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Abstract

Neurotransmission typically occurs when neurotransmitters, released by the presynapse,
interact with receptors on the postsynapse. Interruptions in these interactions can lead to
neurological disorders. Recently, these trans-synaptic interactions were found to involve synaptic
adhesion molecules, modulating the activity of a subgroup of G protein-coupled receptors
(GPCRs) known as the metabotropic glutamate receptors (mGluRs). A synaptic adhesion
molecule called LICAM has been found to interact with mGluRS. L1ICAM is of particular
interest because it is the known cause of L1 syndrome, a neurodevelopmental disorder that can
cause hydrocephalus, spastic paraplegia, and intellectual disability. As a well-established drug
target for neurological disorders, mGluRS, in complex with LICAM, may have major
implications in the etiology of L1 syndrome. We hypothesize that LICAM is a trans-synaptic
modulator of mGIuRS. Co-immunoprecipitation experiments were conducted to detect binding
of LICAM, the synaptic adhesion molecule, to the receptors, mGIluRS and mGluR2 (a negative
control), at the protein level. Trans-cellular signaling experiments were conducted to determine
the functional response of the LICAM-mGIuR interaction at the cellular level. As a result, we
found that LICAM does complex with mGIuRS and not mGluR2. A functional response has not
yet been seen, but it is possible that different experimental conditions are required to accurately
reflect cell conditions in vivo. In future research, discovery of LICAM-mGIuRS trans-cellular
modulation would lead to further understanding of trans-synaptic interactions between mGluRs
and synaptic adhesion molecules, and possibly further the understanding of the etiology of L1
syndrome. As an overarching objective of possible LICAM-mGIluR5 modulation, a therapeutic

could be developed to rescue the interaction of LICAM and mGluRS in those with L1 syndrome.
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Introduction

Neurotransmission is the basis for all communication occurring in the brain and
nervous system, yet many protein interactions involved in synaptic communication
remain poorly understood. Characterizing synaptic interactions is crucial for
understanding the mechanisms of neurotransmission. Synaptic interactions involving
receptors can lead to modulation of neuronal signaling (Feng et al. 2001; Dunn et al.
2018; Sun et al. 2005). G protein-coupled receptors (GPCRs) are highly involved in
neuronal signaling, as they are the target of 33% of approved small molecule drugs
(Santos et al. 2017). Fascinatingly, GPCRs have recently been found to form trans-
synaptic complexes with synaptic adhesion molecules (Boucard et al. 2014; Dunn et al.
2018; Silva et al. 2011), with neuromodulation particularly occurring in a subset of
GPCRs called metabotropic glutamate receptors (mGluRs) (Dunn et al. 2018; Dunn et al.
2019). The discovery of trans-synaptic modulation between mGluRs and synaptic
adhesion molecules represents a new possible direction for therapeutics (Dunn et al.

2018).

mGluRs are organized into three groups (I, II, and III) based on sequence
homology and pharmacology (Dhami et al. 2006; Dunn et al. 2018; Trivedi et al. 2012).
Within a group, mGluRs share approximately 70% sequence similarity, while between
groups, there is approximately 45% sequence similarity (Conn and Pin 1997). Sequence
similarity within a group is related to receptor coupling to G-proteins (Conn and Pin
1997). Group I mGluRs (mGluR1 and mGluRS) are coupled to the Gogq G-protein, and are
located primarily on the post-synapse, where they respond to glutamate inputs from the

pre-synapse (Dhami et al. 2006; Dunn et al. 2018). Group II (mGluR2 and mGluR3) and



Group III (mGluR4, mGluR6, mGluR7 and mGIluRS) are coupled to the Gai,o G-protein,
and primarily located on the pre-synapse where they are involved in neurotransmitter

release (Dunn et al. 2018).

Of all eight mGluRs, mGluRS5 has had the most success in drug-related clinical
trials (Pillai et al. 2016). Several mGluR5-regulating drugs have reached phase II clinical
trials, suggesting mGluRS5 may be a viable target for therapeutic design (Pillai et al.
2016). Using immunoprecipitation and mass spectrometry, potential binding partners of
mGIluRS5 have been identified (Farr et al. 2004). L1 cell adhesion molecule (LICAM) was
identified as a binding partner (Farr et al. 2004), and is of particular interest as a synaptic
adhesion molecule. Mutations in the LICAM gene are the known cause of L1 syndrome,
a neurodevelopmental disorder (Christaller et al. 2017; Marin et al. 2015; Wang et al.
2022). L1 syndrome comprises a family of X-linked recessive neurological disorders,
though it may be referred to as a single disorder with several varying phenotypes
(Christaller et al. 2017; Marin et al. 2015; Vos et al. 2010). The four phenotypes typically
seen in patients are (1) hydrocephalus due to stenosis of the aqueduct of Sylvius (HSAS),
(2) mental/intellectual disability, aphasia, shuffling gait, and adducted thumbs (MASA)
syndrome, (3) spastic paraplegia, and (4) agenesis of the corpus callosum (Marin et al.
2015; Vos et al. 2010). Phenotypes can appear together or separately, and vary in severity
between patients (Lyonnet et al. 1992). L1 syndrome ranges from lethal phenotype
occurring prenatally or at birth (typically in patients with the HSAS phenotype) to a mild-
to-moderate phenotype, where patients often reach adulthood (Lyonnet et al. 1992; Vos et

al. 2010).



