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ABSTRACT OF THE DISSERTATION

A Structural Analysis of the Synaptic Adhesion Properties of
alpha- and beta-Neurexins

by

Meghan T. Miller
Doctor of Philosophy in Biomedical Science

University of California, San Diego, 2011

Professor Palmer Taylor, Chair

Synaptic function and integrity in the nervous system requires the
expression of synaptic adhesion molecules (SAMs) linking pre- and post-synaptic
sites.

Studies indicate that SAMs participate in the formation, maturation,

function and plasticity of synaptic connections, and thus are essential for transcellular signaling.

Alterations in SAMs lead to susceptibility to neurological

diseases including the autism spectrum disorders, schizophrenia, and addiction.
Neurexins compose a family of highly polymorphic type I transmembrane
proteins that are expressed on the pre-synaptic membrane at excitatory

xxiii

glutamatergic and inhibitory GABAergic synapses. β-neurexins have a single
folding domain in the extracellular region, while α-neurexins have a larger
extracellular region containing nine independently folding domains and multiple
protein interaction sites. They both function as adhesion molecules through a
trans-synaptic complex with post-synaptic neuroligins.
Synaptogenesis and synapse function requires the precise assembly of
pre- and post-synaptic protein complexes. The work described herein uses
structural and biophysical techniques to discern the molecular properties of the
neurexin and neuroligin proteins that mediate their complex formation. The first
aim included solving the X-ray crystal structure of the β-neurexin:neuroligin
complex, which showed a stable neuroligin dimer and two monomeric β-neurexin
molecules bound on either side of the dimer.

This structure revealed the

molecular adhesion properties of the complex, including a Ca2+-coordination site.
α- and β-neurexins have the same binding domain for neuroligins, yet they
are likely to act as functionally distinct molecules in the synapse. To consider
their distinctive adhesion properties, as well as how the multi-domain α-neurexins
assemble in the limited space of a synapse, the second and third aims were
directed at solving the 3D structure of α-neurexin. First, small angle X-ray
scattering and single-particle negative-stain electron microscopy provided
information on the overall domain organization and flexibility of the protein. This
work led to the high-resolution crystal structure of a major portion of the αneurexin extracellular region. The crystal structure reveals molecular details that

xxiv

suggest a multi-functional mechanism of the α-neurexin extracellular region in
the synapse.
Overall, this work contributes to the understanding of how synapses
assemble through a complex network of protein-protein interactions and provides
structural templates for the development of molecular tools to study function and
potentially therapeutic applications.

xxv

CHAPTER 1:
Introduction

In the central nervous system, information is exchanged between neurons at
sites of contact known as synapses. Synapse formation requires the assembly of highly
ordered multi-protein complexes that link the pre- and post-synapse. In turn, the
complexes also form a unique collection of cytoplasmic proteins at the synaptic
membrane. The distinct assembly of receptors, signaling molecules and scaffolding
proteins determines synaptic specification. A growing body of evidence indicates that
adhesion molecules not only function as a physical link between cells, but also play an
integral role in synaptogenesis and synapse maintenance through the bi-directional
recruitment and stabilization of defining molecules [1-3]. Research suggests that the
diversity of adhesion molecules may be the key to achieving synaptic specification, and
at the same time maintain some redundancy in order to impart synaptic resilience [4, 5].
The work presented here is based on the previously identified heterophilic cell adhesion
molecules, neurexins and neuroligins, which form trans-synaptic complexes at excitatory
and inhibitory synapses.

Using a structural approach, I aim to gain insight into the

distinguishing characteristics that may contribute to synapse specification and function.
The introduction that follows offers a glimpse into the complex assembly of the synapse
and serves to orient the reader to the role of neurexins and neuroligins in this assembly.

1.1

The Architecture of Excitatory and Inhibitory Synapses
The balance between excitation and inhibition is essential to brain function.

Excitatory and Inhibitory synapses are characterized by the expression of distinct pre-

1

2
and post-synaptic proteins.

On the pre-synaptic side, synaptic vesicles containing

predominantly glutamate or γ-aminobutyric acid, the primary endogenous excitatory or

inhibitory neurotransmitter, respectively, are assembled. Upon membrane depolarization,
voltage-dependent Ca2+ channels on the pre-synaptic membrane trigger vesicle docking
and exocytosis of neurotransmitter into the synaptic cleft.
On the post-synaptic side the complementary expression of excitatory
glutamatergic or inhibitory GABAergic receptors completes the chemical circuit by
functioning as receivers for the exocytosed neurotransmitter.

The excitatory glutamate

receptors are divided into the ionotropic glutamate receptors (iGluRs), including the
NMDA (N-Methyl-D-aspartic acid), AMPA (α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate) and kainate receptors, and metabotropic glutamate receptors (mGluRs).
The NMDA and AMPA receptors, named after their high- affinity agonists, are ligandgated non-selective cation channels and are the primary glutamate receptors
responsible for fast excitatory neurotransmission.

They are clustered through their

interaction with the post-synaptic scaffolding protein PSD-95 and appear to be important
modulators of synaptic plasticity [6]

The recruitment of these receptors to the cell

membrane appears to be linked to the expression of neurexin-neuroligin adhesion
complexes at the membrane [7-9].
Inhibitory GABA receptors are also classified into the ionotropic (GABAA) and
metabotropic (GABAB) sub-types. GABAA receptors fall into the larger class of Cys-loop
ligand-gated ion channels, which includes nicotinic acetylcholine receptors, GABAA
receptors, glycine and 5-HT3 receptors. They selectively control the flow of Cl- ions into
the cell producing a rapid inhibitory response.

They are clustered through their

interaction with the scaffolding protein gephyrin, enriched at inhibitory post-synaptic

3
membranes. Neurexins and neuroligins also play a crucial role in organizing GABAA
receptors at the synapse [10-12]. Recent evidence also indicates that the pre-synaptic
neurexins physically interact with GABAA receptors [10-12].
The synapse is not a static structure, but rather a dynamic interface that changes
in morphology and motility based its molecular constituents. The flexibility of synaptic
contacts may provide the basis for synaptic plasticity and function.

Efficient

neurotransmission relies on the temporal expression and spatial alignment of the preand post-synaptic elements in the active zone, which is mediated by a network of
proteins that is ultimately linked through the synaptic cleft by synaptic adhesion
molecules (SAMs).

1.2

Synaptic Adhesion Molecules: Neurexins and Neuroligins
There are several distinct classes of SAMs, which function through either homo-

or heterophilic interactions and seem to control discrete aspects of synaptic
development and function. These predominantly included the neurexins (NRXNs) and
neuroligins (NLGNs), integrins, Ephrin receptors, immunoglobulin (Ig)-containing cell
adhesion molecules and cadherins [1].
NRXNs and NLGNs are type I transmembrane protein that form a calciumdependent heterophilic complex through their extracellular domains.

Targeting of

different gene transcripts and splice variants of NRXNs and NLGNs shows distinction
between excitatory and inhibitory synapse localization [11, 13-17].

Studies in vitro

suggest that NRXNS and NLGNs are capable of triggering synapse initialization, and
moreover are able to direct excitatory or inhibitory synaptogenesis in an isoformdependent manner [2, 11, 15, 18, 19]. However, studies in vivo lean towards a more
prominent role for NRXN/NLGN interactions later in synapse development [20, 21]. Both
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NRXNs and NLGNs contain an intracellular PDZ binding domain that mediates
interactions with synaptic scaffolding proteins, and thereby mediates the bi-directional
assembly of pre- and post-synaptic elements [22-24]. On the pre-synaptic side NRXNs
bind to the scaffolding proteins CASK (calcium/calmodulin-dependent serine protein
kinase) and MINT (Munc 18 interacting protein; lin-10/X11) through their intracellular
PDZ-binding domain, which couples NRXN signaling to synaptic vesicle exocystosis.
On the post-synaptic side, NLGNs interact through their intracellular PDZ-binding
domain with PSD-95 (postsynaptic density protein-95) or gephyrin, which couples
NLGNs to the post-synaptic neurotransmitter receptors.
The NRXN and NLGN families are extensive, consisting of multiple genes and
spliced variants. A detailed description of the structural characteristics of the NRXN and
NLGN proteins follows.
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Figure 1.1: Domain organization of neuroligins and neurexins shown with homologous
proteins. The neuroligin family consists of 5 genes, NLGN-1, -2, -3, -4X and -4Y. The
mature proteins all have a large globular extracellular domain that is a member of the
α/β-hydrolase fold family, which includes acetylcholinesterase and thyroglobulin, among
others. There are three neurexin genes in mammals, each with an α- and β- promoter,
encoding the α- and β-NRXN proteins. Their extracellular domains are made up of
individually folding sub-domains, which include LNS and EGF-like domains. The NRXNs
are structurally homologous to the Caspr/CNTNAP family of proteins.
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1.3

The Neurexin Family
In vertebrates there are three highly conserved NRXN genes (NRXN 1-3), each

encoding either the longer α-NRXN or the shorter β-NRXN via alternative promoter
regions. For each gene, the α- and β-NRXNs yield class I transmembrane proteins that
share the same C-terminal sequence and differ only in the extent of their N-terminal
extracellular region. After post-translational cleavage of an α-specific signal peptide, the
extracellular region of the mature α-NRXNs contain nine independently folded domains,
including six laminin neurexin sex hormone-binding globulin (LNS) domains separated
by three epidermal growth factor (EGF)-like domains, and a C-terminal O-glycosylated
stalk domain (~100 amino acids) that forms an extended linker to the transmembrane
domain. The much smaller extracellular region of β-NRXNs contains a β-specific signal
peptide (cleaved in the mature protein) and a short β-specific N-terminal sequence
followed by a single LNS domain, which corresponds to the LNS 6 domain of α-NRXN,
and the same O-glycosylated stalk domain. NRXN mRNAs are subject to extensive
alternative splicing. There are five alternative splice sites in total: SS#1-5. α-NRXNs
have all five splice sites, whereas β-NRXNs have only SS#4 and #5 on the LNS domain
and stalk domain, respectively. The diversity of NRXNs, which is achieved by different
genes, alternative promoters and extensive splicing, results in the potential for
thousands of isoforms [25]. Alternative splicing is thought to function in the regulation of
protein-protein interactions and is potentially governing the maintenance of synapse
specificity [26].
Although the NRXNs are primarily thought to function as cell-adhesion molecules
through their extracellular interaction with the post-synaptic NLGNs [27, 28], they
recently have been identified to also associate with the post-synaptic leucine-rich repeat
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transmembrane proteins (LRRTMs) [27-31], the α4β2 nicotinic acetylcholine receptor
[32], and the GABAA receptor [12].
α-NRXN-1 was originally identified as a high-affinity receptor for the spider
neurotoxin, α-latrotoxin, which binds to pre-synaptic receptors and causes massive
neurotransmitter release [33, 34]. Studies in mice identified the extracellular region of αNRXN-1 as an essential component for the regulation of Ca2+-dependent exocytosis in
neurons [35, 36]. In addition to the post-synaptic partner proteins described above, early
works showed that α-NRXNs interact with α-dystroglycan through the LNS 2 and LNS
6/β-NRXN domains [37] and to the soluble neurexophilin proteins through the LNS 2
domain [38]. The precise role of each of these interactions in governing synapse
maintenance remains to be investigated.

LNS domains
Laminin Neurexin Sex Hormone-Binding Globulin (LNS) domains, also called
Laminin-G like (LG) domains, are common in extracellular proteins. They bind to a
diverse range of ligands and are involved in a host of biological functions including cell
adhesion and migration, steroid transport, blood coagulation, and mammalian
spermatogenesis [39]. Despite only a 20-25% sequence identity, these domains have a
highly conserved tertiary structure, as revealed by X-ray crystallography [40-45]. They
furthermore share structural homology with pentraxins and lectins, despite only 10-15%
sequence identity [39].
LNS domains are ~200 amino acids and are characterized by a β sandwich
formed by two seven-stranded anti-parallel β-sheets, with N- and C-termini on the same
side and juxtaposed in space. The globular domain has a convex and concave side of
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the sandwich. On the concave side, a loop, referred to as the β11-β12 loop, fills the
depression to varying degrees in different proteins. At least in pentraxins and lectins this
loop is important for ligand specificity [46, 47].

