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ABSTRACT

Projections from sensory neurons of olfactory systems coalesce into glomeruli in the
brain. The Kirrel receptors are believed to homodimerize via their ectodomains and help
separate sensory neuron axons into Kirrel2- or Kirrel3-expressing glomeruli. Here we
present the crystal structures of homodimeric Kirrel receptors and show that the closely
related Kirrel2 and Kirrel3 have evolved specific sets of polar and hydrophobic
interactions,  respectively, disallowing heterodimerization = while  preserving
homodimerization, likely resulting in proper segregation and coalescence of Kirrel-
expressing axons into glomeruli. We show that the dimerization interface at the N-terminal
IG domains is necessary and sufficient to create homodimers, and fail to find evidence
for a secondary interaction site in Kirrel ectodomains. Furthermore, we show that
abolishing dimerization of Kirrel3 in vivo leads to improper formation of glomeruli in the
mouse accessory olfactory bulb as observed in Kirrel3” animals. Our results provide

strong evidence for Kirrel3 homodimerization controlling axonal coalescence.
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INTRODUCTION

In the vertebrate olfactory system, olfactory sensory neurons (OSNs) expressing
the same olfactory receptor project their axons to a limited set of glomeruli in the olfactory
bulb (OB), which allows for the creation of a topographic odor map in the OB (Mombaerts
et al., 1996). In the mouse olfactory system, each OSN expresses a single olfactory
receptor, which drives the expression of a limited number of cell surface receptors
(Serizawa et al., 2006). Specifically, the expression of the cell adhesion receptors Kirrel2
or Kirrel3 in OSN populations is dependent on the odorant-induced activity of the olfactory
receptors, and their expression patterns are mostly complementary: Kirrel2 expressing
OSNs and Kirrel3 expressing OSNs segregate into separate glomeruli (Serizawa et al.,

2006).

The accessory olfactory system, which is found in most terrestrial vertebrate
lineages and is responsible for the detection of chemosignals that guide social behavior,
has a similar structure (Brignall and Cloutier, 2015; Dulac and Torello, 2003), where
vomeronasal sensory neurons (VSNs) expressing the same vomeronasal receptor
project their axons into a specific set of 6 to 30 glomeruli in the accessory olfactory bulb
(AOB) (Belluscio et al., 1999; Del Punta et al., 2002; Rodriguez et al., 1999). The
coalescence of VSN axons into glomeruli are also shown to be dependent on Kirrel
expression, where VSN activity evoked by chemosignals reduces Kirrel2 expression and
increases Kirrel3 expression (Prince et al., 2013). The two Kirrel paralogs show mostly
complementary expression patterns in VSNs of the VNO and in their axons innervating
glomeruli of the AOB. Ablation of Kirrel2 or Kirrel3 expression in mice leads to improper

coalescence of VSN axons, resulting in fewer and larger glomeruli being formed in the


https://doi.org/10.1101/2021.03.09.434456
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.09.434456; this version posted March 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

posterior region of the AOB, while double knock-out mice no longer have recognizable

glomeruli (Brignall et al., 2018; Prince et al., 2013).

Members of the Kirrel (Neph) family of cell surface receptors were first identified in
fruit flies for controlling axonal pathfinding in the optic chiasm and programmed cell death
in retinal cells (Ramos et al., 1993; Wolff and Ready, 1991). These molecules have also
been recognized for their role in myoblast function during muscle development, and their
involvement in building the blood filtration barrier in glomeruli in kidneys (Donoviel et al.,
2001; Ruiz-Gémez et al., 2000). The C. elegans homolog, SYG-1, has been
demonstrated to specify targeting of synapses (Shen and Bargmann, 2003). Outside its
function in the olfactory system, mammalian Kirrel3 has been shown to be a synaptic
adhesion molecule necessary for the formation of a group of synapses in the
hippocampus (Martin et al., 2015; Taylor et al., 2020), and is associated with autism
spectrum disorders and intellectual disability (Bhalla et al., 2008; De Rubeis et al., 2014;

Taylor et al., 2020).

Here, we investigate the molecular basis of Kirrel2- and Kirrel3-mediated
glomerulus formation in the AOB. We present the three-dimensional structures of Kirrel2
and Kirrel3 in homodimeric complexes that reveal why Kirrels do not heterodimerize,
allowing for proper adhesion and segregation of subsets of sensory axons. We engineer
mutations that perturb the homophilic interactions, abolish dimerization and Kirrel-
mediated cell adhesion. Finally, we introduce a non-homodimerizing amino acid
substitution into the mouse Kirrel3 allele, which leads to alterations in the wiring of the
accessory olfactory system that phenocopy defects observed in Kirrel3”- animals. These

results indicate that Kirrel3 function in the control of glomeruli formation depends on
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ectodomain interactions mediated by Kirrel homodimerization via its first immunoglobulin

domain.

RESULTS

Structural characterization of Kirrel2 and Kirrel3 D1 homodimers

It has been proposed that Kirrel2 and Kirrel3 regulate the coalescence of OSNs
and VSNs into glomeruli by homophilic adhesion through their ectodomains (Prince et al.,
2013; Serizawa et al., 2006). Vertebrate Kirrel proteins have been shown to form
homodimers, but not heterodimers (Gerke et al., 2005; Serizawa et al., 2006), which may
be important for axonal segregation into distinct glomeruli. Previously, we determined the
crystal structure of mouse Kirrel1 (also known as Neph1) at 4 A resolution covering the
first two immunoglobulin domains, and showed that homodimerization occurs by an
interaction between the first domains (D1) of each monomer (Ozkan et al., 2014). Due to
limited resolution, however, the Neph1 electron density was missing for most side chains
and details of the interaction interface could not be documented. Vertebrate Kirrels are
remarkably similar in their extracellular regions, containing five immunoglobulin domains
(Figure 1A) with sequence identities of 53 to 56% for D1 among the three mouse Kirrels

(Figure 1B).

In order to explain the molecular basis of homophilic interactions in the absence of
heterophilic binding between the Kirrel paralogs, we determined the crystal structures of
Kirrel2 and Kirrel3 D1 homodimers at 1.8 A and 2.1 A resolution, respectively (Figures
1C, Table S1). When superimposed, the Kirrel2 and Kirrel3 D1 domains have root-mean-

square displacements (rmsd) of 1.2 A to the Kirrel1 D1 domain, and align with an rmsd of
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Figure 1. The three mouse Kirrel D1 homodimers share gross structural features.

A. The conserved domain structure of Kirrels. B. A multisequence alignment of the mouse Kirrel D1
domains. Secondary structure elements, B-strands (yellow arrows) and a 310 helix (purple box) are
shown above the alignment. C. The three mKirrel D1 dimers shown in cartoon representation. Neph1
homodimer structure is from Ozkan et al. (2014; PDB ID: 40FD). See Table S1 for structure
determination statistics for Kirrel2 and Kirrel3 structures. D. The three mKirrel D1 homodimers are
overlayed by aligning the chains shown on the left. Comparisons to structures of fly and worm Kirrel
orthologs are provided in Figure S1.
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1.0 A to each other (all Ca atoms). Comparison of the three Kirrel D1 homodimers show
that Kirrels dimerize using the same interface and the dimeric architectures are shared
(Figure 1D). The three D1 homodimers align with rmsd values of 1.3 to 1.6 A. Similar
dimers have been observed for homodimeric complexes formed by fruit fly Kirrel
homologs, Rst and Kirre (Duf), and the heterodimeric SYG-1-SYG-2 complex, the C.
elegans Kirrel homolog bound to Nephrin-like SYG-2 (Figure S1) (Ozkan et al., 2014).
This distinctive interaction architecture uses the curved CFG face of the IG fold to create
dimers, and was recently identified to be common to a group of cell surface receptors
involved in neuronal wiring, including Dprs, DIPs, IGLONs, Nectins and SynCAMs, as

well as Kirrels and Nephrins (Cheng et al., 2019).

