain health and disease.
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CHAPTER 2: RESULTS

2.1 Endogenous ten-1 expression is C. elegans

Previous studies investigated C.elegans ten-1 expression using transcriptional reporter
strains, which fused ten-1 promoters to green fluorescent protein (GFP). However,
transcriptional reporters are not always fully representative of gene expression patterns due to
spatial and temporal differences. Transgenic animals express GFP in a variable number of cells
and at different intensities due to variations in copy numbers. Furthermore, transcriptional
reporters will express GFP in the whole cell rather than specifically localize GFP to the protein
of interest. To look at endogenous expression of a gene, CRISPR-Cas9 is widely used in C.
elegans as a gene editing technique for tagging endogenous proteins.

C. elegans ten-1 is located on autosomal chromosome 111 and contains two promoters that
yield two distinct isoforms. The ten-1a promoter resides upstream of the exon 1 and transcribes
for the full-length protein, called TEN1L or long-form. On the other hand, ten-1b is located
before exon 10 and allows translation immediately before the TM excluding the ICD and is thus
termed TEN1S or short-form (Figure 2.1). We used a C.elegans ten-1 strain tagged with
mNeonGreen (mNG) fluorescent protein, ten-1::mNG, via CRISPR-Cas9- mediated homologous
recombination to observe endogenous ten-1 expression (Keeley et al., 2020). This fluorescence
tag is located at the C-terminus of the gene, and thus we expect expression to encompass all
isoforms of ten-1. Endogenous ten-1 is expressed in the head, ventral nerve cord (VNC), and tail
of C. elegans (Figure 2.2B). The punctal fluorescent signal seen in the body of the worm
originate from lipids in the digestive system, which emit autofluorescence during excitation of

certain wavelengths, and is not part of ten-1 expression (Clokey & Jacobson, 1986). A closer
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look at the head shows that the mNG signal wraps around the isthmus of the pharynx, which
connects the two digestive bulbs that make up the mouth of the worm (Figure 2.2C). The mNG

signal runs along the VNC and ends at the tail as puncta posterior to the anal cavity (Figure
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Figure 2.1: Gene locus of C. elegans ten-1 and genetic modifications

Ten-1 is located on Chromosome 111 of C. elegans, containing 19 exons across almost 60Kbp and two promoters,
ten-1a and ten-1b. CRISPR-mediated fluorescent tag was introduced at the C-terminus. Protein domains are mapped
to gene loci, and mutant locations are shown.

ICD: Intracellular domain; TM: transmembrane; EGF: epidermal growth factor-like domain; 1G: immunoglobulin.
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Figure 2.2: ten-1 is endogenously expressed in the nervous system of C. elegans with and
without its toxin-like domain

(A) ten-1 was tagged with mNeonGreen fluorescent protein at its C-terminus, and the toxin-like domain was
subsequently truncated via CRISPR-mediated deletion.

(B) L1 worms exhibit expression at pharynx (red arrow), through ventral nerve cord (VNC), and at tail (white
arrow) in both full and truncated strains.

(C-D) Anterior ten-1 expression wraps around the isthmus of the pharynx, indicating nerve ring localization (C), and
posterior expression occurs at tail neurons posterior to anal cavity (D).

ICD: Intracellular Domain, TM: Transmembrane; EGF: Epidermal growth factor-like domain; Ig: Immunoglobulin-

like domain; prop: B-propeller; barrel: B-barrel; tox: toxin-like domain; mNG: mNeonGreen. Scale bar represents 20
pm in (A) and 10 um in subsequent images.
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2.2 Truncation of the C-terminal toxin-like domain in C. elegans ten-1

To investigate the role of the toxin-like domain in C. elegans ten-1, we truncated the C-
terminus via CRISPR-Cas9- mediated deletion (Figure 2.2A). We targeted exon18 at G2506 and
deleted 597bp from 25231-25827. The deletion was performed in-frame to maintain a viably
translated mNG protein and the flexible 6X glycine-alanine-serine (GAS) linker. We targeted
G2506 right after the barrel exit site at S2501 and not the whole toxin-like domain, which starts
at E2583, to minimize the amount of instability a deletion might cause inside the barrel cavity,
and to keep most of the extracellular toxin-like domain intact, including the regions most likely
to be involved in function.

We found that the truncation mutant strain, ten-1(syb9522), shared similar expression
pattern to ten-1::mNG, where signal was expressed around the pharynx, extended through the
VNC, and ended at the tail (Figure 2.2B, C). However, the truncation mutant signal appears

more spread out at the pharynx and with higher intensity along the VNC and tail. Quantification
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Figure 2.3: Comparison of mNG expression between wildtype ten-1 and truncation mutant

Ten-1(syb9522) truncation mutant exhibits higher fluorescence intensity and larger area of expression (ten-1::mNG
n =10, ten-1(syb9522) n = 10, ***p < 0.001, ****p < 0.001, Student’s t-test).
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of mMNG expression at the pharynx showed a significantly higher area of expression and intensity
between ten-1(syb9522) and ten-1::mNG (n=10 respectively, ***p <0.001, ****p, Student’s t-

test) (Figure 2.3).

2.3 Viability of truncation mutant compared to wildtype and null ten-1 mutants

Previous studies investigated the viability of ten-1 null mutant ok641 compared to
wildtype and found various deleterious phenotypes such as embryonic and larval lethality
(Drabikowski et al., 2005; Morck et al., 2010; Trzebiatowska et al., 2008). We assessed the
viability of our truncation mutant to address whether truncating the C-terminal toxin-like domain
of ten-1 produced defective phenotypes as observed in the null mutant. Brood size
remained mostly similar among wildtype (N2), ten-1(ok641) null mutant, ten-1::mNG, and ten-
1(syb9522) truncation mutant, with a general lower trend in the null (Figure 2.3B). Embryonic
survivability, which was determined by the percentage of eggs that hatched into larva, showed a
significant decrease in ten-1(ok641) to 82.53% but no difference in the control or fluorescent
strains at about 100% (N2: n=741; ten-1(ok641): n=492, p-value = 0.0205; ten-1::mNG: n=295;
ten-1(syb9522): n=132) (Figure 2.3C). Furthermore, ten-1(ok641) experienced a severe decrease
in larval lethality, which measures the number of larva that developed into adults, to 58.76%
compared to about 100% in N2, ten-1::mNG, and ten-1(syb9522). (***p < 0.001, ****p <
0.0001) (Figure 2.3D).

In addition to survivability, the ten-1(ok641) null mutant exhibited an exploding vulva
defect in mature adults, where the vulva protrudes and ultimately explodes, leading to posterior
immobility of the worm due to anchoring at the explosion site, and eventual death (Figure 2.5A,

B). We recapitulated this previously described phenotype by counting the number of adult
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Figure 2.4: Only ten-1 null mutant exhibits viability defects

(A) Schematic for viability assay counts conducted in wildtype N2, ten-1(ok641), ten-1::mNG, and ten-1(syb9522)
strains.

(B-D) ten-1(ok641) shows general decrease in brood size (B), and significant decrease in embryonic survivability
(C) and larval viability (D). ten-1(syb9522) mutant shows no significant difference in viability compared to wildtype
controls.

(N2 n =741, ten-1(0k641) n = 462, ten-1::mNG n = 295, ten-1(syb9522) n = 132, n.s., not significant, *p < 0.05,
***p < 0.001, ****p < 0.001, One-way ANOVA, Tukey’s multiple comparison test).
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Figure 2.5: ten-1 null mutants experience an exploding vulva phenotype

(A) C. elegans ten-1(ok641) adults exhibit protruding vulva phenotype (Pvl; black arrow).

(B) Adult worms explode at the vulva (ten-1(0k641) n = 120). ****p < 0.001, Bonferroni’s multiple comparisons
test.

worms that exploded after 24hrs as an adult to about 5%, and additionally observed this
phenotype significantly grow in severity after 48 hrs to about 20% (n=120, ****p < 0.0001,
mixed effects analysis) (Figure 2.5C) . No vulva defects were observed in wildtype controls or

C-terminal truncation mutant.

2.4 ten-1 mutants exhibit defective phenotypes in M4 neurons

Pharyngeal neurons in ten-1 null mutants have been previously described with defective
phenotypes ranging from truncated axons to abnormal varicosities (Morck et al., 2010). M4
neurons are pharyngeal motor neurons important for feeding and peristalsis, and they synapse

onto the isthmus and terminal bulb of the pharynx. The cell body sits dorsally at the end of the

29



ten-1(ok641) ten-1(syb9522)

y 2

A M4 neuron

ten-1(ok641) ten-1(syb9522)

ser-7b::GFP ten-1::mNG

Normal

Varicosities
wt

Meandering Axon ten-1::mNg
B fen-1(ok641)

B fen-1(syb9522)

Beaded Axon

Ectopic Growth

I Y T Y T T T T T ¥ 1
0 20 40 60 80 100

Percentage of Worms

Figure 2.6: M4 neurons exhibit axonal defects in adult ten-1 mutants

(A) Diagram of normal morphology of M4 neuron, lateral view.

(B-H) Transcriptional GFP reporter ser-7b::GFP for M4 neurons was crossed into ten-1::mNG, ten-1(ok641), and
ten-1(syb9522) and imaged for neuronal defects. Ten-1(ok641) null mutant exhibits conspicuous varicosities (white
arrowhead, D), beaded axons (red arrowhead), and meandering axons (white arrowhead, E). Truncation mutant ten-
1(syb9522) also shows varicosities (G) and meandering axons (H). Scale bar represents 10 um.

(1) Comparison of normal axons and axon defect phenotypes between strains. N2 n = 62, ten-1(ok641) n = 47, ten-
1::mNG n = 109, ten-1(syb9522) n = 58, *p < 0.05, ***p < 0.001, Fisher’s exact test.
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anterior bulb and sends two processes across the isthmus of the pharynx until reaching the
terminal bulb, where it makes a turn back to toward the initial bulb; a lateral (or side) view of
this morphology appears as a single axon extending from the cell body due to 3-dimensional
overlap of the two processes (Figure 2.6A). Ser-7b, a serotonin (5-HT7-like) receptor that
enables pharyngeal pumping, is exclusively expressed in M4 neurons (Hobson et al., 2003).
Using ser-7b::GFP transcriptional reporter, we can observe M4 neuron morphology when
crossed into ten-1 strains.