In other proteins containing LNS

domains, including the NRXNs, laminins and sex hormone binding globulin (SHBG), the
functional ligand-binding site is found at the rim of the β sheet sandwich where the β10β11 loop runs across. Along this surface there is a conserved Ca2+-binding site found in
laminin, perlecan, agrin and neurexin domains, the steroid-binding site and proximal
zinc-binding in SHBG, and the location of various alternative splice inserts that mediate
protein-protein interactions [39]. Therefore, despite a highly conserved structural fold,
the variation in topological and physiochemical properties at specific sites on the LNS
domain are enough to confer very distinct biological functions.
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Figure 1.2: Conserved structural fold of an LNS domain depicted with the β-NRXN-1
structure (PDB: 3bod). The domain is comprised of a β-sheet sandwich with N- and Ctermini on the same corner and juxtaposed in space. Regions of variability and
functional distinction among homologous proteins include the β11-β12 loop, which is
variable in size and important for ligand specificity in lectins and pentraxins, and the
surface containing the β10-β11 loop, which contains the cation binding site in laminins,
neurexins and SHBG, and sites of splice variation, including SS#2, #3 and #4 in
neurexins. The site of steroid binding in SHBG is within the β-sheets just below the β10β11 loop.
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EGF-like domains
Epidermal growth factor (EGF)-like domains are structurally conserved domains
found in a number of extracellular proteins in mammals and associated with a diverse
set of functions, including blood coagulation, fibrinolysis, cell-cell adhesion, cell signaling
in development and embryonic cell fate [48-50]. They are only ~30-40 amino acids in
length and contain a conserved pattern of six cysteines, which form three disulfide bonds
making a compact domain with three anti-parallel strands. A subset of EGF-like domains
contain a conserved Ca2+-binding motif at the N-terminus, which may be crucial for
protein-protein interactions [48, 51].

In other cases, three types of unusual post-

translational modifications have been found within conserved amino acid motifs in EGFlike domains [49, 52].

These include two O-linked glycosylation sites and a β-

hydroxylation site at either an Asp or Asn residue.

The biological role of one of the O-

linked modifications, consisting of the attachment of an O-fucose moiety to a Ser or Thr
residue, is best described in the Notch signaling pathway. Here, the elongation of the Ofucose to a poly-glycan by the glycotransferase, Fringe, regulates binding to extracellular
ligands, which determine the proteolytic processing of Notch and subsequent
intracellular signaling [49, 53].
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Figure 1.3: Schematic of an epidermal growth factor (EGF)-like domain. All EGF
domains contain a conserved pattern of six Cys residues that make three disulfide bonds
(shown as connecting lines). A subset of EGF-like domains bind Ca2+ in their N-terminal
fold (the conserved residues are shown in orange). In some cases, EGF domains
contain consensus sequence motifs that result in post-translational modifications. These
include two O-glycosylation (yellow and blue) sites and a β-hydroxylation site (asterisk)
of either an Asp or Asn residue. This image was adapted from Varki, A. et al. Essential
of Glycobiology. 2nd Edition.
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The Neuroligin Family
The NLGN molecules constitute another family of class I transmembrane celladhesion proteins. There are five NLGN genes (NLGN1,2, 3, 4X and 4Y), which are
expressed post-synaptically at either glutamatergic (NLGN-1, -3, -4) or GABAergic
(NLGN-2) synapses [16, 17]. The mature NLGN proteins are composed of an
extracellular, N-linked glycosylated domain with strong sequence homology to
acetylcholinesterase (AChE), a Ser-Thr-rich stalk domain that carries both N- and Olinked oligosaccharides [28, 54], a single transmembrane domain, and a small,
intracellular C-terminal domain with a PDZ-binding motif.
NLGNs belong to the super-family of α/β-hydrolase fold proteins, but lack the
characteristic enzymatic activity due to mutation of one or more residues in the catalytic
triad.

Instead, they have evolved to have adhesive properties through a negatively

charged surface (unique to NLGNs) on the opposite face from the catalytic site found in
AChE [55]. At the negatively charged surface, they form a Ca2+-dependent heterophilic
cell-adhesion complex with the NRXNs [56-59]. Similar to the other α/β-hydrolase fold
proteins, NLGNs form homodimers through two parallel hydrophobic α-helices at the Cterminal region of each monomer. Therefore, the full complex consists of a NLGN dimer
bound to two NRXNs on opposite sides of the long axis of the dimer [56-59].
NLGNs have high amino acid identity (~70%) within the family, as well as across
species (>98% for homologous genes) [60]. The NRXN-binding interface on all NLGNs
is highly conserved; however, non-conserved residues on the edge of the interaction
surface appear to explain some of the variability between the different NLGN affinities for
NRXNs [57]. The distinctive binding properties of the various NLGNs for β-NRXNs have,
in part, been attributed to alternative splicing in both NLGNs and β-NRXNs [13, 60, 61].
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Comparative binding studies on affinities between the NLGNs and α-NRXNs remains to
be determined.

1.4

Neurexins and Neuroligins: Relations to Disease
An increasing number of genetic studies suggest that perturbations in the NRXN

and NLGN genes lead to the susceptibility to several neurological diseases, including
the autism spectrum disorder (ASD) [62-72], schizophrenia [73], addiction [74-78], and
rarer forms of mental retardation [79, 80].
Autistic spectrum disorders (ASD) represent a neurobiologically diverse group of
conditions with heterogeneous clinical representation. Characteristic signs of patients
with ASD include (1) social impairment, (2) language or communication deficits, and (3)
patterns of restricted and/or repetitive behavior. Beyond these core symptoms, autism
can present itself with highly variable pathological symptoms from one individual to the
next, representing a continual spectrum rather than discrete diagnostic categories.
There is a clear genetic predisposition to idiopathic autism [81, 82], beginning
with a disproportion of cases in males compared to females (4:1), suggesting X-linked
inheritance and/or genetic imprinting. Furthermore, studies of monozygotic and dizygotic
twins show that autism is highly heritable with a monozygotic concordance rate between
70-90% and a dizygotic rate around 7%. A sibling recurrence risk of about 5-6% is also
suggestive of genetic predisposition.

The data are consistent with a multifactorial

inheritance pattern, where multiple genetic loci, genetic heterogeneity, epitasis and
gene-environment interactions contribute to the pathology of the diseases. In recent
years, epidemiological studies indicate that the incidence of autism and associated
disorders is approaching 1% in the United States and about 0.1% world-wide [81, 83].
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The increase is thought to be due to a combination of the changes in diagnostic and
reporting practices as well as environmental and epigenetic factors acting on a
genetically predisposed population. There are a number of characterized syndromes
whose pathophysiology lie within the autism spectrum, including Asperger, Fragile X,
Angelman, Rett, Williams, Prader-Willi, Hyperlexia, tuberous sclerosis complex and
Landau-Kleffner syndrome. Most of these diseases have genetic mutations that have
been identified as the underlying cause. It is also important to note that about 40-60% of
patients diagnosed with ASD show some form of mental retardation, and about 30%
suffer from seizures.[84].
Genome studies of idiopathic ASD are revealing an increasing number of
chromosomal abnormalities, ranging from CNVs to chromosomal rearrangements to
SNPs. Although each individual mutation accounts for only ~1% of the cases in the
study, all together it is thought that these rare mutations could represent up to 10-20% of
all cases [82, 83]. Researchers are starting to identify a trend in the cellular mechanisms
that are coming out of studies of genetic defects related to ASD. In particular, evidence
is pointing to genes encoding proteins related to synapse development and integrity (see
Table 1.1).
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Table 1.1: Some of the genes that have been implicated in ASD or ASD-related
disorders. These genes all play a role in synapse function, either directly or indirectly
through activity-dependent regulation of protein levels. Where possible, reported rates of
incidence in genetic abnormalities are indicated.
Gene

Gene Function

Rate in
Autism

References

Related to Synapse Function
NLGN3
NLGN4X

Synaptic adhesion molecules expressed at
excitatory and inhibitory synapses

<1%

[68-72, 85, 86]

NRXN1

Synaptic adhesion molecule expressed at
2+
excitatory and inhibitory synapses. Ca dependent exocytosis

<1%

[62-67]

CDH9/10/15/18

Synaptic adhesion molecules

CNTN3
CNTN4

Axon-associated cell adhesion molecule of the Ig
superfamily

<1%

[63, 89, 90]

CNTNAP2
(Casp2)

Cell adhesion molecule in NRXN superfamily.
Localized at the juxtaparanodes of myelinated
axons and associated with potassium channels.

<1%

[91-93]

PCDH9/10/19

Synaptic adhesion molecules

[87, 90, 94]

NRCAM

Neuronal cell adhesion molecule

[95-97]

RELN

Neuronal migration. Secreted protein

[98, 99]

SHANK3

PSD scaffolding protein localized at the
membrane, binds to NLGNs

GRIN2A

NMDA receptor subunit

[104]

GRIK2

Kainate receptor subunit

[105]

GABAR

GABA receptor subunit

[106]

[87, 88]

<1%

[100-103]

Regulation of synaptic protein levels
MECP2

Transcriptional repressor. Mutated in Rett’s
syndrome

EN2

Transcriptional regulator

PTEN

FMR1

TSC1/2

UBE3A

Inhibitor of PIsK/mTOR signaling. Loss of
function leads to increased activity of mTORC1
[119]. Mutated in ASD with macrocephaly
Translational Repressor. Mutated in Fragile X
syndrome. Estimated to interact with >400
distinct mRNAs [127].
Inhibitor of mTOR-raptor complex (mTORC1),
important for translational regulation. Mutated in
tuberous sclerosis complex
E3 ubiquitin ligase. Regulates ubiquitindependent protein turnover. Mutated in
Angelman’s syndrome

2%

[107-115]
[116-118]

1%

[120-126]

2-5%

[128-130]

1-4%

[131]

1%

[63, 132, 133]
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NLGN mutations were one of the first reported mutations in genetic studies of
ASD patients [69, 70]. The initial reports pointed to mutations in the NLGN3 and NLGN4
genes, of which one, an Arg to Cys mutation in the NLGN3 gene, has prompted multiple
follow-up studies to characterize its phenotype. Initial studies in vitro, showed that the
single mutation was sufficient to trap the majority of the partially processed protein in the
endoplasmic reticulum (ER), where it is then sent to the proteosome for degradation
[134-136]. Further studies in vitro validated this observation in neurons and also showed
an upregulation of ER resident chaperone proteins responsible for the protein retention
[137, 138] (see Figure 1.4). A subsequent study using a mouse knockin model showed
that the Arg to Cys substitution in NLGN 3 resulted in an increase in inhibitory synaptic
transmissions [139]. Together, these studies revealed a molecular mechanism that
suppresses the expression of the NLGN protein on the cell surface, where it is needed in
order to interact with its partner NRXN proteins, and acts as a gain of function mutation
in vivo by disrupting the excitatory/inhibitory ratio through an observed increase in
inhibitory signaling. Future studies on other rare mutations in the NLGN, NRXN and
other autism candidate genes may reveal similar trafficking defects that yield the protein
ineffective.
Along with NLGN3 and 4, the NRXN1 gene has been strongly implicated in ASD.
Identified genetic abnormalities include copy number variations [63, 65, 66, 73],
chromosomal alterations [64, 67, 80] and a few rare sequence mutations [62, 64, 67,
79].

