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The Cellular and Molecular Landscape of Neuroligins
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2Department of Biology, The Johns Hopkins University, 3400 N. Charles Street, Baltimore, MD,
21218, USA

3Department of Genetics, Harvard Medical School, Boston, MA 02115, USA
4Stem Cell and Regenerative Biology, Harvard University, Cambridge, MA 02138, USA

SDepartments of Cellular and Molecular Pharmacology and Physiology, University of California,
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A fundamental physical interaction exists across the synapse. It is mediated by synaptic
adhesion molecules, and is among the earliest and most indispensable of molecular

events occurring during synaptogenesis. The regulation of adhesion molecules and their
interactions with other synaptic proteins likely impacts not only synapse formation, but also
ongoing synaptic function. Here, we review research on one major family of postsynaptic
adhesion molecules, neuroligins, which bind to their presynaptic partner neurexin across the
synaptic cleft. We move from a structural overview to the broad cellular and synaptic context
of neuroligins, intramolecular interactions, and molecular modifications that occur within a
synapse. Finally, we examine evidence concerning the physiological functions of neuroligin
in a cell and highlight areas requiring further investigation.

Conservation among subtypes

Neuroligins are a class of adhesion molecules found at postsynaptic sites in neurons
(Nguyen and Sudhof, 1997). The four major members of the class are neuroligins (NLGNSs)
1, 2, 3, and 4, which each share gross structural similarity and substantial conservation

in amino acid sequence (Fig 1A). Each neuroligin has a single transmembrane region
separating an acetylcholinesterase-like domain in the extracellular space from a short
cytoplasmic tail (Choi et al., 2011, Nguyen and Sudhof, 1997, Sudhof, 2008). The
extracellular domains of NLGNs1-3 contain two notable alternative splice sites that can
affect the specificity of trans-synaptic adhesive interactions (Chih et al., 2006, Koehnke

et al., 2010) with repercussions for cellular function (Lee et al., 2010, Shipman and
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Nicoll, 2012b). However, the extracellular domain is otherwise more conserved than the
intracellular domain (Fig 1B), which will be the primary focus of the molecular aspects in
this review. There is an additional fifth gene in humans — NLGN4Y (occasionally referred
to as NLGN5) — found on the Y chromosome that is greater than 97% identical in protein
sequence to NLGN4X, on the X chromosome (Fig 1C). Due to the high level of molecular
similarity, this review will discuss NLGN4X and NLGN4Y together as NLGNA4.

Neuroligins are situated within a larger superfamily of post-synaptic adhesion molecules,
including, but not limited to: cadherins (Arikkath and Reichardt, 2008), SynCAMs (Biederer
etal., 2002), LRRTMs (de Wit et al., 2009, Ko et al., 2009a, Linhoff et al., 2009), GluD2
(Uemura et al., 2010), CL1 (Boucard et al., 2012), NGLs (Woo et al., 2009), and teneurins
(Mosca et al., 2012). On the presynaptic side, the primary adhesion partner of neuroligins is
the neurexin family, which is itself composed of many subtypes and a vast number of splice
variants (Treutlein et al., 2014, Ullrich et al., 1995). This diversity of synaptic adhesion
molecules suggests the possibility that a trans-synaptic molecular code could participate in
the formation or ongoing function of the diverse synapses found in the brain (Fig 1D).

Subcellular Localization

All neuroligins have a conserved domain structure and are postsynaptic molecules.
However, the different subtypes of neuroligin each display unique subcellular localizations.
Classically, NLGNL1 is localized to excitatory (glutamatergic) synapses; NLGNZ2 is localized
to inhibitory (GABAergic) synapses; and NLGN3 is localized to both excitatory and
inhibitory synapses (Fig 2A). This pattern was initially discovered via immunostaining and
biochemical analysis (Budreck and Scheiffele, 2007, Graf et al., 2004, Song et al., 1999,
Varoqueaux et al., 2004), and has been subsequently supported by functional experiments
(Chubykin et al., 2007, Shipman et al., 2011). The odd member of the family, NLGN4,
unlike NLGNs1-3, is poorly conserved from humans to mice (~58%), despite strong
conservation in other species such as chicken (>93%) and opossum (>95%) among others,
and the mouse NLGN4-like gene is not even fully conserved among strains (Bolliger et

al., 2008). Nonetheless, a NLGN4-like protein in mice has been shown to localize both to
GABAergic synapses in the CNS as well as glycinergic synapses in the retina (Hoon et al.,
2011).