Out of 21 amino acids found in three structures to be at the dimer interface, ten
are invariable among the three mouse Kirrels, mostly in the region following the C strand
within the sequence KDGLALG, and the F and G strands. The conserved GIn128 (Kirrel3
numbering) in the F strand makes hydrogen bonds to the main chain of the conserved
stretch in the CD loop in all three Kirrel structures (Figure S2). Beyond this similarity, there
are stark differences in the Kirrel2 and Kirrel3 interfaces that likely underlie exclusive
homodimerization. Kirrel2 has a hydrogen bonding network at the core of the interface,
centered at GIn52 at the two-fold symmetry axis (Figure 2A), while the hydrogen bonding
network is missing in Kirrel3, which has Leu79 at the symmetry axis instead (Figure 2B).
The polar vs. hydrophobic interactions at the Kirrel2 and Kirrel3 interfaces, respectively,

would preclude heterodimerization of the two Kirrels.

Evolutionary origins of vertebrate Kirrels and homodimeric specificity
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Figure 2. Kirrel2 and Kirrel3 have incompatible chemistries at their dimerization interfaces.
A. Kirrel2 homodimerization interface. The closed oval represents the two-fold symmetry axis
surrounded by the bidentate hydrogen bonding (yellow dashes) of two Q52 residues from Kirrel3
monomers. The interface includes an extensive set of hydrogen bonds. B. Kirrel3 homodimerization
interface. None of the hydrogen bonds depicted in (A) are present in the Kirrel3 interface. The
hydrogen bonds between the Q52 side chains at the Kirrel2 dimer symmetry axis are replaced by
van der Waals contacts between the L69 side chains (orange dashes) in Kirrel3. The loop
connecting the C and D strands are significantly different between the two Kirrel structures. The
parts of the interface with conserved hydrogen bonding between Kirrel2 and Kirrel3 are shown in
Figure S2. Underlined amino acids vary among ancestral vertebrate sequences (see Figure 3C) and
are strong candidates to be specificity determinants.
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To understand how Kirrel homodimeric specificities arose in vertebrates, we next
analyzed the evolutionary histories of Kirrels. All major bilaterian taxa contain Kirrel
homologs, which preserve the five-IG domain extracellular region and a cytoplasmic PDZ
peptide. We created a maximum likelihood (ML) phylogeny for Kirrels using a multiple
sequence alignment of 90 ectodomains (Figure 3A and Suppl. Data 1). The three
vertebrate Kirrels arose as a result of gene duplications and are more closely related to
each other than to invertebrate Kirrels. Kirrel duplication in invertebrates is rare, with one
notable exception being Drosophila, which has two Kirrels (Rst and Kirre). After gene
duplications within vertebrates, there have been several gene losses; this, combined with
extensive sequence divergence between vertebrate and invertebrate Kirrels, makes it
difficult to accurately reconstruct the branching order of vertebrate Kirrels. Nevertheless,
we observe strong bootstrap values for cyclostome Kirrel1 forming a single clade with
gnathostome Kirrel1 and excluding Kirrel2 and Kirrel3. This strongly implies that Kirrel2
and Kirrel3 arose from a gene duplication within gnathostomes and are more closely

related to each other than to Kirrel1 in support of our ML tree.

To understand the evolution of Kirrel interaction specificity, we mapped variable
interface residues in separate Kirrel clades (Figures 3A and 3B). The sequence logos
show that Kirrel1 and Kirrel2 are more similar at their dimerization interfaces, while Kirrel3
diverged and mutated key positions to non-polar amino acids. Surprisingly, much of the
variability observed at these positions in vertebrate Kirrels are also seen in invertebrate
Kirrels, suggesting that these sites are permissive for multiple modes and specificities of

binding.
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Figure 3. Phylogenetic analysis of Kirrels. A. Maximum likelihood tree for Kirrels. The scale bar
below represents 0.4 substitutions per site. Numbers on the tree are bootstrap values supporting
the adjacent node. The sequence logos to the right show the prevalence of amino acids in selected
positions at the Kirrel dimerization interface for specific taxa, placed next to their branch in the
phylogenetic tree. See Source Data 1 for the tree file with bootstrap support values. B. Sequence
alignment showing all amino acids at the interface: red boxes; 4 A cutoff used for identifying an
interface amino acid. The selected residues used in sequence logos in (A) are marked with an
asterisk below. Three positions at the interface that vary among ancestral sequences are labeled by
closed squares. C. The three varying residues among sequence reconstructions of the three
ancestral gnathostome Kirrels, the Kirrel2/3 ancestor and the ancestral vertebrate Kirrel are shown
on the tree. These positions are underlined in the structural views of the interface in Figure 2. See
Figure S3 for complete sequences of inferred ancestral D1 domains.
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Next, we inferred ancestral sequences for Kirrel D1 domains in the vertebrate and
gnathostome nodes on the phylogenetic tree (Figures 3C and S3). There are nine variable
positions between the common Kirrel2/Kirrel3 ancestor and the ancestral gnathostome
Kirrel3. Three of these positions are at the interface (labeled with closed squares in Figure
3B), including two that are part of the hydrogen bonding network seen in Kirrel2 (Q52 and
WG69), and one contributing strongly to the hydrophobic nature of the Kirrel3 interface
(V89 in Kirrel3, G62 in Kirrel2) (see underlined amino acids in structures in Figure 2).
Overall, these ancestral sequences support our structural observations that the
gnathostome Kirrel3 homodimer interface gained non-polar interactions which resulted in

loss of interactions with its Kirrel2 paralogs.

Mutagenesis of the Kirrel2 and Kirrel3 D1 dimerization interfaces

To confirm that the Kirrel2 and Kirrel3 D1 interfaces observed in crystal structures
mediate dimerization in solution, we set out to mutate these interfaces and test for loss of
dimer formation. In size exclusion chromatography (SEC) experiments, Kirrel2 D1 and
Kirrel3 D1+D2 proteins elute at a volume that roughly corresponds to that of their dimeric
sizes (Figures 4A, 4B and S4A-F). This dimerization is concentration-specific; size-
exclusion runs with diluted samples elute at later volumes, indicating a fast equilibrium
between dimeric and monomeric forms of Kirrels. Interface mutations of mouse Kirrel2
D1 and Kirrel3 D1+D2 were tested for dimerization at various concentrations based on
SEC elution volumes, which allowed us to rank these mutations for their effect to decrease
or abolish dimer formation. For both Kirrel2 and Kirrel3, mutation of the same site, Q101
for Kirrel2 and Q128 for Kirrel3, to alanine abolished dimerization (Figure 4A and 4B).

Alanine mutations of a set of equivalent positions at the dimerization interface of both
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Figure 4. Mutational analysis of the Kirrel2 and Kirrel3 homodimerization interfaces.

