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Cellular/Molecular

LRRTMs and Neuroligins Bind Neurexins with a Differential
Code to Cooperate in Glutamate Synapse Development

Tabrez J. Siddiqui, Raika Pancaroglu, Yunhee Kang, Amanda Rooyakkers, and Ann Marie Craig
Brain Research Centre and Department of Psychiatry, University of British Columbia, Vancouver, British Columbia V6T 2B5, Canada

Leucine-rich repeat transmembrane neuronal proteins (LRRTMs) were recently found to instruct presynaptic and mediate postsynaptic
glutamatergic differentiation. In a candidate screen, here we identify neurexin-1f3 lacking an insert at splice site 4 (—S4) as a ligand for
LRRTM2. Neurexins bind LRRTM2 with a similar affinity but distinct code from the code for binding neuroligin-1 (the predominant form
of neuroligin-1 at glutamate synapses, containing the B splice site insert). Whereas neuroligin-1 binds to neurexins 1, 2, and 3 3 but not
a variants, regardless of insert at splice site 4, LRRTM2 binds to neurexins 1, 2, and 3 « and (3 variants specifically lacking an insert at
splice site 4. We further show that this binding code is conserved in LRRTM], the family member linked to schizophrenia and handedness,
and that the code is functional in a coculture hemisynapse formation assay. Mutagenesis of LRRTM2 to prevent binding to neurexins
abolishes presynaptic inducing activity of LRRTM2. Remarkably, mutagenesis of neurexins shows that the binding face on neurexin-13
(—S4) is highly overlapping for the structurally distinct LRRTM2 and neuroligin-1 partners. Finally, we explore here the interplay of
neuroligin-1 and LRRTM2 in synapse regulation. In neuron cultures, LRRTM2 is more potent than neuroligin-1 in promoting synaptic
differentiation, and, most importantly, these two families of neurexin-binding partners cooperate in an additive or synergistic manner.
Thus, we propose a synaptic code hypothesis suggesting that neurexins are master regulators of the cooperative activities of LRRTMs and

neuroligins.

Introduction

Synapse development requires recruitment and precise align-
ment of synaptic vesicles and release apparatus in axons opposite
appropriate neurotransmitter receptors and postsynaptic ma-
chinery on dendrites. Presynaptic neurexins and partner postsyn-
aptic neuroligins are perhaps the best known synaptic organizing
cell adhesion molecules that control this process (Craig and
Kang, 2007). Copy number, frameshift truncating, and function
altering missense variants in neurexins and neuroligins are linked
to autism, schizophrenia, and mental retardation (Sudhof, 2008),
emphasizing the importance of these genes for human brain de-
velopment. Mimicking these alterations in mice can phenocopy
the psychiatric disorder (Jamain et al., 2008).

Different isoforms of neurexins and neuroligins selectively
contribute to glutamatergic or GABAergic synapse development.
There are three neurexin genes, each producing longer a-neurexins
and shorter B-neurexins in multiple splice forms (Missler et al.,
1998). Neuroligins bind the laminin neurexin sex hormone-
binding protein (LNS) domain common to a-and B-neurexins,
which contains the alternatively spliced site 4 (S4) (Boucard et al.,
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2005). The major glutamatergic neuroligin is neuroligin-1 con-
taining an insert at its B splice site (+B); it binds neurexin-13 but
not neurexin-la (Song et al., 1999; Boucard et al., 2005; Chih et
al., 2006; Graf et al., 2006). The major GABAergic neuroligin is
neuroligin-2, which appears to bind all neurexins (Graf et al.,
2004; Varoqueaux et al., 2004; Boucard et al., 2005). Mouse
knock-out (KO) studies indicate some redundancy among neur-
exins and neuroligins. Individual a-neurexin KO mice survive,
whereas triple a-neurexin KO is lethal because of defective syn-
aptic transmission (Missler et al., 2003) (B-neurexin KO has not
yet been reported). Similarly, while individual neuroligin-1 or
neuroligin-2 KOs survive but exhibit selective defects in glutama-
tergic or GABAergic synaptic development, respectively, triple
neuroligin KO is perinatal lethal because of defective synaptic
transmission (Varoqueaux et al., 2006; Chubykin et al., 2007;
Poulopoulos et al., 2009). However, triple neuroligin knock-outs
still form synapses, and multiple lines of evidence indicate that
neurexins and neuroligins are not the only glutamatergic
synaptic-organizing proteins (Akins and Biederer, 2006; Dalva
et al., 2007).

We recently performed an unbiased screen to characterize the
set of surface or secreted synaptic-organizing proteins, screening
over 10° clones for ability to trigger presynaptic differentiation
when presented to axons of cultured neurons in a coculture
hemisynapse formation assay (Linhoff et al., 2009). We reisolated
neuroligins and netrin-G ligands (NGLs) (Woo et al., 2009) and
isolated the novel gene LRRTM1. LRRTM I was recently linked to
both schizophrenia and handedness (Francks et al., 2007; Ludwig
etal.,2009). There are four related leucine-rich repeat transmem-
brane neuronal protein (LRRTM) genes in mammals, and all are
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enriched in brain and expressed from postnatal day one or earlier
(Lauren et al., 2003). LRRTM1 and LRRTM?2 are most potent at
inducing presynaptic differentiation. Furthermore, in rodents in
vivo, endogenous LRRTM2 concentrates at multiple classes of
glutamate synapses, and LRRTM1 contributes to synaptic orga-
nization with targeted deletion resulting in altered distribution of
the vesicular glutamate transporter in hippocampus (Linhoff et
al., 2009). Thus, like neuroligins, LRRTMs are potent synaptic
organizing molecules that contribute functionally to specific syn-
aptic circuits.

One aspect required to understand how LRRTMs contribute
to synapse development is to identify their presynaptic ligands.
Here we show that LRRTMs bind neurexins, at an overlapping
face but with a different isoform code than neuroligins. We explore
further how these differential interactions among neurexins, neu-
roligins, and LRRTMs cooperate to promote glutamatergic synapse
development.