The severity of the phenotype depends on the type of mutation: truncating
mutations in the ectodomain of L1CAM lead to a more severe phenotype (hydrocephalus
and abnormal neurogenesis, increased intellectual disability, and early death), while
missense mutations in the ectodomain lead to a moderate phenotype (normal neurogenesis
and physical brain development, some intellectual disability) (Fransen et al. 1998; Otter et
al. 2017; Vos et al. 2010; Yamasaki et al. 1997). The ectodomain of L1CAM makes up the
majority of the protein, being approximately 200 kilodaltons (kDa) and having six Ig-like
domains next to five fibronectin type III domains (Kiefel et al. 2012; Yamasaki et al.
1997). The ectodomain is followed by a single-pass transmembrane domain (32 kDa) and
a small cytoplasmic domain (13 kDa) (Kiefel et al. 2012; Yamasaki et al. 1997). All
cytoplasmic mutations in LICAM lead to less severe phenotypes than mutations in the

ectodomain (Fransen et al. 1998; Yamasaki et al. 1997).

As a synaptic adhesion molecule and identified potential binding partner of
mGluRS, L1CAM has the potential to modulate mGluRS signalling. As a result, it is
possible that any mutations in LICAM may disrupt this interaction with mGluRS, and
may be involved in the phenotypic changes seen in patients with L1 syndrome. We
hypothesize that LICAM is a trans-synaptic modulator of mGluRS, in that it causes a
change in mGluRS5 signaling activity. Our first research objective is to establish mGIuRS
as a binding partner of L1CAM, and establish mGluR?2 as a negative control for LICAM
signaling experiments. mGluR5 differs from mGIluR2 in that mGIluRS5 is primarily
expressed on the postsynaptic terminal while mGluR2 is primarily expressed on the
presynaptic terminal, and the ectodomain sequence of mGIluR2 is the most dissimilar

from that of mGIuRS5 (Jin et al. 2017; Piers et al. 2012), so we consider it the best mGluR



to test for a negative control. Our second objective is to characterize the function of
L1ICAM as a modulator of mGluRS5 pharmacology through optimization of a signaling

assay, in comparison to the negative control.



Methods and Materials

Cell culture

Human embryonic kidney 293 (HEK-293) cells were maintained by regularly
passaging cells into culture dishes, growing in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with fetal bovine serum, nonessential amino acids, sodium
pyruvate, streptomycin, and penicillin. Cells were stored in an incubator at 37°C with 5%
CO:. Depending on the experiment, cells were passaged into 10-centimeter dishes (for co-

immunoprecipitation) or 6-centimeter dishes (for cell signalling).

Transfection

For any experiment, cells were passaged ~24 hours before transfection. Cells were
transfected at approximately 70% confluency (as the cells must be actively dividing for
efficient transfection, and cell division is less active when there are too many cells in the
plate), in DMEM with the above supplements excluding the antibiotics (penicillin and
streptomycin). This is to avoid excess antibiotics from entering the cell as it is
endocytosing, as this would lead to cytotoxicity and possibly cell death. Cells were
transiently transfected with double-stranded plasmid DNA using polyethylenimine (PEI),
a cationic polymer. In separate tubes, plasmid DNA and PEI were diluted using Opti-
MEMT™, at a ratio of 3:1. The PEI and DNA were then mixed and incubated for 10-20
minutes, to allow complexes to form. The PEI-DNA complexes were added to cells, and

cells were incubated at 37°C for 24 hours.



Ectodomain expression

The ectodomain of LICAM (tagged with Fc, and will further be referred to as
L1CAM-Fc in this section) was transiently transfected into cells as previously described.
The media was replaced with Opti-MEM™ 6 hours after transfection, and the plate was
placed back into the incubator. The LICAM-Fc protein was secreted from the cells, into
the Opti-MEM™, After 48 hours, the Opti-MEM™ was harvested, protease inhibitor was

added, and the solution was stored in the -80°C freezer.

Co-immunoprecipitation

Co-immunoprecipitation experiments were used to qualitatively test whether
mGIluRS5 and mGIluR2 bind to L1ICAM when tested in the same experiment. In each co-
immunoprecipitation experiment, a 10-centimeter plate of cells was transfected with 15
ug of mGluR5- or mGluR2-expressing plasmid DNA and incubated at 37°C for
approximately 24 hours. Cells were harvested with phosphate-buffered saline (PBS), and
lysed using lysis buffer containing 4% protease inhibitor. Lysate and co-
immunoprecipitation samples were made by combining mGluR5 or mGluR2 proteins
with LICAM-Fc proteins or the Fc tag, using lysis buffer to equalize volumes. 20 uL of 3
mercaptoethanol-containing sample buffer was added to the lysate samples, and stored in
the -20°C freezer, and co-immunoprecipitation samples complexed while rotating in the
cold room at 4°C for approximately 20 hours. A plate of non-transfected cells at
approximately 90% confluency was harvested, lysed, and added to protein G Dynabeads,
as a pre-clearing measure. After 20 hours, pre-cleared Dynabeads were washed using lysis
buffer at room temperature, and were then added to each co-immunoprecipitation sample.