Outside the nervous system, NLGN2 has been found on the surface of pancreatic p cells,
where it stimulates the secretion of insulin through a trans-cellular, clustering-dependent,
but neurexin-independent mechanism (Suckow et al., 2012). Perhaps further study of this
related, but clearly unique, system could yield insight into the most conserved core process
by which neuroligin induces trans-cellular sites of release.

Dimerization

The canonical interactions between neuroligin molecules follow a pattern that aligns with
their subcellular localization. The primary species of neuroligin in the cell is a dimer, if
not a higher-order oligomer. The neuroligin dimer was initially inferred from similarity
to the protein sequence of acetylcholinesterase (Comoletti et al., 2003), and the presence
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of a dimer has been supported both biochemically as well as functionally: mutations

in the extracellular domain based on the acetylcholinesterase structure abolish both the
biochemical dimer and the overexpression phenotype of the molecule (Dean et al., 2003).
When the crystal structure of the neuroligin extracellular domain was later determined, it
confirmed dimerization highly reminiscent of cholinesterases (Arac et al., 2007, Comoletti et
al., 2007, Fabrichny et al., 2007, Koehnke et al., 2008). With structure in hand, function

was revisited: a series of mutations that abolish dimerization were found to induce a
corresponding reduction in function (Ko et al., 2009b). There is some evidence that
dimerization is a necessary step in the trafficking of neuroligin (Poulopoulos et al., 2012),
although this is not undisputed (Shipman and Nicoll, 2012a). Finally, using variants of
neuroligin in which dimerization of neuroligin can be controlled via a small molecule, it was
shown that dimerization is, indeed, necessary for neuroligin’s synaptogenic effect (Shipman
and Nicoll, 2012a).

Most of the structural and functional work has focused on neuroligin homodimerization.
However, biochemical studies have given us insight into the rules that govern inter-type,

or heterodimerization. Using co-immunoprecipitation, NLGNs 1-3 were each shown to
homodimerize, but; whereas, NLGN3 was able to heterodimerize with both NLGN1 and
NLGNZ2, there was no apparent dimerization between NLGN1 and NLGN2 (Budreck and
Scheiffele, 2007). The heterodimerization between NLGN1 and NLGN3 has been multiply
confirmed (Poulopoulos et al., 2012, Shipman et al., 2011), whereas a separate investigation
of endogenous neuroligin found traces of a NLGN1/2 dimer and the absence of a NLGN2/3
dimer (Poulopoulos et al., 2012). Moreover, homo- or hetero-dimerization of NLGN4 is
completely untested (Fig 2B). Rigorous determination of the most prevalent complexes as
well as whether there may be cell-type specific complexes is an area that deserves further
experimentation.

Finally, it is not clear whether individual dimers of neuroligin or in fact higher-order
oligomers are the primary species present at a synaptic site (Fig 2C-D). There is evidence
that a multimer of neuroligin must cluster at least four neurexin molecules to achieve
synaptogenic effects (Dean et al., 2003). Moreover, the NLGN1/neurexin1p extracellular
domains can form a higher-order lattice sheet when crystalized, whereas the NLGN1/
neurexinla domains cannot (Tanaka et al., 2012). Although yet to be tested functionally,
perhaps this is another mechanism by which adhesion molecules may contribute to synaptic
diversity.

Binding Partners

After neuroligin isoforms were found to induce the genesis of distinct synaptic subtypes,
researchers looked for the critical domains and protein interactions that are required. The
first identified postsynaptic binding partner with the cytoplasmic tail (c-tail) of neuroligins
was postsynaptic density protein 95 (PSD-95), a canonical constituent of glutamatergic
synapses (Irie et al., 1997). The PDZ ligand is conserved among all neuroligin isoforms
(Fig 3) and interacts with the third PDZ domain within PSD-95. In addition to PSD-95,
neuroligins bind to other members of the membrane-associate guanylate kinase (MAGUK)
family (Meyer et al., 2004), although the functional significance of these interactions
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remains to be determined. Interestingly, NLGN1 successfully traffics to the synapse
(Dresbach et al., 2004) and NLGNS3 is able to robustly potentiate synapses independent

of their PDZ ligands (Shipman et al., 2011). Due to complete conservation throughout the
family, it seems unlikely the PDZ ligand is the dominant factor that dictates the differential
localization of neuroligin subtypes.