Materials and Methods

DNA constructs. LRRTMI1-cyan fluorescent protein (CFP), LRRTM2-
CFP, LRRTM3-CFP, LRRTM4-CFP, N-Cadherin-CFP, Amigo-CFP,
LINGO1-CFP, LRTM1-CFP, LRTM2-CFP, LRR3B-CFP, and TPBG-
CFP were described previously (Linhoff et al., 2009). Nrx1c(+S4)-CFP,
Nirx2a(+54)-CFP, Nrx3a( +54)-CEP, Nrx18(+54)-CEP, Nrx23' (+54)-CFP,
Nrx3B'(+S54)-CFP, and Nrx1pB(—S4)-CFP were described previously
(Graf et al., 2004; Kang et al., 2008). Nrxla(—S4)-CFP, Nrx2a(—54)-
CFP, Nrx3a(—S4)-CFP, Nrx28'(—S4)-CFP, and Nrx3[3'(—S4)-CFP
were generated from the above by the overlap PCR method. Thy1 (acces-
sion number BC054436) was obtained in an expression vector from
Open Biosystems . Neuroplastin (accession number BC070947), IGSF8
(accession number BC092192), Nectin 1 (accession number BC104948),
ROBO1 (accession number BC157861), ROBO2 (accession number
BC055333), ROBO4 (accession number BC071193), CHL1 (accession
number BC131670), and Neurofascin (accession number BC137013)
were obtained from Open Biosystems and were cloned into enhanced
CFP (ECFP)-N1 vector. EphrinB1 (accession number BC006797) was
obtained from Open Biosystems and cloned into a modified pCDNA3
vector that coexpresses CFP under the SV40 promoter (Linhoff et al.,
2009). Several candidate expression plasmids were kind gifts: LAR-CFP
from Dr. Eunjoon Kim (Korea Advanced Institute of Science and Tech-
nology, Daejeon, South Korea); contactin-green fluorescent protein
(GFP) from Dr. Stephen G. Waxman (Yale University, New Haven, CT);
Myc-SALM1, Myc-SALM2, SALM3, Myc-SALM4, and SALMS5 from Dr.
Robert Wenthold (National Institutes of Health, Bethesda, MD); neural
cell adhesion molecule (NCAM)-140-GFP and NCAM-180-GFP from
Dr. Brigitte Schmitz (University of Bonn, Bonn, Germany); CD166-CFP
from Dr. A. M. Carmo (Universidade do Porto, Portugal); SDFR1-flag
from Dr. Martin E. Hemler (Harvard Medical School, Boston, MA);
CD81-GFP from Dr. Francisco Sanchez-Madrid (Universidad Au-
ténoma de Madrid, Madrid, Spain); and NgCAM-yellow fluorescent
protein (YFP) from Dr. Peter Sonderegger (University of Zurich, Zurich,
Switzerland), which was cloned into Clontech ECFP-NI1 vector to gen-
erate NgCAM-CFP. CASPRI-HA, CASPR2-HA, CASPR3TM, and
CASPR4 were kind gifts from Dr. Elior Peles (Weizmann Institute of
Science, Rehovot, Israel) and were cloned into the Clontech ECFP-N1
vector to generate CASPR1-CFP, CASPR2-CFP, CASPR3-CFP, and
CASPR4-CFP. CALEB was amplified from a rat cDNA library (Linhoff et
al., 2009) and cloned into Clontech pECFP-NI1.

All neuroligin-1 clones used in this paper contain the B splice insert.
pNICE-HA-NLGI (splice variant A2+ B+) and Nrx1p3(—S4)-Fc were
kind gifts from Dr. Peter Scheiffele (University of Basel, Basel, Switzer-
land) (Scheiffele et al., 2000); the HA-NLG1 insert here was expressed
from the cytomegalovirus (CMV) promoter in pcDNA3 vector. HA-
LRRTM1, HA-LRRTM2, Myc-LRRTM1, and Myc-LRRTM2 contain the
signal sequence from rat NMDAR2B, then the HA or Myc tag, and then
the mature sequence of LRRTM1 or LRRTM2, and express from the
CMYV promoter in the Clontech EGFP-N1 vector. Nrx13(+S4)-Fc and
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Nrx1B(ALNS)-Fc were described previously (Graf et al., 2006). Muta-
tions Y198A, L204A, 1206A, S209R, and NI153A were generated in
Nrx1B(—S54)-Fcby site-directed mutagenesis; all other mutants in Figure
6 were described previously (Graf et al., 2006). LRRTM2-alkaline phos-
phatase (AP) has been described previously (Linhoff et al., 2009).
NLGI1-AP was generated by cloning the extracellular region of HA-
NLG], including the signal sequence, the acetylcholinesterase domain,
and the region of disorder before the transmembrane region into the
pCDNA4-PLAP-Myc-His vector from Linhoff et al. (2009); Myc was
deleted from NLG1-AP used in Figure 5. For expression in neurons for
coculture assays, the coding regions for YFP-NLG1 (Graf et al., 2004),
YFP-LRRTMI1, and YFP-LRRTM2 (Linhoff et al., 2009) were cloned
under the neuron-specific synapsin promoter in pLentiLox3.7 vector
(kind gift from Dr. Alaa El-Husseini, University of British Columbia,
Vancouver, BC, Canada) (Huang et al., 2009). mCherry-LRRTM2 con-
sists of the rat NMDAR2B signal sequence, then mCherry, then mature
LRRTM2 sequence also in the pLentiLox3.7 synapsin promoter vector.
For overexpression studies in neurons, YFP-NLGI and YFP-LRRTM2
were cloned into a vector with the CAG chicken B-actin promoter (kind
gift from Dr. Gary Banker, Oregon Health Sciences University, Portland,
OR) (Niwa et al., 1991; Kaech and Banker, 2006). The YFP in YFP-
LRRTM2 was replaced by CFP to generate fB-actin driven CFP-
LRRTM2. Mutations in CFP-LRRTM2 (T162A,H164A) and
(D260A,T262A) were generated by site-directed mutagenesis or overlap-
ping PCR.

Cell culture. Dissociated primary hippocampal neuron cultures were
prepared from embryonic day 18 rat embryos essentially as described
previously (Goslin et al., 1998; Kaech and Banker, 2006). Neurons were
plated at a final density of 300,000 cells per dish on poly-1-lysine-coated
coverslips in 60 mm culture dishes inverted over a feeder layer of glia.
After 2 d, cytosine arabinoside (5 wm) was added to neuron cultures to
prevent the overgrowth of glia. For both overexpression and fibroblast-
neuron coculture assays, neurons were transfected with 1-4 ug of DNA
at day in vitro (DIV) 0 using electroporation (AMAXA Biosystems) and
seeded at a density of 500,000 to 1 million per 60 mm dish. Neurons used
for overexpression studies were fixed at 10-12 DIV.

COS7 and human embryonic kidney 293T (HEK293T) cells were
cultured in DMEM-H supplemented with 10% fetal bovine serum.
HEK293T and COS7 cells were transfected using Fugene 6 (Roche). Co-
cultures of COS7 cell with neurons were performed as described previ-
ously (Graf et al., 2004). Essentially, COS7 cells were harvested by
trypsinization 18 to 24 h after transfection, seeded onto neuron cover-
slips pregrown for 9—11 DIV, supplemented with 100 um APV (Research
Biochemicals) to limit toxicity, and fixed 20-24 h later.

Protein binding assays. Expression of the AP tagged fusion proteins or
human Fc tagged fusion proteins was performed by transient transfec-
tion in HEK293T cells. Supernatant collected from protein expressing
cells was concentrated using Centricon Plus-70 ultrafiltration units (30
kDa cutoff; Millipore). AP fusion proteins also contained Myc (except
NLG1-AP for Fig. 5), and His tags and were purified using Ni-NTA
agarose eluting with 200 mm imidazole. Imidazole was removed by over-
night dialysis (Spectrapor). Purified AP fusion proteins were quantitated
by SDS-PAGE relative to a BSA standard curve using Sypro Ruby gel stain
(Invitrogen), UV illumination, and a Bio-Rad gel documentation system.
Fc-tagged fusion proteins were purified with protein A columns from an
ImmunoPure IgG Purification Kit (Pierce) and concentrated in PBS with
Centricon filters (Millipore). Purified Fc fusion proteins were immuno-
blotted, visualized by chemiluminiscence, and quantitated by densitom-
etry relative to a human IgG standard curve.

For the ligand screen in Figure 1, candidate molecules were transfected
into COS7 cells and were allowed to express for 36 h. Cells were incubated
for 1 h with LRRTM2-AP, subjected to heat inactivation (1 h 65°C) of
native alkaline phosphatases, and then fixed and treated with NBT/BCIP
reagent (Roche) for 15-20 min. Bound protein was detected in a bright
field microscope. To determine LRRTM2-AP or NLG1-AP binding to
neurexin-CFP variants, transfected cells were incubated with the fusion
proteins live for 1 h at room temperature followed by anti-Myc antibod-
ies for 30 min. Binding assays were done in buffer: 168 mm NaCl, 2.6 mm
KCl, 10 mm HEPES, pH 7.2, 2 mm CaCl,, 2 mm MgCl,, 10 mm p-glucose,
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and 100 ug/ml BSA. For Figure 5B, transfected cells were stained live with
LRRTM2-AP(Myc) or buffer for 45 min, then with NLG1-AP(HA) for 45
min followed by HA antibody for 30 min. For Figure 5C, transfected cells
were stained live with NLG1-AP(HA) or buffer for 45 min, then with
LRRTM2-AP(Myc) for 45 min followed by Myc antibody for 30 min.
Cells were then fixed in prewarmed 4% formaldehyde/4% sucrose,
blocked in 10% BSA in PBS, and incubated with Alexa-568-conjugated
anti-mouse IgG to detect bound Myc or HA.