To date, no studies have been done on the phenotype of specific NRXN1

mutations.
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1.5

Objectives of the Dissertation
In the brain, there is a delicate balance between excitation and inhibition of

electrical currents leading to cell signaling events. Synapses are the major gateway that
determine cell-signaling fate, and the spatial and temporal organization of proteins at the
synapse is a crucial element of its functionality. Revealing the molecular organization
and interaction characteristics of proteins involved in synapse assembly provides insight
into the ability of different proteins to specify synaptic function. The major objectives of
my dissertation work were to (1) determine the interaction between NLGN and β-NRXN
at high resolution, (2) characterize the macromolecular assembly of the multi-domain αNRXN protein, and (3) solve the high-resolution structure of the α-NRXN extracellular
region. Objective 1 was accomplished through collaboration with Drs. Yves Bourne and
Pascale Marchot, in which we solved the structure of the complex of NLGN 4 with βNRXN (Chapter 2). I then successfully characterized the macromolecular structure of
the extracellular region of α-NRXN by single particle electron microscopy, which
complemented work done by Dr. Comoletti using small angle X-ray scattering (Chapter
3).

Finally, by the characterization of α-NRXN using the low-resolution structural

techniques, I designed an optimal construct that facilitated the crystallization and
medium/high-resolution (3.0 Å) structure determination of a major portion of the α-NRXN
extracellular region (Chapter 4). Together, these studies provide novel structural
characterizations of the α- and β-NRXNs, and offer insights into the defining roles of
each protein in the synapse. However, as is the case with most structural studies, the
work described here opens the door to a new room of questions and future studies that
will inevitably lead to a better understanding of synapse biology and the role of neurexins
and neuroligins.
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CHAPTER 4:
The crystal structure of the α-neurexin-1 extracellular region reveals
a hinge point for mediating synaptic adhesion and function

4.1 SUMMARY
α- and β-neurexins (NRXNs) are transmembrane cell adhesion proteins that
localize to pre-synaptic membranes in neurons and interact with the post-synaptic
neuroligins (NLGNs). Their gene mutations are associated with the autistic spectrum
disorders. The extracellular region of α-NRXNs, containing nine independently folded
domains, has structural complexity and unique functional characteristics, distinguishing it
from the smaller β-NRXNs. We have solved the X-ray crystal structure of seven
contiguous domains of the α-NRXN-1 extracellular region at 3.0 Å resolution.

The

structure reveals an arrangement where the N-terminal five domains adopt a more rigid
linear conformation and the two C-terminal domains form a separate arm connected by a
flexible hinge. In an “open” state the molecule is suitably configured to accommodate a
bound NLGN molecule, as supported by structural comparison and surface plasmon
resonance. These studies provide the structural basis for a multi-functional synaptic
adhesion complex mediated by α-NRXN-1.

4.2 INTRODUCTION
Specialized synaptic adhesion proteins play an important role in synapse
specification, development and maintenance.

Genetic evidence implicates several

synaptic adhesion proteins in the onset of neuro-developmental disorders, such as the
autism spectrum disorders (ASD) [1]. The NRXN-1 gene has been identified as one
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candidate for susceptibility to ASD in multiple genetic linkage studies, ranging from
whole-genome scans to single-nucleotide polymorphism (SNP) screens [2-6]. The
neurexins (NRXNs) constitute a family of pre-synaptic transmembrane proteins, which
are developmentally and spatially expressed at neuronal GABAergic and glutamatergic
synapses [7].
In vertebrates there are three NRXN genes (NRXN 1-3), each encoding either
the longer α-NRXN or the shorter β-NRXN via alternative promoter regions. For each
gene, the α- and β-NRXNs yield class I transmembrane proteins that share the same Cterminal sequence and differ only in the extent of their N-terminal extracellular region.
After post-translational cleavage of an α-specific signal peptide, the extracellular region
of the mature α-NRXN contains nine independently folded domains, including six
laminin-neurexin-sex hormone-binding globulin (LNS) domains separated by three
epidermal growth factor (EGF)-like domains, and a C-terminal O-glycosylated stalk
domain (~100 amino acids) that forms an extended linker to the transmembrane domain.
The much smaller extracellular region of β-NRXNs contains a β-specific signal peptide
(cleaved in the mature protein) and a short β-specific N-terminal sequence followed by a
single LNS domain, which is identical to the LNS 6 domain of α-NRXN, and the same Oglycosylated stalk domain (Figure. 4.1a). NRXN mRNAs are subject to extensive
alternative splicing. There are five alternative splice sites in total named SS#1 through 5.
α-NRXNs are subject to splicing at all five splice sites, and β-NRXNs only at SS#4 and
#5. The diversity of NRXNs, which is achieved by different genes, alternative promoters
and extensive splicing, results in the potential for thousands of isoforms [8]. Alternative
splicing is thought to function in the regulation of protein-protein interactions and is
potentially governing synapse specificity [7].
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α- and β-neurexins are thought to function primarily as cell-adhesion molecules
through their extracellular interaction with the post-synaptic neuroligins (NLGNs) [9].
More recently they have been found to also associate with the post-synaptic leucine-rich
repeat transmembrane proteins (LRRTMs) [10, 11], the α4β2 nicotinic acetylcholine
receptor [12], and the GABAA receptor [13]. α-NRXN-1 was originally identified as a
high-affinity receptor for a spider neurotoxin, α-latrotoxin, which binds to pre-synaptic
receptors causing massive neurotransmitter release [14]. Studies in mice identified the
extracellular region of α-NRXN-1 to be essential for the regulation of Ca2+-dependent
exocytosis in neurons [15, 16]. In addition to the post-synaptic partner proteins described
above, earlier studies showed that α-NRXNs interact with α-dystroglycan through the
LNS 2 and LNS 6/β-NRXN domains [17] and to the soluble neurexophillin proteins
through the LNS 2 domain [18]. The precise roles of each of these interactions in
governing synaptic assemblies remain to be investigated.
The NLGN molecules constitute another family of class I transmembrane celladhesion proteins that are expressed post-synaptically at either glutamatergic (NLGN-1,
-3, -4) or GABAergic (NLGN-2) synapses [19, 20]. Structurally, the interaction between
the NLGN and β-NRXNs has been extensively characterized. Two β-NRXN molecules
bind in a Ca2+-dependent manner on opposing sides of the long axis of the dimeric
NLGN molecule. Crystal structures of the complexes between NLGN-1 or NLGN-4 and
β-NRXN-1 establish Ca2+-coordination at the binding interfaces and support a regulatory
mechanism at the alternative splice site B of NLGN-1 [21-24].
Compared to β-NRXN, the extracellular region of α-NRXN is structurally far more
complex. It presents multiple independent folding domains including two known
functional protein-binding domains, LNS 2 and LNS 6, which bind to multiple
endogenous partner proteins (described above). However, questions persist: what is the
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synaptic disposition of extracellular region of α-NRXN in the limited space of the synaptic
cleft, and how does the association of the NRXNs with partners mediate synaptic
function through protein-protein interactions?

We recently demonstrated by single

particle electron microscopy (EM) and small angle X-ray scattering (SAXS) that the
extracellular region of α-NRXN-1, comprised of LNS 1 through LNS 6, adopts a semielongated shape with varying degrees of flexibility between the independent LNS
domains, of which the LNS 1 domain displayed the most pronounced flexibility [25]. In
fact, removal of the LNS 1 and EGF 1 domains permitted the crystallization of the
remainder of the structured extracellular domain.
Herein we present the crystal structure, determined at 3.0 Å resolution, of seven
contiguous domains of the α-NRXN-1 extracellular region, including the LNS 2-6
domains and intervening EGF 2 and 3 domains. The domains are organized in an Lshaped conformation with LNS 2-5 forming the longer arm, and EGF 3 and LNS 6
making up the short arm. The achievement of a high-resolution picture of the domain
arrangement and distinguishing binding interfaces provides novel insights into the
structural basis for biological function. By a comparison with the structure of the βNRXN:NLGN complex, the α-NRXN structure is suitably shaped to accommodate a
NLGN molecule bound to LNS 6. The structural analysis is supported by surface
plasmon resonance (SPR) studies in which we quantitatively compare the binding
affinities of β-NRXN-1 and various α-NRXN-1 truncations for NLGN-1. As previously
seen from affinity pull-down assays [26], we demonstrate exclusive binding of NLGN-1 to
the LNS 6/β-NRXN domain. Furthermore, using a series of α-NRXN constructs with
incremental truncations of each LNS domain, we show that the addition of LNS 2-5
domains results relatively small changes to the binding affinity for NLGN-1. These data
confirm the accessibility of the LNS 6 binding site in solution and support the argument
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for a high affinity binding interaction between NLGN-1 and the full-length α-NRXN
molecule.

4.3 RESULTS
Three Dimensional Structure of α -NRXN-1
The crystal structure of the glycosylated α-NRXN-1 extracellular region, LNS 2
through LNS 6 (α-NRXN_2-6), was solved at 3.0 Å resolution by molecular replacement
and refined (Table 4.1). It reveals a unique arrangement of domains, which form an Lshape with the longer arm composed of the LNS 2-5 and EGF 2 domains and the short
arm formed by the EGF 3 and LNS 6 domains (Figure 4.1b). The LNS domains of the
long arm are stacked in a similar orientation such that the concave β-sheet face of the Nterminal LNS domain faces the convex β-sheet face of the proceeding C-terminal LNS
domain, making extensive interfacial contacts through abundant hydrophobic and
electrostatic interactions, and organizing all of the predicted Ca2+-binding sites on the
same side of the molecule with similar inter-Ca2+ site distances (26-42 Å) (Figure 4.1b
and Figure 4.2a). The relatively small EGF-like domains (~35 residues) maintain a
compact structural fold through a conserved cysteine sequence pattern that results in
the formation of three disulfide bonds. The EGF 2 domain is located in proximal
apposition with the LNS 3-LNS 4 interface, opposite the predicted Ca2+-binding sites of
both LNS domains. It further stabilizes the LNS 3-LNS 4 interface by forming hydrogen
bonds at either of its termini with the LNS 3 and 4 domains. At the junction between LNS
5 and EGF 3 there are no stabilizing inter-domain contacts, making an apparent hinge
point where the C-terminal EGF 3 and LNS 6 domains form a distinct arm of the protein.
The EGF 3 domain separates LNS 5 and LNS 6 by ~35 Å, displacing LNS 6 from the
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linear arrangement of LNS 2-5 (Figure 4.1b). The extension of the EGF 3 and LNS 6
domains is stabilized by crystal packing of a symmetry related LNS domain,
demonstrating an energetically favorable arrangement for the domains in solution
(Figure 4.2b)
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Figure 4.1: The structure of the α-NRXN-1 LNS 2-6 extracellular region. (a)
Schematic representation of the mature α- and β-NRXN class I transmembrane proteins.
The larger α-NRXNs differ from the shorter β-NRXNs in the extent of their N-terminal
extracellular region, with α-NRXNs having six LNS domains interspersed by three EGF
domains and β-NRXNs having only one LNS domain, identical to LNS 6 in α-NRXN. The
positions for alternative splicing inserts are numbered and indicated with arrows.
(b) Ribbon representation of the crystal structure of α-NRXN-1 LNS 2-6 in two
orthogonal orientations. The predicted Ca2+-binding sites, displayed as yellow spheres,
were modeled from the Ca2+-bound structures of LNS 2, 4 and 6. Approximate
dimensions of the asymmetric molecule are indicated.bound structures of LNS 2, 4 and
6. Approximate dimensions of the asymmetric molecule are indicated.
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Table 4.1: Data Collection and Refinement Statistics

X-ray source

SSRL BL11-1
Crystal data

Space group
Cell dimensions
a, b, c (Å)
α, β, γ (°)

Processing software
Wavelength (Å)
Resolution (Å)
Rsym (%)
I / sI
Completeness (%)
No. of unique reflections
Redundancy

C2
199.74, 61.24, 155.58
90.00, 121.21, 90.00
Data collection
XDS package
0.97945
30.0-3.02(3.13-3.02)
14.0(62.8)
8.7(2.0)
97.9(99.5)
31504
3.4(3.4)
Refinement