Similar to PSD-95, Synaptic Scaffolding Molecule (S-SCAM) was shown to bind to NLGN1
and NLGNZ2 via a yeast-two hybrid screen (Hirao et al., 1998, Meyer et al., 2004). NLGN1
and NLGN2 bind to two different regions within S-SCAM: a PDZ- and a WW-domain

(lida et al., 2004, Sumita et al., 2007). Researchers only tested S-SCAM binding to

NLGN1 and NLGN2, but both the PDZ ligand and WW-binding domain are conserved
among all neuroligin subtypes (Fig 3). Therefore, it is conceivable that all neuroligins bind
to S-SCAM, similar to PSD-95 and, indeed, S-SCAM is present at both excitatory and
inhibitory synapses. To rigorously test the importance of this interaction, both the PDZ- and
WWe-interacting sites would need to be simultaneously mutated in NLGN1 or NLGN2.

At GABAergic synapses, NLGN2 was shown to co-localize with and recruit gephyrin

(an inhibitory scaffolding molecule) to nascent postsynaptic specializations (Graf et al.,
2004, Varoqueaux et al., 2004) and an unbiased screen further identified gephyrin as

a direct NLGN2 interactor. However, like PSD-95 and S-SCAM, the gephyrin-binding
domain in NLGN2 is conserved and binds equally well to NLGN1, NLGN2, and NLGN3
(Fig 3) (Poulopoulos et al., 2009). Therefore NLGNZ2’s specificity to inhibitory synapses
cannot solely be attributed to the gephyrin-binding sequence. Recent studies suggest
phosphorylation of NLGN1 and NLGN2 may, at least in part, dictate the affinity of
gephyrin to a particular neuroligin isoform (discussed further below; (Giannone et al.,
2013)), providing a possible explanation for synapse specificity.

Research into collybistin may provide another clue to the localization and function of
NLGNZ2. Collybistin is a key inhibitory synapse molecule that binds gephyrin and recruits

it to the plasma membrane, where gephyrin can self-assemble and cluster critical inhibitory
receptors, a prevailing model for inhibitory postsynaptic differentiation (Harvey et al., 2004,
Kins et al., 2000). Remarkably, only inhibitory neuroligins (NLGN2 and mouse NLGN4)
bind to collybistin’s SH3 domain, promote an open/active confirmation, and traffic gephyrin
and collybistin to plasma membrane phosphoinositides (Hoon et al., 2011, Poulopoulos et
al., 2009, Soykan et al., 2014). The collybistin-binding domain is unknown but has been
predicted to involve the poly-proline region near the terminal end of the NLGN2 c-tail (Fig
3). This region is not conserved in NLGN1, NLGN3, (Papadopoulos and Soykan, 2011) or
NLGN4 (mouse), suggestive of an independent binding site in NLGN4. A direct test of this
two-step, two-domain, three-protein interaction is an area worthy of future research.

All of the early identified postsynaptic interactions with neuroligins (discussed above)
involved their c-tails; however, recent studies show that their extracellular domains are
also involved in cis interactions in the postsynaptic cell. For example, the ectodomains

of NLGN1 and GIuN1 interact, and NLGN1 binding acts as a shuttle to deliver NMDA
receptors to the synapse (Budreck et al., 2013). This binding is noteworthy because a
phenotype of the NLGN17/~ is reduced NMDA currents (Blundell et al., 2010), suggesting
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a model where NLGN1 can directly interact with a glutamate receptor and affect synaptic
strength, in contrast to the canonical model in which scaffolding molecules (such as PSD-95,
S-SCAM, and gephyrin) link neuroligins to the receptors at the synapse. A different
ectodomain association between NLGN2 and MDGAL (MAM domain-containing GPI
anchor protein) breaks the intercellular interaction between NLGN2 and neurexin, inhibiting
NLGN2-mediated presynaptic differentiation (Lee et al., 2013, Pettem et al., 2013). The
binding sites within the extracellular domains of NLGN1 and NLGN2 that are required

for these interactions remain an enigma, but these studies provide evidence that neuroligin
ectodomains’ responsibility is not only for dimerization and to trans-synaptically interact
with neurexins.

It is likely that the library of neuroligin interacting proteins will continue to expand. Two
independent screens identified many proteins that interact with NLGN2 and NLGN3 c-tails,
and these interactions have yet to be characterized (Poulopoulos et al., 2009, Shen et al.,
2014). Moreover, a critical region was identified in the c-tails of NLGN1 and NLGN3 that
is required for these molecules to potentiate excitatory synaptic transmission (Shipman et al.,
2011) without a known direct binding partner (Fig 3). Additionally, a motif in the c-tail of
NLGN1 required for dendritic sorting has been uncovered (Fig 3), but the molecular basis
of this trafficking pathway is unknown and likely requires unidentified interacting proteins
(Rosales et al., 2005). A subset of the known molecular constituents of an excitatory and an
inhibitory synapse are modeled in Figure 4, with a focus on the proteins that interact with
neuroligins, providing context for the molecular discussion of neuroligin.