To determine Nrx18 (+S54), (—S4), and (ALNS) Fc fusion binding to
HA-LRRTM2, HA-CDS8, HA-NLG1, Myc-LRRTM1, Myc-LRRTM2,
Myc-SALM2, and CFP-LRRTM2, the Fc fusion proteins were coincu-
bated with HA, Myc, or GFP antibodies (1:500 for all) for 30 min at 4°C.
Cells were then fixed in prewarmed 4% formaldehyde/4% sucrose,
blocked in 10% BSA in PBS, and incubated with FITC-conjugated anti-
human IgG to detect bound neurexin-Fc and with Alexa-568-conjugated
anti-mouse or anti-rabbit IgG to detect surface HA, Myc, or CFP.

Immunocytochemistry. Neurons, COS7 cells, and cocultures were fixed
for 12—15 min with warm 4% formaldehyde and 4% sucrose in PBS, pH
7.4, followed by permeabilization with PBST (PBS plus 0.25% Triton
X-100). Fixed and permeabilized cultures were blocked in 10% BSA in
PBS for 30 min at 37°C and primary antibodies applied in 3% BSA in
PBS. After overnight incubation at room temperature, the coverslips
were washed with PBS and incubated in secondary antibodies in 3% BSA
in PBS for 1 h at 37°C. The coverslips were then washed and mounted
in elvanol (Tris-HCI, glycerol, and polyvinyl alcohol, with 2%
1,4-diazabicyclo[2,2,2]octane).

The following primary antibodies were used: rabbit anti-synapsin I
(1:2000; Millipore; AB1543P), mouse anti-PSD-95 family (IgG2a; 1:500;
clone 6G6-1C9; Thermo Scientific), mouse anti-bassoon (IgG2A; 1:1000;
Stressgen; VAM-PS003), mouse anti-synaptophysin (IgG1; 1:1000; BD
Biosciences; 611880). For labeling dendrites, we used anti-MAP2
(chicken polyclonal IgY; 1:2000; Abcam; ab5392). To determine surface
localization of N-terminally Myc-tagged, HA-tagged, or CFP-tagged
proteins, live staining was performed using mouse anti-Myc (9E10; IgG1;
1:500; Millipore), mouse anti-HA (IgG2b, 1:500; Roche), or rabbit anti-
GFP (A11122; Invitrogen). Labeled secondary antibodies used were
raised in goat against the appropriate species and monoclonal isotype,
highly cross-adsorbed, and conjugated to Alexa-488, Alexa-568, and
Alexa-647 dyes (1:500; Invitrogen). To visualize dendrites, we used
AMCA (7-amino-4methylcoumarin-3-acetic acid)-conjugated anti-
chicken IgY (donkey IgG; 1:200; Jackson ImmunoResearch; 703-155-
155). Recombinant proteins tagged with human IgG Fc domain were
stained with FITC-conjugated donkey anti-human IgG (L+H) (1:150 in
live staining; Jackson ImmunoResearch).

Image analysis. Images were acquired on a Zeiss Axioplan2 or Zeiss
Axioskop microscope with a 63X 1.4 numerical aperture oil objective
and Photometrics Sensys cooled CCD camera using MetaMorph imag-
ing software (Molecular Devices) and customized filter sets. Images were
acquired as grayscale and prepared for presentation using Adobe Photo-
shop (Adobe Systems). For quantitation, experimental sets were fixed
and stained simultaneously and imaged with identical settings. All imaging
and analysis were done blind, choosing similar fields among conditions by
phase contrast and the transfected protein channel. Analysis was performed
using MetaMorph (Molecular Devices), Kaleidagraph (Synergy Soft-
ware), GraphPad Prism, and InStat3 Graph (GraphPad Software).

To determine the binding affinity of soluble proteins to surface-
expressed proteins, regions were generated around the exact perimeter of
each cell, and the average gray values of bound protein and expressed
protein were measured within the region. The average gray value of the
off-cell background was subtracted, and the corrected average gray values
of bound protein and expressed protein were measured. For coculture
scoring, coverslips were blinded and contacts between expressing neu-
rons and CFP-positive COS7 cells counted. Clustering of the tagged
protein in dendrites contacting expressing COS7 cells was counted as
positive, whereas no clustering was counted as negative. To determine
PSD-95 coclustering by YFP-LRRTM2 or YFP-NLG1 expressed in neu-
rons at contacts with neurexin expressing COS7 cells, regions around the
clustered YFP were generated and total area and average gray value,
subtracted for off-cell background, were measured for YFP and PSD-95.
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To determine effects of YFP-LRRTM2, YEP-NLGI, and YFP-NLG 1 plus
CFP-LRRTM2 expression in neurons, expressing neurons were chosen
by YFP expression alone. Fields were also chosen to include expressing
and nonexpressing dendrites with equivalent MAP2 staining. Regions
around dendrites were drawn ensuring only single dendrites were cho-
sen, and total area and total gray values corrected for off-cell background
were measured for YFP, synaptophysin, and bassoon. Linescan was used
to measure the length of the dendrites. Results are expressed as a ratio of
expressing to nonexpressing dendrites.

Results
LRRTM2 binds « and f3 neurexins 1, 2, and 3 lacking the
splice site 4 insert
To identify the trans-synaptic binding partner of LRRTMs, we
generated a soluble ectodomain fusion protein with alkaline
phosphatase (LRRTM2-AP) and assayed for binding to a series of
candidate proteins expressed on COS7 cells (Fig. 1 A). Candidates
were chosen mainly on the basis of reported presynaptic or ax-
onal surface localization and domain structure. Of 46 candidates
tested, a single surprising positive result was found: LRRTM2-AP
bound neurexin-1B(—S4). We then directly compared the
binding of a neurexin ectodomain IgG Fc fusion protein
[Nrx1B(—S4)-Fc] to HA-LRRTM2 with its previously identified
major binding partner HA-neuroligin-1(+B). Neurexin-13(—S4)
interacted with both partners with an apparent high affinity in these
assays of dimeric ligand binding to cell surface-expressed receptor
[Nrx1B(—S4)-Fc to LRRTM2, K; = 19.9 nM; Nrx1B(—S4)-Fc to
NLGI, K4 = 9.6 nm] (Figure 1 B-D). Whereas addition of the insert
at splice site 4 reduced the affinity of neurexin for neuroligin-1
by 2.8-fold [Nrx1B(+54)-Fc to NLGI, K = 26.9 nm], it completely
abolished binding to LRRTM2 [no detectable binding of
Nrx1B(+S4)-Fc to LRRTM2]. The LNS domain of neurexin-13
mediates binding to LRRTM2 (Fig. 1 B) as it does for neuroligins.
We then compared the full set of 12 neurexins, 1, 2,and 3, a or
B and —S4 or +54, to determine the binding codes for LRRTM2
and NLG1 (Fig. 2) (neurexin-23" and neurexin-33’ contain the
functionally important LNS domain from 28 and 383 with the
regions flanking the LNS domain derived from 1f3). Each
neurexin-CFP was expressed in COS cells, and binding of soluble
LRRTM2-AP or NLG1-AP was assessed. LRRTM2 bound to all «
and B-neurexins specifically lacking the splice site 4 insert. In con-
trast, NLG1 bound to all B-neurexins but not e-neurexins, regard-
less of splice site 4 insert, consistent with previous data on binding to
neurexin-1 (Boucard et al., 2005; Chih et al., 2006; Graf et al., 2006).
Thus, neurexins bind neuroligin-1 and LRRTM2 with a different
code: B-neurexins(—S4) bind both neuroligin-1 and LRRTM2,
B-neurexins(+S54) bind only neuroligin-1, a-neurexins(—S4) bind
only LRRTM2, and a-neurexins(+S4) bind neither.