Resolution (Å)
Rwork / Rfree (%)
No. atoms
Protein
Ligand/ion
Water
Average B overall (Å2)
R.m.s.d. bond length (Å)
R.m.s.d. bond angle (°)
Ramachandran Plot
Preferred (%)
Allowed (%)
Outliers (%)

3.02(3.10-3.02)
21.4(31.2)/26.9(39.4)
7878
7795
50
33
47.6
0.013
1.369
93.6
6.1
0.3
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Figure 4.2: α-NRXN_2-6 interfaces
(a) The α-NRXN_2-6 molecule is displayed with interfacing residues between two LNS
domains colored in red, and those between an EGF and a LNS domain colored in
yellow. Extensive inter-domain contacts are made between the LNS 2-5 domains
forming the linear portion of the molecule. The lack of any inter-domain contacts
between LNS 5 and EGF 3 indicates a region of flexibility (black arrow).
(b) Crystal packing contacts determine the extension of the short arm (EGF 3-LNS 6) of
the α-NRXN_2-6 molecule to form the “L” shape. The reference α-NRXN_2-6 molecule
is shown with a gray surface. A symmetry-related LNS 5 domain (LNS 5 sym), shown in
yellow, makes crystal contacts with the LNS 4, LNS 5, EGF 3 and LNS 6 domains in the
first molecule. Interfacing α-NRXN_2-6 residues with LNS 5 sym are colored cyan.
Residues forming hydrogen bonds or salt bridges with LNS 5 sym (within 3.9 Å distance)
are colored orange.
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There are two predicted N-linked glycosylation sites in the sequence of αNRXN_2-6, one on SS#3 in LNS 4 at N813 and one at N1246 on LNS 6. The Fourier
difference maps revealed part of an N-linked glycan bound to N1246 on LNS 6, fitting
the electron density of two GlcNAc and one Man moieties. Density is missing for most of
SS#3 including the N813 glycosylation site. In addition to the N-linked glycosylation, the
Fourier difference maps revealed extra density extending away from the hydroxyl group
on S705 in EGF 2. This serine residue belongs to a unique O-glycosylation consensus
motif (C1-X- S/T-X-P-C2) found between the first and second conserved cysteines in
EGF-like domains in several other extracellular proteins, including the coagulation factor
IX and the Notch cell surface receptor signaling protein [27, 28]. The complete form of
the carbohydrate structure is reported as Xylα1-3Xylα1-3Glcβ1-O-Ser [29].

In the α-

NRXN_2-6 structure the density accommodates a β-3Glc monosaccharide linked to
S705 (Figure 4.3).
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Figure 4.3: α-NRXN N- and O-Glycosylation
The α-NRXN_2-6 molecule bears a β-Glc monosaccharide O-linked to S705 in EGF 2
and a β-GlcNAcβ1,4GlcNAcβ1,4Man trisaccharide N-linked to N1246 in LN 6,
respectively. The sequence that includes S705 aligns with a glycosylation consensus
sequence found in other extracellular proteins with EGF domains, including Notch and
Factor IX. N-linked glycosylation on N1246 matches the consensus glycosylation site
found in β-NRXN (PDB:3mw2). The framed figures show the density maps for both
sugars. The 2Fo-Fc maps (gray) are contoured at 1.2 σ around S705 and at 1.0 σ
around N1246.
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Comparison of LNS Domains
The independently solved NRXN-1 LNS domains 2, 4 and 6/β-NRXN show high
structural homology despite low sequence identity (~20%) [30-34].

Similarly, a

comparison of each of the individual domains with the corresponding domain in the αNRXN_2-6 molecule shows high structural similarity (average rmsd of 0.5-0.9 Å for all
atoms). The five LNS domains in α-NRXN_2-6, which include the previously unsolved
LNS 3 and 5, all maintain the characteristic β-sheet sandwich containing 13 β strands
making up the core of the domain [31] (Figure 4.4a). The face containing the predicted
Ca2+-binding site, previously coined the “hyper-variable” surface [31], also contains the
sites for SS#2, 3 and 4 in LNS 2, 4, and 6, respectively, and a non-spliced insert that
creates a distinct flexible loop at the surface in LNS 3 (Figure 4.4a). In the structure, the
LNS 3 loop shows high flexibility (average B-factor 88 Å2) and is oriented towards the
LNS 4 domain with proximity to the LNS 4 Ca2+-binding site. Long-range electrostatic
attractions between the positively charged loop and negatively charged LNS 4 surface
are likely to influence the orientation of the flexible LNS 3 loop (Figure 4.5). The β11-β12
loop, which extends across the concave side of the β-sheet, diverges in structure for all
of the LNS domains (Figure 4.4a). Compared to the LNS 6 domain, the β11-β12 loop is
significantly larger in the LNS 2-5 domains, covering a greater surface area of the
concave side of the β-sheet (Figure 4.4b). In LNS 2 and 3 the β11-β12 loop makes
stabilizing contacts between the adjacent LNS domains, LNS 3 and 4, respectively. In
LNS 4 the loop also makes extensive contacts, predominantly with the symmetry-related
LNS 5 domain that participates in the organization of the EGF 3-LNS 6 arm. In LNS 5
the homologous loop is solvent accessible, as is the small β11-β12 loop in LNS 6.
Similar to the plant lectins, which have a related fold and homologous β11-β12 loop
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involved in carbohydrate binding specificity, the variation in the β11-β12 loop in the
different LNS domains of α-NRXN is likely to confer selectivity for the interacting
surfaces [31, 35]. The structure demonstrates that this variable surface loop in each
domain functions in distinctive ways in the assembly of the full-length α-NRXN protein.
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Figure 4.4: Comparison of the α-NRXN_2-6 LNS domains
(a) The five LNS domains share a conserved conformation with a characteristic 13 βsheet fold. Regions of high variation include the β11-β12 loop (circled) and the LNS 3
loop (black arrow), where non-conserved residues are colored in red. In the structure,
the positively charged LNS 3 loop extends towards the Ca2+-binding face of the LNS 4
domain (cf. Supplemental Fig. 3).
(b) The individual LNS domains are displayed in the same orientation with their β11-β12
loops colored in red. The loops play a variable role in stabilizing inter-domain contacts.
Predicted Ca2+-binding sites are shown as yellow spheres.
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Figure 4.5: LNS 3 loop
The EGF 2 domain, located between LNS 3 and 4, is in proximal apposition to the two
interfacing LNS domains. On the opposite side of the interface, LNS 3 has a positively
charged flexible loop (LNS 3 loop) that points toward a negatively charged pocket, also
the predicted Ca2+ binding site, in the LNS 4 domain (framed close-up). The predicted
Ca2+-binding sites are shown as yellow spheres.
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Structural Comparison with the β -NRXN/NLGN-1 Complex
α-NRXN-1 has two previously identified protein-binding domains, LNS 2 and LNS
6, which bind to several endogenous partner proteins (see Introduction). The previously
described NLGN binding site on LNS 6 is solvent accessible in the stabilized
conformation found in the α-NRXN_2-6 structure. To model the complex between αNRXN and NLGN-1, we superimposed the structure of α-NRXN_2-6 onto the structures
of the β-NRXN-1 molecules bound to NLGN-1 [21].

The overlaid NLGN molecule

interfaces with the α-NRXN_2-6 molecule without significant steric obstruction, indicating
that NLGN could bind to α-NRXN_2-6 in the crystallized conformation (Figure 4.6a). The
LNS 6 domain of α-NRXN_2-6 shows high overlap at the binding interface to the NLGN
molecule, as seen in the β-NRXN:NLGN complex structure. Despite the absence of
bound Ca2+, the predicted Ca2+-coordinating residues in LNS 6 maintain the same
conformational arrangement as observed in Ca2+-bound β-NRXNs either in complex with
NLGN or in their free form (Figure 4.6b&c).

The Fourier difference maps for α-

NRXN_2-6 clearly show solvent density in place of the Ca2+ in LNS 6 and not the other
LNS domains (Figure 4.6c). While LNS 6 presents the primary binding site for NLGN
[26], the overlay shows the bound NLGN to be proximal to the LNS 4 domain of α-NRXN
with no significant steric obstruction between the α-NRXN and NLGN molecules. In the
overlay, the interfacing surface of NLGN contains a flexible loop that includes the site for
splice insert A. The insert introduces an additional 20 residues and would likely influence
any interactions potentially mediated by this surface (Figure 4.7). Similar results were
produced in a comparison with the structure of NLGN-4 bound to β-NRXN [22].
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In the structure, the Ca2+ binding site on LNS 2, previously shown to regulate binding to
α-dystroglycan [17], is fully solvent accessible. However, absence of domains LNS 1 and
EGF 1 in the α-NRXN_2-6 structure precludes a complete analysis of the exposed
interfaces of LNS 2.
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Figure 4.6: Overlay of α-NRXN_2-6 with β-NRXN bound to NLGN-1
(a) The NLGN-1:α-NRXN_2-6 complex, as modeled by overlaying the LNS 6 domain in
α-NRXN_2-6 onto the β-NRXN-1 molecule as bound to NLGN-1 α-NRXN_2-6 can
accommodate the NLGN molecule without steric constraint, although with close
proximity to LNS 4. The NLGN-1 dimer is displayed in orange and α-NRXN_2-6 is
shown in gray (LN 2-EGF 3) and blue (LNS 6). On the right panel, the N-linked glycan
on LNS 6 is shown in light blue.
(b) The NLGN binding interface of α-NRXN_2-6 is conserved, as shown by the structural
overlay with the NGLN-1:β-NRXN structure. In particular, the Ca2+-coordinating
residues in β-NRXN (yellow) retain their conformation in the α-NRXN_2-6 LNS 6 domain
(blue) despite the absence of Ca2+. Residue numbers are those of α-NRXN_2-6.
(c) Overlay of the Ca2+-free α-NRXN_2-6 molecule with Ca2+-bound β-NRXN-1. The
Ca2+and water molecules in the β-NRXN structure are shown as yellow and red
spheres, respectively. The 2Fo-Fc maps contoured at 1.2σ are displayed in gray and the
Fo-Fc maps contoured at 3.0σ in green. In the absence of Ca2+, the LNS 6 domain in αNRXN clearly coordinates an ion, which is likely to be sodium. Residue numbers are
those of α-NRXN_2-6.
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Figure 4.7: Surface proximity in the α-NRXN_2-6 overlay with the NLGN:β-NRXN
complex
Overlay of α-NRXN_2-6 on the NLGN1:β-NRXN complex (PDB: 3biw (shown), 3b3q,
2xb6) shows that the α-NRXN molecule (gray) can accommodate a NLGN molecule
(orange) without significant steric constraint. However, NLGN proximity to the LNS 4
domain in α-NRXN indicates a region of the α-NRXN molecule that may affect binding
kinetics. Furthermore, the position of the NLGN splice insert A (arrow) at the proximal
interface is another variant to consider.
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Binding Affinity Measurements of the α -NRXN:NLGN-1 Complex
α- and β-NRXNs share the same binding domain for NLGNs [26] and both
demonstrate synaptogenic properties in cell culture [36-38].