Ten-1(ok641) null mutant exhibits conspicuous varicosities along the axon most
commonly at the turn in the terminal bulb, beaded axon phenotype (red arrowhead), and
meandering axons that stray from the usual axonal trajectory (Figure 2.6D, E). Similar defects
are observed in ten-1(syb9522) truncation mutant whereas ten-1::mNG exhibits normal
morphology akin to the wildtype GFP reporter, indicating that these phenotypes arise when the
C-terminal toxin-like domain is truncated (Figure 2.6F-H). In fact, the number of animals with
varicosities and beaded axon defects seen in the ten-1 mutants is significantly higher than
wildtype controls (Figure 2.61, Table 2). Moreover, these mutants display meandering axons
generally more than observed in wildtype but not to a significant extent. Taken together, we
observe that wildtype strains produce normal M4 neurons about 90% of the time, while the

mutant strains exhibit about 60% normal morphology.

2.5 ten-1 mutants exhibit defective phenotypes in NMS neurons
Neurosecretory—motor (NSM) neurons are bilateral pair of pharyngeal neurons that
release and reuptake serotonin and are involved in mediating feeding response (Axang et al.,

2008). Tph-1 gene, which encodes for tryptophan hydroxylase ubiquitously expressed in
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Figure 2.7: NSM neurons exhibit axonal defects in adult ten-1 mutants

(A) Diagram of normal morphology of NSM neuron, lateral view.

(B-H) Transcriptional GFP reporter tph-1::GFP for NSM neurons was crossed into ten-1(ok641), ten-1::mNG, and
ten-1(syb9522) and imaged for neuronal defects. Ten-1(ok641) null mutant exhibits truncated axons (red arrowhead,
D), varicosities (white arrowhead, E), and ectopic growths (white arrowhead, F). Ten-1::mNG shows similar
morphology as wildtype (G), while truncation mutant ten-1(syb9522) shows varicosities (H). Scale bar represents 10
pm.

(1) Comparison of normal axons and axon defect phenotypes between strains. N2 n = 50, ten-1(ok641) n = 61, ten-
1::mNG n =57, ten-1(syb9522) n = 69, *p < 0.05, ***p < 0.001, Fisher’s exact test.
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serotonergic neurons, is used as a reporter for NSM expression. Thus, we use tph-1::GFP
transcriptional reporter to observe changes in NSM morphology from mutation in ten-1.

NSM neurons are composed of a cell body at the anterior bulb with an axon that
bifurcates into two major processes extending either dorsally or ventrally toward the terminal
bulb (Figure 2.7A). NSM’s are found symmetrically in both the left and right side of the C.
elegans body, resulting in appearing as a single cell body and two processes due to their overlap
when observed laterally. When imaged, ten-1(ok641) null mutant exhibits truncation of the major
dorsal process almost 20% of the time, significantly higher than the 3% seen in wildtype (Figure
2.7D, 1; Table 2). This natural variation in wildtype is consistent with previous studies (Axang et
al., 2008). The null mutant also exhibits bright varicosities, typically at the end of processes, and
ectopic growths such as extra processes threading around the anterior bulb (Figure 2.7E, F).
Both fluorescent strains display the natural variation in truncated dorsal axon seen in wildtype,
but the truncation mutant exhibits a significant number of varicosities like the null mutant at
about 10% (Figure 2.7H, I, Table 2). Ectopic growths are not observed in either ten-1::mNG or
ten(syb9522) strain.

Overall, both ten-1 mutants have a less-than-normal number of NSM neurons with
normal morphology, where the C-terminally truncated strain shows only about 87% normal
NSMs while the null mutant is more severe at only about 67% normal NSMs. Wildtype and

mNG-tagged wildtype showed a typical natural variation of normal NSM neurons at about 97%.

2.6 ten-1 mutants show varicosities along the VNC processes of HSN neurons
Tph-1::GFP not only expresses in NSM neurons but also in hermaphrodite specific motor

neurons (HSN). HSNs are a set of left/right symmetrical motor neurons that innervate the vulva
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Figure 2.8: HSN axons exhibit conspicuous varicosities in adult ten-1 mutants

(A) Representative image of a normal HSN neuron in an adult C. elegans worm, ventral view.

(B-F) Transcriptional GFP reporter tph-1::GFP was crossed into ten-1(0k641), ten-1::mNG, and ten-1(syb9522) and
imaged for neuronal defects. Wildtype ten-1::GFP exhibited cell bodies at the vulva extending axons along the
VNC until reaching the nerve ring (B, C). Ten-1(0k641) null mutant and ten-1(syn9522) truncation mutant presented
with varicosities along the VNC and the vulva (E, F), while ten-1::mNG expressed similar morphology as wildtype
(D). Images in lateral view. Scale bar represents 50 pum.

(G) Comparison of normal axons and axon defect phenotypes between strains. N2 n = 44, ten-1(ok641) n = 61, ten-
1::mNG n = 82, ten-1(syb9522) n = 71, *p < 0.05, ***p < 0.001, Fisher’s exact test.
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muscles and contribute to egg-laying. The cell bodies of HSNs reside sub-ventrally just posterior
to the vulva and extend axons that branch and synapse onto the vulva. The main processes enter
and run along the VNC anteriorly until reaching the nerve ring (Figure 2.8A). HSN neurons
from ten-1(ok641) null mutant exhibited conspicuous varicosities in their axons along the VNC
and in processes near the vulva (Figure 2.8E). Similarly, ten-1(syb9522) truncation mutant
expressed HSN axons with varicosities along the VNC. Wildtype and ten-1::mNG strains
exhibited normal morphology, indicating that varicosities can be attributed the mutations in ten-1
(Figure 2.8B, C, E). Meandering axons were also observed in the null mutant and wildtype, but
this phenotype may be due to natural variation. On the other hand, varicosities in both ten-1
mutants were statistically significant , indicating a defective phenotype in the axons of HSN

manifest when ten-1 protein is truncated or null (Figure 2.8G, Table 2).

Neuron Genotype Normal Varicosities Meandering Beaded Truncated Ectopic n
axon axon axon growth

M4 wi 90.32% 1.61% 8.06% 62

ten-1::mNG 89.36% 8.51% 2.13% 47

ten-1(ok641) 56.88% 14.68% #x* 11.01% 18.35% #x 1.83% 109

ten-1(syb9522) 58.62% 15.52% ** 13.79% 8.62% * 58

NSM wt 98.00% 2.00% 50

ten-1::mNG 96.49% 3.51% 57

ten-1(ok641) 66.67% 10.00% * 18.33% = 10.00% = 60

ten-1(syb9522) 86.96% 10.14% * 2.90% 69

HSN wi 93.18% 227% 44

ten-1::mNG 97.56% 2.44% 82

ten-1(ok641) 78.69% 14.75% * 6.56% 61

ten-1(syb9522) 87.32% 12.68% s 71

Table 2: Summary of scoring pharyngeal and body neurons in ten-1(ok641) null and ten-
1(syb9522) truncation mutant

Statistical significance tests were conducted for all strain comparisons. Stars for ten-1(ok641) correspond to
comparisons against wt, and ten(syb9522) to comparisons against ten-1::mNG.
*p <0.05, **p <0.01, Fisher’s exact test.
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2.7 TEN2 ECR produces a C-terminal product when EGF- and Ig-like domains are absent
As a type-1l transmembrane protein, the C-terminus of TENS is exposed to the outside of
the cell, attached to the membrane via its single-pass TM region; in turn, this ECR interacts
transsynaptically via homophilic and heterophilic interactions (Berns et al., 2018; Li et al., 2023,
Li et al., 2020; Zhang et al., 2022). To study the C-terminus of TENZ2, we used an insect cell
expression system to purify secreted protein composed of only the five ECR domains. Sf9 cells
were transfected with TEN2 full ECR construct with a C-terminal His-tag to produce
baculovirus, which was subsequently used to infect Hi5 cells and secrete TENZ2 protein into the
media. The His-tagged protein was purified via nickel beads and processed by size exclusion
chromatography (SEC), where larger molecules are eluted earlier than smaller products. The
protein fractionations contained a large 245 kDa product corresponding to the full ECR in
Comassie blue staining and a single absorbance peak in the chromatogram (Figure 2.9A).
Because TENSs form cis-dimers due to disulfide bonds between EGF domains, we also
purified TEN ECRA1, which lacks the EGF-like domain, to test whether TEN2 monomer
produces a C-terminal product. Similar to the full ECR, purified ECRA1 contained only a single
protein product at the expected size of 215 kDa (Figure 2.9B). We then looked at the I1g-like
domain, which plugs TENZ2 at the bottom of the B-barrel and makes contacts with residues inside
the barrel cavity, including those belonging to the C-terminal toxin-like domain (Li et al., 2018).
TEN2 ECR with both EGF- and Ig-like domains deleted was purified and analyzed via SEC to
test whether a C-terminal product would be present in TEN2 monomer lacking the Ig-like
domain. We observed ECRA1,2 protein at 170 kDa and an additional product about 30 kDa in
size (Figure 2.9C). Furthermore, an additional absorbance peak was observed in ECRAL,2 at

elution volumes 14-16 mL, which was not seen in chromatograms of neither the full ECR or
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Figure 2.9: TENZ2 exhibits a C-terminal cleavage product when EGFE- and lg-like domains
are deleted

(A-C) Size exclusion chromatography of (A) TEN2 ECR, (B) TEN2 ECRALI, and (C) TEN2 ECRA1,2 protein
purifications. Red bars in chromatograms indicate fractions collected.

(D) Comparison of size exclusion chromatograms of TEN2 ECR (black), ECRA1 (orange), and
ECRA1,2 (green) normalized to 100%.