Neurexin isoforms differentially recruit LRRTM2 or
neuroligin-1 in neuron coculture

We next determined whether these differential binding codes
operate functionally in a COS7 cell and neuron coculture hemi-
synaptogenesis or artificial synapse formation assay (Biederer
and Scheiffele, 2007). We expressed YFP-tagged LRRTM2 or
neuroligin-1 in cultured hippocampal neurons at low expression
levels such that the tagged proteins clustered at glutamate
postsynaptic sites with low diffuse levels in dendrites (although
under identical expression conditions, YFP-LRRTM2 clustered
more strongly, whereas YFP-NLG1 showed higher diffuse den-
drite levels) (Graf et al., 2004; Linhoff et al., 2009). Neurons were
then cocultured with COS7 cells expressing neurexin-CFP, again
all 12 major neurexin variants, neurexin-1, -2, and -3, a or 3, and
—S4 or +84 (Fig. 3). Nrx183, Nrx28’, Nrx3f', Nrxla, Nrx2a, or
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Figure2. LRRTM2andneuroligin-1bind neurexins with distinct binding codes. A, B, C-terminal CFP fusions of neurexins 13,28",38", 1, 2r, and 3, (+54) or (— S4), were expressed in COS7
cells and visualized by CFP fluorescence. Cells were incubated with ectodomain fusions. LRRTM2-AP () bound specifically to all (—S4) neurexin isoforms. NLG1-AP (B) bound to all B isoforms of
neurexins, regardless of S4 variant, and did not hind to any cisoforms. €, Quantitation of the data in A, normalized to Nrx 3(— 54)-CFP (ANOVA, p << 0.0001; n = 60 cells each; Tukey’s post hoc test,
*p < 0.001 compared to control). Data for neurexins 1,2, and 3 were pooled. D, Quantitation of the data in B, normalized to Nrx3(—S4)-CFP [ANOVA, p << 0.0001; n = 30 cells each; Tukey's post
hoc test, *p << 0.001 compared to control; p << 0.01 between Nrx3 (—54) and (+54)]. Scale bars: 10 wm. Results are expressed as mean == SEM. Data for neurexins 1, 2, and 3 were pooled.

Nrx3a (—S4) but not (+54) induced clustering of LRRTM2 in
dendrites at contacts with the expressing COS7 cells. Unlike bona
fide synapses, these induced hemisynapses lack presynaptic com-
ponents such as synapsin 1. In contrast, Nrx183, Nrx2f’, and
Nrx3B' (—S4) or (+54), but not Nrxla, Nrx2a, or Nrx3a (—S4)

or (+54) induced clustering of NLGI in dendrites at contacts
with the expressing COS7 cells (in agreement with Kang et al.
(2008) as reported previously for the +S4 isoforms). Thus, the
code for coculture recruitment to hemi-postsynaptic sites was
the same as for binding: B-neurexins(—S4) recruited both
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were expressed in hippocampal neurons, and these were cocultured with C0S7 cells expressing CFP-tagged neurexins 13, 28, 3B8’, e, 2c, and 3, (—S54) or (+54). Cocultures were
immunostained for PSD-95 and synapsin 1. 4, lllustration of the assay showing YFP-LRRTM2 expressed in neurons clustering at contacts with C0S7 cells expressing Nrx1[3(—S4)-CFP. PSD-95
coclusters at these sites. The absence of synapsin | at these clusters indicates the absence of native synapses. B, Nrx13(—S4) on C0S7 cells clusters both YFP-LRRTM2 and YFP-NLG1 in neurons,
Nrx-1P3(+54) clusters only YFP-NLG1, NrxTcx(—S4) clusters only YFP-LRRTM2, and Nrx 1cx(+54) does not cluster either of them. C, Table showing the clustering code for YFP-LRRTM2 and
YFP-NLGT with all 12 neurexin variants studied. Whereas YFP-LRRTM2 in neurons clustered at contacts with COS7 cells expressing all (—S4) neurexin variants, YFP-NLGT clustered neurexin 3
variants and not « variants. (+ + + + —+, 90 —95% contact sites were positive; + + +, 60 — 80% contact sites were positive; —, 0 —5% contact sites were positive; n > 30 contact sites). Scale

bars: 10 m.

neuroligin-1 and LRRTM2, B-neurexins(+S4) recruited only
neuroligin-1, a-neurexins(—S4) recruited only LRRTM2, and
a-neurexins(+S4) recruited neither.

PSD-95 was corecruited along with either LRRTM2 or
neuroligin-1 (Fig. 3A). Interestingly, a-neurexins(—S4) recruited
PSD-95 in neurons expressing low levels of YFP-LRRTM2 but not in
neurons expressing YFP-NLG1 or nontransfected neurons (data not
shown). Thus, endogenous levels of LRRTM:s in hippocampal cul-
tures are not sufficient to mediate such recruitment, consistent with
previous data also indicating low expression levels in culture
(Linhoffetal., 2009). This finding also shows that a-neurexins(—S4)
can induce glutamatergic postsynaptic differentiation only through
LRRTMs and not through neuroligins. PSD-95 was not recruited by
a-neurexins(+54), which bind neither LRRTM2 nor neuroligin-1,
but can bind other neuroligins and recruit neuroligin-2 and gephy-
rin (Boucard et al., 2005; Kang et al., 2008).

LRRTMI1 also binds and is recruited by a-and 3-neurexins
lacking the splice site 4 insert

Interest in LRRTMs stems in part from recent evidence for ma-
ternal imprinting and linkage of paternally derived LRRTM1 to
schizophrenia and handedness (Francks et al., 2007; Ludwigetal.,

2009). Furthermore, LRRTM1 and LRRTM2 both target to gluta-
mate postsynaptic sites and have equally potent synapse-promoting
activity in coculture, more so than LRRTM3 or LRRTM4 (Linhoff et
al., 2009). Thus, we tested whether LRRTM 1, like LRRTM?2, binds
neurexins. Indeed, Myc-LRRTMI, like Myc-LRRTM2, bound
Nrx13(—S4)-Fc but not Nrx13(+S54)-Fc (Fig. 4 A ,B). Binding was
specific, as shown by the absence of Nrx1B(—S4)-Fc binding to
Myc-SALM2. As for LRRTM2 and neuroligins, binding to LRRTM 1
required the neurexin LNS domain.