A, B. SEC elution volumes for wild-type and mutant Kirrel2 D1 (A) and Kirrel3 D1+D2 (B) loaded at
multiple concentrations on the columns. A Superdex 75 10/300 column was used for the Kirrel2 D1
runs (left) and a Superdex 200 Increase 10/300 column was used for the Kirrel3 D1+D2 runs, both
with a column volume of 24 ml. Expected monomeric and dimeric elution volumes are marked by
dashed lines on the plots. See Figure S4 for SEC chromatograms. C. Four residues observed to be
energetically important for Kirrel dimerization mapped onto Kirrel2 structure and shown as a surface
(residue names purple and underlined). D. Sedimentation velocity results for mouse Kirrel2 WT (left),
Kirrel3 WT (middle) and Kirrel3 Q128A (right) ectodomains performed at several initial protein
concentrations, showing lack of dimerization for the Q128A mutant. KD for WT mKirrel2 and
mKirrel3 refine to 0.9 yM [0.2 uM, 3.5 pM] and 0.21 uM [0.11 uM, 0.36 pM] (68.3% confidence
intervals are shown in brackets). See Figure S4G,H for isotherms and fitting for dissociation
constants. E. Cell aggregation assay for Kirrel2 and Kirrel3, WT and mutants, fused to intracellular
GFP, performed with S2 cells. Scale bar, 100 um.
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Kirrels strongly diminished homodimerization: L58/L85, W69/Y96, R108/R135
(Kirrel2/Kirrel3 numbering). The energetic hot spot formed by these four residues create
a continuous volume (Figure 4C) Surprisingly, the residue at the dimerization two-fold
axis, Q52 for Kirrel2 and L79 for Kirrel3, which is likely important for specificity, is less
crucial for binding energetics. In fact, the variable residues necessary for establishing
dimerization specificity appear to cause smaller losses of binding energy when mutated,
compared to the conserved residues at the hot spot. Overall, these mutagenesis
experiments confirm that the interfaces observed in the crystal structures mediate dimer

formation in solution.

Kirrel2 and Kirrel3 homophilic adhesion is dependent on D1

While we have shown that the major dimerization interface for Kirrel homologs are
within the N-terminal domain (D1) (Ozkan et al., 2014, and above), it is not known if the
other four domains can also cause dimerization in vertebrate Kirrels. In support of
additional dimerization sites, Gerke et al. (2003) reported evidence that dimerization was
not limited to any single domain within Kirrel1 and the related Nephrin. Furthermore, a
large number of human mutations affecting Kirrel3 function in the ectodomain, but outside
D1, have been identified (summarized in Taylor et al., 2020). To test whether Kirrel
ectodomains can form dimers using interfaces we did not identify in our crystal structures,
we used analytical ultracentrifugation to quantify dimerization of Kirrel2 and Kirrel3
ectodomains and one D1 interface mutant, Kirrel3 Q128A. We performed sedimentation
velocity experiments at several concentrations and observed that both WT Kirrel
ectodomains exist in a monomer-to-dimer equilibrium, confirming our SEC results

(Figures 4D and S4G,H). Kirrel3 ectodomain with the D1 mutation Q128A showed no
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signs of dimerization at any concentration (Figure 4D), implying that no additional

interface mediates dimerization.

Kirrel2 and Kirrel3 have been shown to mediate homophilic cell adhesion, which
was suggested as necessary for their function in the regulation of olfactory sensory
neuron axonal coalescence into glomeruli and synaptic specification in the hippocampus.
We therefore examined the effect of non-dimerizing mutations on Kirrel-dependent
adhesion using a cell aggregation assay. Suspension S2 cells were transfected with
transmembrane constructs containing Kirrel ectodomains, attached to the
transmembrane helix of Neurexin, followed by a cytoplasmic EGFP. We observed strong
aggregation in transfected cultures, indicating that Kirrel2 and Kirrel3 form trans-
homodimers that aggregate S2 cells (Figures 4E). When the Kirrel2 and Kirrel3 constructs
carried mutations that abolish or strongly diminish dimerization through the D1 interface,
such as Q128A in Kirrel3, cell aggregation was also abolished. However, an alanine
mutation at the “specificity site” Kirrel2 Q52 did not abolish cell aggregation, as the soluble
D1+D2 construct with this mutation still behaved as a dimer in SEC (Figure 4A). The
analytical ultracentrifugation and cell aggregation experiments demonstrate that the D1
interface we observed in our crystal structures is required for Kirrel homodimerization,
and a second interaction site within the ectodomains is either very weak to detect or does

not exist.

Kirrel ectodomains form elongated homodimers mediated by D1 interactions

As Kirrels are adhesion molecules carrying signaling motifs, the tertiary structure

and conformational states of their ectodomains are relevant for their signaling and
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adhesive properties. To gain insights into the three-dimensional structure of Kirrel
ectodomains, we studied Kirrel2 and Kirrel3 ectodomains in solution using an SEC-SAXS-
MALS setup, including the Kirrel3 Q128A mutant (Figures 5 and S5, Table S2). For all
ectodomains tested by SAXS (small-angle x-ray scattering), shapes of pair distance
distributions, P(r), show strongly rod-like character, rather than globular or other shapes
(Figures 5A, 5B, S5A and S5B). Kirrel2 and Kirrel3 homodimers have maximum
dimensions (Dmax) of 39 and 35 nm, respectively, while Kirrel3 Q128A has a Dmax of 21
nm, suggesting that Kirrel dimers are nearly double the length of the monomer. The
accompanying MALS (multi-angle light scattering) data recapitulate our conclusions from
pure SEC runs, where concentrated wild-type Kirrels have molar masses matching
dimeric sizes and diluted Kirrel3 samples yield intermediate values between predicted
monomer and dimer masses, while Kirrel3 Q128A is a pure monomer (Figure S5C and
Table S3). These results agree with our elongated Kirrel model where only D1 domains
interact between Kirrel monomers, and support a D1-D1, or N-terminal tip-to-tip,

interaction model of Kirrel homodimerization.

A prominent feature common to Kirrel2, Kirrel3, and Kirrel3 Q128A ectodomains
observed in dimensionless Kratky plots for SAXS data (Figures 5B and S5B) is flexibility,
likely reflecting significant interdomain movements. While this may complicate low-
resolution modeling of the ectodomains, we used DAMMIF (Franke and Svergun, 2009)
to create ab-initio bead models. Bead models for Kirrel2 and Kirrel3 appear as a thin V
with a vertex angle of approximately 115°, while a bead model for Kirrel3 Q128A is a

straight rod that is as long as each of the “wings” of the Kirrel2 and Kirrel3 models (Figures
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Figure 5. SAXS analysis of Kirrel ectodomains. A. Pair distance distributions, P(r), for mKirrel3
ectodomains, WT and Q128A. WT Kirrel3 is a longer molecule than Kirrel3 Q128A since it has a
larger Dihax (35 nm vs. 21 nm). B. Dimensionless Kratky plots for mKirrel3 ectodomains; blue vertical
lines are measured errors. Dashed red lines show predicted plots for rigid, globular molecules with
the same Ry. C. Ensemble model fitting of SAXS data for mKirrel3 Q128A ectodomain using EOM.
The three-model ensemble with contributions are indicated as percentages next to the models. The
scattering profile predicted from the ensemble model (black) closely matches observed scattering
data (measurement errors are indicated as orange vertical bars). D. SASREF model of mKirrel3 WT
ectodomain dimer, and its predicted scattering (black) overlayed on observed SAXS data (cyan)
with vertical bars representing measurement errors.
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S5D and E). These conformations agree with our structural models of a fixed angle of

Kirrel2 and Kirrel3 dimerization defined by the D1-D1 binding interface.

Next, we attempted to model Kirrel ectodomains using an ensemble representation
with EOM from the ATSAS suite (Tria et al., 2015), where flexibility was allowed between
five rigid-body-defined |G domains, which were available through our high-resolution
Kirrel D1 structures or were modeled (Domains 2 to 5) based on similar immunoglobulin
domain templates. EOM can explain observed SAXS profiles for the monomeric Kirrel3
Q128A using a three-model ensemble that has theoretical scattering matching observed
data with high fidelity (x> = 1.15, Figure 5C). While the homodimer also shows strong
flexibility based on the Kratky analysis (Figure 5B), ensemble modeling did not yield an
equally satisfactory model for explaining WT Kirrel3 scattering data, possibly due to the
presence of monomeric species in solution and a higher-degree of flexibility caused by
movements between ten, rather than five domains. For the dimeric Kirrel3 WT SAXS data,
we used SASREF from the same package to allow for interdomain flexibility within one
model (Petoukhov and Svergun, 2005) (Figure 5D). When the resulting model was
aligned to the SAXS bead model from DAMMIF, we observed a strong overlap, supporting
the validity of our SAXS bead models as well as our model of Kirrel tip-to-tip dimerization

(Figures S5D and E). These results further point to a lack of secondary dimerization sites.