UV: Ultraviolet; mAU: mili-Absorbance units
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ECRAT1 lacking the EGF-domain. A peak shift to the left in was also observed in full TEN2 ECR
and ECRAL,2 compared to ECRA1 monomer.

These constructs contain a 6x His tag at the C-terminus, and thus we used His-antibody to
test whether the protein products came from the C-terminus. Western blot against His-antibody
showed staining at the expected size of the full construct 170 kDa and the additional protein
product of 30 kDa, which suggests that this smaller product is part of the C-terminus of
ECRAL,2 (Figure 2.10). Furthermore, mass spectrometry of this protein product revealed
peptides present at the toxin-like domain (Figure 2.11). These data indicate that the identity of
the 30 kDa product belongs to the toxin-like domain of TENZ2 and is only produced when both

the EGF- and Ig-like domains are ablated from the ECR.
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Figure 2.10: TENZ2 exhibits a C-terminal cleavage product when EGF- and Ig-like domains
are deleted

Fractions of TEN2 ECRA1,2 immunostained with His-488 antibody. Load sample control
before size-exclusion chromatography. Arrowheads indicate expected size bands for TEN ECRA1,2 (170 kDa) and
cleavage product (34 kDa).

38



M  EGF 7 c

N
TEN2
(FBVNQ3) —-'— B-barrel )—_

/

TEN2 ECRA1,2

MVIGFHGGLYDPLTKLVHFTQRDYDVLAGRWTSPDYTMWKNVGKEPAPFNLYMFKSNNPLSSELGLKNYVTDVKSWLVMFGFQLSNIIPGFPRAK
T 22900 " 2300] T 2310/ T 2320] T 23300 T 23400 T 23500 " 2360( T 23700

| Toxin-like domain

conserved R conserved D G (in place of conserved D in other Teneurins)

MYFVPPPYELSESQASENGQLITGVQQKTERHNQAFMALEGQVITKKLHASIREKAGHWFATTTPIIGKGIMFAIKEGRVTTGVSSIASEDSRKV

2380/ T 2390] T 2400/ T 24100 T 24200 T 2430] T 2440/ T 2450] T 2460] T 24700
Toxin-like domain
KVASVLNNAYYLDK

ASVLNNAYYLDKMHYSIEGKDTHYFVKIGSADGDLVTLGTTIGRKVLESGVNVTVSQPTLLVNGRTRRFTNIEFQYSTLLLSIRYGLTPDTLDEE

¥ 2480 ¥ 2490 y 2500/ ¥ 2510 ¥ 25201 ' 25300 kg 2540( ! 25501 ¥ 25601
Toxin-like domain

furin cleavage site

KARVLDQARQRALGTAWAKEQQKARDGREGSRLWTEGEKQQLLSTGRVQGYEGYYVLPVEQYPELADSSSNIQFLRQNEMGKR
2570 . 2580/ d 25901 T 2600] 2 2610 ¥ 2620 T 26300 L 2640 > 12648

Toxin-like domain
J[ARVIDQAR | QRALGTAWAKEQQK | [Eesmowmeeek [
|

YGLTPDTLDEEK

Figure 2.11: Mass spectrometry of 30kDa protein product from TEN2 ECRA1.,2
purification .

Mass spectrometry for cleavage product produced from ECRA1,2 purification. Peptide mass results compared to
TEN2 (UniProt: FSVNQ3). Peptide matches highlighted in green. B-barrel (blue) with catalytic residues, toxin-like
domain (purple), furin cleavage site (yellow), and TCAP (orange). TCAP: Teneurin C-terminal-associated peptide
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2.8 TEN2 undergoes C-terminal autoproteolysis via conserved catalytic residues

Tc toxins contain a set of catalytic residues that induce autoproteolysis of the C-terminus
of the C component, which is released into the cytoplasm of neighboring cells to induce
insecticidal activity (Busby et al., 2013; Meusch et al., 2014). This catalytic site is evolutionarily
conserved across species, from partial conservation in C. elegans to high conservation in all
isoforms of human TENSs (Li et al., 2018). TEN proteolytic activity and its effect on TEN
function have been thoroughly characterized at the N-terminus, but the C-terminal
autoproteolytic potential of TENs remains undetermined (Bagultti et al., 2003; Kenzelmann et al.,
2008; Scholer et al., 2015; Vysokov et al., 2016; Vysokov et al., 2018).

Tc toxins cleave the C-terminus of their C component through an aspartate dyad located
inside its barrel structure (Busby et al., 2013; Meusch et al., 2014). This cleavage is abolished
when either of the two aspartates or a nearby arginine are mutated to a neutral amino acid,
indicating that these three residues are responsible for C-terminal cleavage in Tc toxins. Through

structure alignment, we noted that the conserved catalytic residues are conserved in TEN2

R2302
D674 p674 -
R638 J R638 J
S D2345G : V D2345G
D2315) "\ DE51 ‘ D651 } %

H. Sapiens TEN2 P. Luminescens Tc toxin Superimposition

Figure 2.12: TEN2 conserved catalytic residues reside in similar positions as Tc toxin
autoproteolysis site

Comparison of catalytic residue positions in TEN2 (purple) and P. luminescens (orange). TEN2 exhibit R2302 and
D2315 at similar structural positions as corresponding R638 and D651 toxin catalytic residues. This TEN2 isoform
contains a glycine in place of aspartate at a different spatial position.
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(R2302, D2315, and D2345) are spatially located in similar positions as the autoproteolysis site
of Tc toxins (Figure 2.12). Thus, we hypothesized that the C-terminal product observed from
TEN2 ECRAL1,2 was cleaved via autoproteolysis by these conserved catalytic residues.

We targeted R2302 and D2315 for mutation to neutral alanine amino acid (R2302A and
D2315A) to test whether these residues were responsible for C-terminal product in wildtype
ECRAL1,2. The mutant ECRA1,2_RD protein was purified and separated by SEC to check if
protein product was present at the same elution volumes (14-16 mL) as the cleavage product
observed in wildtype. Comparison of chromatograms revealed that the peak corresponding to C-
terminal product observed in ECRA1,2 was absent in the mutant construct (Figure 2.13B).

Mutation of these catalytic residues (R2302A and D2315A) prevented formation of the
30 kDa protein product observed in wildtype (Figure 2.13), Moreover, SEC showed that the
protein peak corresponding to the C-terminal product observed in ECRA1,2 was absent in mutant
construct ECRAI1,2 RD, suggesting that the conserved catalytic residues are responsible for C-
terminal product release. To further investigate this observation, we used His-antibody to show a
reduction in C-terminal product for ECRA1,2 RD as compared to wildtype ECRA1,2 (Figure
2.14). Taken together, these data show that mutating R2302 and D2315 abolished
autoproteolysis in TEN2 ECRA1,2, indicating that release of the toxin-like domain occurs in
TEN2 lacking EGF- and Ig-like domains via these conserved catalytic residues. Furthermore,
this proteolytic mechanism of release appears to be evolutionarily carried over from Tc toxins as

a C-terminal property of TENS.
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Figure 2.13: Mutagenesis of TEN?2 conserved catalytic residues abolish autoproteolysis

(A) Size exclusion chromatography of purified TEN2 ECRA1,2 RD.

(B) Chromatogram comparison of TEN2 ECRA1,2 (black) and ECRA1,2 RD (red) normalized
to 100%.

RD: R2302A, D2315A mutagenesis.
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Figure 2.14: Mutagenesis of TEN2 conserved catalytic residues abolish autoproteolysis

(A) Fractions containing full construct or cleavage product of TEN2 ECRA1,2 and ECRA1,2 RD
immunostained with His-488 antibody. Arrowhead indicates expected size band for cleavage product (34 kDa).

(B) Quantification of cleavage band intensity normalized to full construct, respectively.

RD: R2302A, D2315A mutagenesis.

2.9 Ig-like domain may contribute to C-terminal product release

The TcB-TcC barrel of Tc toxins is plugged by a 3-propeller domain that is integral to the
release of the C-terminal cytotoxic domain (Gatsogiannis et al., 2018; Meusch et al., 2014). The
Ig-like domain is reported to make contacts with the -barrel and toxin-like domain when it
plugs the barrel at the bottom of the structure (Li et al., 2018). Earlier we observed that TEN2
releases its C-terminal toxin-like domain only when the Ig-like domain is deleted. Thus, we

hypothesize that the Ig-like domain is involved in regulating toxin-like domain release.
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Figure 2.15: TENZ2 lg-like domain makes contacts with the toxin-like domain at two loops

(A) The Ig-like domain (yellow) contains a long (LL) and short loop (SL) (red) that form a possible interface with
the toxin-like domain (magenta).

(B) Example of hydrogen bonds connecting the Ig-like domain interface residues (pink) with toxin-like domain
interface residues (green).

(C) Deletion of the small loop in insect vector and both loops (BL) in mammalian vector. BL deletion exhibits cell
surface expression in HEK 293T cells via flow cytometry of against Myc-antibody. EV: Empty vector.
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2.9.1 Ig-like domain makes contacts with the toxin-like domain

Using PDBePISA, which identifies interfaces in crystal structures, we find that 14
residues in the Ig-like domain of TEN2 form an interface with the toxin-like domain, which
corresponds to two loops that sandwich a -sheet (Figure 2.15A). The long loop (LL) from
F920-E933 and the short loop (SL) from 1941-P944 are predicted to make contacts with a single
loop and an a-helix/loop combination in the toxin-like domain, respectively. The interface
residues are within distance of 5 A, where five of them are within 4 A and predicted to form
hydrogen bonds via Pymol analysis (Figure 2.15B). We cloned TEN2 with deletion of the
predicted Ig- and toxin-like domain interface into a mammalian vector tagged and used flow
cytometry to show that deletion of both loops expressed at the cell surface in mammalian cells,

implying mutations of these loops produce a stable protein (Figure 2.15C).