We next performed a neuron coculture hemisynapse recruit-
ment assay for LRRTM1 with all 12 major neurexin variants,
neurexin-1, -2, and -3, @ or 3, and —S4 or +S4. YFP-LRRTM1
expressed at low levels in neurons normally clusters at glutama-
tergic postsynaptic sites (Linhoff et al., 2009) but was recruited to
dendrite contacts with COS7 cells expressing CFP-tagged a-or
B-neurexin —S4 but not + 54 variants (Fig. 4C,D). PSD-95 was
also corecruited along with LRRTM1 (data not shown). LRRTM1
traffics poorly to the cell surface in nonneuronal cells (Francks et
al., 2007; Linhoff et al., 2009). Thus, we were unable to generate
LRRTM1-AP ectodomain fusion protein for direct binding as-
says to all 12 neurexin variants (as we did for LRRTM2 in Fig. 2),
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LRRTM1, the family member linked to schizophrenia, also binds and is recruited by (—S4) neurexins. A, Recombinant Nrx13(—S54)-Fc, Nrx13(+54)-Fc, and Nrx13(ALNS)-Fc were

incubated with COS7 cells transfected with Myc-LRRTM1, Myc-LRRTM2, or Myc-SALM2. Both Myc-LRRTM1 and Myc-LRRTM2, detected by surface staining for Myc, bound Nrx13(— S4)-Fc but not
Nrx1B(+54)-Fc or Nrx1 B(ALNS)-Fc. Myc-SALM2 was the negative control for binding. Scale bar, 10 wm. B, Quantitation of the data in A (ANOVA, p << 0.0001; Tukey's post hoc test, *p << 0.001
compared to Myc-SALM2; n = 20; results are expressed as mean == SEM). (, Hemisynaptogenesis assay as described in Figure 3. C0S7 cells expressing Nrx13(— 54)-CFP or Nrx1cx(— S4)-CFP but
not Nrx13(+54)-CFP or Nrx1cx(+S4)-CFP clustered YFP-LRRTM1 expressed in neurons. Scale bar, 10 um. D, The assay in € was also performed for +54 and — S4 variants of neurexins 28’,33’,
2a, and 3. All (—S4) neurexin variants clustered YFP-LRRTM1 expressed in neurons. These clusters contained PSD-95 but not synapsin. (+ + + -+, 80—-95% contact sites were positive; —,

0-5% contact sites were positive; n > 30 contact sites).

but based on these coculture recruitment results, we predict that
the binding code for LRRTM1 is the same as for LRRTM2, bind-
ing to all @ and B —S4 but not + 54 neurexin variants.

LRRTM binding to neurexin is calcium dependent and
competitive with neuroligin

Neurexin interaction with neuroligins is calcium dependent
(Sudhof, 2008). The calcium ion at the interface is coordinated
mainly by interactions with neurexin including side chain oxy-
gens from D137 and N208 of neurexin-18(—S4) (Fabrichny et
al., 2007; Chen et al., 2008). We show here that neurexin interac-
tion with LRRTM2 is also calcium dependent (Fig. 5A).
LRRTM2-AP did not bind Nrx13(—S4) in calcium-free buffer
containing the calcium chelator EGTA [bound LRRTM2-AP in-
tensity was reduced to 0.6 % 3% of control binding in nominally
calcium free conditions; ¢ test, p < 0.0001; n = 20].

We next determined whether neurexin can simultaneously
bind neuroligin-1 and LRRTM2 or whether binding is competi-
tive. COS7 cells expressing Nrx13(—S4)-CFP were first incu-
bated in control buffer or with LRRTM2-AP, and subsequently,
binding of NLGI-AP was assessed (in these experiments,
NLG1-AP bears only an HA tag, and LRRTM2-AP bears only a
Myc tag, allowing for separate detection). Preincubation with
LRRTM2-AP significantly reduced the binding of NLG1-AP
to Nrx1B(—S4) (Fig. 5B,D). Likewise, preincubation with
NLGI1-AP significantly reduced the binding of LRRTM2-AP
(Fig. 5C,D), suggesting that neuroligins and LRRTMs bind to
neurexins in a highly competitive manner.

LRRTM2 and neuroligin-1 interact with a highly overlapping
surface of neurexin

We performed an extensive structure-function analysis of
neurexin-13(—S4) to compare residues required for interaction
with LRRTM2 to those required for interaction with neuroligin-1
(Fig. 6). A series of 21 Nrx13(—S4)-CFP mutants were expressed
in COS7 cells and assessed quantitatively for binding of
LRRTM2-AP or NLG1-AP. The neurexin-13 LNS domain is
composed of two seven-stranded (3 sheets forminga jelly roll fold.
Residues in the loops on one end of the 8 sandwich interact with
neuroligins (Graf et al., 2006; Arac et al., 2007; Fabrichny et al.,
2007; Chen et al., 2008). Here we find that mutations of three to
five residues to Ala in loops 8233 (107-109 STR), B6B7 (154—
157 VGTD), and B10B11 (202-205 RQLT) of Nrx1B(—54) dis-
rupted binding to neuroligin-1, as expected (Graf et al., 2006),
and also disrupted binding to LRRTM2 (Fig. 6). Mutations in
loops B334 (119-122 TVQK) or B11B12 (218-222 KEQGQ) on
the other side of the 8 sandwich did not disrupt binding to either
neuroligin-1 or LRRTM2. Thus, LRRTM2 binds to the same face
of neurexin as neuroligins. Interestingly, mutations in loop 3435
(132-135 SSGL) disrupted binding to LRRTM2 but not to
neuroligin-1, indicating some difference in the residues required
for interaction.

We thus assayed single residue changes to Ala to assess how
much overlap there is in the neurexin-13(—S4) surface required
for interacting with LRRTM2 compared with neuroligin-1 (Fig.
6). As expected based on the calcium dependence of interaction
demonstrated above, Nrx1B(—S4) with mutations in key cal-
cium coordinating side chains D137A or N208A bound neither
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Figure 5.  LRRTM2 binding to neurexin-13(—S4) is calcium dependent and competitive
with neuroligin-1 binding. A, Recombinant LRRTM2-AP bound to C0S7 cells expressing
Nrx1B3(—S4)-CFP in normal buffer but not in calcium-free buffer containing 10 mm EGTA. Also
see Figure 6 for lack of LRRTM2-AP binding to Nrx13(— S4) with mutations at known calcium
coordination residues, D137 and N208. B, Recombinant NLG1-AP containing only an HA tag for
detection bound to Nrx13(—54)-CFP expressed in C0S7 cells. Preincubation of Nrx13(—S54)-
expressing C0S7 cells with LRRTM2-AP reduced subsequent binding of NLGT-AP. C, Recombi-
nant LRRTM2-AP containing only an Myc tag for detection bound to Nrx13(—S4)-CFP
expressed in COS7 cells. Preincubation of Nrx1[3(—S4)-expressing C0S7 cells with NLG1-AP
reduced subsequent binding of LRRTM2-AP. D, Quantitation of the experiments in B and € (t
test, *p << 0.0001; n = 20). Results are expressed as mean = SEM. Scale bars: 10 m.

LRRTM2 nor neuroligin-1 (numbering here refers to Nrx lacking
the 30 residue S4 insert; thus, N208 here is referred to as N238 in
some papers). Remarkably, 11 of the other 12 point mutations
located within the 8233, B637, B89, or 1011 loops compris-
ing the binding surface affected binding of LRRTM2 and
neuroligin-1 in parallel. For example, Nrx18(—S4) Y198A main-
tained wild-type binding to both partners, N184A reduced by
approximately one-half, D158A reduced by approximately three-
quarters, and R109A and L204A reduced to background levels
binding to both partners. One exception was S209R in the
B10B11 loop. As predicted from structural characterization
(Fabrichny et al., 2007; Chen et al., 2008), S209R reduced the
interaction between neurexin-18(—S4) and neuroligin-1; how-
ever, S209R did not reduce interaction with LRRTM2. Thus,
whereas the S209R and 435 loop mutations differentially af-
fected binding to LRRTM2 or neuroligin-1, 19 of the 21
neurexin-183 mutants assayed affected binding to both partners
in parallel, indicating a conserved mechanism of interaction
despite the structurally disparate natures of LRRTMs and
neuroligins.

