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a b s t r a c t

The neuroligins are postsynaptic cell adhesion proteins whose extracellular domain belongs to the �/�-
hydrolase fold family of proteins, a family characterized through the enzyme acetylcholinesterase (AChE)
and other enzymes with various substrate specificities. Neuroligin associations with the pre-synaptic
neurexins participate in synapse maturation and maintenance. Alternative splicing of the neuroligin
and neurexin genes results in multiple isoforms and presumably regulation of activity, while mutations
appear to be associated with autism spectrum disorders. The crystal structures of the extracellular, cell
adhesion domain of three neuroligins (NL1, NL2 and NL4) revealed features that distinguish the neu-
roligins from their enzyme relatives and could not be predicted by homology modelling from an AChE
template. The structures of NL1 and NL4 bound with a soluble �-neurexin domain (Nrx�1) revealed
the precise position and orientation of the bound Nrx�1 and the Ca2+-dependent interaction network
at the complex interface. Herein we present an overview of the unbound and Nrx�1-bound neuroligin
structures and compare them with structures of AChEs with and without a bound fasciculin partner. This
study exemplifies how an �/�-hydrolase fold domain tailored for catalysis varies to acquire adhesion
properties, and defines three surface regions with distinctive locations and properties for homologous or
heterologous partner association.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The neuroligins belong to a subfamily of cell adhesion molecules
that form heterophilic adhesive complexes via an extracellular �/�-
hydrolase fold domain similar to that found in several esterases
and lipases [1,2]. In the cell adhesion molecules, this domain
lacks the characteristic enzymatic activity due to mutation of one
or more residues in the catalytic triad; rather, it has acquired
adhesive surface determinants to mediate cell–cell interaction.
Different neuroligin isoforms (five identified in humans and four
in rodents) [3–6] are expressed at the surface of post-synaptic
neurons, where their interaction with pre-synaptic neurexins
is necessary and sufficient for maturation and maintenance of
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functional synapses [7–9]. In fact, a trans-synaptic association is
established between the �/�-hydrolase fold domain of neuroligins
and the extracellular laminin–neurexin–sex hormone-binding-
protein (LNS) domains of neurexins-� (which encompass six
different LNS domains) and neurexins-� (a single LNS domain cor-
responding to the sixth domain of neurexin-�). The interaction
between the different isoforms of neuroligins (NL1–5) and neurex-
ins (Nrx�1–3 and Nrx�1–3) is controlled by an intricate recognition
code that involves alternative splicing of either partner, N-linked
glycosylation, and recognition through Ca2+ and ionic strength-
dependencies [10–15]. The essential role of neuroligins in neuronal
connectivity and circuitry formation is further highlighted by the
identification of mutations related to autism spectrum disorders
and mental retardation [16–21].

The extracellular domain of neuroligin displays ∼35% sequence
identity with that of the enzyme acetylcholinesterase (AChE)
(Fig. 1). Besides substitution of a Gly residue for the catalytic Ser of
AChE, comparison of neuroligin and AChE sequences reveals other
differences, such as a distinct linkage for the third disulfide bridge
(cf. below), different positions for N-glycosylation and, in the neu-
roligins, the presence of alternatively spliced inserts (A and B) that
can generate yet additional isoforms.

0009-2797/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.cbi.2010.01.030

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:Yves.Bourne@afmb.univ-mrs.fr
mailto:pascale.marchot@univmed.fr
dx.doi.org/10.1016/j.cbi.2010.01.030


50 P. Leone et al. / Chemico-Biological Interactions 187 (2010) 49–55

Fig. 1. Sequences conservation within the �/�-hydrolase fold domains of neuroligin and AChE. The NL1 and mouse AChE (mAChE) respective numberings and secondary
structure elements are displayed above and below the alignment. Secondary structure elements are labelled according to [51]. The Cys residues forming the disulfide bridges
are indicated by numbers in open circles. The positions for spliced inserts A and B in NL1–3 are indicated by black arrowheads and the Cys-loop and loops L1–4 by grey bars
above the alignment. The NL1 or NL4 residues buried at the Nrx�1 binding interface are indicated by filled circles and the NL3 or NL4 residues mutated in some patients with
autism spectrum disorders by filled squares. The AChE catalytic triad residues are indicated by asterisks and the AChE residues buried at the fasciculin binding interface by
open circles.

The architecture of the AChE subunit is characterized by a buried
active site where the catalytic triad is located at the bottom of a
deep and narrow gorge. The face of the subunit where the active
center gorge opens also bears the peripheral anionic site (PAS) that
binds positively charged, non-competitive inhibitors of AChE such
as the peptidic toxin from snake venom, fasciculin, and several
organic inhibitors, such as propidium or gallamine. In fact, due to
an anisotropic repartition of surface charges this face of the subunit
displays a strong electronegative surface potential insuring attrac-
tion of the positively charged substrate, acetylcholine [22]. The
gorge itself is lined predominantly by aromatic groups that partici-
pate in ‘aromatic guidance’ of the substrate toward the active center
[23]. The outer wall of the gorge is formed in part by the long �-
loop, as named from its particular conformation. This surface loop,
which corresponds to the mobile lid of lipases, restricts substrate
and product trafficking into and out of the gorge. In AChE there is
no evidence for opening of the �-loop as a rigid-body to mimic
the lid opening process associated with lipase activation. Rather,
the AChE loop is believed to undergo rapid conformational fluc-
tuations allowing diffusion-limited substrate access to the active
center [24].

The recently solved structures of the extracellular domains of
NL1, NL2 and NL4 provide new examples of the structural variabil-
ity of the �/�-hydrolase fold domain along with an initial view of
members involved in cell surface recognition and adhesion [25–28].
Moreover, structures of the Nrx�1–NL1 and Nrx�1–NL4 complexes
clearly identified the neurexin binding site and orientation and pro-
vided initial clues on the determinants for partner recognition and
complex formation [25–27]. Herein, we describe the main struc-
tural features of neuroligin with emphasis on the vestigial active
center and the neurexin binding site, compared with the active
center gorge and the fasciculin binding site on AChE.

2. Methods

Structural comparisons used program COOT [29] and structures
of rat NL1 (PDB code 3BIX, 1.8 Å [25]), mouse NL2 (3BL8, 3.3 Å
[28]), human NL4 (3BE8, 2.2 Å [26]), rat NL1 bound with rat Nrx�1
(3BIW, 3.5 Å [25]), mouse NL1 bound with human Nrx�1 (3B3Q,
2.4 Å [27]), human NL4 bound with rat Nrx�1 (2VH8, 3.9 Å [26]),
mouse AChE (1JO6, 2.35 Å [30]), human AChE (1B41, 2.76 Å [31]),
Torpedo californica AChE (2ACE, 2.5 Å [23]), mouse AChE bound
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