Yet their evolutionary

conservation suggests that they function as independent molecules at the synapse. To
address the question of whether α- and β-NRXNs exhibit distinguishing interactions with
NLGN, we studied their individual binding properties by SPR. In these studies, the
NLGN-1 dimer was immobilized through a C-terminal Fc domain onto a Protein Acoupled sensor chip and the monomeric NRXNs were injected as free ligands.
Soluble constructs of β-NRXN-1 and subsets of the α-NRXN-1 molecule with
sequential deletions of each LNS domain (α-NRXN_2-6, α-NRXN_3-6, α-NRXN_4-6, αNRXN_5-6) were used to analyze binding affinities with NLGN-1 lacking splice inserts A
and B (NLGN-1-∆AB) (Figure 4.8). β-NRXN-1 (∆SS#4) binds to NLGN-1∆AB with ~30
nM KD, comparable with previously published results [21, 39]. The α-NRXN_5-6, αNRXN_4-6 and α-NRXN_3-6 constructs all bind with a ~2-3 fold lower affinity (higher KD)
and similar kinetics involving rapid bimolecular association and unimolecular dissociation
(Figure 4.9 and 4.10). The α-NRXN_2-6 construct consistently yielded a KD of ~10-30
nM, reversing the trend of a slight decrease in KD with the additional domains. When
normalized against the maximum binding response (Rmax), compared with the other
truncated α-NRXNs, α-NRXN_2-6 shows the same fast bimolecular association, but
displays a different dissociation profile consisting of an initial fast dissociation phase of
greater amplitude, followed by a slow secondary dissociation (Figure 4.10). Tight
clustering in the calculated KD values across multiple surfaces with various densities of
immobilized NLGN-1 attests to reproducibility of the measurements. Additionally, as was
previously demonstrated by pull-down studies [26], no binding to NLGN-1 was observed
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using the α-NRXN_2-5 construct at concentrations approaching 3 µM (Figure 4.10).
Although the specific recognition properties of the individual LNS domains remain to be
resolved, the comparative equilibrium dissociation constants between the β-NRXN and
truncated α-NRXNs demonstrate that both molecules can bind with low nM KD’s (high
affinity). The 2-3-fold increase in KD (decrease in affinity) for α-NRXN corresponds to
only minimal differences in free energy requirements for binding and therefore supports
the model of a flexible hinge between LNS 5 and EGF 3 in α-NRXN-1.
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Figure 4.8: The six α-NRXN constructs used in this study
Numbering of the α-NRXN constructs is that of the reference sequence from NP_776829
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Figure 4.9: NRXN-NGLN association at equilibrium measured by SPR
Each of the five NRXN constructs was injected over four surfaces with a variable density
of immobilized NLGN-1. Equilibrium dissociation constants calculated from each of the
saturation binding curves are similar across the different NLGN surfaces, as shown by
the tight error bars in the lower right graph. All five constructs bind to NLGN-1 with a
similar affinity (low nM), indicating accessibility of the NLGN binding site on LNS 6 of the
truncated α-NRXN molecules.
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Figure 4.10: SPR analysis of NLGN binding by the a-NRXN variants
Representative binding curves generated for each of the NRXN constructs over a
NLGN-1 immobilized surface. Different amounts of NLGN-1 were immobilized to achieve
an optimal signal range for the different truncated NRXNs. However, the calculated KD’s
did not change significantly based on the surface density (see Figure 4.8). Each graph
shows sequential injections of a two-fold dilution gradient from 15.6 nM – 1µM. The αNRXN_2-5, which shows no binding, was analyzed at a maximum concentration of 3µM.
Binding curves for each NRXN truncation normalized against the maximum response
(lower panel) highlight similar association and dissociation rates, except for α-NRXN_2-6
which has a secondary slow dissociation phase not seen in the other constructs. All
injections intervals were 60s, followed by a 120s dissociation.
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4.4 DISCUSSION
The structural characterization of the α-NRXN-1 extracellular region reveals how
the concatenated five LNS and two EGF domains assemble into a L-shaped molecule
and provides insights into its function as a receptor for several endogenous partnering
proteins in the limited dimensions of a synaptic cleft. A complementary SPR analysis
shows that α-NRXN binding to NLGN-1 is mostly triggered by the LNS 6/β-NRXN
domain, which is likely to be fully accessible in solution due to a flexible linker between
LNS 5 and EGF 3. The high resolution structure reveals the accessibility to known
protein interaction sites, provides details on the atomic interactions leading to the
assembled domains and offers more insight on the flexible properties of the protein
compared to the previously determined EM and SAXS structures [25]. Overlaying the αNRXN_2-6 structure on the 2-D EM images of α-NRXN_1-6 demonstrates a similar
overall arrangement of the domains despite the distinctive methodologies, and shows
possible orientations of the flexible LNS 1 domain in relation to the other domains
(Figure 4.11).
Evident in the crystal structure, the extent of inter-domain contacts between LNS
2-5 suggests limited flexibility in their linear arrangement. On the other hand, a lack of
stabilizing interactions at the connection between LNS 5 and EGF 3 (P1106) is indicative
of innate flexibility at this position in the molecule and suggests that the EGF 3-LNS 6
domains creates a separate arm that can open and close in relation to the rest of the
molecule. The remote position of the LNS 6 domain is stabilized by contacts with a
symmetry-related molecule in the crystal, and suggests a favorable conformation with
increased solvent accessibility to the LNS 6 domain. In agreement with the SPR studies,
the dynamic arrangement of the two-arms is likely to influence the binding kinetics with
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partner proteins such as NLGN, with the stabilization of an “open” state granting a
favorable conformation for association.
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Figure 4.11: 2-D overlay of the α-NRXN_2-6 structure on negative stain EM images
A 2-D image of the α-NRXN_2-6 structure was overlaid onto three previously published
2-D negative stain single particle EM images of the α-NRXN_1-6 purified protein [25].
The overall arrangement of the LNS 2-6 domains is conserved and the multiple
placements of the flexible LNS 1 domain relative to the crystal structure are observed.
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Predicted Ca2+-Binding Sites in the α -NRXN-1 Extracellular Region
α-NRXN-1 interacts with the post-synaptic NLGNs, LLRTM and α-dystroglycan
proteins in a Ca2+-dependent manner through the LNS 2 and/or LNS 6 domains [11, 17,
21]. In the structure, all of the predicted Ca2+-binding sites are aligned on the outer
surface of the molecule with similar inter-site distances. The coordinating atoms at the
Ca2+-binding sites in LNS domains 2, 3 and 6 have a conserved spatial arrangement
based on a structural overlay with the Ca2+-bound structures of the LNS 2, 4 and 6/βNRXN domains [30, 31, 33]. For the LNS 6 domain, the Fourier difference maps show
solvent coordination at the previously reported Ca2+-binding site [32, 33], and may
indicate a higher affinity site for divalent cation coordination compared to the other
domains. On the other hand, based on a structural overlay, the inclusion of an insert at
SS#3 in LNS 4 near the Ca2+-binding site, may reduce the Ca2+ affinity by altering the
conformation of the coordinating L805 carbonyl oxygen [33]. The loss of measurable
Ca2+-binding to the LNS 2 domain due to an insert at SS#2 was previously demonstrated
by isothermal titration calorimetry [31]. The predicted Ca2+-binding site in LNS 5 appears
intact, however, unlike the LNS 2, 3 and 6 domains that show the conserved spatial
distances between the coordinating atoms, the LNS 5 domain has a more open site with
increased inter-atomic distances. A definitive analysis of Ca2+-binding of α-NRXN awaits
a structure with bound Ca2+.

O-Glycosylation of EGF 2 in α -NRXN-1
The α-NRXN_2-6 structure reveals a previously uncharacterized O-linked
glycosylation site on the first Ser residue in the EGF 2 domain. The identification of a
single O-β-glucose moiety was based on the sequence alignment with a conserved Oglycosylation consensus motif previously identified in EGF-like domains in other cell-
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surface and secreted proteins, including factor VII, factor IX, protein Z and Notch [27,
28].

Two unusual O-linked glycans have been mapped to consensus sequences in

EGF-like domains, yielding either an O-glucose or O-fucose post-translational
modification [27]. The Notch receptor is made up of a series of EGF-like repeats in which
the O-fucosylation pattern functions to modulate protein interactions that determine
signal transduction capabilities [28, 29]. Many of the EGF domains in Notch contain the
O-glucose modification, but a specific biological role remains to be determined [40]. In αNRXN_2-6 the EGF 2 domain contains the consensus sequence for the O-glucose
modification site. Accordingly, the structure shows a single glucose moiety attached to
the EGF 2 domain. Although the preservation of such a moiety in α-NRXN-1 expressed
in neurons remains to be determined, we illustrate here the possibility for a new
glycosylation pattern of α-NRXN-1 that is likely to influence its function.

Disease-Linked Mutations in the α -NRXN-1 Extracellular Region
An increasing number of genetic studies implicate the NRXN-1 gene and its
partnering NLGN genes as important determinants for the pathogenesis of several
diseases of the central nervous system, including ASD, schizophrenia, Pitt-Hopkins-like
syndrome-2, and milder forms of mental retardation [2, 3, 5, 41-43]. Identified genetic
abnormalities include copy number variations [3, 4, 6, 41], chromosomal alterations [2, 5,
42] and a few rare sequence mutations [2, 5, 43, 44]. Reported missense mutations in
the NRXN-1 gene include four sites in the α-NRXN-1 leader sequence [2, 5], two in the
β-NRXN-1 leader sequence [44], one in the EGF 2 domain [2, 5], two flanking the EGF 2
domain, in LNS 3 and 4 [5] and one in the LNS 5 domain that leads to a premature stop
codon [43]. The ASD-linked mutations found on the mature protein are clustered around
the EGF 2 domain. They include T688I, L731I and E738K (Figure 4.12). Mapping these
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disease-linked mutations does not reveal a defining role that should be disrupted by the
mutations; however, their proximity may point to an important region of the protein for
processing and/or functional regulation. A number of rare structural variants have also
been identified in the partnering NLGN proteins [45-47]. One reported NLGN mutation
(NLGN 4 G99S), is exposed to a solvent surface of the NLGN dimer and shows
proximity to the overlaid α-NRXN molecule to which it may interact in the bound state
(Figure 4.12).
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Figure 4.12: Autism-related point mutations at the α-NRXN_2-6 surface.
Overlay of the α-NRXN_2-6 structure onto the NLGN1:β-NRXN complex (PDB: 3biw).
NLGN1 is colored in orange, α-NRXN LNS 6 in blue and α-NRXN LNS 2- EGF 3 in gray.
The point mutations T665I, L708I, and E715K, which have been found in a small
percentage (<1%) of patients with autism spectrum disorders, are colored in red and
shown in space-filling representation on the α-NRXN_2-6 molecule. Several point
mutations have also been found on the NLGN genes. A glycine to serine substitution on
NLGN 4, displayed in green, is proximal to the bound α-NRXN molecule in the overlay.
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The α -NRXN:NLGN Complex
α- and β-NRXNs share the same binding domain for the NLGNs; however, it is
not fully understood if these comparable interactions are functionally distinct. Binding
properties between the NLGNs and β-NRXNs in their various splice isoforms have been
extensively studied using SPR [21, 26, 34, 39, 48]. Information on the α-NRXN binding
properties with NLGN has been limited to data from affinity pull-down assays and a
single SPR experiment comparing the relative affinities of α-NRXN-1 with NLGN-1 [49].
Pull-down experiments concluded that α-NRXN-1, with or without splice insert #4, binds
to NLGN-1-3 and is regulated by splice insert B in NLGN-1 and that binding is
exclusively mediated by the LNS 6 domain [26].

Another pull-down experiment

suggested that α-NRXN-1 binding to NLGN-1 containing splice insert B is regulated by
the structural constraints imposed by the disulfide bonds in the EGF 3 domain [49]. By
SPR, the relative binding affinity of α-NRXN-1 compared to β-NRXN-1 with NLGN-1 was
reported to be ~2-fold less when α-NRXN lacks SS#4 and ~4-fold less with SS#4 [26].
We suggest that the flexibility of the EGF 3-LNS 6 arm has functional implications
on the accessibility of the LNS 6 binding site to receptor proteins, including the NLGNs.
By superimposing the α-NRXN_2-6 structure on the β-NRXN:NLGN complexes, it
becomes apparent that the EGF 3-LNS 6 arm must be in an extended conformation in
order to accommodate the NLGN molecule without steric hindrance. Our SPR data show
that the sequential addition of LNS domains 2-5 to LNS 6 results in, at most, a 2-3-fold
decrease in affinity for NLGN-1 compared to β-NRXN. These variations in the KD values
indicate minimal differences in free energy requirements for binding of the truncated
NRXNs.