Co-immunoprecipitation samples with Dynabeads complexed on the rotator in the cold



room at 4°C for approximately 1 hour. Using a strong magnet, Dynabead-protein
complexes were moved to the side of each tube, and the cell protein-containing solution
was aspirated. Co-immunoprecipitation samples were washed with lysis buffer
approximately 5 times. 35 uL of f mercaptoethanol-containing sample buffer was added

to the co-immunoprecipitation samples to elute the protein complexes from the beads.

The western blotting technique was used to identify proteins within the protein
complexes. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
conducted to separate the proteins by molecular mass, referenced by molecular protein
ladders. After gel electrophoresis, the proteins were transferred to a solid medium
(polyvinylidene difluoride membrane) by the wet transfer method, where the gel and the
membrane were lined up directly beside one another in a tank filled with transfer buffer,
and proteins were electrophoretically transferred on to the membrane. Blocking buffer
(10% milk powder in Tris-Buffered Saline with Tween (TBS-T)) was then applied to the
membrane for 30 minutes, to inhibit nonspecific binding of antibodies. Primary antibodies
specific to each protein in the samples were applied to the membrane for approximately
20 hours. The membrane was washed with TBS-T, then secondary antibody (specific to
the primary antibody) was applied to the membrane for 1 hour. The secondary antibody is
labelled with horseradish peroxidase, which reacts with an enhanced chemiluminescence
substrate and emits light at 425 nm. This light was captured by the Bio-Rad ChemiDoc™
Imager that can detect this chemiluminescence. Proteins appeared in the image as dark

bands at the expected mass.



Co-immunoprecipitation statistical analysis

In co-immunoprecipitation experiments, the experimental unit represents one
experiment, through cell culturing, transfection, lysing, and the western blotting process.
Each experiment was completed with a different passage of HEK-293 cells, to ensure
independence. Co-immunoprecipitation experiments are qualitative, in that we were
measuring whether the protein is present or not. The lysate samples represent control

conditions, as they ensure proper transfection and antibody function.

mGluR5 Optimization with ONE-GO

In the mGluRS optimization experiment, 6-centimeter plates of cells were
transfected with 5 ug of plasmid DNA and incubated at 37°C for approximately 24 hours.
We tested different ratios of ONE vector G protein Optical (ONE-GO) biosensor DNA to
mGIluRS DNA (1:2, 1:4, 1:6, 1:12) to determine the optimal ratio for signalling activity
detection. Each condition was co-transfected with increasing volumes of mGIluRS (as
described by the ratios), equal volumes of ONE-GO biosensor, and pcDNA was used to
equalize DNA amounts. Each ratio was tested in the presence or absence of a glutamate
transporter, excitatory amino acid transporter 3 (EAAT3), due to the high constitutive
activity of mGluRS. The mGIluRS5 optimization protocol after transfection is identical to
the following trans-cellular signalling protocol, except cells expressing pcDNA or

L1CAM will not be added.

Trans-cellular signaling

Trans-cellular signalling experiments quantitatively measured the mGluR activity

in mGluR5- and mGluR2-expressing cells. In each trans-cellular signalling experiment, 6-



centimeter plates of cells were transfected with 5 ug of plasmid DNA and incubated at
37°C for approximately 24 hours. Each condition was co-transfected with ONE-GO
biosensor and either mGIluRS, mGluR2, or pcDNA. The transfected ONE-GO biosensor
includes a Ga subunit tagged with yellow fluorescent protein (YFP) and nanoluciferase, a
luminescent enzyme, fused with a detector molecule that detects a GTP-Ga complex. The
1:12 and 1:2 ratios of the biosensor to mGIuR was based on the results of the optimization
of mGIluR5 with ONE-GO. Separate plates were transfected with 5 ug of pcDNA or
L1CAM. Approximately 24 hours after transfection, cells were harvested with PBS and
centrifuged at 500 x g for 5 minutes at room temperature. The PBS was aspirated and
replaced by 1 mL of Hanks' Balanced Salt Solution (HBSS), the pelleted cells were
resuspended by pipetting, and centrifuged at 500 x g for 5 minutes at room temperature.
This wash was repeated 3 times. Cells were resuspended in 600 uL HBSS. Cells
expressing ONE-GO and either mGluRS, mGIluR2, or pcDNA were plated in a white 96
well plate, and cells expressing pcDNA or LICAM were added at a 1:2 ratio. In
subsequent experiments, a 1:4 ratio was used, so cells expressing pcDNA or LICAM
were resuspended in 300 uL HBSS to double the number of cells per unit volume,
ensuring equality in volume per well across experiments. Cells were co-cultured in an
incubator at 37°C for 1 hour. The cells were then incubated in the plate reader for 30
minutes to allow for acclimation to the change in gas composition, then the plate was
immediately inserted into the plate reader (BioTek Synergy Neo2), to incubate at 37°C
and atmospheric CO> for 30 minutes. The plate reader injected cells with Promega Nano-
Glo Luciferase Assay Substrate, which reacted with nanoluciferase, an enzyme that