2.9.2 Deletion of a small loop in Ig-like domain results in possible C-terminal product

We cloned TEN2 with deletion of only the small loop (TEN2 ECR_ASL) into insect cell
expression vector to test whether the predicted interface between the Ig-like and toxin-like
domain influenced C-terminal product release. Wildtype TEN2 ECR and mutant ECRASL were
purified from insect cells and separated by SEC, and we observed a 270 kDa band corresponding
to the size of whole ECR in the ASL construct under Coomassie blue conditions (Figure 2.16A).
C-terminal product in the earlier wildtype ECRA1,2 experiments was found at elution volumes
14-16 mL; if C-terminal product was released in ASL, we expect to find it in the same fractions
corresponding to those elution volumes. Comparison of chromatograms shows full ERC peaks,
albeit eluted at different volumes, in both constructs and a small peak at volumes 14-16 mL in

the ECR_ASL mutant (Figure 2.16B). His-antibody staining of fractions containing these
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Figure 2.16: Deletion of small loop in Ig-like domain results in C-terminal product

(A) Coomassie blue gel of eluted fractions of TEN2 ECR_ASL after SEC (B). Chromatogram shows small peak at
elution volume expected for cleavage.

(C) His-antibody staining of fractions expected to contain either the full ECR (left) or the cleaved product (right).
WT full fraction contained too much protein, hence the distorted band.

volumes (cleave) exhibited a band at about 30 kDa in ECR_ASL but not wildtype, suggesting
that deletion of the small loop contributed to the emergence of a C-terminal product (Figure
2.16C) . Further tests such as mass spectrometry or N-terminal are necessary to confirm the

identity of this band.
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DISCUSSION

3.1 Ten-1 toxin-like domain plays a role in C. elegans nervous system development

Endogenous expression of ten-1 in C. elegans has not been previously described post-
embryogenesis, and here we show that worms at L1 larval stage express ten-1 around the isthmus
of the pharynx, where the nerve ring is located. Furthermore, ten-1 runs along the VNC and
reaches the end of the tail posterior to the anal cavity. This pattern corroborates the expression
seen in transcriptional reporters, though more acutely instead of throughout the cell. Ten-1is a
type 1l transmembrane protein, meaning the C-terminus resides outside the membrane; thus, the
endogenous C-terminal mNG tag sits at the cell surface with the ECR. Because ten-1 expression
is observed at the nerve ring, which is composed of a tight bundle of axons with dozens of

synapses, we expect Ten-1 plays a role at the synaptic cleft.

3.1.1 Deletion of the toxin-like domain on C. elegans as a neomorphic effect

The expression pattern of endogenous ten-1 differs when the toxin-like domain is deleted,
where ten-1 is more spread out around the isthmus and exhibits higher intensity, confirmed
quantitatively. The truncated mutant also appears overly expressed at the VNC and in the tail
regions. Overall, the truncated protein is overexpressed compared to WT, which suggests that
truncation of the toxin-like domain results in a more stable protein. It is not unheard of for
structural flexibility of TENs to change dramatically; in fact, some functions depend on the
ability of TEN genes to encode for structurally disparate isoforms. For example, an alternative
splicing site (+SS) at the B-propeller of the ECR was identified and confirmed to affect the steric

potential of the teneurin backbone, thereby preventing the binding of TEN2 to LPHN3 (Li et al.,
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2020). Transfection of TEN2 +SS isoform in HEK 293T cells results in inhibitory synapse
formation when co-cultured with cortical neurons, while the absence of splice site (-SS), which
allows for LPHN3 binding, leads to excitatory synapse formation. Thus, alternative splicing
directs synaptic specificity in TENs through shape-shifting mechanism.

It is possible that truncating the toxin-like domain leads to overexpression or neomorphic
effects. In our viability assays, we see a decrease in average brood size for the truncation mutant
strain. While the variance of the brood size assay is too high to show statistical significance, this
observation is worth noting when considering neomorphic effects of the truncation mutant,
especially when the fluorescent WT strain, ten-1::mNG, retains an average brood size similar to
WT control. The embryonic survivability and larval viability of the truncation mutant remain
steady when compared to controls, implying that the truncation of toxin-like domain bears no
negative effect on embryonic or body development as observed in ten-1 null mutant; thus, the
toxin-like domain is not necessary for viability of the worm as is full-length Ten-1. Another
previously described ten-1 mutant allele, et5, is composed of point mutation that introduces a
premature stop codon just downstream of the EGF-like domain, producing a strain with milder
post-embryonic phenotype than ok641 null mutant, where 70% of worms et5 progeny grow into
fertile adults (Morck et al., 2010). The ok641 strain contains a 2130 bp deletion that removes the
last four EGF repeats until part of the B-propeller (Figure 2.1) and results in a more severe post-
embryonic phenotype, indicating an important function for these last four EGF repeats present in
the et5 hypomorph. Moreover, the ok641 mutant is an in-frame deletion, which means the toxin-
like domain is still present in the translated mutant protein and yet still produces severe viability

defects. This corroborates our finding that toxin-like domain has no bearing on embryonic
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development or post-embryonic phenotype and most likely produces a stable protein, and
truncation of the toxin-like domain may actually produce a more stable protein.

It is also feasible that truncation of toxin-like domain results in increased transcriptional
feedback to produce more Ten-1 protein. While this possibility seems unlikely because it would
require the extracellular toxin-like domain to communicate with the intracellular nucleus, we
could test this by crossing our ten-1::mNG and syb9522 lines to transcriptional GFP reporters for
ten-1a and ten-1b promoters and measuring the amount of GFP expression. If the toxin-like
domain downregulates ten-1 promoter activity, then we expect syb9522 to induce more GFP
intensity, which is driven by ten-1a or ten-1b promoter. It is also possible that the toxin-like
domain interacts with an intermediate molecule to downregulate activity of ten-1a and/or ten-1b
promoters. If there is no change in transcriptional GFP reporters, then truncation of toxin-like
domain may indeed induce a neomorphic effect on ten-1 by increasing its stability as previously

hypothesized.

3.1.2 Truncation mutant produces defects similar to null mutant in pharyngeal or body neurons
TENSs are known for their ability to form homo- and heterophilic interactions in cis along
the cell membrane or in trans across the synapse, and we surmise that Ten-1 may be important
for proper axon morphology in C. elegans due to its localization at the nerve ring and along the
VNC. The null mutant has been previously characterized to show axonal defects in pharyngeal
neurons, and we demonstrate that these defects are not unique to the null. Partial truncation of C-
terminal ten-1 domain produced varicosities and beaded axons in M4 neurons comparable to the
null mutant, both at a significantly higher rate than wildtype strains, indicating that the toxin-like

domain is at least partially responsible for these phenotypes. Meandering axons were observed
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Figure 3.1: Ch. 2 and Ch.3 pair alleles for homozygous ten-1 and ten-1(ok641) mutants

Homozygous ten-1 mutant (top) in ch. 3 results in embryonic lethality, but when balanced with mT1(11;111)
translocation, a single ten-1 mutant allele yields a null mutant strain. mT1(111) allele is marked by dpy10 and linc-25.

more in mutants than wildtype but not to a significant extent, although a general higher trend of
this defect is present in the mutants.

Interestingly, ten-1(ok641) is an in-frame deletion far upstream of the toxin-like domain
that is balanced by the translocation of chromosome Il and 111 [mT21(I1;111)] because the mutation
is otherwise homozygous lethal (Consortium, 2012; Edgley & Riddle, 2001). The right arm of
one allele in ch. 11 is exchanged with the right arm of one allele in ch. 11l to prevent
recombination. Ten-1 genetic position is at the right arm of ch. I1l, which means the ok641
mutation is found in the ch. Il allele paired with the chimeric mT1(I1l) allele, while wildtype ch.
Il allele is paired with the chimeric mT1(1l) allele containing translocated wildtype ten-1 (Figure
3.1). While the resulting ok641 strain contains a single copy of both wildtype and mutant ten-1
alleles, it behaves as a null mutant, suggesting that the mutation is dominant negative. The
mutant protein is still translated but likely interferes with the wildtype copy. We do not observe
the same embryonic, larval, and vulva defects in our C-terminal truncation mutant, syb9522, that
are present in ok641, yet we see defects in M4 neurons almost as severe, suggesting the toxin-

like domain plays a role in proper axon morphology.
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Similarly, we observed varicosities in axons of NSM neurons in both mutants, but only
the null mutant exhibited truncated axons and ectopic growths at a higher rate than the normal
variation found in wildtype. Nevertheless, SCRNA-Seq from the CeNGEN project reports ten-1
expression in NSM neurons, suggesting that the toxin-like domain exerts influence over NSM
axons in a cell-autonomous manner (Taylor et al., 2021). Furthermore, NSMs express a dorsal
and a ventral axon extending from the soma, and the truncation we observed was of the dorsal
branch, which has been reported to be most sensitive to mutations that affect growth cone
guidance and function (Axang et al., 2008). This truncation implies ten-1 may play a role in
NSM axon guidance or interaction with synaptic partners, which necessitates further study via
genetic interaction studies.

In addition to NSM, the tph-1::GFP reporter allowed us to examine HSN neuron
morphology in relation to ten-1 mutations. HSN neurons are a key part of the egg-laying circuit
of C. elegans, synapsing onto VC neurons and vulva muscle wall and extending axons from two
cell bodies near the vulva all the way to the nerve ring (Figure 2.7A) (Huang et al., 2023). They
control timing of egg-laying, high locomotion during egg-laying behavior, low-dwelling motion
in response to food, and release serotonin that is taken up by NSM neurons at the nerve ring. As
such, HSNs orchestrate multiple functions in C elegans, and this multifaceted control over motor
circuits and neurotransmitter release makes them a crucial target for study.