Kirrel3 Q128A mutation causes defects in glomerulus formation in the AOB

In order to assess whether the Kirrel D1-to-D1 model of homophilic adhesion
contributes to Kirrel3 function in wiring the nervous system, we examined the effect of

abolishing Kirrel3 dimerization on vomeronasal sensory neuron axon targeting in the
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AOB. We engineered mice expressing the Kirrel3 Q128A amino acid substitution, which
abolishes Kirrel3 dimerization, using CRISPR technology (Figure 6A-C). An analysis of
Kirrel3 protein in lysates extracted from brain samples of wild-type and Kirre/3Q71284/Q128A
mice reveals that Kirrel3 Q128A is expressed at comparable levels to the wild-type protein
in the brain (Figure 6D,E). Additionally, cell surface biotinylation assays on brain slices
from control and Kirrel3Q1284/Q1284 mjce, combined with flow cytometry of HEK293T cells
transfected with full-length WT and Q128A Kirrel3, reveals that the mutant protein is

properly trafficked to the cell's surface (Figure 6F and Figure S6).

We then investigated the expression patterns of Kirrel3 Q128A on VSN axons
innervating the AOB. Kirrel3 is expressed on subsets of VSN axons innervating glomeruli
throughout the AOB with a large proportion of glomeruli in the posterior region expressing
Kirrel3 (Prince et al., 2013). Sagittal sections of the AOB stained for Kirrel3 demonstrated
a clear localization of Kirrel3 in a majority of glomeruli in the posterior region of the AOB
in both wild-type and Kirrel3Q1284/Q128A mice (Figure 6G). Since Kirrel3”- mice show altered
glomeruli structure in the posterior region of the AOB (Prince et al., 2013), we next
performed a detailed analysis of the glomerular layer in Kirrel3Q1264/Q1284 mijce. To
visualize and delineate glomeruli, sagittal sections of the AOB of control and
Kirrel3Q128A/Q1284 ‘mjice were stained with anti-VGLUT2, which marks excitatory pre-
synaptic terminals in the AOB. As previously observed in Kirrel3”- mice (Prince et al.,
2013), the size and number of glomeruli in the anterior region of the AOB appears
unaffected in Kirrel3?7264/Q1284 mice when compared to control animals (Figures 7 A, B,
G, 1). In contrast, and as observed in Kirrel3” mice, the posterior region of the AOB in

Kirrel3Q1284/Q1284 mice contains significantly fewer glomeruli and the average size of each
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Figure 6. Characterization of the Kirrel3 Q128A mouse. A. Diagram of the generation of the Kirrel3 Q128A
mouse. Mice carrying a modified Kirrel3 allele containing mutations that modify amino acid 128 from a
glutamine (Q) to an alanine (A), as well as a silent mutation introducing an Hgal restriction enzyme cutting site
for genotyping purposes, were generated. Green square: Q to A mutations. Red square: mutation creating an
Hgal restriction site. B-C. Identification of the Kirrel3 Q128A allele by restriction enzyme digest and DNA
sequencing. Digestion with Hgal (B) and DNA sequencing (C) of a PCR fragment from exon 4 of the Kirrel3
allele demonstrate the presence of the newly introduced Hgal restriction site. DNA sequencing also reveals
the presence of the three nucleotide substitutions resulting in the Q to A amino acid substitution in a
Kirrel3+/Q128A mouse. The red arrows in the electropherogram in C indicate the overlapping peaks caused by
the nucleotide substitutions in one of the Kirrel3 alleles. D. Quantification of Kirrel3 protein by western blot of
brain lysate collected from Kirrel3** and Kirrel3Q128A/Q126A mice shows that similar levels of Kirrel3 and Kirrel3
Q128A levels are expressed in the brain of these mice, respectively. Data were analyzed using unpaired f-test;
n=3 for Kirrel3*’* and 4 for Kirrel3Q1284/Q1284 mjce. E. Surface membrane distribution of Kirrel3 Q128A in acute
brain slices. Western blots of acute brain slice lysate collected from Kirrel3** and Kirrel3Q126A/Q128A mjce
following incubation with biotin and isolation of surface proteins by batch streptavidin chromatography. Both
Kirrel3 and Kirrel3 Q128A are distributed to the cell surface. F. Immunohistochemistry on sagittal sections of
the AOB from Kirrel3** and Kirrel3Q128A/Q128A gdult mice labelled with antibodies against Kirrel3 and Hoechst.
The Kirrel3 and Kirrel3 Q128 proteins can be detected in subsets of glomeruli in both the anterior and
posterior regions of the AOB in Kirrel3** and Kirrel3Q1284/Q126A mice, respectively. Scale bar is 200 pum.
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Figure 7. Glomeruli structure is altered in the AOB of Kirrel3Q128A/Q126A mice. A-F. Parasagittal sections of
the AOB from adult Kirrel3*+ (A,C) and Kirrel3Q128A/Q126A (B D) mice, labelled with a VGLUT2 antibody and
Hoechst (A-D). Higher magnification of outlined regions in A and B are shown in C and D, respectively.
Glomeruli in the posterior region of the AOB in Kirrel3Q128A/Q126A mice appear significantly larger and less
numerous when compared to Kirre/3** mice (E,F). Arrowheads denote the boundary between the anterior
(ant) and posterior (post) regions of the AOB. E-J. Quantification of the size and number of glomeruli in the
anterior (G,l) and posterior regions (H,J) of the AOB in adult control and Kirrel3Q7126A/Q126A mjce. A
representation of the glomeruli outlining approach used for quantification using sections in panels A and B as
examples are shown in E and F, respectively. A significant increase in the size of glomeruli in the posterior
(Control: 644.0 = 56.2 um?; Kirrel3Q128A/Q126A: 11341 + 74.5 um2), but not anterior (Control: 284.0 £ 19.6 ym?;
Kirrel3Q126A/Q128A: 295 6 + 22.1 um2), region of the AOB is observed in the Kirre/3Q128A/Q128A mijce (G,H).

There is also a decrease in glomeruli numbers in the posterior (Control: 61.15 + 1.75; Kirrel3Q1284/Q128A; 34 27
+ 1.02), but not anterior (Control: 87.21 + 4.92; Kirrel3Q1284/Q126A; 84 22 + 6.33), region of the AOB in
Kirrel3Q126A/Q128A mice (J). Data were analyzed using unpaired t-test; n=8 mice for each genotype. ****p-value
< 0.0001 (glomerular counts), ***p-value < 0.001 (glomerular size), error bars: + SEM. Scale bars: 250 ym in
A,B and 100 ym in C,D.
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glomerulus in increased by ~43% (Figures 7 A-C, H, J). Thus, the Kirrel3 D1-D1 binding

interface is necessary for proper coalescence of VSN axons into glomeruli of the AOB.

DISCUSSION

The wiring of the nervous system is guided by a combination of intercellular
interactions mediated by cell surface receptors (Sanes and Zipursky, 2020). The
interactions can be heterotypic, usually allowing for establishing connectivity between
different neuronal types, guiding growth of axons in a gradient field established by cues
or by contacts between processes resulting in attraction or repulsion. Homotypic
interactions can also be used to establish synaptic connections (as Kirrel3 is known to
mediate in the hippocampus), lead to contact-mediated repulsion or to fasciculation and
coalesce axons. Kirrel2 and Kirrel3 are differentially expressed in sets of sensory neurons
whose axons are segregated into separate glomeruli in the accessory and main olfactory
bulbs. The molecular mechanism through which differential expression of Kirrel family
members in populations of sensory axons modulates their segregation into glomeruli

remained to be addressed.