produces an intense blue (460 nm) luminescence. After 30 seconds, 1.4 mM glutamate



was injected into the well containing cells, for a final glutamate concentration of
~300uM. This activated the GPCR (mGIluRS5 or mGluR2) causing the YFP-fused Ga
protein to swap GDP for GTP and dissociate from the receptor. Ga-GTP then came in
close contact (<10 nm) with the nanoluciferase, fused with a detector molecule with a
high specificity for Ga-GTP but not Ga-GDP. This proximity allowed light emission from
nanoluciferase to excite YFP, causing it to produce an intense yellow (540 nm)
luminescence. Therefore, an increase in yellow light represents increased mGluR
activation. The plate reader measured these interactions as wavelengths of light from
nanoluciferase and YFP, then bioluminescence resonance energy transfer (BRET) ratios

(540nm/460nm) were calculated.

Trans-cellular signalling statistical analysis

mGluR activation was calculated as the change in BRET ratio following glutamate
injection. GPCR-biosensor cells co-cultured with pcDNA-expressing cells represent the
control treatment, and represent the baseline for characterizing any change in GPCR-
biosensor cells co-cultured with L1CAM-expressing cells. Changes in BRET ratio over
time were normalized to the maximum value of the corresponding control condition, and
calculated as a percentage of the control, such that the maximum value is represented as
100%. Change in BRET ratio over time was represented using a line graph. The change in
BRET ratio was quantified by averaging the last 5 reads of the transcellular assay for each
condition, as these reads have allowed for the most time for stabilization of the signal
after glutamate injection. To normalize data between experiments, the average change in
BRET ratio of each condition was divided by the mean value of the averages of its

respective control from each experiment. For example, in an experiment where n=3, if A,
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B, and C are average values of the last 5 reads of the control (pcDNA-expressing cells)
condition, and X, Y, and Z are average values for the experimental (L1CAM-expressing
cells) condition, A, B, and C were individually divided by the mean of A, B and C, and X,
Y and Z were individually divided by the mean of A, B, and C. The resulting values
represent signaling activation as a percent of a condition’s control values. Statistical tests
were performed using GraphPad Prism software, to compare the change in BRET ratio of
each condition (as a percent of the control) with pcDNA-expressing cells added or
L1CAM-expressing cells added. Shapiro-Wilk normality tests were applied. If the data
was normal, we used a parametric unpaired t-test, and if the data was non-normal, we

would use an unpaired, nonparametric t-test, specifically the Mann-Whitney U test.
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Results

The L1CAM ectodomain interacts with mGIuRS5, and not mGluR2, at the protein
level (Figures 1, 2, and 3). Since LICAM has been reported to bind to mGluRS5 via
immunoprecipitation (Farr et al. 2014), we started by establishing that the LICAM
ectodomain binds to mGIuRS, concurrently establishing that the L1ICAM ectodomain
does not bind to mGluR2, via co-immunoprecipitation experiments. L1CAM-Fc was
secreted from HEK293 cells, and allowed to complex with the lysates of separate cells
expressing mGluRS or mGluR2. The co-immunoprecipitation experiments revealed that
the ectodomain of L1CAM does indeed bind to mGluR5, and not mGluR2, shown in
immunoprecipitation blots immunoblotted (IB) with primary mGIluR5 or mGluR2
antibody (Figures 1, 2, and 3). To ensure that the L1CAM ectodomain, and not the Fc tag,
of LICAM-Fc was forming these interactions, the Fc tag itself was used as a control. As
shown in the left lane in IB:mGIluRS5 and IB:mGIluR2 immunoprecipitation blots, the Fc
tag was unable to pull out both mGluRS and mGIluR2 (Figures 1, 2, and 3). These
experiments identify mGluRS5 as a binding partner, and mGIluR?2 as a negative control, of

the ectodomain of LICAM.