Hence modest conformational adjustments are needed for α-NRXN to
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accommodate the NLGN molecule, thereby supporting the propensity for α-NRXN to
form an “open” conformation as revealed in the crystal structure.
In the superimposed crystal structure, the LNS 4, 5 and 6 domains fit snugly
around the NLGN molecule without evident hindrance, yet with close proximity to the
LNS 4 domain. The position of splice insert A in NLGN-1 and -2 at the proximal interface
with LNS 4 prompts the question of whether there is a functional role for splice site A in
NLGN binding affinities for the α-NRXNs. A previous study showed that the presence of
splice insert A in NLGN-1, in the absence of splice insert B, or in NLGN-2 promotes
targeting of either neuroligin to GABAergic synapses [50]. The insert at splice site A
adds 20 amino acid residues to the structure and is heavily populated with both cationic
and anionic residues. The proximity of this loop region in the structural overlay suggests
that the combination of bulk and charge of the added sequence would impact NLGN
binding to the α-NRXN_2-6 in the conformation shown here. Overall, it remains to be
determined if the α-NRXN:NLGN complex stabilizes the L-shape configuration of the
domains, or if the two arms would preferentially open up to form an obtuse configuration
and if there is a role for splicing in establishing selectivity of interaction. In either case
the EGF 3 domain separates the LNS 6 domain from the other five LNS domains in
order to accommodate the NLGN molecule.

A Working Model of the α -NRXN:NLGN Complex at the Synapse
Both the α-NRXN and NLGN molecules have long, semi-flexible stalk domains
connecting their extracellular binding domains to the cell membrane. The stalk regions
contain a relatively large number of serine and threonine residues that are Oglycosylated [51]. The glycosylation pattern confers some hydration to the chain and the
combination of oligosaccharides and proline amino acid residues is thought to impart
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some rigidity to the peptide chain, as demonstrated in NLGN-1 and other cell surface
receptors [52, 53].
The crystal structure of α-NRXN_2-6 molecule has a maximum length of ~125 Å.
The full extracellular region of α-NRXN has an additional N-terminal LNS domain (LNS
1) and EGF domain (EGF 1), which elongates the soluble protein by ~35 Å, but also
shows extensive flexibility [25]. Therefore, depending on the orientations of the LNS 1
domain and the stalk domain, the maximum dimension of the full extracellular region of
α-NRXN approaches or possibly exceeds the membrane-to-membrane distance of a
typical synaptic cleft (~200 Å). However, in a similar case, structural studies on the large
cell-adhesion proteins, cadherins, indicate that they may create repulsive forces that
increase the distance between pre- and post-synaptic membranes to approximately 250
Å [54].
Crystal structures of the complexes between the extracellular domains of NLGN
and β-NRXN show a NLGN dimer is formed through a hydrophobic four-helix bundle
involving the C-terminal α-helices in each subunit with the two C-termini pointing in one
direction and two β-NRXN molecules bound on opposite sides of the long axis of the
NLGN dimer with their C-termini pointing opposite to the NLGN C-termini [21-23]. The
opposing directionality of the C-termini of β-NRXN and NLGN is indicative of their
tethering to the pre- and post-synaptic membranes, respectively. Overlaying α-NRXN
onto the β-NRXN:NLGN complex positions the long LNS 2-5 arm of α-NRXN
perpendicular to the membrane (Figure 4.13). If stabilized in this conformation, the Nterminal domains of α-NRXN would lie in close proximity to the pre-synaptic membrane.
α-NRXNs are distinct from β-NRXNs in their capacity to regulate Ca2+-dependent
exocytosis at the pre-synapse, a role that is believed to be a function of the α-specific
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domains [15, 16]. Furthermore, α-NRXNs are receptors for the α-latrotoxin protein and
function by recruiting the toxin to the pre-synaptic membrane where it can position itself
to stimulate exocytosis [55]. Therefore, a spatial arrangement of α-NRXN with its Nterminus close to the pre-synaptic membrane could favor the observed regulation of
Ca2+-dependent neurotransmitter release.
On the other hand, the N-terminal domains of α-NRXN may also function by
interacting with proteins on the post-synaptic membrane, as evident from LNS 2 binding
to α-dystroglycan [17]. The extent of torsional flexibility in the region between LNS 5 and
EGF 3, as dictated by the α-NRXN:NLGN complex, may allow for the long arm of αNRXN to open into a more linear arrangement, lateral to the membrane, thereby
allowing the α-NRXN to form additional contacts with post-synaptic receptor proteins
(Figure 4.13). The two identified protein-binding domains, LNS 2 and LNS 6, are
separated by ~100 Å, which indicates that with the appropriate alignment, both sites
could be occupied at the same time. The potential of α-NRXNs to host multiple
partnering proteins suggests a possible scaffold-like functionality that would determine
the architectural spacing of the molecular network in the trans-synaptic space.
Therefore, future studies to address the possible conformations of the α-NRXN domains
when bound to NLGN will be of interest.
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Figure 4.13: Model of the α-NRXN:NLGN complex at the synapse.
Overlays of α-NRXN_2-6 onto β-NRXN-1 as bound to NLGN-1 or -4 suggests a possible
position for the α-NRXN:NLGN complex in the synaptic cleft. The overlaid complex is
shown with the C-termini of α-NRXN and NLGN oriented towards the pre- and postsynaptic membranes, respectively. In this conformation the N-terminal domains lay to
the pre-synaptic membrane (conformation A, non-transparent surface,). Flexibility at the
hinge point between LNS 5 and EGF 3 could allow segmental motion of the α-NRXN_26 long arm towards a fully linear conformation of the extracellular region, moving the Nterminal domains in closer proximity to the post-synaptic membrane (conformation B,
transparent surface). The relative position of the N-terminal domains is likely to confer
selectivity for additional binding partners. The NLGN dimer is colored in orange, the αNRXN LNS 2-EGF 3 in gray and LNS 6 in blue. Stalk domains for NLGN and αNRXN_2-6, shown in semi-transparent orange and blue, respectively, were modeled into
the figure.

99
4.5 EXPERIMENTAL PROCEDURES

Cloning, Expression and Protein Purification
The original bovine cDNA encoding the secreted, soluble extracellular region of
α-NRXN-1 fused with a C-terminal IgG Fc domain to permit affinity chromatography, and
inserted in expression vector p-cDNA 3.1, was a gift from Dr. Thomas Sudhof [51]. The
construct was further modified to introduce a 3Cpro cleavage site upstream from the Fc
domain as described previously [25]. All modified α-NRXN constructs contained the
original expression vector, signal peptide sequence and Fc sequence. α-NRXN-1 and its
various truncated forms were expressed in the mammalian cell line, HEK293 GnT1-,
lacking the N-acetyglucosaminyltransferase I gene needed for high-order N-linked
glycosylation processing. The soluble recombinant β-NRXN-1 protein used for SPR
studies was expressed in bacterial Rosetta Plys cells as an N-terminally 6-His tagged
protein as previously described [22].
NLGN1ΔAB (residues Q46-S693 without splice inserts A or B) was cloned into pcDNA 3.1 between the sequences encoding the α-NRXN signal peptide and the Cterminal 3Cpro cleavage site, itself followed by the sequence encoding the Fc domain.
This construct was transfected into HEK293 cells for expression in selected stable cell
lines.
HEK293 GNT1- cells were maintained at 37 °C and 10% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS).

For

protein expression and purification, cells were expanded into triple layer flasks and the
medium was collected and replaced every 1-3 days with low serum medium (2% FBS).
The medium containing the secreted, soluble α-NRXN protein (either variant) was
centrifuged (6500g, 10 min) to remove cell debris and supplemented with a protease
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inhibitor cocktail containing 1mM EDTA, 0.02% NaN3, 0.01% bacitracin and 0.04%
benzamidine.

Large-scale purification from the medium was carried out at 4 °C by

immunoaffinity chromatography on immobilized Protein A Sepharose (GE Healthcare,
USA). We used ~1-1.5 ml of resin per liter of media. Resin was first washed with a highsalt buffer (10 mM HEPES pH 7.4, 450 mM NaCl) and then equilibrated in 10mM
HEPES pH 7.4, 150 mM NaCl. α-NRXN was bound to the resin overnight by slow gravity
flow (~0.5ml/min). The resin was then washed again with high-salt buffer (above) and
equilibrated with TNED elution buffer (50mM Tris-HCl pH 8.0, 150 mM NaCl, 10mM
EDTA, 1mM DTT) before addition of GST-tagged PreScission protease (GE healthcare,
USA). Proteolytic cleavage proceeded for ~12-18 hrs at 4°C, after which α-NRXN was
eluted from the column with the addition of 3-5x column volumes of TNED elution buffer
and concentrated using a 30 kD MWCO filter. PreScission protease was removed by
incubation with Glutathione Sepharose beads (GE healthcare) prior to size exclusion
chromotography. The protein was buffer exchanged by size exclusion chromatography
on Superdex 200 in HBS buffer using an AKTA FPLC system (GE Healthcare, USA).
The purified protein was concentrated to ~2-6 mg/ml by ultrafiltration.

Crystallization and X-ray Data Collection
α-NRXN-1 containing domains LNS 2 through LNS 6 (α-NRXN_2-6), residues
296-1349 (NP_776829), lacking inserts at SS#2 and #4 but containing the 10-residue
splice insert at SS #3 (Supplemental Fig. 5) was concentrated to ~3 mg/ml in HBS
buffer. Crystals grew as thin rods by sitting drop vapor diffusion at 14°C in 96-well plates
(Innovaplate SD-2, Innovadyne Technologies). Drops of 0.6 µl were set at a 1:1 (v/v)
ratio of protein to reservoir buffer (0.1M Bicine pH 9.0, 12% PEG 20,000, 1mM EDTA).
Crystals were soaked into the mother liquor complemented with 10-25% glycerol for
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several minutes before being flash cooled in liquid nitrogen. X-ray diffraction data were
collected at a temperature of 100 K from the 11-1 beamline at the Stanford Synchrotron
Radiation Lightsource (SSRL, Menlo Park, CA). Diffraction data were processed with
XDS [56].
The crystals belong to space group C2 (cell dimensions a=199.74Å b=61.24Å
c=155.58Å α=90.0º β=121.21º γ=90.0º) and contain one α-NRXN_2-6 molecule per
asymmetric unit with a solvent content of 65%. The large solvent channels seen in the
crystal packing arrangement probably contributed to the difficulties encountered in
obtaining well ordered, highly diffracting crystals (Figure 4.3 A).
Extensive attempts made to crystallize the protein in the presence of Ca2+ were
unsuccessful. Crystals were grown under the Ca2+-free conditions reported here, both
with and without the additive EDTA. Soaking the crystals grown without EDTA in a cryo
buffer containing 1-10mM Ca2+ did not yield high quality diffraction patterns.

The

majority of the crystals had a very thin third dimension and were either too fragile to
harvest or produced weak, anisotropic diffraction in the 4-8 Å range.

Structure Determination, Refinement and Validation
The structure of α-NRXN_2-6 was determined at 3.0 Å resolution by molecular
replacement using the coordinates of previously solved structures for LNS 2 (PDB
2h0b), LNS 4 (PDB 2r16) and β-NRXN (PDB 3bod) as search models for input into
PHASER [57]. An initial search using the three PDB structures successfully located the
LNS 2, 4 and 6 domains. Using the phase information from the previous search, the
LNS 3 and 5 domains were located using the coordinates of the LNS 2 and LNS 4
structures, respectively, as the search models in PHASER. Building of LNS 3 and 5 was
achieved through subsequent cycles of modeling and refinement. After rigid body
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refinement of all LNS domains, the EGF-like domains were manually built into the
difference Fourier maps using Coot. In the final refinement stages each LNS and EGF
domain was used to define seven TLS groups for refinement. All model building and
refinement was performed in Coot [58] and Refmac5 from the CCP4 program suite [59].
A combination of Whatcheck [60] and Molprobity [61] were used for structure validation.
The structure was refined to a final Rwork = 0.21 and Rfree = 0.27 and shows 1,005
amino acid residues. It shows no density for residues K551-D552 in LNS 3 and R809S815 in LNS 4. The latter sequence corresponds to most of SS#3. The structure also
includes 33 water molecules, one β-Glc moiety O-linked to S705 in the EGF 2 domain,
and part of an N-linked glycan bound to N1246 in LNS 6, fitting the electron density of 2
molecules of GlcNAc and one Man.