Structures presented here show that Kirrel2 have key residues that allow the
formation of a hydrogen bonding network at the homodimeric interface, while Kirrel3
evolved a hydrophobic interface in lieu of this hydrogen bonding network. Ancestral
vertebrate Kirrel has crucial amino acids compatible with the presence of the hydrogen
bonding network, and this specialization of a non-polar Kirrel3 interface core likely
evolved to ensure exclusive homodimerization of the two Kirrels, and no

heterodimerization, allowing for the segregation of OSN termini into separate Kirrel2 and
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Kirrel3-expressing glomeruli. This finding of incompatible interface chemistries is distinct
to the vertebrate Kirrels: The two fruit fly Kirrel dimerization interfaces show strong
conservation and compatible chemistries that would allow them to create putative
complexes (Ozkan et al., 2014), and there is evidence that fly Kirrels can form
heterodimers (Ozkan et al., 2013). We otherwise found that Kirrel duplications outside

vertebrates is relatively rare.

The distribution of extant Kirrel proteins we identified in cyclostomes and
gnathostomes are consistent with the duplication of Kirrels during the early chordate
whole-genome duplication events (Dehal and Boore, 2005). Given that ancestral Kirrel2
and Kirrel3 have chemically incompatible interface sequences similar to mouse Kirrels
and that extant jawed fish Kirrel sequences also follow these patterns, Kirrel specialization
must have appeared early in gnathostomes and before the rise of distinct accessory
olfactory systems and several expansions in olfactory receptor gene families (Bear et al.,
2016; Poncelet and Shimeld, 2020). Therefore, it is attractive to speculate that
specialization of Kirrels and other cell surface receptors differentially expressed in OSNs
and VSNs and duplicated during the whole-genome duplication events, may have set the

stage for increases in ORs, OSNs and glomeruli in main and accessory olfactory bulbs.

Kirrels have been identified and implicated in numerous functional contexts in the
nervous system. Loss of Kirrel2 and Kirrel3 causes disorganization of a subset of
glomeruli in the main and accessory olfactory bulbs (Brignall et al., 2018; Nakashima et
al., 2019; Prince et al., 2013; Vaddadi et al., 2019), and Kirrel3 knockout mice show
behavioral abnormalities similar to those in autistic patients, including defects in social

responses, auditory sensory processing and communication, and repetitive behaviors
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(Hisaoka et al., 2018; Volker et al., 2018), in addition to loss of male-male aggression
likely as a result of miswiring in the AOB (Prince et al., 2013). Furthermore, several
mutations in human autism and intellectual disability patients were identified (see Taylor
et al., 2020 for a list). To our surprise, none of the missense mutations are in the first
domain, including mutations recently reported to affect Kirrel3-mediated cell adhesion
(Taylor et al., 2020). We therefore studied the entire Kirrel2 and Kirrel3 ectodomains using
a combination of biophysical methods, but could not produce evidence that there are
secondary binding sites outside the D1-D1 interface. A single alanine mutation at the D1-
D1 Kirrel3 dimer interface completely abolishes ectodomain dimerization at micromolar
concentrations. SAXS data suggest highly elongated models for dimerized Kirrels
compatible with D1-D1 intermolecular interactions, further rendering other putative
binding sites unlikely or very weak. Additional structural studies on liposomes and lipid

bilayers may be necessary to refute or confirm secondary cis or trans binding sites.

We also showed that the dimerization interface observed in our structures directly
contributes to glomerulus formation, at least in the case of Kirrel3. Morphological analysis
of glomeruli in the AOB using the Kirrel3 Q128A substitution closely resembled those of
the Kirrel3 knockout, where glomeruli increase in size but decrease in number in the
posterior AOB. We have confirmed that the Q128A mutant displays correctly to the cell
surface, which implies that the observed AOB phenotype is not due to misfolding or
trafficking errors. Though we did not test Kirrel2 loss-of-function mutations in vivo, Kirrel2
shares a closely related structure and evolutionary history with Kirrel3, and it is
reasonable to assume that the dimerization interface on Kirrel2 D1 may also control

glomerulus formation in a similar manner. However, while Kirrel homodimerization is
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necessary for proper glomerulus formation, it is likely that other molecules contribute to
glomerular segregation of axons, including expression of vomeronasal receptors and

other receptor pairs (such as Eph-Ephrin), and neuronal activity.

Multiple lines of evidence support the idea that Kirrels and its homologs act as
more than “molecular Velcro” in nervous system development. In the hippocampus,
Kirrel3 homophilic adhesion is required, but not sufficient for synapse formation, and
mutations that occur outside of the D1 binding domains and even in the intracellular
domains prevent synapse formation, despite being able to form homodimeric complexes
(Taylor et al., 2020). The C. elegans homologs SYG-1 and SYG-2 were shown to be
signaling receptors, whose functions depend on the exact geometry of ectodomain
dimerization also mediated by D1 (Ozkan et al., 2014). Finally, Kirrels carry conserved
and functional signaling motifs in their cytoplasmic domain, including phosphorylation
sites, PDZ motifs, and actin cytoskeleton recruitment sequences (Bulchand et al., 2010;
Chia et al., 2014; Gerke et al., 2006; Harita et al., 2008; Huber et al., 2003; Sellin et al.,
2003; Yesildag et al., 2015). These findings suggest that Kirrel3 undergoes active
signaling once the homodimeric complexes have formed, which may be influenced by the
overall flexibility and conformation of the extracellular domains and how tightly Kirrels may

pack at the site of a Kirrel-mediated cell adhesion.

The question remains, however, of whether Kirrel2 and Kirrel3 also actively signal
for the formation of glomeruli, and may also regulate synapse formation of sensory
neurons in these glomeruli with second-order neurons, such as mitral cells. As Kirrel3 has
been shown to specify synapse formation in the hippocampus between dentate gyrus and

CA1 neurons, it is possible that Kirrels play a dual role of simple adhesion and synapse
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specification. Some second-order neurons in the AOB were observed to selectively form
dendrites to VSNs expressing the same vomeronasal receptors (Del Punta et al., 2002),
indicating that synapses formed in the glomeruli may be specified by cell surface
receptors controlled by vomeronasal receptor expression, such as Kirrels, to organize
sensory input. A mechanism through which Kirrels mediate both VSN coalescence and
synapse formation onto mitral cells would be appealing for its simplicity in explaining

wiring specificity.
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FIGURE LEGENDS

Figure 1. The three mouse Kirrel D1 homodimers share gross structural features.
A. The conserved domain structure of Kirrels. B. A multisequence alignment of the mouse
Kirrel D1 domains. Secondary structure elements, B-strands (yellow arrows) and a 310
helix (purple box) are shown above the alignment. C. The three mKirrel D1 dimers shown
in cartoon representation. Neph1 homodimer structure is from Ozkan et al. (2014; PDB
ID: 40FD). See Table S1 for structure determination statistics for Kirrel2 and Kirrel3
structures. D. The three mKirrel D1 homodimers are overlayed by aligning the chains
shown on the left. Comparisons to structures of fly and worm Kirrel orthologs are provided
in Figure S1.

Figure 2. Kirrel2 and Kirrel3 have incompatible chemistries at their dimerization
interfaces. A. Kirrel2 homodimerization interface. The closed oval represents the two-
fold symmetry axis surrounded by the bidentate hydrogen bonding (yellow dashes) of two
Q52 residues from Kirrel3 monomers. The interface includes an extensive set of hydrogen
bonds. B. Kirrel3 homodimerization interface. None of the hydrogen bonds depicted in
(A) are present in the Kirrel3 interface. The hydrogen bonds between the Q52 side chains
at the Kirrel2 dimer symmetry axis are replaced by van der Waals contacts between the
L69 side chains (orange dashes) in Kirrel3. The loop connecting the C and D strands are
significantly different between the two Kirrel structures. The parts of the interface with
conserved hydrogen bonding between Kirrel2 and Kirrel3 are shown in Figure S2.
Underlined amino acids vary among ancestral vertebrate sequences (see Figure 3C) and
are strong candidates to be specificity determinants.