Activation of mGIluRS via ONE-GO is best optimized at a DNA transfection ratio
of 1:12 (ONE-GO:mGluRS5) in the presence of EAAT3 (Figures 4 and 5). Cells were co-
transfected with different DNA ratios of ONE-GO biosensor to mGIuRS5 (1:2, 1:4, 1:6,
1:12), in the presence and absence of transfected EAAT3 DNA. The cells were injected
with 1.4 mM glutamate, activating mGluRS5 and causing excitation of YFP, leading to the
emission of 540 nm wavelengths of light (Figure 6). BRET ratios were calculated

between the 540 nm light emitted from YFP and the 460 nm light emitted from
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nanoluciferase (540nm/460nm) for each optimization condition. BRET values were
averaged for each technical replicate, then normalized to the last 5 seconds before
glutamate injection, and plotted (Figure 4). The condition that included a 1:12 DNA ratio
of ONE-GO to mGIluRS5 in the presence of EAAT3 had the highest average BRET values
at all time points after glutamate injection (30.0s) (Figure 4). All conditions that included
mGluRS5 and EAAT3 had a much higher response than conditions without EAAT3 (Figure
4). Analysis of the normalized BRET values of each technical replicate revealed a degree
of overlap in response level between conditions with both mGluRS and EAAT3,
particularly between 1:12 and 1:2 (Figure 5). For this reason, transcellular signalling

experiments were conducted using both 1:12 and 1:2 ratios, with EAATS3.

L1CAM does not yet appear to modulate mGluRS5 pharmacology (Figures 7, 8, 9,
and 10). At the 1:2 cell ratio of pcDNA- and L1CAM-expressing cells, both the 1:12
(Figure 7) and 1:2 (Figure 8) DNA ratio of ONE-GO to mGIuR, activation levels of
mGIluRS5 are visibly similar over time (Figure 7a and 8a). There is not a significant
difference in the change in BRET ratio (represented as a percent of control) at the 1:12
DNA ratio nor the 1:2 DNA ratio when mGluRS5-expressing cells are exposed to pcDNA-
or LICAM-expressing cells (both passed Shapiro-Wilk normality tests; unpaired t-tests)
(Figure 7b and 8b). mGluR2-expressing cells were exposed to L1CAM-expressing cells
and pcDNA-expressing used as a control measure, as we have established that mGIluR2
does not bind to LICAM. As expected, activation levels of mGluR2 are visibly similar
over time in pcDNA and L1CAM conditions (Figure 7c¢ and 8c), and mGluR2 did not
have a significant difference in the change in BRET ratio at the 1:12 DNA ratio (passed

Shapiro-Wilk normality test; unpaired t-test) nor the 1:2 DNA ratio (did not pass Shapiro-
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Wilk normality test; Mann-Whitney U-test) when mGluR2-expressing cells were exposed
to pcDNA- or LICAM-expressing cells (Figure 7d and 8d). Similar results were observed
at the 1:4 cell ratio of pcDNA- and L1CAM-expressing cells (Figure 9 and 10). In both
the 1:12 (Figure 9) and 1:2 (Figure 10) DNA ratio of ONE-GO to mGluR, activation
levels of mGIuRS (Figure 9a and 10a) and mGluR2 (Figure 9c and 10c) are visibly
similar over time. There was not a significant difference in the change in BRET ratio in
mGIluRS at the 1:12 DNA ratio (passed Shapiro-Wilk normality test; unpaired t-test)
(Figure 9b), mGluRS5 at the 1:2 DNA ratio (did not pass Shapiro-Wilk normality test;
Mann-Whitney U-test) (Figure 10b), mGluR2 at the 1:12 ratio (passed Shapiro-Wilk
normality test; unpaired t-test) (Figure 9d), and mGluR2 at the 1:2 ratio (passed Shapiro-

Wilk normality test; unpaired t-test) (Figure 10d).
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Discussion

We established a binding interaction between L1CAM and mGIluRS, and
consequently established that there is not an interaction between L1CAM and mGluR2
(n=3) (Figures 1, 2, and 3). The full-length L1CAM protein has previously been identified
as a potential binding partner of mGluRS, through co-immunoprecipitation of rat brain
lysates (Farr et al. 2004). By incubating the L1CAM ectodomain with mGluRS5-
expressing HEK-293 cell lysates, we further demonstrated that 1) the interaction exists
when expressed using HEK-293 cells, and 2) it is the ectodomain of LICAM that is
interacting with mGluRS. mGluR5 is known to complex with other molecules that cause a
change in its signalling activity (Beraldo et al. 2016; Um et al. 2013). Group I mGluRs,
including mGluRS, have been identified interacting with prion protein (PrP®) (Beraldo et
al. 2011; Um et al. 2013). It has been suggested through these findings that PrPC acts as an
extracellular scaffolding protein, to enable a complex of multiple proteins to form with
group I mGluRs (Beraldo et al. 2016; Martins et al. 2010). mGIluR5-PrP¢ complexes bind
to laminin, a glycoprotein, and this interaction modulates signalling pathways involved in
memory and neuronal plasticity (Beraldo et al. 2011). mGluR5-PrP¢ complexes also bind
to B-amyloid oligomers (ABOs), and this interaction is linked to Alzheimer’s disease as it
modulates pathways involved in disruption of synaptic homeostasis, leading to
excitotoxicity, and finally neuronal death (Beraldo et al. 2016; Laurén et al. 2009; Um et
al. 2013). A phase I drug trial is ongoing for a drug that disrupts the interaction between
ABO-bound PrP®s and mGIuRS5 (Alzheimer’s Drug Discovery Foundation, 2014; Haas et
al. 2017). These studies show that extracellular binding partners of mGluRS5 can have
profound effects on its signalling activity and major impacts on the overall neural health
of an individual. Further, they demonstrate how maladaptive interactions can be