LRRTM2 mutation that blocks binding to neurexin abolishes
presynaptic inducing activity

Our data suggest that LRRTM2 triggers presynaptic differentia-
tion via binding to neurexins on axons. A prediction of thisidea is
that point mutations in LRRTM2 that abolish binding to neur-
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exins should abolish the ability of LRRTM2 to induce presynaptic
differentiation in the coculture hemisynaptogenesis assay. To test
this prediction, a structural model of LRRTM2 was generated
based on the structure of the related leucine-rich repeat (LRR)
protein Lingo-1 (Mosyak et al., 2006). Residues on the predicted
concave face of the LRR domain were chosen for mutagenesis, in
part based on the interactions of Listeria LRR protein internalin
with E-cadherin (Schubert et al., 2002). Among the mutants gen-
erated, one abolished binding to neurexins, LRRTM2-
D260A,T262A (Fig. 7 A ,B). As predicted, this mutant was not
able to induce presynaptic differentiation when presented to ax-
ons of cultured hippocampal neurons (Fig. 7C). Also consistent
with the prediction, LRRTM2-T162A,H164A retained the ability to
bind neurexin and retained the ability to trigger presynaptic differ-
entiation. Thus, it is likely that LRRTMs signal through presyn-
aptic neurexins.

LRRTM2 and neuroligin-1 cooperate in synapse development
Given the mutually exclusive binding of LRRTMs and neuroli-
gins to different subsets of neurexins, we began to explore how
these multiple binding partners interact in synapse development.
To test whether LRRTM2 and neuroligin-1 are recruited in sep-
arate domains or corecruited by a neurexin isoform that binds
both partners, we expressed mCherry-LRRTM2 and YFP-NLGI in
neurons and cocultured these with COS7 cells expressing
Nrx13(—S4)-CFP (Fig. 8 A). Nrx1B(—S4) recruited both partners
into a completely overlapping dendrite region comprising the in-
duced hemi-postsynaptic site. LRRTMs and neuroligins could po-
tentially link within the postsynaptic site via binding to a common
intracellular partner, multimeric PSD-95 and related MAGUKs (Irie
et al., 1997; Linhoff et al., 2009). To determine whether recruitment
of LRRTM2 is sufficient to induce corecruitment of neuroligin-1, or
vice versa, we cocultured the coexpressing neurons with COS7 cells
expressing neurexin isoforms that bind only LRRTM2 or only
neuroligin-1 (Fig. 8A). Nrx1B(+54)-CFP that binds neuroligin-1
but not LRRTM2 recruited YFP-NLG1 but not mCherry-LRRTM2
to dendritic hemi-postsynaptic sites. Nrx1a(—S4)-CFP that binds
LRRTM2 but not neuroligin-1 recruited mCherry-LRRTM2 but not
YFP-NLGI to dendritic hemi-postsynaptic sites. Thus, although dif-
ferent outcomes might be possible depending on the precise stoichi-
ometry of all interacting partners, recruitment of LRRTM2 is not
necessarily sufficient to recruit neuroligin-1 to a postsynaptic site, or
vice versa.

PSD-95 and other postsynaptic components are recruited
along with LRRTM2 or neuroligin-1 to these induced hemi-
postsynaptic sites. We assessed recruitment of endogenous
PSD-95 and related MAGUKSs (the antibody recognizes PSD-95,
PSD-93, SAP102, and SAP97) at hemisynaptic sites induced
by Nrx1B(—S4)-CFP contacting dendrites expressing YFP-
LRRTM2 or YFP-NLGI1 (Fig. 8 B). The intensity of PSD-95
family proteins within the area of induced clusters was greater
for YFP-LRRTM2 (PSD-95 average gray value, 552 = 80; n =
16) than for YFP-NLG1 (PSD-95 average gray value, 176 * 36;
n = 19; t test, p < 0.0001). Furthermore, even normalizing
to YFP intensity to control for differential recruitment of the
two cell surface proteins, PSD-95 family proteins were more strongly
recruited per YFP-LRRTM2 than per YFP-NLG1 (Fig. 8C). These
results suggest that LRRTM2 may be more effective than
neuroligin-1 at recruiting a glutamatergic postsynaptic scaffold.

Finally, to compare the efficacy and potential cooperation of
LRRTM2 and neuroligin-1 for controlling synaptic differentia-
tion in a more native system, we expressed these proteins in pure
hippocampal neuron cultures (Fig. 8 D,E). As reported previ-
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expressed in C0S7 cells, and binding of recombinant LRRTM2-AP or NLG1-AP was measured. 4, Representative examples of Nrx1[3(— S4) mutants showing binding to recombinant LRRTM2-AP or
NLG1-AP. Most mutants affected binding of LRRTM2 and NLG1 to a similar extent, but S209R differentially reduced binding to NLG1-AP, and 3435 differentially reduced binding to LRRTM2-AP.
Scale bar, 10 wm. B, Quantitation of the binding data (ANOVA, p << 0.0001; n = 15). Results are expressed as mean == SEM. Mutations in Nrx13(— S4) reduced binding of LRRTM2 and NLG1 to a
similar extent for S107A, R109A, D137A, N153A, D158A, N184A, R202A, Q203A, L204A, T205A, 1206A, N208A, 3233 loop, 3637 loop, and 310311 loop. Binding was unaffected for both LRRTM2
and NLG1 for T156A, Y198A, and 33 34 loop. Mutation of Nrx13(—54) 34/35 loop did not affect binding of NLG1-AP but reduced binding of LRRTM2-AP, whereas mutation S209R did not affect
binding of LRRTM2-AP but reduced binding of NLG1-AP. C, Diagram of crystal structure of Nrx13(— S4) (Protein Data Bank ID#3BIW) showing the common binding face for neuroligin-1and LRRTM2.
The left structure shows point mutations at specific residues (green), including those involved in coordinating calcium (blue) that reduced binding of both LRRTM2 and NLG1 to similar levels.
Mutation S209R (red), however, reduced binding of NLG 1 but not of LRRTM2 to Nrx13(— S4). The right structure shows mutations in loops (green) that reduced the binding of LRRTM2 and NLG1
to similar levels. Mutations in the 3435 loop (red) reduced binding of LRRTM2 but not of NLG1 to Nrx13(—S4).

ously, enhanced expression of either LRRTM2 or neuroligin-1
increased clustering of presynaptic antigens onto transfected
dendrites (Prange et al., 2004; Linhoff et al., 2009). We report
here that YFP-LRRTM2 was more effective at enhancing apposed
clustering of both the synaptic vesicle component synaptophysin
and the active zone component bassoon compared with YFP-
NGL1 expressed from the same vector under the same condi-
tions. Perhaps more importantly, coexpression of YFP-NLGI1
with CFP-LRRTM2 in neurons had an additive or synergistic

effect, resulting in significantly enhanced apposed clustering of
synatophysin and bassoon relative to expression of YFP-NLG1 or
YFP-LRRTM2 alone. Thus, LRRTM2 and neuroligin-1 can co-
operate to promote glutamatergic synaptic development.