Figure 3. Phylogenetic analysis of Kirrels. A. Maximum likelihood tree for Kirrels. The
scale bar below represents 0.4 substitutions per site. Numbers on the tree are bootstrap
values supporting the adjacent node. The sequence logos to the right show the
prevalence of amino acids in selected positions at the Kirrel dimerization interface for
specific taxa, placed next to their branch in the phylogenetic tree. See Source Data 1 for
the tree file with bootstrap support values. B. Sequence alignment showing all amino
acids at the interface: red boxes; 4 A cutoff used for identifying an interface amino acid.
The selected residues used in sequence logos in (A) are marked with an asterisk below.
Three positions at the interface that vary among ancestral sequences are labeled by
closed squares. C. The three varying residues among sequence reconstructions of the
three ancestral gnathostome Kirrels, the Kirrel2/3 ancestor and the ancestral vertebrate
Kirrel are shown on the tree. These positions are underlined in the structural views of the
interface in Figure 2. See Figure S3 for complete sequences of inferred ancestral D1
domains.

Figure 4. Mutational analysis of the Kirrel2 and Kirrel3 homodimerization
interfaces. A, B. SEC elution volumes for wild-type and mutant Kirrel2 D1 (A) and Kirrel3
D1+D2 (B) loaded at multiple concentrations on the columns. A Superdex 75 10/300
column was used for the Kirrel2 D1 runs (left) and a Superdex 200 Increase 10/300
column was used for the Kirrel3 D1+D2 runs, both with a column volume of 24 ml.
Expected monomeric and dimeric elution volumes are marked by dashed lines on the
plots. See Figure S4 for SEC chromatograms. C. Four residues observed to be
energetically important for Kirrel dimerization mapped onto Kirrel2 structure and shown
as a surface (residue names purple and underlined). D. Sedimentation velocity results for
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mouse Kirrel2 WT (left), Kirrel3 WT (middle) and Kirrel3 Q128A (right) ectodomains
performed at several initial protein concentrations, showing lack of dimerization for the
Q128A mutant. Kp for WT mKirrel2 and mKirrel3 refine to 0.9 uM [0.2 yM, 3.5 uM] and
0.21 uM [0.11 pM, 0.36 uM] (68.3% confidence intervals are shown in brackets). See
Figure S4G,H for isotherms and fitting for dissociation constants. E. Cell aggregation
assay for Kirrel2 and Kirrel3, WT and mutants, fused to intracellular GFP, performed with
S2 cells. Scale bar, 100 pym.

Figure 5. SAXS analysis of Kirrel ectodomains. A. Pair distance distributions, P(r), for
mKirrel3 ectodomains, WT and Q128A. WT Kirrel3 is a longer molecule than Kirrel3
Q128A since it has a larger Dmax (35 nm vs. 21 nm). B. Dimensionless Kratky plots for
mKirrel3 ectodomains; blue vertical lines are measured errors. Dashed red lines show
predicted plots for rigid, globular molecules with the same Ry. C. Ensemble model fitting
of SAXS data for mKirrel3 Q128A ectodomain using EOM. The three-model ensemble
with contributions are indicated as percentages next to the models. The scattering profile
predicted from the ensemble model (black) closely matches observed scattering data
(orange; measurement errors are indicated by vertical bars). D. SASREF model of
mKirrel3 WT ectodomain dimer, and its predicted scattering (black) overlayed on
observed SAXS data (blue; measurement errors are indicated by vertical bars).

Figure 6. Characterization of the Kirrel3 Q128A mouse. A. Diagram of the generation
of the Kirrel3 Q128A mouse. Mice carrying a modified Kirrel3 allele containing mutations
that modify amino acid 128 from a glutamine (Q) to an alanine (A), as well as a silent
mutation introducing an Hgal restriction enzyme cutting site for genotyping purposes,
were generated. Green square: Q to A mutations. Red square: mutation creating an Hgal
restriction site. B-C. Identification of the Kirrel3 Q128A allele by restriction enzyme digest
and DNA sequencing. Digestion with Hgal (B) and DNA sequencing (C) of a PCR
fragment from exon 4 of the Kirrel3 allele demonstrate the presence of the newly
introduced Hgal restriction site. DNA sequencing also reveals the presence of the three
nucleotide substitutions resulting in the Q to A amino acid substitution in a Kirrel3+/?7128A
mouse. The red arrows in the electropherogram in C indicate the overlapping peaks
caused by the nucleotide substitutions in one of the Kirrel3 alleles. D. Quantification of
Kirrel3 protein by western blot of brain lysate collected from Kirrel3** and Kirre/3@7284/Q1284
mice shows that similar levels of Kirrel3 and Kirrel3 Q128A levels are expressed in the
brain of these mice, respectively. Data were analyzed using unpaired t-test; n=3 for
Kirrel3** and 4 for Kirrel3Q726A/Q1284 mjce. E. Surface membrane distribution of Kirrel3
Q128A in acute brain slices. Western blots of acute brain slice lysate collected from
Kirrel3** and Kirrel3Q1264/Q1284 mjce following incubation with biotin and isolation of
surface proteins by batch streptavidin chromatography. Both Kirrel3 and Kirrel3 Q128A
are distributed to the cell surface. F. Immunohistochemistry on sagittal sections of the
AOB from Kirrel3** and Kirrel3Q1284/Q1284 adult mice labelled with antibodies against
Kirrel3 and Hoechst. The Kirrel3 and Kirrel3 Q128 proteins can be detected in subsets of
glomeruli in both the anterior and posterior regions of the AOB in Kirrel3** and
Kirrel3Q128A/Q1284 mice, respectively. Scale bar is 200 pym.

Figure 7. Glomeruli structure is altered in the AOB of Kirrel3Q1284/Q128A mjce. A-F.
Parasagittal sections of the AOB from adult Kirre/3** (A,C) and Kirrel3Q128A/Q1284 (B D)
mice, labelled with a VGLUT2 antibody and Hoechst (A-D). Higher magnification of
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outlined regions in A and B are shown in C and D, respectively. Glomeruli in the posterior
region of the AOB in Kirrel3Q7284Q128A mjce appear significantly larger and less numerous
when compared to Kirrel3** mice (E,F). Arrowheads denote the boundary between the
anterior (ant) and posterior (post) regions of the AOB. E-J. Quantification of the size and
number of glomeruli in the anterior (G,l) and posterior regions (H,J) of the AOB in adult
control and Kirrel3Q728A/Q1284 mice. A representation of the glomeruli outlining approach
used for quantification using sections in panels A and B as examples are shown in E and
F, respectively. A significant increase in the size of glomeruli in the posterior (Control:
644.0 £ 56.2 um?; Kirrel3Q126A/Q1284: 1134 1 + 74.5 ym?), but not anterior (Control: 284.0
+ 19.6 um?; Kirrel3Q128A/Q1284: 295 6 + 22.1 um?), region of the AOB is observed in the
Kirrel3Q128A/Q1284 mijce (G,H). There is also a decrease in glomeruli numbers in the
posterior (Control: 61.15 £ 1.75; Kirrel3Q728A/Q1284: 34 27 + 1.02), but not anterior (Control:
87.21 + 4.92; Kirrel3Q1284/Q1284: 84 22 + 6.33), region of the AOB in Kirrel3Q7284/Q1284 mjce
(J). Data were analyzed using unpaired t-test; n=8 mice for each genotype. ****p-value <
0.0001 (glomerular counts), ***p-value < 0.001 (glomerular size), error bars: £+ SEM. Scale
bars: 250 um in A,B and 100 um in C,D.


https://doi.org/10.1101/2021.03.09.434456
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.09.434456; this version posted March 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

METHODS
Protein Expression and Purification

For biophysical and structural studies, mouse Kirrel2 and Kirrel3 constructs were
expressed in High Five cells using the baculovirus expression system. All expression
constructs were tagged C-terminally with hexahistidine tags in the baculoviral transfer
vector pAcGP67A (BD Biosciences). Proteins were purified using Ni-NTA agarose
(Qiagen) resin first, followed by size-exclusion chromatography with Superdex 75 10/300
or Superdex 200 10/300 Increase columns (GE Healthcare) in 1x HBS (10 mM HEPES
pH 7.2, 150 mM NaCl). We observed that some of the Kirrel constructs tend to precipitate
at higher concentrations at 4°C; therefore, proteins were purified and stored only for short
periods at 16 to 22°C.