15



prevented through the development of a therapeutic that targets the interaction. If L1ICAM
modulates mGluRS activity, it is possible that mutations in L1CAM disrupt this
interaction, leading to downstream effects which may be involved in L1 syndrome. As
opposed to preventing an interaction, such as between ABO-bound PrP¢s and mGIuRS5, a
therapeutic could be developed to simulate the binding of LICAM and mGluRS5, rescuing

the interaction.

All transcellular assays with ratios of ONE-GO to mGIuR (1:2, 1:4, 1:6, and 1:12)
with EAAT3 had increased signalling activity compared to their counterparts without
EAAT3 (Figure 4). This is likely because EAAT3 acts as a regulator for glutamate uptake
(Stachowicz et al. 2021). Glutamate is the major excitatory neurotransmitter released by
neurons, and the most common free amino acid in the brain (Stachowicz et al. 2021; Zhou
et al. 2014). Excessive glutamate in the synapse can cause excitotoxicity, a phenomenon
where cell death can occur due to overexcitation of glutamate receptors (Malik et al.
2019; Zhou et al. 2014). mGluRS prevents overexcitation by rapid endocytosis after
interacting with glutamate (Fourgeaud et al. 2003; Trivedi and Bhattacharyya, 2012).
Interestingly, mGIuRS internalization can also occur in the absence of glutamate
(Fourgeaud et al. 2003; Trivedi and Bhattacharyya, 2012). After endocytosis, mGluR5
receptors are recycled back to the membrane after 3.5 hours (Trivedi and Bhattacharyya,
2012). Due to the constitutive internalization of mGluRS, it may become desensitized
more easily than other receptors (Trivedi and Bhattacharyya, 2012). For this reason, we
transfected EAAT3 into the HEK293 cells, which removes the glutamate from the
extracellular environment and may prevent a degree of glutamate-dependent

internalization of the mGluRS5 receptors prior to experimental glutamate injection. Cells
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can naturally leak out glutamate, which may be activating and desensitizing mGIluR5
receptors in cells in the same well in a 96-well plate. By transfecting all cells with
EAAT3, the leaked glutamate may be uptaken back into the cells, rather than interacting
with mGluRS5 receptors on the plasma membrane. Our results suggest that EAAT3 does
play a role in preventing densensitization of mGluRS5 before the experimental glutamate

injection takes place.

Our results do not show that LICAM modulates mGluRS5 signalling activity
(Figure 7, 8, 9 and 10). There was no significant change in BRET ratio between
administration of pcDNA- and L1CAM-expressing cells to mGluR5-expressing cells at
both the 1:2 and 1:4 cell ratio, for both the 1:12 and 1:2 ONE-GO to mGluR DNA ratios.
I[f LICAM were to show modulation of mGluRS5, we would expect a deviation between
the data points of the traces showing the change in BRET ratio over time, and a
significant difference in the change in BRET ratio. This type of mGluR modulation by a
cell adhesion molecule has been shown with ELFN1 modulating the activity of all group
I mGluRs (mGluR4, mGluR6, mGluR7, and mGIuR8) (Dunn et al. 2018). Specifically,
group III mGluR-expressing cells exposed to ELFN1-expressing cells had a significantly
decreased change in BRET ratio, representing decreased G-protein activation (Dunn et al.
2018). Functionally, ELFN1 acts as a negative allosteric modulator by binding to mGluRs
and causing a conformational change, decreasing the efficacy (activation of the receptor)
and by decreasing the affinity of agonists to the receptor, as shown by an increased half
maximal effective concentration for L-glutamic acid when exposed to ELFN1-expressing
cells (Christopher et al. 2015; Dunn et al. 2018). ELFNI selectively modulates group III

mGluRs, and does not interact with group I and group II mGluRs (Dunn et al. 2018).
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mGluR group-based interaction selectivity is not limited to ELFN1 — as previously
mentioned, PrP¢ selectively interacts with group I mGluRs and is involved in facilitating
modulation (Beraldo et al. 2016; Martins et al. 2010). If further research shows that
L1CAM does modulate mGluRS, mGluR1 should also be investigated to detect possible

group I mGIuR selectivity of LICAM.