Post-translational Modifications

Phosphorylation

When comparing protein-interacting domains in the cytoplasmic-domain of neuroligin, it

is remarkable that reductionist-binding assays show little to no differences in binding
affinities between neuroligin subtypes. How do distinct neuroligin isoforms recruit different
postsynaptic machinery? Although the answer still largely remains a mystery, recent
research suggests that phosphorylation may, at least in part, underlie isoform-specific
regulation.

NLGN1-mediated enhancement of excitatory synapses, for instance, has been shown to
depend on synaptic activity, and more specifically, phosphorylation by CaMKII (Bemben
et al., 2014, Chubykin et al., 2007). NLGNL1 is dynamically and transiently phosphorylated
by CaMKII at residue T739 following synaptic activity or sensory experience in the brain
(Fig 3). Blocking phosphorylation of this site drastically decreases the surface expression
of NLGNL1, thereby reducing its ability to stimulate synaptogenesis (Fig 5A). Interestingly,
CaMKI|I has also been shown to promote the cleavage of NLGN1(Peixoto et al., 2012,
Suzuki et al., 2012). However, an alternate reading is that synaptic activity may promote the
cleavage of NLGNL1 indirectly by promoting surface expression (through phosphorylation
by CaMKII), which increases access to the protease. The phosphorylated residue, T739,

is not conserved in NLGNs 2 and 3. However, the CaMKI|I site is conserved in human
NLGN4 and can be phosphorylated /in vitro (Fig 3). This phosphorylation provides a
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transient and isoform-specific mechanism by which NLGN1 can induce synapse formation
or madification in response to synaptic activity (Bemben et al., 2014).

Not only does phosphorylation modulate NLGN1 surface expression but it also regulates
key protein interactions. NLGN1 has a second phosphorylation site within the gephyrin-
binding domain at Y782 (Fig 3), which, when phosphorylated by an unknown kinase,
blocks the NLGN1-gephyrin interaction (Giannone et al., 2013). It has been proposed

that neurexinlf binding to NLGN1 stimulates phosphorylation at Y782, thereby shifting
NLGN1 assembly with excitatory (e.g. PSD-95) from inhibitory scaffolding molecules (Fig
5B). These findings hint at how NLGN1 can specifically recruit excitatory postsynaptic
machinery even though it contains a conserved gephyrin-binding domain. Proline-directed
phosphorylation on NLGN2 S714-P (S713 in the human alignment, Fig 3) also negatively
regulates its ability to bind gephyrin (Antonelli et al., 2014). Although this residue is

not within the gephyrin-binding domain, like Y782 in NLGN1, phosphorylation at S714
recruits the enzyme Pinl (peptidyl-proly cis-trans isomerase), which isomerizes NLGN2 and
breaks its association with gephyrin (Fig 5C). Blocking phosphorylation leads to increased
NLGN2-gephyrin binding, which results in more synaptic GABA receptors. In both studies,
phosphorylation was only tested on NLGN1 Y782 or NLGN2 S714, but the analogous
tyrosine and serine residues are conserved among all neuroligins (Fig 3). To conclude
whether these are neuroligin isoform-specific mechanisms, it will be necessary to look at the
phosphorylation profile of these analogous residues in tandem and assess gephyrin binding.

Although most of the previously discussed phosphorylation studies have focused on NLGN1
and NLGN2, it is NLGN3 and NLGN4 that have been most closely associated with disease.
Might disease-associated mutations in neuroligin impact phosphorylation? Point mutations
in NLGN3 and NLGN4 have been discovered in patients with autism spectrum disorders
(Jamain et al., 2003, Laumonnier et al., 2004, Lawson-Yuen et al., 2008). However, only a
single mutation has been identified thus far in the c-tail, NLGN4X R704C, whereas the other
mutations reside in the extracellular and transmembrane domains (Yan et al., 2008, Yan et
al., 2005) (Fig 3). Due to the lack of conservation of rodent and human NLGN4, some
researchers have attempted to study this mutation in NLGN3, where the analogous arginine
is conserved, but a knock-in mutation resulted in only minor synaptic effects (Etherton et al.,
2011b).