Ten-1 mutants displayed conspicuous varicosities in HSN axons along the VNC and at
the vulva, which was not previously reported. Abnormalities are more severely present in 0k641,
suggesting that the toxin-like domain of ten-1 is only partially responsible for axonal defects. We
previously discussed that missense mutations in multiple domains of TEN4 have been identified

as risk variants for schizophrenia, which suggests that multiple domains, not necessarily a single
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domain, contribute to structure stability and protein-protein interactions in combination. Thus,
although the truncation mutant experienced these defects to a slightly lesser degree than the null,
the difference compared to wildtype is still significant enough to suggest that the toxin-like
domain may be an important component of HSN neurons and pharyngeal neurons, perhaps in
conjunction with other domains. This aligns with in vivo studies in mice, where the ICD, EGF-
like, and toxin-like domain of TEN3 were identified as indispensable for synapse formation

(Zhang et al., 2025).

3.1.3 Lack of full penetrance indicates functional redundancy between multiple players

It must be noted that these neurons develop mostly normal axons in these mutant strains
(Table 2). The highest degree of penetrance was about 43% in NSM neurons, then 33% in M4
neurons, and a little over 10% in HSN neurons. However, ten-1(ok641) has been reported to
enhance defects in the pharyngeal M2 neurons when combined with mutations in mig-14, unc-5,
unc-51, unc-52 and unc-129 (Morck et al., 2010). Furthermore, ok641 is synthetic lethal with
mutations in sax-3, unc-34, unc-73, phy-1, ina-1, dgn-1, epi-1, and nid-1, which encode for
hypodermal cell morphogenesis, basement membrane components, and pharyngeal development,
and double mutants enhance non-neuronal defective phenotypes (Topf & Chiquet-Ehrismann,
2011; Trzebiatowska et al., 2008). Thus, it is highly likely that ten-1 mutants are not fully
penetrant because ten-1 is working in conjunction or share redundancy with other genes involved
in nervous system development. Genetic studies are needed to identify which genes when

mutated enhance axonal defects reported here.
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3.1.4 Protein-protein interactions of ten-1

Interactions between TENSs and other receptors is complicated in both vertebrates and
invertebrates and remains to be fully understood. Mammalian TENs canonically bind to LPHNs
to mediate certain functions during neurodevelopment, such as cell migration with redial glial
cells, axon targeting in the mouse hippocampus, and synaptic specificity to determine excitatory
synapse identity. On the other hand, presynaptic TEN2 +SS alternative splicing variant that
cannot bind to LPHN induces inhibitory synapse formation in mammalian cell cultures, implying
an unknown postsynaptic partner. In C. elegans, binding partners of ten-1 remain to be
identified. Lat-1, the C. elegans homolog of vertebrate LPHNS, is expressed in multiple neurons
and neuronal support cells, and transcriptome analyses of lat-1 null-mutants revealed
downregulated genes associated with neurodevelopment and mechanosensation (along with body
morphology and copulation) (Matus et al., 2022). Furthermore, abnormal dendritic morphology
and anterior shift of the nerve ring was observed in lat-1 mutants. The N-terminus of lat-1, which
resides on its extracellular part exposed to the synaptic cleft, was identified as the responsible
region for regulating sperm guidance, ovulation, and germline apoptosis, which contribute to
reproduction and brood size control, and morphogenesis of sensory structures in the C. elegans
nervous system (Matus et al., 2024). This N-terminal dependent regulation indicates a trans
function for lat-1.

Past literature describes the interaction of ten-1 and lat-1 as in parallel rather than the
trans interactions seen in vertebrates TENs (Schoneberg & Préomel, 2019). While genetic
interaction studies in C. elegans imply interaction between ten-1 and lat-1, no direct binding has
found (Morck et al., 2010; Promel et al., 2012). Double mutants of lat-1; ten-1 exhibited almost

completely penetrant developmental arrest and a greatly reduced brood size. Heterozygous
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animals, which carry at least one wild-type allele for either loci, exhibited significant defects in
embryogenesis and fertility in a dose-sensitive manner (meaning that lat-1 +/-; ten-1+/+
exhibited low penetrance of about 10%, lat-1 +/+; ten-1+/- showed about 25%, lat-1 +/-; ten-
1+/- about 40%, until full penetrance reached in mutant homozygotes), which implies that both
genes are acting at least partly in parallel during development and germline function. This non-
complementation implies a synergistic rather than linear interaction between both genes.
Furthermore, patterning of ten-1 expression in neurons does not coincide with lat-1 according to
early studies, and non-neuronal expression is present in early hypodermal cells, implying
possible interaction in cis rather than in trans (Schoneberg & Promel, 2019).

When looking at CeNGEN reports of lat-1 and ten-1 expression, however, we see that
expression coincides in NSM pharyngeal neurons as they contain both lat-1 and ten-1. Moreover,
while HSN body neurons cells do not express ten-1, they do carry lat-1, implying that if an
interaction were to exist between ten-1 and lat-1, it could be in trans. NSM and HSN neurons
synapse with each other, whose interaction is crucial for egg-laying behavior, and thus a possible
connection between ten-1 and lat-1 could be further investigated to explain the neomorphic
effect we see in decreased brood-size of our truncation mutant. Furthermore, NSM neurons
synapse onto 16 and M3 neurons, which express lat-1, and M3 axonal defects have been
previously described with regards to ten-1 null-mutants; additionally, M4 neurons, whose axonal
defects were described here, synapse onto M1 neurons that express lat-1. Therefore, the possible
interaction between ten-1 and lat-1 remains to be full disentangled, whether in cis or in trans.

While there is no evidence of binding between lat-1 and ten-1, the former has been
reported to interact with other receptors. In vertebrates, UNCS5 interacts with FLRT and LPHN in

cell adhesion assays, while FLRT and LPHN form a trimeric complex with TENSs to induce
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synapse formation (Li et al., 2018; Lu et al., 2015). Genetic interaction studies in C. elegans
imply interaction between ten-1 and unc-5 and lat-1, but direct binding has yet to be determined
(Morck et al., 2010; Promel et al., 2012). Lat-1 has been reported to bind to Tol-1, a cell-surface
receptor, and this interaction is important for embryonic development and brood size (Carmona-
Rosas et al., 2023). It is possible that ten-1 does not interact with lat-1 and instead act in parallel
with each other, where Lat-1 binds to other receptors to maintain functions similar to Ten-1.
Many genes in C. elegans act in redundancy with each other, which would explain the lack of
full penetrance seen in our axon defect phenotypes.

While most of the discussion here and in the literature surrounds lat-1, C. elegans also
expresses a paralog called lat-2. While both lat-1 and lat-2 encode seven transmembrane domain
G protein-coupled receptors with characteristics of LPHNSs, they share only 21% amino acid
identity with each other (Willson et al., 2004). Lat-2 is expressed in the pharynx and gland cells
of the excretory system, but its function is still unknown, where its deletion has no obvious
phenotype except for enhancing penetrance of the late embryonic and larval defects observed in
lat-1 deletion (Langenhan et al., 2009; Topf & Drabikowski, 2019). Vertebrate TENS interact
with different isoforms of LPHNSs, which is essential for correct axon targeting, and while ten-1
has not been found to interact with lat-1, interaction with lat-2 remains unexplored and thus

remains a possibility for functionality of ten-1 in C. elegans.

3.1.5 Establishing cell autonomy of ten-1 in axonal development
We previously described that NSM neurons express ten-1 according to CeNGEN scRNA-
Seq data, and the axon defects observed in NSM due to ten-1 mutants imply cell autonomy. To

fully establish whether ten-1 functions cell-autonomously, RNA interference (RNAI)
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experiments could be performed that target ten-1 in specific neurons of C. elegans. Previously,
RNAI has been used to test whether Ten-1 acts cell autonomously or nonautonomously in sperm
development (Drabikowski et al., 2005). Mutant strain rrf-1, which is known to be defective in
somatic RNAI, was injected with RNAI directed against both ten-1a and ten-1b transcripts or
GFP-RNAI, and no significant difference was observed in the number of progeny of injected
worms from either group, implying non-cell autonomy. However, the authors concluded that this
result was not an indication of non-cell autonomy because the somatic gonad is already
developed at time of injection and ten-1 is expressed in developing sperm, and rrf-1 mutant
worms are not hypersensitive in the germ line and expected to react as wild-type worms.
Regardless, we can apply RNAI to test to cell autonomy of ten-1 in NSM neurons. First, we
would globally remove ten-1 from wildtype N2 worms by using RNAI directed against both
promoters, where we predict NSM axonal defects as observed in the ten-1 mutants earlier in this
thesis. Then, we would inject a cosmid carrying the entire genomic region of the ten-1 gene (or
empty control) that is only expressed in NSM neurons. If ten-1 is acting cell autonomously in
NSM neurons, then we expect ten-1 expressed only in NSM to rescue the NSM axon defects.

Because we observed similar phenotypes in our C-terminal truncation mutant, we could
further test cell autonomy specific to the toxin-like domain by injecting ten-1 gene with deletion
of the C-terminus. If this truncated ten-1 gene fails to rescue the axonal defects, then we could
attribute ten-1 function in NSM morphology to the toxin-like domain. Likewise, cosmid with
only the ten-1 toxin-like domain part of the gene could be injected into ten-1 knockdown worms
to test whether only the toxin-like domain is necessary for NSM function, as the varicosities

phenotype is present at the 10% rate in both null and truncation mutants (Figure 2.7).
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Cis interaction between TENSs residing on the same side of the membrane have been
observed in other organisms such as Drosophila and mammals. Thus, it is possible that ten-1 in
NSMs may be acting cell autonomously in cis. In this case, it would be important to also probe
the importance of the ICD and its role in cell autonomy of ten-1 in NSM neurons, which can be
accomplished by targeting RNAI only to ten-1a transcript and comparing to RNAI of both
transcripts.

In contrast, if no rescue is observed, then ten-1 is likely acting non-cell autonomously,
which could be confirmed by using RNAI that specifically targets ten-1 in NSM neurons.
Synapses form onto NSM neurons from HSN body neurons and 11, 12, 13, 14, and 16 interneurons
in the pharynx. Non-cell autonomy would be consistent with interactions in trans, and at least 11
and 16 express ten-1 according to CeNGEN. Using RNAI to target ten-1 knockdown in 11 and 16
and probe for NSM axon defects would show if ten-1 function in NSM neurons is non-cell
autonomous.