Structural Analysis
All analyses of the domains interfaces used the PDBePISA server
(http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html) [62]. Average rmsds of individual LNS
domains were calculated using the secondary structure matching module in COOT [58].
Overlays of the previously solved LNS 2, 4 and 6/β-NRXN domains (PDB: 2h0b, 2r16
and 3bod) onto their respective domains in the α-NRXN_2-6 structure gave average
rmsd values between 0.5 and 0.9 Å between Cα atoms. Comparing the five individual
LNS domains in the α-NRXN_2-6 structure yielded average rmsds of 1.42-2.3 Å for Cα
atoms. Individual Cα rmsds between the LNS domain in α-NRXN_2-6 were calculated
using ClustalW [63] and the THESEUS software package [64]. Structural overlays of αNRXN_2-6 with the β-NRXN:NLGN-1 or β-NRXN:NLGN-4 complexes (PDB: 3biw and
2xb6, respectively) and of the NLGN-2 dimer (PDB:3bl8) with the β-NRXN:NLGN-1
complex were performed using the secondary-structure matching (SSM) module in Coot.
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All structure figures and electrostatics calculations were generated using PyMol (DeLano
Scientific, LLC).

Surface Plasmon Resonance
For details of the NRXN proteins used for the SPR studies see figure 4.8. All
NRXN proteins were analyzed for binding against the NLGN-1∆AB isoform. Affinity
binding analysis was performed on a ProteON X36 biosensor with the GLC chip platform
(Bio-Rad Laboratories, Inc.) in a running buffer made of HBS, 3mM Ca2+, 0.05% Tween
20, 1mg/mL bovine serum albumin, at 25 °C. For more details see supplemental
material.
The GLC chip was equilibrated in HBS buffer at 25 °C for immobilization of
NLGN to the mono-layered surface of the sensor chip. Protein A was immobilized on the
biosensor chip surface in the vertical direction using amine coupling chemistry [65]. The
surfaces were deactivated with 1M ethanolamine and washed with glycine pH 2.0.
NLGN-1∆AB-Fc was captured over the Protein A surface from filtered medium of
cultured HEK293 cells (injected in vertical orientation at 30 µl/min). One channel was
dedicated as a control where medium from non-transfected HEK293 cells was injected.
Different dilutions of the medium were used to achieve variable amounts of NLGN-1 on
the surface, which was necessary to achieve an optimal signal level (RUs) for the
various NRXN analytes, which ranged from ~22 kD for β-NRXN to ~140 kD for αNRXN_1-6.
Affinity binding analysis was performed in a running buffer made of HBS, 3mM
Ca2+, 0.05% Tween 20, 1mg/mL BSA at 25 °C. In the experiment shown here each
NRXN protein was prepared in a two-fold dilution sequence in running buffer starting at a
concentration of 15.6 nM and ending at 1 µM. Additional experiments were performed
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using a three-fold concentration gradient going from 1.2 nM to 900 nM. For each
injection series, one channel was injected with running buffer to use as a double
reference [66]. Samples were injected orthogonal to the NLGN surfaces for 60 s, at a
flow rate of 50 µl/min, followed by a 600 s dissociation phase. For each injection the
NRXN analyte was exposed to 5 independent surfaces with NLGN-1∆AB and one
surface with only Protein A. The surface was regenerated with an 18 s injection of
350mM EDTA, at 100 µl/min after each injection, followed by a 60 s injection of running
buffer at 100 µl/min. The lack of binding on control Protein A surfaces upon injection of
culture medium from non-transfected HEK293 cells or containing α-NRXN_1-6 with a Cterminal Fc fragment verified the absence of appreciable non-specific binding. The
graphs shown here were generated using GraphPad Prism v.4.0b (Graphpad Software,
La Jolla, CA).
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CHAPTER 5:
Conclusions and Future Directions

A growing body of evidence indicates that adhesion molecules not only function
as a physical link between cells, but also play an integral role in synaptogenesis and
synapse maintenance through the bi-directional recruitment and stabilization of defining
molecules [1-3]. The overall goal of the work presented here was to gain insights into
the structural characteristics of two important synaptic adhesion molecules, NRXN and
NLGN, in order to better understand their heterophilic interaction properties. A major
question that bears relevance to this work is how the highly conserved NRXN family,
which consists of the larger α- and smaller β-NRXN isoforms, is structurally adapted to
confer functional distinctions at the synapse. Using a combination of structural
techniques, I have examined the relationship between the complexes of the extracellular
region of α- and β-NRXN with NLGN.
Pre-synaptic NRXNs and post-synaptic NLGNs form a heterophilic trans-synaptic
adhesion complex through their globular extracellular domains. They are localized to
excitatory and inhibitory synapses and are thought to distinguish between the two by a
complex genetic code that yields a diverse number of isoforms [4-8]. To that end, their
role in determining the ratio of excitatory to inhibitory synaptic connections is a major
question in the field of neurobiology. Disruption of the excitatory/inhibitory balance is
thought to be one of the main determinants for several neurological disorders, in
particular, the ASDs [9].

Understanding the structural characteristics that lead to a

functional distinction between NRXN:NLGN complexes is prudent for the realization of
their individual roles and how perturbations may alter homeostasis.
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In the first body of work I have described the molecular interaction between
NLGN 4 and β-NRXN-1 which forms a Ca2+-dependant complex consisting of a
homodimer of two NLGN molecule bound to two β-NRXN molecules, one on either side
of the long axis of the dimer. This work supplements parallel works by other groups,
which showed an identical stoichiometric relationship and similar binding interface
between NLGN 1 and β-NRXN-1 [10, 11]. The structures revealed key features that
distinguish the NLGNs from the homologous AChE enzyme, making them catalytically
inactive and imparting their adhesive properties. The organization of the heterotetramer
positions the start of the C-terminal stalk region of the NRXN and NLGN molecules at
opposite faces, in agreement with the bi-directional tethering to the pre- and postsynaptic membranes, respectively. The structures further elucidate the relative positions
of splice site B in NLGN-1 and splice site #4 in β-NRXN, which are shown to regulate
binding [5, 6, 12]. This work provides a detailed analysis of the interaction between βNRXN and NLGN, however, some key questions remain to be answered.
Studies seem to indicate that NLGN 2 and 3 bind to β-NRXN with much lower
affinity compared to NLGN 1 and 4 [6]. This is striking due to the highly conserved
binding interface between all of the NLGNs [10, 13]. It has been proposed that that the
loss of affinity is partially due to modifications at residues on the edge of the binding
interface, however structural characterization or mutagenesis studies are needed to
confirm this analysis.
In relation to a proposed environmental influence on the etiology of ASD, another
general question relates to the ability of exogenous chemical compounds disrupting the
Ca2+-dependent interaction and thereby influence synapse connectivity.

An in depth

study of chemical perturbants may provide new insights into the increasing prevalence of
ASD disorders.
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The second study in this work describes the macromolecular assembly of the αNRXN-1 extracellular region using two different techniques, SAXS and single particle
EM. Compared to β-NRXN, α-NRXN has a complex extracellular region made up of
nine individually folding sub-domains, including six LNS domains interspersed by three
EGF-like domains. Prior to this work three of the LNS domains were crystallized as
individual entities, LNS 2, 4 and 6, where LNS 6 is represented by the β-NRXN structure
[13-16]. The structures revealed a highly conserved β-sheet sandwich, characteristic of
LNS domains, and a Ca2+-binding site at analogous positions on the edge of each
domain, which in the case of LNS 6/β-NRXN is essential for binding to NLGN. However,
the structures of the individual domains do not provide information on how the
assembled molecule governs protein-protein interactions.

Unlike small molecules,

protein-protein interactions are dependent on the macromolecular structure in order to
accommodate binding without steric hindrance.

Another question surrounding the

assembly of the full α-NRXN molecule is how the large, multi-domain extracellular region
fits into the limited space of a synaptic cleft and interacts with other large proteins. Using
the truncated, soluble extracellular region of α-NRXN-1, SAXS and single particle EM
revealed that α-NRXN adopts a semi-elongated shape with varying degrees of flexibility
between the independent LNS domains. By directed antibodies against the N- and Cterminal domains, I was able to orient the molecule was further determine that the Nterminal LNS 1 domain is highly flexible. Interestingly, in conjunction with these
experiments, analysis on SDS-page gels showed that the α-NRXN_1-6 protein was
subject to degradation, over time showing two additional distinct bands at lower
molecular weight. Analysis by Edman degradation sequencing identified a specific site
of degradation between the EGF 1 and LNS 2 domain, further supporting an open,
flexible region in the protein. Removal of the LNS 1 and EGF 1 domain yielded a stable
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protein that maintained the structural assembly identified in the full construct.

The

combination of SAXS and single particle EM offered a complementary analysis in both a
solid state and solution based environment, which demonstrated the integrity of the
structural results by either method.
In chapter 4, the story is pulled together with the solved crystal structure of αNRXN_2-6 at a resolution of 3.0 Å. The asymmetric, flexible nature of the α-NRXN
protein made crystallization a challenging endeavor. The success of this project was
guided by the knowledge from the previous low-resolution studies, which revealed points
of extensive flexibility and proteolysis, and led to the design of an optimal construct for
crystallization.
The α-NRXN structure, the first of a multi-domain member of the extended NRXN
family, reveals a unique asymmetric arrangement of the domains such that the two
known protein-interaction domains are located at distal ends of the two arms of the
molecule. It is further apparent that the core of the molecule, consisting of LNS 2-5, is
arranged in a compact linear formation, held together by extensive inter-domain
contacts, and the C-terminal LNS 6 domain is remote from the other LNS domains,
separated by the intervening EGF 3 domain. A flexible hinge at the junction between
LNS 5 and EGF 3 marks the bifurcation point. Interestingly, the conformation of the LNS
6 domain is aptly suited to accommodate a NLGN molecule bound at the previously
described β-NRXN site, although notably with close proximity to the LNS 4 domain. The
conformation of the long arm of α-NRXN (LSN 2-5) when bound to NLGN has functional
implications on the function of the molecule as a receptor for other endogenous proteins.
For a discussion of the arrangement of the domains and functional implications please
refer to Chapter 4.
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Initial studies of the binding energetics of β-NRXN compared to α-NRXN for NLGN-1
indicate comparable binding affinities, supporting the open conformation of the LNS 6
domain described by the crystal structure.

A more in depth analysis of the binding

properties of the different α-NRXNs for the different NLGNs is warranted. Such studies
may reveal important contributions by the non-binding LNS domains of α-NRXN and/or
splice variations. Of particular interest is splice site A in NLGN, which shows proximity
to the α-NRXN LNS 4 domain when the α-NRXN structure is overlaid onto the βNRXN:NLGN complex structures.
Another observation that comes out of the crystal structure of α-NRXN and may
indicate a region of functional significance, is the identification of an O-glycosylation site
on the EGF 2 domain. Unlike the EGF 3 domain, which lies directly between the LNS 5
and LNS 6 domains, the EGF 2 domain is set in proximal apposition to the flanking LNS
3 and LNS 4 domains making it more superficial. The Fourier difference maps of the
structure revealed extra density at a Ser residue in the N-terminal sequence of the EGF
2 domain, which aligns with an O-glycosylation sequence motif found in other EGF
domain of extracellular proteins and is thought to function in protein-protein recognition
[17, 18]. It is also of interest to note that a few rare point mutations in the α-NRXN-1
molecule in patients with ASD, all localize to the region surrounding the EGF 2 domain
[19, 20]. Mapping these disease-linked mutations does not reveal a defining role in the
structural organization of the protein that should be disrupted by the mutations; however,
their proximity may point to an important region of the protein for processing and/or
functional regulation.
Through the combined structural studies of the α-NRXN extracellular region we
now have valuable insights into the spatial arrangement of the assembled multi-domain
protein and how this may direct protein-protein interactions. The solution of the crystal

116
structure of a large portion of the α-NRXN extracellular region is a significant contribution
to the study of synapse biology. It provides a new template from which we can design
molecular tools to study protein function and possibly one-day therapeutic applications.
The structure revealed many new observations and set the stage for future continuation
of the exploration of the NRXNs. The remainder of this thesis will focus on a discussion
of some of the ongoing questions and directions for future studies.