Discussion

We show here that LRRTM1 and LRRTM2 bind neurexins
with a similar affinity but different binding code than neuroligin-
1(+B). Whereas neuroligin-1 binds to neurexin-1, -2, and -3 3
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Figure7.  Mutationin LRRTM2 that prevents binding to neurexin abolishes its synaptogenic
activity. 4, Wild-type and point-mutation variants of LRRTM2 tagged at the N terminus with CFP
to detect surface expression were expressed in C0S7 cells and incubated with Nrx13(—S4)-Fc.
Nrx13(—S4)-Fc had the same binding affinity to CFP-LRRTM2 T162A,H164A as to wild-type
CFP-LRRTM2. However, Nrx1[3(— S4)-Fc binding to D260A,T262A was abolished. B, Quantita-
tion of the datain A[ANOVA, p << 0.0001; Tukey's post hoc test, *p << 0.001 compared to mCFP,
(membrane associated CFP) n = 20]. Results are expressed as mean == SEM. C, Coculture
hemisynapse formation assay. C0S7 cells expressing CFP-LRRTM2 wild-type and point-
mutation variants were cocultured with hippocampal neurons. Wild-type CFP-LRRTM2 and
CFP-LRRTM2 T162A,H164A induced clusters of synapsin | devoid of PSD-95 in contacting axons.
CFP-LRRTM2 D260A,T262A expressing C0S7 cells did not cluster synapsin | at axon contacts.
Scale bars: 10 um.

but not « variants regardless of insert at splice site 4, LRRTM2
binds to neurexin-1, -2, and -3 o and 3 variants specifically lack-
ing an insert at splice site 4. This differential binding code operates
functionally for recruitment of postsynaptic partners by neurexins in
a coculture hemisynaptogenesis assay. Binding of LRRTM2 to neur-
exin is calcium-dependent and mutually exclusive with binding of
neuroligin-1. Of 21 point mutants in neurexin-13(—S4), only two
differentially affected binding to LRRTM2 and neuroligin-1,
whereas 15 reduced binding in parallel. Thus, despite the disparate
nature of the LRR domain of LRRTM2 and the acetylcholinesterase-
homologous domain of neuroligin-1, these partners bind to a
highly overlapping face of neurexin-18. A point mutation in LR-
RTM2 that abolished binding to neurexin also abolished synapto-
genic activity in coculture, supporting the idea that the presynaptic-
inducing activity of LRRTM2 is mediated by neurexins. Finally, we
show that LRRTM2 is more potent than neuroligin-1 in recruiting
postsynaptic PSD-95 in coculture and recruiting presynaptic vesicles
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and active zone marker in neuron overexpression, and most impor-
tantly, that LRRTM2 and neuroligin-1 work cooperatively in pro-
moting presynaptic differentiation. Thus, neurexin isoforms might
be considered master regulators of cooperative synaptic organiza-
tion, with an S4 code controlling LRRTM1 and LRRTM2 contribu-
tion and mainly an a/f3 code controlling neuroligin-1 contribution.
While this manuscript was in preparation, de Wit et al. (2009) and
Ko et al. (2009) also reported interaction of LRRTM?2 with neurex-
ins. We discuss below important differences between the studies.

Interactions of LRRTMs and neuroligins with neurexins

The reports of de Wit et al. (2009) and Ko et al. (2009) generated
a controversy over which neurexin isoforms bind LRRTM2: the
former reported that only neurexin-1, a and 3, but not neurexin-2
or neurexin-3, « or 3, bind LRRTM2, whereas the latter reported
that neurexin-1 @ and 3, —S4 but not +54, bind LRRTM2 (the latter
did not test binding of specific neurexin-2 or -3 isoforms). Here we
present direct evidence for the complete binding code: LRRTM2
binds neurexins 1, 2, and 3 @ and 3, —S4 but not +S54. We demon-
strate these interactions both in a COS cell surface binding assay (Fig.
2) and in a coculture hemisynaptogenesis assay (Fig. 3). For neur-
exin-2 and neurexin-3, de Wit et al. (2009) assayed +S4 constructs
from Kang et al. (2008) corresponding to Nrx2a(+S4)-CFP,
Nrx3a(+54)-CFP, Nrx2'(+S54)-CFP [called 2a13 by de Wit et al.
(2009)], and Nrx33’(+S4)-CFP (called 3a1B), and hence these iso-
forms do not bind to LRRTM?2. Here we demonstrate binding when
the S4 insert is removed from these constructs. The conclusion that
LRRTM2 binds specific neurexin-2 and -3 isoforms explains the
presence of peptides derived from neurexin-2 and neurexin-3 in
material bound to an LRRTM2 affinity column (de Wit et al., 2009;
Ko et al., 2009). All groups reported apparent high-affinity binding
of LRRTM2 to neurexin-18(—S54): estimated K4 = 19.9 nm (Fig. 1);
Ky = ~7nm (de Wit et al., 2009), and K; = 5.8 nm (Ko et al., 2009).

We show further here that LRRTMI, the family member
linked paternally to schizophrenia and handedness (Francks et
al., 2007; Ludwig et al., 2009), also binds neurexins with a similar
affinity and identical binding code as LRRTM2 (Fig. 4). In a
similar cell surface binding assay, we could detect no binding of
Nrx1B(—S4)-Fc or Nrx1B(+S4)-Fc to LRRTM3 (data not
shown). In contrast, Ko et al. (2009) report binding of all four
LRRTMs to Nrx1B(—S4) in a pull-down assay. However, consid-
ering also the very weak activity of LRRTM3 for inducing hemi-
presynaptic differentiation in coculture, more than ninefold less
than that of LRRTM1 or LRRTM2 and only 1.6-fold above that of
N-cadherin negative control (Linhoff et al., 2009), it seems un-
likely that LRRTM3 binds neurexins with high affinity. Potential
interaction of LRRTM4 with neurexins has yet to be examined in
depth.

We show here that the code for neurexin binding and recruit-
ment of the major glutmatergic neuroligin is different than that
for LRRTMs: neuroligin-1(+B) binds and recruits neurexins 1, 2
and 3 B but not « regardless of S4 insert (Figs. 2, 3). Other neu-
roligin isoforms bind and are recruited by neurexin-1, @ and 3,
—S4 and +S4 (Boucard et al., 2005; Chih et al., 2006; Graf et al.,
2006), and likely all neurexins. Thus, of the neurexin variants,
only a-neurexins(+S4) cannot bind either of the glutamatergic
postsynaptic partners LRRTM1 or LRRTM2, or neuroligin-
1(+B). This is consistent with the previous finding that
a-neurexins(+S4) induce only GABAergic postsynaptic differen-
tiation and recruit neuroligin-2 in coculture (Kang et al., 2008).

Numerous identical residues on the neurexin-13(—S4) LNS
domain are required for interacting with both LRRTM2 and
neuroligin-1, including S107, R109, D137, N153, R202, Q203,
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Figure 8.  LRRTM2 and neuroligin-1 cooperate in excitatory synapse development. 4, Coculture hemisynapse formation assay as described in Figure 3. mCherry-LRRTM2 and YFP-NLG1 were
coexpressed in neurons, and these were cocultured with COS7 cells expressing neurexins. Nrx13(—S54)-CFP in COS7 cells clustered both mCherry-LRRTM2 and YFP-NLG1, which were almost
completely coclustered. In contrast, Nrx13(+54)-CFP clustered only YFP-NLG1, whereas COS7 cells expressing Nrx1c(—S4) clustered only mCherry-LRRTM2. B, LRRTM2 recruits PSD-95 more
effectively than NLG1 at sites of contact between neurons expressing YFP-LRRTM2 or YFP-NLG1 and COS7 cells expressing Nrx13(—S4). Similar results were obtained for (—S4) variants of
neurexin-23" and neurexin-33’. (, Quantitation of the data in B. In YFP-LRRTM2 or YFP-NLGT1 clusters, the intensity ratio of PSD-95 to YFP was significantly higher for YFP-LRRTM2 than for
YFP-NLG1. Measurements from neurexin-1/3, neurexin-23", and neurexin-33" (— S4) variants were pooled (¢ test, p = 0.0005; n = 16 for YFP-LRRTM2; n = 19 for YFP-NLGT). D, Overexpression
of YFP-LRRTM2 or YFP-NLG1 at similar levels in neurons increased both bassoon and synaptophysin clustering onto the transfected dendrites (arrows) compared to neighbor nontransfected
dendrites (arrowheads). Coexpression of YFP-NLG1 and CFP-LRRTM2 appeared to have an additive or synergistic effect. E, Quantitation of the data in D. CFP-LRRTM2 and YFP-NLG1, when
coexpressed, significantly increased apposed bassoon and synaptophysin intensities compared to expression of either YFP-NLG1 or YFP-LRRTM2 alone (ANOVA, p << 0.0001 for both Bassoon and
Synaptophysin; Tukey’s post hoc test, *p << 0.05; ***p << 0.001; n = 20). Results are expressed as mean == SEM. Scale bars: 10 pem.