It is possible that the transcellular signaling assay protocol has not yet been
optimized to accurately reflect modulation of mGluRS by L1CAM that occurs in vivo. An
example of a change made to the protocol during this study was the addition of a 30
minute incubation in the plate reader, to allow the cells to acclimate to the change in gas
composition between the incubator and plate reader, as the cells would not necessarily be
reacting to an environmental change when efficiently signalling in vivo. Additionally,
both the 1:2 and 1:4 mGluR- to LICAM-expressing cell ratios were tested here, but it is
possible that a higher ratio is required, so that theoretically more mGluRs are able to find
and interact with L1CAM proteins in the assay. It is possible that other changes should be
made, such as using a different approach than expression of LICAM in live cells —
instead, soluble ectodomain fragments of LICAM could be delivered to mGluRS5-
expressing cells (Silva et al. 2011). This strategy has been used to show the induction of
Ca”* signaling when latrophilin 1, a GPCR, is exposed to purified ectodomain fragments
of a teneurin-2 splice variant (a cell-cell adhesion receptor) (Jackson et al. 2018; Silva et
al. 2011). It is possible that this ectodomain purification and delivery technique could

facilitate interactions between L1CAM and mGIluRS5 more efficiently than in co-culture.

As of the end of this study, we have successfully established that the L1CAM

ectodomain binds to mGluRS5 and not mGIluR2, a 1:12 DNA ratio of ONE-GO biosensor
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to mGIuRS5 is optimal for capturing the signalling activity though a 1:2 DNA ratio is
interestingly a close second, and the signalling activity of mGIluRS5 is stronger in the
presence of EAAT3. It is still unclear as to why 1:12 and 1:2 ONE-GO to mGluR DNA
ratios have a similar effect on mGIluRS5 signaling compared to the 1:4 and 1:6 DNA ratios,
and it is still unclear whether L1CAM modulates mGIuRS5 signaling activity. Goals for the
future of this project should include increasing the number of replicates of signalling
assays, altering L1ICAM- and mGluRS5- expressing cell ratios to explore optimization of
the protocol, and testing out new assay methods such as LICAM ectodomain purification

and administration to mGluR5-expressing cells (Dunn et al. 2018; Silva et al. 2011).

Further research into the interaction of L1ICAM and mGIuRS may be critical for
elucidating disrupted molecular pathways individuals with L1 syndrome. The
characterization of a functional modulation response between L1CAM and mGIluR5 could
lead to further research on pathogenic mutations for L1 syndrome, to test whether the
L1CAM-mGIuRS5 functional response is disrupted (Christaller et al. 2017; Marin et al.
2015). If L1CAM allosterically modulates mGluRS5, it is possible that a therapeutic could
be developed to act as an alternative allosteric modulator of mGIuRS in patients with
mutations in LICAM (Dunn et al. 2018). The revelation of a pharmaceutical target for L1
syndrome that may allow a rescue of disrupted signaling activity would be a major
advancement in the study of L1 syndrome, and has potential to improve quality of life for

those affected.
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Figure 1. Replicate 1 of co-immunoprecipitation experiments, between L1CAM-Fc and
mGluRS5 (left) and L1CAM-Fc and mGluR2 (right). Fc is used as a control in both
mGluRS and mGluR?2 experiments. The left lane in all blots represents the control lane,
containing only the Fc tag and the mGIuR. The right lane represents the experimental
lane, containing LICAM-Fc and the mGluR. The top two blots for each experiment
represent the immunoprecipitated (IP) samples. The bottom two blots for each experiment
represent the lysate (input) samples, used as a control measure to ensure antibody
function and to compare to the mass of immunoprecipitated proteins. The primary
antibody used for each blot is indicated to the left of the image (IB = immunoblotted).
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Figure 2. Replicate 2 of co-immunoprecipitation experiments, between L1CAM-Fc and
mGluRS5 (left) and L1CAM-Fc and mGluR2 (right). Fc is used as a control in both
mGIluRS and mGIuR2 experiments. The left lane in all blots represents the control lane,
containing only the Fc tag and the mGluR. The right lane represents the experimental
lane, containing L1CAM-Fc and the mGluR. The top two blots for each experiment
represent the immunoprecipitated (IP) samples. The bottom two blots for each experiment
represent the lysate (input) samples, used as a control measure to ensure antibody
function and to compare to the mass of immunoprecipitated proteins. The primary
antibody used for each blot is indicated to the left of the image (IB = immunoblotted).

21



40 &
§ ¢ i
g 3 & &
IS £ o
s & > o
2 & ¢
&€ ¢ @‘ S
F §F 9
s g S 3
s 8 Ty
i Fc\/ IP: Fc
: 250
1B: mGlurs  150_| _ IB: mGIuR2
100 j Y Solurs -MERS 150 ¢ mGluR2
s | |« L1cAM-Fc 250 | SSHLEANERS
] IB: Fc
IB: Fc 150__|
- 100__|s
" 75|
| i «Fc
& | 50
Input 200__ g
150 IB: mGIuR2 —
IB:mGIUR5 ~ — 180 o me
< mGIuRS
100 . -
- L1CAM-F
250 | - | €LiCAM-FC 250 | - < ¢
B IB: Fc
150 | 150
W 100__ |
75| B 75__| & Fe
” . 50| ‘o