Although ten-1 is not present in M4 neurons according to CeNGEN, this absence could
be attributed to a drawback in collecting pharyngeal neurons for sScRNA-Seq, where not enough
pharyngeal neurons may have been collected, and thus a lack of expression is not necessarily the
correct conclusion. M4 neurons receive synapses from 13, 15, 16, NSM and synapse onto M1, of
which 16 and NMS neurons express ten-1. These connections could be targets for establishing
cell or non-cell autonomy of ten-1 function in M4 neurons. HSN neurons follow similar logic,
where no expression of ten-1 was detected in CeNGEN data, implying cell autonomy. Due to
HSNs extending axons all the way from the vulva to the pharynx, they make numerous
connections with other neurons, receiving synapses from BDU, AVL, PLM, AVB, AVJ, PVQ,

PVN, AVG, and synapsing to VUL, NMJ, VC5, SABV, AVD, SABD, VC2, AS5, VA6, DAG. In
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this case, it would be interesting if targeted expression of ten-1 in these individual neurons could
rescue axonal defects in HSNs from ten-1 RNAIi knockdown. This type of observation would

imply a trans interaction of Ten-1 in C. elegans.

3.1.6 ten-1 mutants and C. elegans reproduction

Ten-1(ok641) worms exhibit exploding vulva, sterility, and infertility, and although these
phenotypes appear unrelated to egg-laying, vulva explosion and death only happen in early
adults, which coincides with the onset of egg-laying behavior. Furthermore, ten-1 is found in
VC4 and VC5 neurons according to CeNGEN, which synapse onto HSN neurons and vulva egg-
laying muscles, and which have been reported to induce the egg-laying phase via serotonin
release (Waggoner et al., 1998; Zhang et al., 2008). The null mutant also showed a general
decrease in brood size (with the truncation mutant to a lesser extent), which could be attributed
to fewer eggs laid or lower rate of egg-laying. Thus, it might be worth exploring egg-laying
speed by measuring it in ten-1 mutants to investigate whether ten-1 plays a role in egg-laying
behavior.

When HSN axons are cut anterior to the vulval presynaptic region, egg-laying rate
remained intact while increased locomotion, which is coupled to egg-laying, was weakened
(Huang et al., 2023). Varicosities were observed not only close to the vulva but along the HSN
axons extending to the nerve ring, suggesting that ten-1 may be important to HSN motor output
independent of egg-laying behavior. Measuring increased locomotion in ten-1 mutants could be
explored to further assess the role of ten-1 during egg-laying process. Additionally, HSN axons
project to the nerve ring and synapse onto NSM neurons, which together promote slow dwelling

behavior as feeding response in worms via serotonin release and reuptake. AVL neurons, which
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are GABAergic motor neurons that start at the nerve ring and run along the VNC until reaching
the posterior end at the tail, form synapses with HSN, coordinating the defecation motor
program. Behavioral assays can be performed with ten-1 mutants to address whether Ten-1
contributes to function via these specific neurons. Furthermore, the possible interaction between
lat-1 and ten-1 could be further explored with regards to HSN neurons, as lat-1 is crucial for

regulating components of reproduction in C. elegans.

3.1.7 The connection between ten-1 and unc-129 regulation

Ten-1 null mutant has also been reported to increase unc-129 levels in the dorsal muscles,
which suggests that ten-1 may influence TGF-f levels on the unc-129 locus (Mérck et al., 2010).
DA and DB motor neurons project commissural axons from the VNC circumferentially to the
dorsal wall muscles, facilitated by unc-129 enhancing the UNC5/UNC40 heterodimers dorsally
in oppositional gradient to ventrally-concentrated UNC6. This allows axon grown cones to
migrate from the high UNC6 ventral levels to the dorsal side with low UNC6 and reach dorsal
muscles (Colavita & Culotti, 1998; Colavita et al., 1998; MacNeil et al., 2009). Although ten-
1(ok641) increases unc-129 expression, axonal defects in DA/DB neurons are absent in the null
mutant, despite other studies showing that changes in unc-129 levels result in axon guidance
defects. The influence of ten-1 toxin-like domain on unc-129 could be explored by crossing our
truncation mutant with a proper unc-129::GFP reporter to address whether ten-1 suppression of
unc-129 is specific to the toxin-like domain. In preliminary data, we observe that unc-129::GFP
expression along the dorsal is increased in the truncation mutant (see Appendix A). This change
in expression from WT reporter to truncation mutant is similar to the 20-fold increase visible in

the null mutant from previous study. Thus, we speculate that the toxin-like domain may at least
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be responsible for the influence of ten-1 over unc-129 levels. Control strain for the fluorescent
protein (unc-129::GFP with ten-1::mNG) must be generated to make a definite conclusion. If
this observation is attributed to the truncation of toxin-like domain, then we could speculate that
the C-terminus of ten-1 somehow influences the innervation of commissural axons from DA/DB
to dorsal muscles, and perhaps a deeper connection between ten-1 and TGF-f exists that

accounts for this phenotype.

3.2 C-terminus of human TEN exhibits autoproteolytic potential

When referring to cleavage in TENSs, the N-terminus is often discussed, as it has been
thoroughly studied and found to coordinate several functions at different cleavage sites. In an
isoform of TENZ2, furin-mediated cleavage (S3) occurs before the EGF-like domain during
processing at the Golgi complex, but this cleavage product remains non-covalently attached to
the N-terminal fragments at the transmembrane (TM) region (Figure 3.2A). To release the whole
ECR, an additional cleavage site (S2) at the TM breaks up the membrane-anchored fragment and
is thought to be mediated by a matrix metalloproteinase. Cleavage of this TEN2 ECR contributes
to axon pathfinding in developing hippocampal neurons by attracting LPHN-1-expressing axonal
growth cones via a concentration gradient (Vysokov et al., 2016; Vysokov et al., 2018). Another
cleavage site (S1) is found in the cytosolic side of the protein just before the TM, which releases
the ICD from the rest of the anchored TENZ into the cytoplasm. The ICD contains a nuclear
localization signal that allows its translocation into the nucleus, where it enacts transcriptional
activity (Bagutti et al., 2003; Kenzelmann et al., 2008; Scholer et al., 2015).

Cleavage sites at the C-terminus of TENSs are predicted at the toxin-like domain (Figure

3.2B). A furin-cleavage site is found that would release the toxin-GHH domain of the C-
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Figure 3.2: Cleavage sites found in N-terminus and C-terminus of TEN2

(A) N-terminal cleavage sites at TEN2 reside near the TM only: S1, S2, S3.

(B) C-terminal cleavage sites in the toxin-like domain located at the toxin-GHH domain and TCAP. Conserved
autoproteolysis site is predicted to release most of the toxin-like domain.

ICD: intracellular domain; TM: transmembrane; EGF: epidermal growth factor-like domain; Ig-like:
immunoglobulin-like domain (Ig); ABD: antibiotic-binding-like domain; GHH: glycine-histadine-histadine domain;
TCAP: teneruin C-terminal associated peptide.

terminus, named after the Glycine-Histadine-Histadine amino acid motif responsible for DNAse
activity in Tc toxins. Sequence alignment showed that this GHH sequence is not conserved in
human TENSs, but an adjacent GYE/D motif, which is found in the GHH toxin from Bacillus
thuringiensis, is found in all vertebrate TENs. Mammalian HEK 293T cells transfected with
human TEN1 or TEN2 toxin-GHH domain exhibited apoptotic activity, meanwhile purified
chicken TEN1 or TEN2 toxin-GHH-domain linearized pcDNA3 plasmid and hydrolyzed
plasmid containing murine mitochondrial DNA at short or overnight incubation times,
respectively (Ferralli et al., 2018). Interestingly, when the whole ECR of chicken TEN2 was

purified and incubated with DNA, no nuclease activity was observed, indicating that toxin-GHH
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domain is cytotoxic only when separated from the full-length ECR. This evidence suggests that a
stimulus or event is necessary for the release of teneurin C-terminus into the synaptic cleft
region.

In Tc toxins, a change in pH triggers the opening of the TcA component and a subsequent
conformational change of the inner translocation channel. This structural shift opens the -
propeller gate at the bottom of the TcB-TcC barrel, allowing for the cleaved C-terminal cytotoxic
domain to flow down the newly continuous pore from inside the barrel cavity to the target cell
(Gatsogiannis et al., 2018). Once inside the cell, the cytotoxic domain exerts its insecticidal
activity depending on species of bacteria. For example, the cytotoxic domain from P.
luminescens acts as an ADP-ribosyltransferase, which post-translationally modifies actin that
leads to increased actin polymerization and clustering and subsequent cell death (Gatsogiannis et
al., 2018; Lang et al., 2010; Meusch et al., 2014). While an insecticidal role for the C-terminal
cytotoxic domain exists in bacterial Tc toxins, the need for a cytotoxic role in higher organisms
is unclear. If the cleaved toxin-like domain of TENSs is detrimental to cells in living organisms,
especially in areas where TENSs are localized such as the brain, then perhaps a mechanism is in
place to prevent autoproteolysis or release of teneurin C-terminus. On the other hand, an
argument could be made that cytotoxicity is required only at specific times and thereby initiated
by a particular event or trigger; for instance, pruning of inappropriate contacts during
neurodevelopment could be a result from programmed cell death or the disruption of
mitochondrial DNA induced by cleavage and release of toxin-like domain from TENS.

Some groups claim C-terminal cleavage is absent in TENSs, while others report cleavage
at the TCAP site (Figure 3.2B) (Chand et al., 2013; Vysokov et al., 2016; Vysokov et al., 2018).