5.1 Building on the α-NRXN structure
By removing the flexible and unstructured portions of the extracellular region of
α-NRXN-1, I was able to obtain crystals that were ordered enough to yield near-atomic
resolution diffraction.

However, this does not provide the entire picture. The full

extracellular region of α-NRXN contains an additional LNS and EGF domain on the Nterminus, and a long (~100 amino acid) stalk domain that extends from the C-terminus of
LNS 6 to the transmembrane domain. These domains are likely to have significant
features that contribute to the overall function of the protein.
In the SAXS and single particle EM studies of the α-NRXN_1-6 molecule, it was
revealed that the LNS 1 domain, and probably also the EGF 1 domain, exhibits a high
degree of mobility, moving freely around the other domains and therefore indicating a
flexible linker. We propose that this flexibility, which is more distinct than the flexibility
between LNS 5 and EGF 3, is imparted by the addition of a splice variant at SS #1 in
between the EGF 1 and LNS 2 domains. Through the initial work on the α-NRXN_1-6
construct, I discovered that this splice insert contained a proteolysis site, further
suggesting its open, flexible state.

Based on this observation, I have designed a

construct, which removes the 20 amino acid splice variant. Future, structural studies
may reveal a more stable conformation in the absence of a splice insert. Removal of
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this highly flexible insert may also facilitate crystallization of all or part of α-NRXN
containing the LNS 1 and EGF 1 domains.

Because LNS 2 is a site of protein-

interaction, there is likely to be a biological significance of the conformation of the LNS 1
and EGF 1 domains. Splice site #1 in α-NRXN-1 is one of the most variable among all
splice sites in all NRXN genes, having 24 possible splice variants [8]. This variability
may impart a number of functionally distinct properties on the α-NRXN molecule.
Studies of the splice isoforms have been limited to the splice variants at SS#2 and #4 on
LNS 2 and 6, respectively [4-6, 12, 14]. This is primarily because LNS 2 and 6 are the
known binding domains of α-NRXN, however, an inclusive study of the other splice
variants is needed in order to determine their role in the function of the molecule.
The stalk domain, which is identical in both the α- and β-NRXNs and is
extensively O-glycosylated, is thought to impart flexibility in the disposition of the rest of
the extracellular region relative to the membrane in order to allow binding to postsynaptic elements, such as the NLGNs [21, 22]. NLGNs have a similar stalk domain,
which is described as a physically distinct linker [21]. It is expected that, in α- and βNRXNs, this domain will display similar structural characteristics.
For α-NRXN, a structural question that remains is whether stabilizing interactions
are used to guide the placement of the N-terminal domains towards either the pre- or
post-synaptic membrane. The “L” shaped conformation that is observed in the crystal
structure is directed by the packing of a symmetry related LNS domain at the bifurcation
point, and suggests that there is flexibility in the spatial arrangement between the two
arms of the protein. The overlay of α-NRXN_2-6 onto the β-NRX:NLGN complex shows
that the α-NRXN molecule can accommodate a NLGN molecule in the observed
conformation, and further suggests the potential for a stabilizing interaction between the
long arm of α-NRXN and the NLGN molecule. In the discussion in Chapter 4, a possible
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functional significance of having the N-terminal LNS domains proximal to the presynaptic membrane is proposed. A more in depth study of interactions that may affect
the disposition of the N-terminal domains of α-NRXN in the synapse is needed.
The discovery of a novel O-glycosylation site on the EGF 2 domain leads to a
new pathway of exploration that may reveal an important regulatory region in the αNRXN protein. EGF domains in a number of extracellular proteins have been shown to
carry unusual post-translational modifications, which are thought to impart significant
implications on biological function [18]. In the case of the Notch receptor proteins, which
carry two conserved glycosylation motifs on some of their extracellular EGF domains, at
least one of the glycosylation patterns is implicated in the regulation of cell signaling by
mediating ligand interactions [17, 23]. The Notch signaling pathway is widely used in
cell-cell interactions during animal development and adult life, and regulates a variety of
processes including cell fate specification, differentiation, left–right asymmetry,
apoptosis, compartment boundary formation, somitogenesis and angiogenesis [24].
Since α-NRXN is also mediating multiple protein-protein interactions, it is reasonable to
suggest that this novel glycosylation site may impart specific functions in protein
recognition. Future studies should include verification of the post-translational
modification in neurons, followed by functional assays that look at ligand specificity
modulated by the O-glycosylation.

5.2. Multiple functions for one protein: Does α-NRXN serve as an extracellular
scaffold?
α-NRXN has been shown to interact with multiple endogenous proteins. NLGNs,
LRRTMs, dystroglycan, GABAA receptors, and the α4β2 nicotinic acetylcholine receptor
have all been shown to bind through the LNS 6/β-NRXN domain [4, 25-29]. A smaller
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set of proteins has been identified as receptors for the LNS 2 domain, including
dystroglycan and the soluble neuropeptide neurexophilins [29, 30].

Furthermore, α-

NRXN-1 is a high affinity receptor for the spider toxin, α-latrotoxin, which localizes to the
pre-synapse where it integrates into the membrane and triggers neurotransmitter
exocytosis. It has been shown to interact with both the LNS 2 and LNS 6 domains of αNRXN, possibly in concert [31, 32].
The diversity of protein interactions governed by the NRXN molecules highlights
the complex nature of this system. The crystal structure revealed a unique bifurcation in
the assembly of the domains that leads to two arms of the protein, each containing one
of the known binding domains.

It seems likely that the two arms confer distinct

functional roles and may act independently or together to bind to their respective partner
proteins. In the case of a bi-molecular binding event, it is suggested that α-NRXN serves
as an extracellular scaffolding protein to recruit multiple proteins within proximity in the
extracellular space.

Future studies directed at resolving the possibility for multiple

binding events will enhance our understanding of the spatial arrangement of proteins in
the synaptic cleft, and potentially reveal new ways in which the α-NRXNs are functionally
distinct from the β-NRXNs.

5.3 Studying the interaction between α-NRXN and NLGN.
Crystallography is an invaluable tool for looking at the high-resolution properties
of protein complexes, however it is limited by its ability to yield highly ordered crystals in
cases where the complexes are dimensionally asymmetric or heterogeneous in nature.
The success that was reported here in obtaining the structure of a large portion of the αNRXN extracellular region did not come without years of experimental refinements, and
even then, was partially a result of experimental luck. Ultimately, however, the most
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information comes out of an understanding of the molecular interactions between αNRXN and its partner proteins. Crystallization may be a futile endeavor to study the
complex of the full α-NRXN with NLGN.

One of the major questions that comes out of

the crystal structure of α-NRXN is whether, upon binding to NLGN, the long arm of the
molecule is stabilized in a near perpendicular orientation to the membrane or is free to
rotate forming different orientations. Based on the overlay of α-NRXN_2-6 on the βNRXN:NLGN complex, there is the potential for a secondary low affinity interaction site
between NLGN and the LNS 4 domain of α-NRXN. Small angle X-ray scattering and/or
single particle EM would be good technologies to employ to study the macromolecular
assembly of the complex. If low-resolution studies support a secondary interaction site, it
may be reasonable to attempt to crystallize the complex of NLGN with a truncated
construct of α-NRXN consisting of LNS 4-6.
Other ongoing studies to study the interaction between α-NRXNs and NLGNs
include the SPR binding experiments. Binding properties between the NLGNs and βNRXNs in their various splice isoforms have been extensively studied using SPR [4, 6,
10, 12, 33]. Similar comparative studies for the various α-NRXN splice isoforms are
needed. One interesting observation that came out of the crystal structure was the
potential for splice site A in NLGN to mediate interactions with α-NRXN (see Chapter 4
for further details). A related finding showed that the presence of splice insert A in
NLGN-2 or in NLGN-1 lacking splice insert B promotes targeting of either neuroligin to
GABAergic synapses [5]. Other work has suggested a preferential role for α-NRXNs in
GABAergic synapses [34]. In initial experiments reported in Chapter 4, I demonstrate by
SPR that α-NRXN binds to NLGN-1 lacking splice site A or B, and that the binding
affinity is comparable with β-NRXN. As an immediate follow up on these experiments, it
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will be interesting to compare the different NLGNs and see if the inclusion of splice site A
in any of the NLGNs has an influence on binding.

5.4 Implications for disease: a balancing act between excitatory and inhibitory
neurotransmission?
There are a number of theories about the common pathophysiology leading to a
range of neuro-developmental diseases, including ASD. One intriguing idea is that the
mutual variant is an imbalance between excitatory and inhibitory synaptic pathways,
possibly caused by alterations in local and/or long-range synaptic connectivity, which
leads to irregular cell signaling [35-38]. Further evidence of this may come from the
study of neurological diseases with known genetic causes that also exhibit autistic
symptoms. For example, Fragile X syndrome is a single-gene disorder that leads to
altered gene expression, which may ultimately affect the same cellular and molecular
pathways as those disrupted in patients with ASD. In fact, many of the genes that are
implicated in ASD have a direct or indirect role in the cellular pathways leading to protein
expression and function at the synapse (see Chapter 1 and Table 1.1). Synapses are
made up of a complex network of proteins that promote efficient neurotransmission.
NRXNs and NLGNs play a crucial role in the recruitment of the necessary components
that specify synapse function. Therefore, the modulation of gene expression and
turnover of these proteins would likely yield defective synapse organization and signaling
and therefore have a significant impact on overall synapse function.

5.5 The potential for therapeutic applications
We are still a ways off from understanding the precise role of synaptic adhesion
proteins in the etiology of neurological disease, such as ASD. However, a short
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discussion about the potential for therapeutic applications seems warranted, as this
thesis will result in a degree in biomedical sciences.
The U.S. Food and Drug Administration has approved only one pharmacological
treatment for ASD, risperidone, an atypical antipsychotic, and it does not target the core
symptoms but rather certain maladaptive behaviors. While there is significant evidence
to support the efficacy of early cognitive and behavioral therapy intervention, these
patients do not see full remission of their symptoms. Therefore, there is a huge unmet
need for therapeutic options for patients afflicted with ASD.
In recent years, some remarkable studies on animal models that exhibit autistic
symptoms have shown reversibility of the disease-related phenotype by replacing or
modulating gene function after birth and into adulthood [9].

These studies included

models of Fragile X syndrome and Rett’s syndrome, two genetic disorders that have a
significant overlap in phenotype with the ASD.

In one case, the administration of

metabotropic glutamate antagonists helped regulate excessive protein translation
caused by mutations the FMR protein [39].

In another example, reinstating a null

MECP2 gene after birth led to a reversal of the disease phenotype and suggested that
MECP2 is not essential for the earliest wiring of the nervous system but instead is
required later for activity-dependent processes [40]. Together, these findings highlight a
relatively new paradigm shift in our knowledge of developmental disorders.

They

suggest that if we can design therapeutic that modulate synaptic changes and synaptic
related activity we may be able to reverse the symptoms caused by genetic
abnormalities. NRXNs and NLGNs are intriguing candidates as they clearly play an
important role in synapse function through the life of the synapse. The structures may
serve as templates in the design of therapeutic molecules that help modulate proteinprotein interactions, and thereby reinforce or prohibit specific interactions.
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