1204, T205, 1206, and two calcium coordinating residues, D158
and N208 (Fig. 6). This overlap in binding surface explains the
competitive binding of LRRTM2 or neuroligin-1 to neurexin as
shown here (Fig. 5) and by coimmunoprecipitation (Ko et al.,
2009). Most of these residues are directly involved in hydrogen
bonding, electrostatic, or hydrophobic interactions with neuroli-

gin (Arac et al., 2007; Fabrichny et al., 2007; Chen et al., 2008).
Only 2 of the 21 neurexin mutants tested differentiated between
the partners; S209 was important only for neuroligin interaction,
and residues 132SSGL135 in the 3435 loop were important only
for LRRTM2 interaction (Fig. 6). It is remarkable that these in-
dependently evolved structurally disparate LRRTM and neuroli-
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via different PDZ (PSD-95/Discs large/zona occludens-1) domains.

gin partners interact with such a highly overlapping surface of
neurexins. For LRRTM2, we have only begun to identify residues
important for neurexin interaction, D260,T262 (Fig. 7) in the
center of the predicted concave face of the LRR domain.

Physiological roles of LRRTMs, neuroligins, and neurexins
The existence of LRRTMs with similar bioactivity as neuroligins
(Linhoff et al., 2009) and now having overlapping binding part-
ners in the neurexin family may explain the unexpectedly subtle
phenotype of neuroligin KO with respect to glutamate syn-
apses. Neuroligin-1 KO reduced NMDA-but not AMPA-medi-
ated transmission in hippocampal slice (Chubykin et al., 2007),
and triple neuroligin KO resulted in normal glutamatergic syn-
apses in hippocampal culture and greater defects in inhibitory
than excitatory synapse function in brainstem slice (Varoqueaux
etal.,2006). The individual LRRTM1 KO phenotype also appears
subtle, with altered VGluT1 immunofluorescence in hippocam-
pal subfields expressing the lowest levels of LRRTM2 (Linhoff et
al., 2009). Lentiviral LRRTM2 RNA interference was reported to
reduce AMPA-and NMDA-mediated transmission in dentate
granule cells compared to GFP-infected cells or uninfected neigh-
bors (de Wit et al., 2009), suggesting that LRRTM2 KO, once
generated, may have a significant effect. Although LRRTM2 can
induce GABAergic presynaptic differentiation (Linhoff et al.,
2009), whether it has a physiological role at GABAergic synapses,
as do neurexins and neuroligins, is not yet clear. An important
next step will be to assess the functions of these molecules indi-
vidually and in combination in vivo.

Combinatorial effects can be addressed to some degree in cul-
ture systems. We show here that LRRTM2 is more potent than

‘ “ \“ “ Cask
@ Ca™

Model of LRRTM, neurexin, and neuroligin interactions at a glutamate synapse. Diagram of a glutamate synapse
containing the major postsynaptic LRRTMs (LRRTM1 and LRRTM2) and neuroligin (NLGT+B), and presynaptic neurexins.
B-Neurexins(—S4) bind either LRRTMs or NLG1(~+B), B-neurexins(+S4) bind only NLG1(~+B), and c-neurexins(—S4) bind
only LRRTMs. It is not clear whether ac-neurexins(+S4) (not shown) are also present; these bind neither LRRTMs nor NLG1(+B).
a-Neurexins are necessary to recruit presynaptic calcium channels. LRRTMs and NLG1 bind PSD-95 and related MAGUK scaffolds
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neuroligin-1(+B) at recruiting postsyn-
aptic PSD-95 and at recruiting presynap-
tic synaptophysin and bassoon (Fig. 8).
Furthermore, these two neurexin binding
partners, LRRTM2 and neuroligin-1 (+B),
have additive or synergistic effects at pro-
moting synaptic differentiation when
overexpressed in cultured neurons (Fig.
8). Cooperativity may occur by two mech-
anisms: (i) recruitment of the common
binding partner B-neurexins(—S4) by both
LRRTM2 and neuroligin-1(+B) increas-
ing its total level, and (ii) recruitment of
selective partners, a-neurexins (—S4)
by LRRTM2 and [-neurexins (+S4)
by neuroligin-1(+B), perhaps bringing
new properties to the synapse (Fig. 9).
In particular, selective recruitment of
a-neurexins by LRRTM1 and LRRTM2
may mediate the recruitment of presynap-
tic calcium channels. The extracellular
domain of a-neurexins is essential for
N presynaptic N-and P/Q-type calcium
'\ channel function, an activity not shared
) by B-neurexins (Zhang et al, 2005).
Within the postsynaptic side, PSD-95 and
related MAGUKSs can link neuroligins and
LRRTMs, via PSD-95 multimerization and
via binding of neuroligins to PDZ3 (Irie et
al., 1997), and likely LRRTMs via the -ECEV
to PDZ1 and PDZ2 (Linhoff et al., 2009).

Itis not yet clear precisely how LRRTMs,
neuroligins, and neurexins contribute to
synaptic development (Brose, 2009). The bulk of evidence indicates
that these interacting complexes function in recruiting proteins to
synapses, but defining specifically which components are recruited
when and how these affect synaptic function requires further study.
In addition, LRRTM—neurexin and neuroligin—neurexin complexes
may also function in synaptic partner selection, initial adhesion, syn-
aptic stabilization, and/or structural maturation. Altering the stoi-
chiometry among the postsynaptic scaffolding partners and these
synaptic organizing proteins can alter the excitatory/inhibitory bal-
ance (Levinson et al., 2005). Glial-derived factors can also modulate
function of these synaptic organizing proteins; for example, throm-
bospondin interacts with neuroligin-1 to accelerate aspects of syn-
apse development (Xu et al., 2010).

The complexities of these interactions among LRRTMs, neur-
exins, and neuroligins, and the expression of numerous isoforms
with overlapping distributions in the brain, may begin to explain
how these genes contribute to multiple psychiatric disorders.
Perhaps it is not surprising that these genes controlling compo-
sition and function of synapses in cortical circuits involved in
complex cognitive processing are linked to psychiatric disorders
(Sudhof, 2008). Variants in LRRTM1, neurexin-1, and neuroli-
gins 1, 3, and 4 are associated with schizophrenia, autism spec-
trum disorders, and mental retardation (Jamain et al., 2003;
Francks et al., 2007; Szatmari et al., 2007; Sudhof, 2008; Glessner
etal., 2009). These include copy number variants, promoter vari-
ants, and de novo microdeletions, truncating mutations, and cod-
ing region mutations altering protein function, thus constituting
strong evidence of contribution to the disease. We face a chal-
lenge to unravel the in situ contributions of individual isoforms
in specific synapses and circuits to understand how LRRTMs,

channel
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neurexins, and neuroligins contribute to brain function and
dysfunction.
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