Figure 3. Replicate 3 of co-immunoprecipitation experiments, between L1CAM-Fc and
mGluRS5 (left) and L1CAM-Fc and mGluR2 (right). Fc is used as a control in both
mGIluRS and mGIuR2 experiments. The left lane in all blots represents the control lane,
containing only the Fc tag and the mGluR. The right lane represents the experimental
lane, containing L1CAM-Fc and the mGluR. The top two blots for each experiment
represent the immunoprecipitated (IP) samples. The bottom two blots for each experiment
represent the lysate (input) samples, used as a control measure to ensure antibody
function and to compare to the mass of immunoprecipitated proteins. The primary
antibody used for each blot is indicated to the left of the image (IB = immunoblotted).
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Figure 4. Change in BRET ratios for 10 different conditions, normalized to the last 5
seconds before glutamate injection, which occurs at 30.0s. Conditions include cells
transfected with 1:2, 1:4, 1:6, and 1:12 ratios of ONE-GO biosensor to mGluRS5, in the
presence and absence of transfected EAAT3 DNA. Conditions with ONE-GO and no
receptor, in the presence and absence of EAATS3, are included as a control measure to
ensure low baseline activity of ONE-GO in the absence of an mGluR.
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Figure 6. Visual representation of the BRET-based cell signalling assay. Glutamate is
injected into the well, stimulating signalling activity in cells expressing an mGluR.
mGluRS5-expressing cells are co-cultured with cells expressing either pcDNA or LICAM,
to identify if L1CAM has a modulatory effect on mGluRS5 signalling activity. When an
mGluR is activated by glutamate, it causes YFP-fused Ga protein to swap GDP for GTP
and dissociate from the receptor. The Ga-GTP then comes in close contact with the
nanoluciferase, fused to a detector molecule that has a high specificity for Ga-GTP. Light
emission from nanoluciferase excites YFP, causing it to produce an intense yellow
luminescence (540 nm). The yellow light represents mGluR activation, which is later
calculated as a ratio to the blue light emission (460 nm) by nanoluciferase. Created with
BioRender.com.
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Figure 7. Transcellular interactions between mGluR- and L1CAM-expressing cells at a
1:2 cell ratio, with pcDNA-expressing cells as a control, at the 1:12 DNA ratio of ONE-
GO to receptor (n=4). A) Change in BRET ratios between mGluR 5-expressing cells
cocultured with pcDNA- or L1CAM-expressing cells, calculated as a percent of the
control over time. Glutamate injection occurred at 30.0s. B) Quantification of the change
in BRET ratio of mGluRS5 activation (unpaired t-test). C) Change in BRET ratios between
mGluR2-expressing cells cocultured with pcDNA- or L1CAM-expressing cells. D)
Quantification of the change in BRET ratio of mGluR2 activation (unpaired t-test).
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Figure 8. Transcellular interactions between mGluR- and L1CAM-expressing cells at a
1:2 cell ratio, with pcDNA-expressing cells as a control, at the 1:2 DNA ratio of ONE-GO
to receptor (n=4 for mGluRS, n=3 for mGluR2). A) Change in BRET ratios between
mGluRS5-expressing cells cocultured with pcDNA- or LICAM-expressing cells,
calculated as a percent of the control over time. Glutamate injection occurred at 30.0s. B)
Quantification of the change in BRET ratio of mGIluRS5 activation (unpaired t-test). C)
Change in BRET ratios between mGluR2-expressing cells cocultured with pcDNA- or
L1CAM-expressing cells. D) Quantification of the change in BRET ratio of mGluR2
activation (Mann-Whitney U-test).
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Figure 9. Transcellular interactions between mGluR- and L1CAM-expressing cells at a
1:4 cell ratio, with pcDNA-expressing cells as a control, at the 1:12 DNA ratio of ONE-
GO to receptor (n=4). A) Change in BRET ratios between mGluR5-expressing cells
cocultured with pcDNA- or L1CAM-expressing cells, calculated as a percent of the
control over time. Glutamate injection occurred at 30.0s. B) Quantification of the change
in BRET ratio of mGIluRS activation (unpaired t-test). C) Change in BRET ratios between
mGluR2-expressing cells cocultured with pcDNA- or LICAM-expressing cells. D)
Quantification of the change in BRET ratio of mGluR2 activation (unpaired t-test).
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Figure 10. Transcellular interactions between mGluR- and L1CAM-expressing cells at a
1:4 cell ratio, with pcDNA-expressing cells as a control, at the 1:2 DNA ratio of ONE-GO
to receptor (n=4 for mGIluRS, n=3 for mGluR2). A) Change in BRET ratios between
mGluRS5-expressing cells cocultured with pcDNA- or LICAM-expressing cells,
calculated as a percent of the control over time. Glutamate injection occurred at 30.0s. B)
Quantification of the change in BRET ratio of mGIluRS5 activation (Mann-Whitney U-
test). C) Change in BRET ratios between mGluR2-expressing cells cocultured with
pcDNA- or LICAM-expressing cells. D) Quantification of the change in BRET ratio of
mGluR2 activation (unpaired t-test).
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