Human NLGN4X is phosphorylated at T707 by PKC (Bemben et al., 2015) (Fig 3).
Intriguingly, T707 resides only a few amino acids away from the disease-associated
mutation, R704C, which, when present, completely abolishes T707 phosphorylation, thus
identifying R704 as a critical residue in a PKC consensus motif in NLGN4X (Fig 3). A
phospho-mimetic mutation at T707 enhanced synaptogenesis. The mechanism behind this
enhancement is unknown, but was not a result of changes in NLGN4X surface expression.
It may be a result of a novel protein interaction on phosphorylated NLGN4X that induces
the recruitment of glutamatergic receptors or increases recruitment of presynaptic terminals
(Fig 5D). Notably, the analogous threonine in NLGN4X is not conserved in NLGNS3,
possibly explaining why the NLGN3 knock-in mutation had minor synaptic effects (Etherton
et al., 2011b) (Fig 3). Furthermore, the R704C mutation has different effects in NLGN3
and NLGN4X underscoring the importance of studying a disease mutation in its correct
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isoform (Chanda et al., 2015). As with all these sites, a better understanding of when the
phosphorylation occurs, by which kinases, and in which brain regions will shed light on
neuroligin signaling pathways.

The Function of Neuroligin in Development and Plasticity

Can we extrapolate from the two decades of experimental work on neuroligin to define an
endogenous function for the molecule at the synapse? Based on overexpression and knock-
down both in vitro and in vivo, the global picture is that increasing neuroligin expression
results in more synapses (Boucard et al., 2005, Chih et al., 2005, Dahlhaus et al., 2010,
Hines et al., 2008, Shipman et al., 2011), whereas reducing neuroligin expression results
in fewer synapses (Chih et al., 2005, Shipman and Nicoll, 2012b, Shipman et al., 2011).

If we attempt to map this phenomenology onto our accumulated knowledge of the brain,
we can broadly segregate a non-pathological change in the number of synapses into two
biological categories: those that occur as a process of development; and those that occur as
a process of plasticity. The crucial difference is one of initial conditions: development is a
semi-determined progressive process from inchoate material and plasticity is a change from
a steady-state. Molecularly, the two may have both shared and divergent properties.

In development, neuroligin appears to have a prominent role (Fig 6A). Synapses can

still form following the knockout of NLGNs1-3 (Varogqueaux et al., 2006), therefore the
molecules are not strictly necessary for synapse formation. Yet, at least brainstem synapses
are deficient in synaptic transmission following the triple knockout, suggesting a potential
role in the assembly or maturation of the postsynaptic site beyond formation. Moreover,
the manipulation of neuroligin levels during synaptogenesis can grossly alter the number
of synapses formed onto a given neuron in a bi-directional manner (Chih et al., 2005),

and the simple presence of neuroligin can induce the formation of a functional synapse
onto a non-neuronal cell (Fu et al., 2003, Scheiffele et al., 2000). This sensitivity to
neuroligin during development, coupled with its localization and molecular interactions,
would suggest an endogenous function at the site of the developing synapse. The lack of
an absolute requirement may owe to the presence of other compensatory synaptic adhesion
molecules (Tallafuss et al., 2010). An emerging model has neuroligin coming into physical
proximity with neurexin and catalyzing the clustering of synaptic molecules on both sides
of the nascent cleft, thus forming a physical synaptic site (Dean et al., 2003, Shipman and
Nicoll, 2012a). It is important to note that this is a model of synaptogenesis that does not
require any synaptic transmission, which is consistent with the evidence that synaptogenesis
proceeds in the absence of pre-synaptic release of transmitter (\arogueaux et al., 2002) or
post-synaptic reception of glutamate (Lu et al., 2013).

Now let us consider the role of neuroligin during the ongoing formation of synapses that
occurs after development (i.e. plasticity). Mechanistically, there is no reason to believe that
the final molecular events leading to the formation of a synaptic site would differ after
establishment of the baseline system — these final events are likely to involve neuroligin in
an identical manner as those that occur during development. However, a more interesting
question is whether neuroligin plays any part in the directed, activity-dependent reshaping
of synaptic circuits that underlie learning and memory. To do so, neuroligin must possess
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the ability to change in response to ongoing activity in a cell in such a way that enacts
directed synaptic remodeling. There exists evidence that neuroligin is, in fact, changed by
ongoing activity in the cell and sensory experience in an animal — multiple sites in the
cytoplasmic tail of NLGN1 are phosphorylated, in at least one case by a calcium-dependent
kinase (Bemben et al., 2014, Giannone et al., 2013). Moreover, it has been shown that the
c-tail phosphorylation of NLGN1 by CaMKII results in an increase in the surface trafficking
of neuroligin (Bemben et al., 2014). Mutations that interfere with surface trafficking of
neuroligin abolish its synaptogenic properties (Comoletti et al., 2004, Ko et al., 2009b),