While cleavage is predicted at the TCAP, the appearance of this small protein product in brain
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lysates may be due to TCAP acting as its own mRNA transcript independent of TEN translation.
Furthermore, TCAP does not exhibit any nuclease activity and instead acts in opposite fashion as
a neuromodulatory agent in both vertebrates and invertebrates. Most of these groups utilize
murine brain lysates and neuronal tissue culture lines to examine the catalytic potential of TENS.
Following suit, we observed no C-terminal cleavage when transfecting mammalian cells with
full-length TENZ2 constructs or purifying full ECR from insect cells. However, once the EGF-
and Ig-like domains were removed, a C-terminal product was detected in TEN2, and we
identified conserved catalytic residues responsible for the appearance of this product, R2302 and
D2315. This evidence strongly suggests that the toxin-like domain is cleaved via autoproteolysis
comparable to Tc toxins, and likewise a mechanism may exist in human TENSs that regulates C-
terminal release.

The Ig-like domain has increasingly become a point of interest for studying TENSs, due to
its carboxypeptidase-like sequence conservation, TTR domain, and B-propeller interface for
dimerization in flies (Li et al., 2023; Tucker, 2018). We targeted the Ig-like domain as a possible
modulator of toxin-like domain release because of putative interface between domains inside the
barrel structure. We saw evidence that the full ECR produced a C-terminal product when the
small loop in the interface was deleted. Furthermore, we saw very preliminary evidence that
specific residues N928A/E933A/Q2402A/R2406A may contribute to releasing the C-terminal
product (see Appendix B). However, further investigation is needed to make this claim and
establish a concrete interface between the 1g-like and toxin-like domain. Nevertheless, these data
point to the Ig-like domain as a possible regulatory domain for autoproteolytic release of the
toxin-like domain in TENs. Whether the 1g-like domain influences autoproteolysis itself or

directs the release of an already-cleaved toxin-like domain remains to be determined. If we look
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at Tc toxins for comparison, the cytotoxic domain is cleaved regardless of an open or closed
translocation channel, but autoproteolysis is required for translocation to occur, hinting that the
Ig-like domain interface with toxin-like domain is influencing C-terminal release rather than
autoproteolysis. To test this possibility, we could mutate the catalytic residues R2302 and D2315
in the ECR_ASL construct and observe whether C-terminal product is absent from purified
protein. Furthermore, the effect of pH on cytotoxic domain release in Tc toxins suggests pH may
be important for toxin-like domain release. The cytotoxic domain is released only when a change
in pH triggers the opening of the translocation channel (Gatsogiannis et al., 2018). Additionally,
the C-terminal domain is dissociated from the TcB-TcC complex only when dialysed with low
pH buffer rather than at pH 7.5 (Busby et al., 2013). It is possible that a certain event triggers
release of the toxin-like domain, such as a change in pH or interactions with an unknown ligand.
All these unexplored possibilities could be the reason for the lack of C-terminal cleavage
reported by various groups. These future experimental considerations for the Ig-like and toxin-
like domain could reveal a physiologically relevant mechanism for autoproteolysis of the C-
terminus.

C-terminal processing of ten-1 has yet to be determined, but here we see some early
evidence of potential C-terminal cleavage in C. elegans. Similar to TEN2, we observed a
possible C-terminally His-tagged product when the EGF- and Ig-like domains were deleted,
suggesting a potential for C-terminal release (see Appendix C). While the catalytic site is only
partially conserved, serine participates in enzymatic activity through serine proteases in
conjunction with histadine and aspartic acid. When we examined an Alpha-fold model of Ten-1,
we did not locate histadines or asparates within 4 A, a typical distance for protease residue

positions. However, it is possible TENs undergoes some conformational shifts to activate a
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catalytic site. Tc toxin studies of catalytic residues exceeded a distance of 4 A in their crystal
structure but were still confirmed to induce autoproteolysis. Furthermore, limitations of Alpha-
fold modeling may be at play. It is not unheard of that invertebrate TENSs diverged in evolution
from vertebrates. For example, the asymmetrical interface in Drosophila that regulates
dimerization is not conserved in vertebrates, but vertebrate TENS contain an alternative splice
site in the same position that regulates dimerization (Li et al., 2023). However, we fully
acknowledge that C-terminal autoproteolysis may not be present in ten-1 as we have yet to
confirm it via our biochemical studies. It should be noted that we observed a smaller 15 kDa
product in the ten-1 ECR_A1, 2 construct, suggesting that TCAP is cleaved in C. elegans
similarly to other TENSs, which has been previously unreported (see Appendix C). The
modulatory effects of TCAP on stress behavior has been studied in other invertebrates, which
leaves TCAP and its functional role in C. elegans as worthy of further investigation.

While ten-1 in C. elegans is usually described as an extracellular matrix component
affecting basement integrity and body morphology, our data hints at ten-1 as playing a possible
axon guidance role or a component of egg-laying behavior. Furthermore, ten-1 has been
identified as part of the neuroprotective gene pool that promotes axonal regeneration in touch
receptor neurons (Delgado et al., 2023). Thus, a multitude of functions remains to be fully
explored in C. elegans with respect to ten-1 and its domains.

TENSs have risen in popularity as a target of study in recent years due to its role in
neuronal circuitry development. Its complex and unique tertiary structure has attracted much
speculation about how TENSs function and the implications for diseases. In this thesis, we
explored the C-terminal properties of TENs, where we found axonal defects in C. elegans

nervous system when the toxin-like domain was truncated and found evidence of potential
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autoproteolytic processing of a vertebrate isoform. The toxin-like domain may shed into the
synaptic cleft and undergo further proteolytic processing or post-translational modifications to
produce an active TCAP, or itself act as a ligand across the synapse with post-synaptic receptors.
The C-terminal properties recorded in this thesis can lead to further studies of TENS in their
biochemistry and their potential functions, which ultimately could be important for

understanding the role of TENSs in disease.
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MATERIALS AND METHODS

4.1 Worm Handling and Strains

Worms were grown under standard conditions at 20° C on nematode growth media
(NGM) plates with bacteria (E. coli OP50) as food source (Brenner, 1974). All worms used in
this study were hermaphrodites. L1 worms were obtained from recently hatched eggs. Adult
worms were picked at Day 1 after maturation from L4, which were identified by DIC or
fluorescence based on vulval morphology. N2 Bristol strain was used as wildtype. In addition,
the following strains were used: NK2502 [ten-1::mNG], PHX9522 [ten-1(syb9522)], ten-
1::mNG; otls544[cho-1(fosmid)::SL2::mChOpti::H2B + pha-1(+)], VC518 [ten-1(ok641)], ser-
7b::GFP, ser-7b::GFP; ten-1::mNG, ser-7b::GFP; ten-1(syb9522), ser-7b::GFP; ten-1(ok641),
tph-1::GFP, tph-1::GFP; ten-1::mNG, tph-1::GFP; ten-1(syb9522), tph-1::GFP; ten-1(ok641),
evls79(unc-129::GFP). Some strains were provided by the CGC, which is funded by NIH Office
of Research Infrastructure Programs (P40 OD010440), unless otherwise stated: ser-7b::GFP was
a generous gift from Dr. Peter G. Okkema, ten-1(syb9522) was procured from SUNY Biotech,

unc-129::GFP was a generous gift from Dr. Marc Pilon.

4.2 Generation of CRISPR Strain

Truncation of the C-terminus in ten-1(syb9522) was conducted on ten-1::mNG, which
has been previously described (Keeley et al., 2020). Briefly, ten-1::mNG strain was previously
generated by insertion of an 18 amino acid flexible linker (6x glycine-alanine-serine) and
mNeonGreen fluorophore at the C-terminus of the ten-1 genetic loci via CRISPR-mediated

genome editing. Ten-1::mNG was then modified by truncating 597 nucleotides starting in exon
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18 and completely ablating exon 19 (25231-25827), which corresponds to the toxin-like domain
of ten-1 located outside the barrel-exit site. Truncation was conducted in frame upstream of the

linker region.

4.3 Microscopy

Animals were anesthetized using 100mM sodium azide (NaN3) and mounted on 4%
agarose (w/v in water) on glass slides. Images of neuronal GFP reporter lines were taken with an
automated fluorescence microscope at 20X magnification for pharyngeal neurons and 10X for
body neurons (Zeiss, Axio Imager Z2). Several z-stacks were taken with each image (0.32 um
intervals between stacks) with Zeiss Axiocam 503 mono using the ZEN software (Version
2.3.69.1000, Blue edition). Images of ten-1 fluorescent strains were obtained with a confocal
microscope at 63X magnification with oil (Zeiss LSM 880). Representative images shown were
obtained by either single layer or maximum intensity projection of 8-11 um Z-stacks. Image

reconstruction was performed using Image J/FI1JI software.

4.4 Quantification Analysis on ImageJ/FI1JI

CZlI files of images containing both fluorescent strains, ten-1::mNG; otls544 and ten-
1(syb9522), side-by-side were imported directly to FIJI. The region of interest (ROI) was set
between the anterior and terminal bulbs length-wise and between the dorsal and ventral edges
height-wise. Images were processed using Z-project to obtain Sum of Slices image with
boundaries manually set per Z-stack. Only worms that were sitting laterally were selected to

maintain a consistent pattern of expression between images at the ROI. Threshold of 300 was
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globally applied and values were set to NaN to reduce background fluorescence. Mean Gray

Value and Area were measured to extract fluorescence intensity and total area of expression.

4.5 Cell Culture

High-Five insect cells (Trichoplusia ni, female, ovarian) (Thermo Fisher, B85502) were
cultured in Insect-Xpress medium (Lonza, 12-730Q) supplemented with 10 ug/mL gentamicin at
27°C and were used for production of recombinant proteins. HEK293T mammalian cells (Homo
sapiens, female, embryonic kidney) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; GIBCO) supplemented with 10% (v/v) fetal bovine serum (FBS) (Sigma) at 37°C in

5% CO2 and were used for cell-surface flow cytometry and protein expression.