Protein Crystallization

Purified mKirrel2 D1 was concentrated to 10.6 mg/ml and crystallized using the sitting-
drop vapor-diffusion method in 0.4 M Potassium/Sodium tartrate. Crystals were cryo-
protected in 0.5 M Sodium acetate, 30% Ethylene glycol, and vitrified in liquid nitrogen.
Complete diffraction dataset was collected at the SSRL beamline 12-2.

Purified mKirrel3 D1 was concentrated to 9.1 mg/ml and crystallized using the sitting-drop
vapor-diffusion method in 0.1 M Sodium cacodylate, pH 6.5, 1.4 M Sodium acetate.
Crystals were cryo-protected in 0.1 M Sodium cacodylate, pH 6.5, 1.4 M Sodium acetate
with 30% Ethylene glycol, and vitrified in liquid nitrogen. Complete diffraction dataset was
collected at the APS beamline 24-ID-E.

Structure Determination by X-ray Crystallography

Diffraction data were reduced using HKL2000 (Otwinowski and Minor, 1997). Structure
of mKirrel2 D1 was phased with molecular replacement using mouse Duf/Kirre D1 as
model (PDB ID: 40FI; Ozkan et al., 2014) with PHASER (McCoy et al., 2007) as part of
the PHENIX suite (Liebschner et al., 2019). For molecular replacement of the mKirrel3
D1 data set, a partly refined mKirrel2 D1 structure was used. Model building and
refinement were done using Coot (Emsley et al., 2010) and phenix.refine (Afonine et al.,
2012), respectively. mKirrel3 D1 model was refined with eight TLS groups, one for each
chain in the asymmetric unit, while no TLS refinement was used for the mKirrel2 model.
Crystal structures and structure factors are deposited with the Protein Data Bank with
accession codes 7LTW (mKirrel2 D1) and 7LU6 (mKirrel3 D1). Crystallographic data and
refinement statistics are tabulated in Table S1.

Phylogenetics and Ancestral Sequence Reconstructions

Putative Kirrel orthologs were identified using a reciprocal BLAST strategy with the three
mouse Kirrels, mouse Nephrin, and D. melanogaster Rst and Kirre. Each sequence hit
was confirmed to contain conserved features of Kirrels and Nephrins, specifically five and
ten IG/Fnllll domains, respectively, in the extracellular regions, and a membrane helix. A
total of 90 Kirrel and 41 Nephrin-like proteins were identified across major protostome
and deuterostome taxa; we failed to detect clear Kirrel and Nephrin orthologs in other
metazoan groups.
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The mature ectodomains of 90 Kirrel sequences were aligned using MUSCLE (version
3.8.425) with default parameters (Edgar, 2004), as the other regions cannot be aligned
with high confidence. Parts of the alignment with insertions represented by few
sequences were removed, and maximum likelihood phylogenies were inferred using
RAXML-NG v1.0.1 (Kozlov et al., 2019) using the best-fit LG+I+G4 evolutionary model
determined by MODELTEST-NG (Darriba et al., 2020). Among the three vertebrate
Kirrels, Kirrel2 shows faster and heterogenous rates of evolution in gnathostomes.
Ancestral sequences were inferred using the marginal reconstruction algorithm in PAML
v4.8 (Yang, 2007) using the LG+G4 model and the amino acid frequencies inferred on
the ML tree by RAXML v8.2.12.

Analytical Ultracentrifugation

Analytical ultracentrifugation data was collected at the UT Southwestern Macromolecular
Biophysics Resource laboratory. mKirrel2 and mKirrel3 ectodomain samples were placed
in 0.3 or 1.2-cm charcoal-filled Epon centerpieces sandwiched between sapphire
windows. Cells were placed in an An50-Ti rotor and spun at 20°C at 50,000 rpm for
sedimentation velocity experiments. During the spins, concentration profiles were
measured using absorbance at 230 nm or using Rayleigh interferometry for the highest
concentration samples (blue points in isotherms in Figures S4G,H). The data were
analyzed using the c(s) methodology in SEDFIT (Schuck, 2000). Partial-specific volume,
density, and viscosity were calculated using SEDNTERP (Laue et al., 1992), and the
following values were used in data analysis: €30 = 389,836 (mKirrel2) and 395,466
(mKirrel3) M-'em™; €interferometric = 150,896 (mKirrel2) and 151,329 (mKirrel3) M-'cm™';
p(solution) = 1.0052 g/cm3; n(solution) = 0.010249 Poise.

To calculate dissociation constants, GUSS/ (Brautigam, 2015) was used to integrate the
c(s) distributions, which were assembled into isotherm files that were imported into
SEDPHAT, where a monomer-dimer model was imposed (Schuck, 2003) with a fixed s-
value for the monomer (2.87 S). All AUC figures were rendered in GUSSI.

The Q128A mutant for the mKirrel3 ectodomain displayed an unmoving peak at all
concentrations with a calculated sedimentation coefficient of 2.87 S, which represents the
monomer, while the WT mkKirrel2 and mKirrel3 ectodomains had c(s) distributions
showing increasing sedimentation coefficients with increasing protein concentrations,
where dimeric mKirrel2 and mKirrel3 have refined sedimentation coefficients of 3.9 and
3.8 S, respectively. The single peaks observed in the S vs. ¢(s) plots, in addition to size-
exclusion chromatography elution profiles showing single peaks corresponding to
intermediate hydrodynamic sizes, strongly suggest fast rates of dimerization kinetics (koft
>103s™)

Cell Aggregation Assays

Kirrel ectodomains were cloned in the Drosophila expression plasmid pAWG (Drosophila
Genomics Resource Center), and transiently transfected in S2 cells using Effectene
(QIAGEN, catalog no. 301425). Cells were collected three days post-transfection, spun
down at 250 x g for 5 minutes, washed once with phosphate-buffered saline, and re-
suspended in serum-free Schneider's media (Lonza, catalog no. 04-351Q) at 107/ml cell
density before imaging.
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SEC-SAXS-MALS

Scattering data was collected for Kirrel ectodomains at the Advanced Photon Source
beamline 18-ID using a SEC-SAXS-MALS setup. BioXTAS RAW version 2.0.2 was used
for SAXS data collection and data reduction (Hopkins et al., 2017). The RAW interface
was also used for Guinier analysis of the scattering data and the indirect Fourier transform
methods implemented in GNOM (Svergun, 1992), part of the ATSAS package
(Manalastas-Cantos et al., 2021), for pair-distance distribution analysis. Domains 2 to 5
for mKirrel3 were modeled using the I-TASSER server (Roy et al., 2010; Yang and Zhang,
2015). Modeling using the SAXS data was performed using the ATSAS package version
3.0.3 with the ab initio shape determination by bead modeling in DAMMIF (Franke and
Svergun, 2009), with the ensemble optimization method implemented in EOM (Tria et al.,
2015), and with the simulated annealing protocol for connected domains in SASREF
(Petoukhov and Svergun, 2005). Further details about SAXS data collection and analysis
are tabulated in Table S2.