thus it is specifically the surface expression of neuroligin that must influence synapse
density. The CaMKII-phosphorylation-dependent trafficking mechanism provides a direct
link from calcium to synaptogenesis (Fig 6B) and may explain not only the finding that
pharmacological blockade of neuronal activity can diminish the enhancement of synapses by
NLGNZ1 expression (Bemben et al., 2014, Chubykin et al., 2007), but even the finding that
this pharmacological reduction can be overcome by stronger overexpression (Shipman et al.,
2011).

So, calcium can influence the density of synapses onto a cell through neuroligin, but what
sort of plasticity is this? Is neuroligin a player in long-term plasticity (LTP) directly?
Although knock-out and knock-down of NLGN1 has been shown to reduce the expression
of LTP (Blundell et al., 2010, Jedlicka et al., 2013, Shipman and Nicoll, 2012b), several
lines of evidence would argue against a direct role. First, LTP is defined as the specific
recruitment of new AMPARs to synapses (be it through un-silencing or increases in synaptic
strength) (Kerchner and Nicoll, 2008), whereas manipulations of NLGN result in changes
to the number of whole synapses (including both AMPARs and NMDARS) (Shipman and
Nicoll, 2012b). Furthermore, the acute loss of NLGN1 in area CA1 after development has
no apparent effect on LTP (Shipman and Nicoll, 2012b), arguing instead that the molecular
composition of a NLGN1-formed synapse may pre-set the conditions for LTP rather than
NLGN1 directly participating in the plasticity. A different emerging role for neuroligin in
synaptic plasticity is discussed in Box 2.

Concluding Remarks

The discovery of neuroligins twenty years ago unlocked new avenues of research into

the molecular dynamics of the synaptic site. The research that has followed has greatly
enhanced our understanding of functional synaptogenesis in the developing and mature
brain. The involvement of neuroligins in cognitive disorders has enabled researchers to
develop genetic models to study the etiology of these diseases. Yet, despite outstanding
advances in the field, many key questions remain unsolved. For example, how do neuroligins
localize to their respective synapses? How does a single molecule recruit the machinery

to form a functional synapse? What are the functional similarities and differences among
neuroligins during development and plasticity? The answers to these questions will provide
exciting insights in synapse biology for decades to come.
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Box 1: Glycosylation

In the same screen that identified NLGNL1 as a binding partner of neurexin1p, extensive
glycosylation was also evident. The predicted molecular weight of NLGNL1 is 95 kDa,
but it was found to migrate at approximately 116 kDa (Ichtchenko et al., 1995). Bands at
both apparent molecular weights are observed when NLGNL1 is expressed in heterologous
cells and analyzed in the brain (Song et al., 1999). Researchers used glycosidases to show
the difference in predicted and expected size was predominantly a result of glycosylation
(Comoletti et al., 2003, Ichtchenko et al., 1995). Structural characterization of the
extracellular domain of NLGN1 by mass spectrometry identified five N-glycosylated
and two O-glycosylated sites; however, insufficient coverage was seen in the highly
glycosylated stalk region, which may lead to an underestimate of O-glycosylated

sites (Hoffman et al., 2004). N-glycosylation at any of these five sites decreases

binding to neurexinp, yet individual mutants are still able to induce synaptogenesis
(Comoletti et al., 2003). Interestingly, one of the N-glycosylation sites occurs in the B
insertion of NLGN1 (N303), which is the alternatively spliced insert that dictates its
neurexin binding preferences and its ability to potentiate excitatory synapses. Blocking
glycosylation at this site (N303A) allows NLGN1 to morphologically enhance inhibitory
synapses (Chih et al., 2006) revealing the critical importance of glycosylation in isoform
specificity. No disease-related mutations have yet been identified in neuroligins that
directly affect a glycosylation site. However, two autism mutations (NLGN4X: R87W &
NLGN3: R451C) have differential glycosylation patterns when compared to WT protein
resulting in decreased surface expression (Tabuchi et al., 2007, Zhang et al., 2009).