4.6 Cloning and Expression in Insect Cells

ECR constructs of human TENZ2 variant Lasso (UniProt: QINT68-2) and C. elegans ten-
1 (UniProt: GBEGQ6) were cloned into pAcGP67A vector containing a 6x His tag at the C-
terminus for affinity purification. Spodoptera frugiperda (Sf9) cells (Thermo Fisher, 12659017)
were transfected with TEN constructs and linearized baculovirus DNA (Expression Systems, 91-
002) using Cellfectin 11 (Thermo Fisher, 10362100) transfection reagent. Baculovirus was
amplified in Sf9 cells with 10% FBS in SF900-I11 medium (Gibco). Large-scale protein
expression was performed by infection of High Five cells in Lonza medium at a cell density of 2
x 10° cells/ml for 72 hr at 27 °C. The media containing the secreted recombinant protein was
collected and centrifuged at 900 g for 15 min at room temperature. After centrifugation, the
supernatant was transferred into a beaker, and the following were added (to final concentrations):

50 mM Tris pH 8.0, 5 mM CaCl, and 1 mM NiCl,. After 30 minutes of stirring, the protein
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solution was centrifuged at 8,000 g for 30 min, and the supernatant was collected and incubated
with nickel-nitrilotriacetic agarose resin (QIAGEN) for 3 hr at room temperature. The resin was
transferred to a glass Buchner funnel and rinsed with HBS buffer containing 20 mM imidazole,
then transferred to a smaller poly-prep chromatography column (Bio-rad). His-tagged protein
was eluted with HBS buffer at 200 mM imidazole and then processed by size-exclusion
chromatography (Superdex 200 10/300 GL; GE Healthcare). The separated protein was eluted in

fractions in a final buffer at 10 mM Tris pH 8.5, 150 mM NacCl.

4.7 Cloning and Expression in Mammalian Cells

Wildtype TEN2 ECR and Ig- and toxin-like interface mutants were cloned into
pcDNAS3.1 vector with an N-terminal FLAG tag and C-terminal myc tag. Constructs were
transfected into HEK 293T cells using Lipofectamine and used for Western Blot or flow

cytometry cell-surface confirmation.

4.8 Western Blots

Protein from various TEN constructs were mixed with 6x sodium dodecy! sulfate (SDS)
sample buffer, boiled at 95 °C for 5 min, and loaded into 12% polyacrylamide gel for SDS-
PAGE electrophoresis. Gel was run at 150V for 60 min, and proteins were then transferred to
nitrocellulose membrane using via either wet transfer (20% methanol transfer buffer at 100V at 4
°C for 1 hr) or semi-dry transfer (7 min at room temperature). Membrane was blocked in 4%
bovine serum albumin (BSA) in tris-buffered saline with Tween-20 (TBST) for 1 hr at room
temperature. Primary antibody in 4% BSA was added and incubated overnight at 4 °C: mouse

anti-His 1:1000, conjugated His-488 1:5000, conjugated FLAG-488 1:2000, chicken anti-Myc
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1:1000. Membranes were washed 4x in TBST for 5 min, probed with secondary antibody, and
washed again: Alexa Fluor 488 Donkey Anti-Mouse 1gG (H+L) (Invitrogen A21202) 1:5000,

Alexa Fluor 647 Anti-Chicken 1:5000. Proteins were visualized with BioRad Chemidoc system.

4.9 Statistical Analysis

Student’s t-test was used for calculating difference in mNG fluorescence expression
between wildtype and truncation mutant. One-way ANOV A and Tukey’s multiple comparison
test were used to compare viability differences across four ten-1 strains. Bonferroni’s multiple
comparisons test was used for comparing vulva defects across days. Fisher’s exact test was used
to compare binary conditions for axon scoring. Resulting p values <0.05 were considered

significant. Data was analyzed using software GraphPad Prism.
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APPENDIX A

A.1unc-129::GFP expression in the ten-1(syb9522) truncation mutant

In previous studies, unc-129::GFP expression was shown to increase 20-fold when
crossed into ten-1(ok641) null mutant (Morck et al., 2010). To test whether the truncation of the
toxin-like domain could reproduce a similar phenotype as the null mutant, ten-1(syb9522) was
crossed into unc-129::GFP reporter strain. We found that GFP in the dorsal muscles increased in
the truncation mutant when compared to the WT reporter. Thus, truncation of the toxin-like
domain was able to recapitulate the same increase in unc-129::GFP expression seen in the null
mutant, indicating that the toxin-like domain is at least partially responsible for downregulation

of unc-129 on dorsal muscles.

ten-1(syb9522)

Figure A.1: unc-129::GFP expression is increased in adult ten-1 truncation mutant

(A) WT transcriptional reporter unc-129::GFP shows expression at DA/DB neurons along VNC and dorsal muscles.
White arrowhead points to head of worm.

(B) ten-1(syb9522) truncation mutant shows increased unc-129::GFP expression along the dorsal muscles. Red
arrowhead points to increased dorsal muscle expression. Scale bar represents 100 pm.
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APPENDIX B

B.1 Mutagenesis of specific residues at the Ig-like/toxin-like interface may produce a C-
terminal product

To investigate which residues influence the 1g-like/toxin-like domain interface, we
targeted amino acids predicted to form hydrogen bonds across the interface for mutagenesis.
N928 and E933 in the Ig-like domain potentially form hydrogen bonds with 12397 and
12397/G2399/\VV2400 in the toxin-like domain, and Q2402A and R2406A of the toxin-like
domain may interact with A923 and F921 of the 1g-like domain. We chose residues that use their
side chain to form hydrogen bonds instead of their amino group because disturbing the amino
group may lead to destabilization of secondary structure of the protein. We cloned double mutant
N928A/E933A, Q2402A/R2406A, and quadruple mutant N928A/E933A/Q2402A/R2406A into
TEN2 ECR mammalian construct and transfected into HEK 293T cells. We observed a very faint
band at about 30 kDa in NEQR mutant that may be absent in EV or other combination of
mutated residues (Figure B.1). Because the Western blot signal was low, we cannot make a
definitive conclusion about these mutations, but this preliminary evidence may point to specific

residues crucial for establishing the Ig-like/toxin-like interface.
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Figure B.1: Specific interface residues may contribute to C-terminal product release

(A-B) Predicted bands for FLAG and Myc antibody staining of mammalian TEN2 constructs

(C) Western blots for FLAG (left) and Myc (right) antibodies. QR: Q2402A/R2406A; NEQR:
N928A/E933A/Q2402A/R2406A; EV: empty vector; hCL3-FLAG: Latrophilin-3 positive control for FLAG.
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APPENDIX C

C.1C. elegans ten-1 may exhibit a C-terminal product

While the C-terminal autoproteolysis site is conserved in human TENS, the catalytic
residues are only partially conserved in C. elegans ten-1: arginine (R2381) is conserved, serine
(R2394) takes the place of the first aspartate, and glutamate (E2426) substitutes the second
aspartate. Serine is not involved in the canonical aspartic dyad found in aspartic proteases, but it
participates as a catalytic residue in other active sites, being the nucleophilic center of serine
proteases in conjunction with other residues like histidine and aspartate. Moreover, glutamate
and aspartate both contain a negatively charged carboxyl group in their side chains, allowing
glutamate to act as a substitute for aspartate in catalytic reactions. Furthermore, we looked at

Ten-1 structure using Alpha-fold and found that the putative catalytic residues R2391, S2394,

:""‘ J
Y 52304
v, L 814
A \
l:\ M= § N y)
= A ),
X & \ '»f"’ . “
‘ ‘v \
A ’ ¢
C. elegans Ten-1 Homo sapiens TEN2 Superimposition
R2381 R2302
S$2394 D2315
E2426 D2345G

C. elegans ten-1

Figure C.1: Autoproteolysis site is partially conserved in C. elegans ten-1

(A) Alpha-fold model of C. elegans ten-1.

(B) Putative catalytic residues arginine and serine reside at similar structural positions as their partially conserved
counterparts in TEN2.
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and E2426 lie spatially in similar position as the catalytic residues in TEN2 responsible for
autoproteolysis (Figure C.1). Thus, we tested the potential of C. elegans ten-1 to produce a C-
terminal product as observed in human TEN2.

Size-exclusion chromatography of the full Ten-1 ECR resulted in protein product
corresponding to the expected size of 270 kDa (Figure C.2A). When the EGF-like domain was
deleted, we observed a protein product at about 210 kDa and an absorbance peak to the right of
the full construct, which indicates that ten-1 ECRA1 protein is purified as a monomer while the
full ECR as a dimer (Figure C.2B). Dimerization is most likely due to unpaired cysteines found
in the EGF-like domain, which are conserved in other TENs. We then deleted the Ig-like domain
to test whether a small C-terminal product is present akin to TEN2 protein purification. While we
did not fully resolve a peak at the predicted elution volume for potential cleavage product, His-
antibody staining showed a band a 37 kDa in the ECRAL1,2 fractions corresponding to the
expected elution volumes small-sized protein product (Figure C.3A). This light band was
partially present in the full ECR and missing in ECRA1 (Figure C.3B). Additionally, ECRA1,2
yielded a clear band about 14 kDa in size, the expected weight of TCAP-cleavage product. These
constructs contain a 6x His tag at the C-terminus, suggesting that these bands may be part of ten-
1 C-terminus. However, more testing, such as cleaner protein purifications and mass

spectrometry, needs to be conducted before reaching a proper conclusion.
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Figure C.2: Size-exclusion chromatography of C. elegans ten-1 protein purifications

(A-D) Fractions from size exclusion chromatography of ten-1 ECR (A), ECRAI (B), and ECRA1,2 (C) protein
purifications. Red bars in chromatograms indicate fractions collected. Comparison of chromatograms normalized to
100% show a peak-shift left in ECR (black) compared to ECRAL1 (yellow). UV: Ultraviolet; mAU: mili-Absorbance
units.
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(A) Eluted fractions from SEC of ECRA1,2 were probed with anti-His and show 37 kDa bands in expected cleavage

fractions. Elution Conc. is concentrated elution before SEC separation.

(B) Comparison between ten-1 purifications shows no His-staining in ECRA1 and partial band in full ECR.
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