Light scattering data was collected at the APS 18-ID beamline on a DAWN HELEOS with
a T-rEX refractometer (Wyatt Technology) at 25°C, and analyzed in ASTRA version
7.3.2.19. dn/dc values of 0.181 to 0.182 were used to account for predicted glycosylation
for molar mass calculations. Further details about MALS data collection and analysis are
tabulated in Table S3. Expected molecular masses for Kirrel2 and Kirrel3 WT ectodomain
constructs without glycosylation are both 53.0 kDa. With predicted N-linked glycosylation
added by the insect cell expression system, we expect molecular masses for Kirrel2 and
Kirrel3 WT ectodomain monomers to be 56 to 59 kDa.

Flow Cytometry Assay for Cell Surface Trafficking

Kirrel3 WT and Q128A cDNA, excluding the signal peptide, were cloned C-terminal to a
preprotrypsin leader sequence and a FLAG peptide (DYKDDDDK) under the control of
the CMV promoter, and transfected into HEK293T cells using LipoD293 (SignaGen
Laboratories, catalog no. SL100668). After 48 h, transfected cells were detached from
the cell culture plate by incubating cells in a citric saline solution (135 mM potassium
chloride, 50 mM sodium citrate) at 37°C for 5 min, followed by addition of Dulbecco’s
modified Eagle medium (Thermo Fisher, catalog no. 11965092) with 10% fetal bovine
serum and mechanical suspension of cells. Cells were spun down at 500 g for 5 min
washed with phosphate-buffered saline (PBS; Thermo Fisher, catalog no. BP661-50, 137
mM NaCl, 2.7 mM KCI, 11.9 mM phosphate, pH 7.4), then resuspended in PBS + 0.1%
bovine serum albumin (BSA). For staining of Kirrel3 displayed on the cell surface, cells
were incubated with anti-FLAG M2 antibody (Sigma, catalog. F3165; 1:1000 dilution in
PBS with 0.1% BSA) for 30 min at room temperature, washed twice with PBS + 0.1%
BSA, then incubated with a secondary donkey anti-mouse Alexa Fluor 488 antibody
(Thermo Fisher, catalog no. A-21202; 1:500 dilution in PBS with 0.1% BSA). In
preparation for flow cytometry, cells were washed twice and resuspended in PBS + 0.1%
BSA. Surface display of the Kirrel3 ectodomains on HEK cells were measured on the
Accuri C6 flow cytometer (BD Biosciences) with the 488 nm excitation laser and the 533
nm filter in 10,000 cells per sample.

Generation of Kirrel3 Q128A mouse line
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sgRNAs were designed wusing the open access software Breaking-Cas
(http://bicinfogp.cnb.csic.es/tools/breakingcas) and tested for cutting efficiency usinga T7
assay as previously described (Sakurai et al., 2014). One-cell stage C57BI6 mouse
zygotes were microinjected with the sgRNA, Cas9 protein, and a donor DNA template to
introduce the required DNA mutations in the Kirrel3 allele (see Figure 6A) and were
implanted in surrogate female mice. Offsprings were screened for the presence of the
target mutations by PCR, restriction enzyme analysis, and DNA sequencing. Three
Kirrel3 Q128A founder lines were chosen for further analyses and backcrossed for three
generations in the C57BI6 background to segregate any potential off-target mutations.
Analyses of the glomerular structure of the AOB presented in Figure 7 was performed on
Kirrel3 Q128A mice derived from a single founder line. Similar analyses were also
performed on Kirrel3 Q7128A mice derived from two other founder lines and revealed
similar phenotypes (data not shown). All animal procedures have been approved by The
Neuro Animal Care Committee and McGill University, in accordance with guidelines of
Canadian Council of Animal Care.

Immunohistochemistry

Two to three-month-old adult mice were anesthetized and perfused transcardially with 10
ml ice-cold 1x PBS followed by 10 ml 4% paraformaldehyde solution in 1x PBS. Brains
were dissected and post-fixed in 4% paraformaldehyde solution for 30 min followed by 24
h cryoprotection in 30% sucrose. 20 ym-thick sagittal AOB sections were collected on
microscope slides and incubated overnight at 4°C with the following primary antibodies:
Anti-VGLUTZ2, 1:500 (Synaptic Systems) or anti-Kirrel3, 1:100 (Neuromab). After rinsing
in Tris-Buffered Saline, the appropriate secondary antibody-Alexa 488 conjugate
(Molecular Laboratories) was applied at 1:500 dilution to detect the primary antibody and
BS lectin at 1:1500 (Vector Laboratories) was applied along with the secondary antibody.
Sections were counter-stained with Hoechst at 1:20,000 dilution (Molecular Probes).

Analysis of Glomeruli in the AOB

Analysis of the size and number of glomeruli in AOB sections were performed as
previously described (Brignall et al., 2018; Prince et al., 2013). 20 um-thick sagittal
sections of the AOB were obtained from Kirrel3**, Kirrel3 *?'28A and Kirrel3 Q128A/Q1284
mouse brains. A blinded analysis measuring glomerular size and number using Fiji
software was performed on 8 to 10 consecutive sections from both AOBs that contained
anterior and posterior regions of similar sizes at comparable medial-lateral level. Each
VGLUT2 positive unit surrounded by a region of non-innervated neuropil was defined as
a glomerulus and was manually traced on Fiji by an expert. The number of glomeruli and
their sizes was measured from each section examined and the average values for each
mouse brain was calculated. The anterior-posterior AOB border was identified by staining
sections with BS lectin (data not shown). Littermates were used for analyses.

Analysis of Kirrel3 protein expression

Whole brain lysates were harvested using 20 mM HEPES, 320 mM sucrose with protease
inhibitors (0.1 pug/pl Leupeptin/Aprotinin and 1 mM PMSF). Protein concentration of lysate
was determined using the Bio-Rad protein concentration assay and equal amounts of
protein were loaded and subjected to SDS-PAGE gel electrophoresis followed by transfer
to PVDF membranes (Immobilon-P). Membranes were probed with mouse anti-Kirrel3
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1:100 (Neuromab Clone N321C/49; catalog no. 75-333) that detects the long and short
isoforms of Kirrel3, rat anti-HSC70/HSP73 1:10,000 (Enzo Life Sciences), or rabbit anti-
B-actin 1:1,000 (Cell Signalling Technology), followed with appropriate HRP-conjugated
secondary antibodies. Blots were developed using SuperSignal West Femto Kit (Thermo
Scientific). Quantification of relative protein levels was performed on scanned
immunoblots using Fiji software.

Cell surface biotinylation in acute brain slices

Cell surface biotinylation assay was performed as described (Gabriel et al., 2014). Acute
mouse brain slices were prepared from Kirrel3Q7284/Q1284 gnd Kirrel3*'* mice, placed in
ACSF and allowed to recover in a recovery chamber for 1 hour at room temperature. Two
slices were incubated in in chilled ACSF containing 1 mg/ml EZ-link Sulfo-NHS-SS-Biotin
(Thermo Fisher Scientific) for 45 minutes. The biotin was then quenched with two washes
of 10 mM Gilycine in ACSF at 4°C followed by three washes in ice cold ACSF for 5 min.
Slices were then harvested in RIPA buffer (10 mM Tris pH 7.45, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 0.1% SDS and 1% sodium deoxycholate) supplemented with
protease and phosphatase inhibitors (100 mM PMSF and PhosSTOP tablet (Roche)).
Biotinylated proteins were precipitated with streptavidin-agarose beads (Thermo Fisher
Scientific) at 4°C overnight, washed, and eluted from beads using SDS-PAGE reducing
sample buffer. Equal amounts of protein were then subjected to a Western Blot analysis
as described above.
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