This differential glycosylation is likely a result of protein misfolding, so rather than
implicating glycosylation in disease, they suggest that neuroligin glycosylation may be
used as a marker for surface expression. It is likely neuroligins have isoform-specific
glycosylation as only one of the five identified N-glycosylated sites on NLGN1 are
conserved among all isoforms (N547) but the functional consequences of this distinction
await future investigation.
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Box 2. Outstanding Questions

Although yet to be directly tested, perhaps the synaptic plasticity that neuroligin governs
is on a different scale than LTP. Perhaps neuroligin functions in a cell-to-cell competitive
plasticity. The key evidence to support this hypothesis comes from an experiment in
which the amount of neuroligin in a cell was manipulated relative to the surrounding
cells. Researchers took two populations of cells, NLGN1~/~ and wild-type cortical cells,
and co-cultured them in three ways: NLGN1~/~ with NLGN1~/~; NLGN1~~ with wild-
type; and wild-type with wild-type. What they found was a synaptic effect only when
there was a neuroligin contrast — the NLGN1~/~ with wild-type condition (Kwon et al.,
2012). Knowing this, one can re-examine the literature and see that essentially every
experiment to report a dramatic synaptic effect of neuroligin overexpression or reduction
contains an element of contrast, a cell-autonomous expression or knock-down paradigm
rather than global. In fact, the global manipulations (knock-outs or knock-ins) have
typically yielded surprisingly subtle synaptic phenotypes (Chadman et al., 2008, Etherton
et al., 2011a, Tabuchi et al., 2007, Varoqueaux et al., 2006). Given that calcium signaling
can alter the surface expression of NLGN, could it be that the plasticity of neuroligin
functions at a network level, permitting the most active cells to gain more synapses,
allowing non-uniformities in synaptic connections to develop between cells and for
certain cells to become specialized as over-connected hubs of activity (Fig 6C)? Might
the diseases associated with neuroligin mutations arise from deficits in the development
of proper network architectures (Stam, 2014)? Future research will undoubtedly bring
further insight into the potential role of network plasticity in disease and the precise
mechanisms by which a cell-to-cell contrast in neuroligin levels could bring about
differences in synapse number among cells.
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Highlights

. Neuroligins are brain-specific postsynaptic cell adhesion molecules that are
mediators of synaptogenesis.

. We review recent findings on neuroligins to enhance our understanding of
synaptogenesis.

. We discuss emerging evidence on neuroligins’ role at the synapse during
development and plasticity.
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Whole Molecule Comparison --> Conservation Between Subtypes
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Figure 1. Neuroligin subtypes.
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A. Subtypes of neuroligin with shared identity. Plots behind each molecule show

percent identity to a group containing NLGNs 1-4 (blasp, sliding average 10 amino
acids). Dark bar in the identity plot indicates the transmembrane domain. B. Matrix
depicting the approximate percentage identity of the different human neuroligin protein
sequences, excluding extracellular splice sites, separated by domain (EXT: extracellular;
INT: intracellular). C. Distance model of neuroligin subtypes (Jukes-Cantor Model). Scale
is given as residue substitutions per site. D. Schematic of synaptic adhesion superfamily
(abbreviations: leukocyte common antigen-related receptor protein tyrosine phosphatase
(LAR PTPRY); leucine-rich repeat transmembrane protein (LRRTM); cerebellin (Clbn);

CIRL/latrophilin-1 (CL1); netrin-G ligand (NGL)).
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Synaptic Context -- localization and dimerization

B C
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Figure 2. Localization and dimerization.
A. Localization of neuroligins: NLGN1 and NLGN3 at excitatory synapses; NLGN2 and

NLGNS3 at inhibitory synapses. Shown also in the synapse are an AMPA receptor (in light
blue) and GABA receptor (in purple). B. Confirmed, disputed, and untested dimers of
neuroligin subtypes. C. Model of a synapse with only neuroligin dimers. D. Model of a
synapse with higher-order neuroligin oligomers.
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C-tail --> domain structure/comparison with mapped disease mutations
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Transmembrane Domain PKC Site
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Figure 3. Neuroligin cytoplasmic domain comparison.
Alignment of the transmembrane and cytoplasmic domains of human neuroligins. Residues

identified in rodent neuroligins are depicted on the analogous residues on the human
isoforms for comparison purposes. Mapped residues and motifs are boxed. The autism
mutation in NLGN4X is arginine (R) 704 mutated to a cysteine and in NLGNA4Y isoleucine
(1) 679 mutated to a valine. The critical region is necessary for neuroligin-mediated
excitatory synaptic potentiation. (abbreviations: Ca2*/calmodulin-dependent protein kinase
I (CaMKII); PSD-95/Discs large/Z0O-1 (PDZ); protein kinase C (PKC))
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Protein Domains
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Figure 4. Neuroligin binding partners at excitatory and inhibitory synapses.
Schematic diagram of a subset of protein constituents at excitatory and inhibitory

synapses. Neuroligins bind a diverse set of proteins at glutamatergic and GABAergic/
glycinergic synapses. (protein abbreviations are: alpha-dystroglycan (a-DG); a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR); beta-dystroglycan (-
DG); Ca2*/calmodulin-dependent protein kinase Il (CaMKI1); collybistin (CB); cortical
actin binding protein (Cortactin); gamma-aminobutyric acid, receptor (GABA4R); guanylate
kinase-associated protein (GKAP); glycine receptor (GlyR); immunoglobin superfamily
member 9b (IgSF9b); inositol trisphosphate 3 receptor (IP3R); kainate receptor (KAR);
potassium channel (KCh); leucine-rich transmembrane protein 2 (LRRTM2); MAM domain-
containing glycosylphosphatidylinositol anchor 1 (MDGAL); metabotropic glutamate
receptor (MGIuR); N-methyl-D-aspartate receptor (NMDAR); profilin (PFN); postsynaptic
density protein 95 (PSD-95); protein tyrosine phosphatase rho (PTPo); synaptic scaffolding
molecule (S-SCAM); SH3 and ankyrin repeat-containing protein (Shank); Slit- and NTRK-
like family (Slitrk); syntrophin (SNTA); spine-associated RapGAP (SPAR); TCR gamma
alternate reading from protein (TARP); vasodilator-stimulated phosphoprotein (VASP);
protein domain abbreviations are: Dbl homology domain (DH); enabled/\VVASP homology
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domain (EVH); guanylate kinase-like domain (GK); PSD-95/Discs large/Z0O-1 (PDZ);
pleckstrin homology domain (PH); sterile alpha motif (SAM); Src homology domain (SH3))
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A. Excitatory Synapse (NLGN1 pT739) B. Excitatory Synapse (NLGN1 pY782)
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Figure 5. Regulation of neuroligins by phosphorylation.
A. NLGNL1 pT739. (1) Synaptic activity drives calcium influx thereby activating CaMKI|.

(2) CaMKII phosphorylates NLGN1, which leads to increased surface expression. (3)
Increased NLGNL1 surface expression promotes the creation of new synapses. B. NLGN1
pY782. Phosphorylation by an unknown kinase in the gephyrin-binding domain (Y782)
drives NLGNL1 to release from gephyrin and localize at excitatory synapses as opposed

to inhibitory synapses. C. NLGN2 pS714. (1) An unknown kinase phosphorylates

NLGNZ2 at S714. (2) Phosphorylation leads to recruitment and binding of Pinl. (3)

Pinl isomerizes NLGNZ2, which negatively affects the NLGN2-gephyrin interaction. D.
NLGN4X pT707. (1) Activation of PKC phosphorylates NLGN4X at T707. Phosphorylation
of NLGN4X promotes the genesis of excitatory synapses possibly through an unknown
protein interaction (2A) or by increasing the recruitment of presynaptic terminals

(2B). (abbreviations: a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
(AMPAR); Ca2*/calmodulin-dependent protein kinase Il (CaMKI1); N-methyl-D-aspartate
receptor (NMDAR); phosphorylation (P); protein kinase C (PKC); peptidyl-proly cis-trans
isomerase (Pinl); postsynaptic density protein 95 (PSD-95))
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Development/Plasticity
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Figure 6. Development and plasticity.
A. Model for ongoing synaptogenesis with increasing expression of neuroligin over

development. B. Model for activity-dependent synaptogenesis following a Ca?*-mediated
increase in the surface expression of neuroligin. C. Depiction of network plasticity. In this
model, an initial network of neurons (above) has distributed connectivity, with each neuron
receiving and sending an equal number of connections. Based on differential expression

of neuroligin in each of the cells, this may evolve into a non-uniform network (below),

in which certain neurons send and receive more connections than other neurons. Cells

are color-coded from blue (sparsely connected) to green (densely connected) to depict the
amount of connectivity, illustrating that certain cells may become over-connected “hubs” of
the network.
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