Gene Selection, Alternative Splicing, and Post-translational Processing Regulate
Neuroligin Selectivity for3-Neurexing

Davide Comolettf, Robyn E. Flynr¥, Antony A. Boucarct Borries Demelet,Virgil Schirf," Jianxin Shit
Lori L. Jennings}, Helen R. Newlint Thomas C. Sdhof%“# and Palmer Taylor*

Department of Pharmacology, Urrsity of California—San Diego, La Jolla, California 92093-0636, Center for Basic
Neuroscience, Department of Molecular Genetics, and Howard Hughes Medical Instituiersityi of Texas Southwestern
Medical Center, Dallas, Texas 75235, and Department of Biochemistry, Theldity of Texas Health Science Center,
San Antonio, Texas 78229

Receied July 13, 2006; Résed Manuscript Receéd August 29, 2006

ABSTRACT. Neuroligins -4 are postsynaptic transmembrane proteins capable of initiating presynaptic
maturation via interactions witf-neurexin. Both neuroligins angineurexins have alternatively spliced
inserts in their extracellular domains. Using analytical ultracentrifugation, we determined that the
extracellular domains of the neuroligins sediment as dimers, whereas the extracellular domains of the
p-neurexins appear monomeric. Sedimentation velocity experiments of titrated stoichiometry ratios of
p-neurexin and neuroligin suggested a 2:2 complex formation. The recognition properties of individual
neuroligins towargs-neurexin-1 (NXB), along with the influence of their splice inserts, were explored

by surface plasmon resonance and affinity chromatography. Different neuroligins display a ranggsof NX1
affinities spanning more than 2 orders of magnitude. Whereas splice inseftdearexin appears to act

only as a modulator of the neuroligiitheurexin association, splice insert B in neuroligin-1 (NL1) is the
key element regulating the NL1/N)1binding. Our data indicate that gene selection, mRNA splicing,
and post-translational modifications combine to give rise to a controlled neuroligin recognition code with
a rank ordering of affinities for particular neurexins that is conserved for the neuroligins across mammalian
species.

In the mammalian central nervous system, the developmentexpressed mainly in neurons at excitatory postsynaptic sites
and maintenance of a functional neuronal network is based(4, 6), whereas neuroligin-3 (NL3) is also expressed in glia
on specific celt-cell recognition and communication through and dorsal root ganglia, suggesting the additional possibility
synaptic connections. The pre- and postsynaptic component®f neuroligin-mediated gliaglia and glia-neuron interac-
of synapses are linked together by homophilic molecules, tions (7, 8). Neuroligins 2-4 (NL2—NL4) were found in
such as cadherins and synCAM, and heterophilic molecules,several peripheral tissues, whefeneurexin expression is
such as neuroligins and neurexink—@). However, the not detectableq, 9, 10). At the cellular level, NL1, NL3,
mechanism by which specificity of synaptic recognition is and NL4 cluster in excitatory synapses, whereas NL2 is
achieved during development and for maintaining plasticity found enriched at inhibitory synapses in both rat brain and
is far from being resolved. dissociated neuron$,(11, 12). The expression of recom-

The neuroligins comprise a family of five genes encoding binant NL1—-NL3 in non-neuronal cells is known to induce
single transmembrane-spanning proteins, with a sequenceresynaptic differentiation in co-cultured hippocampal neu-
identity in their extracellular domains of greater than 70% rons @3, 13).

(4, 5). For the same neuroligin, sequence identity among  The extracellular domain of NL1 contains two regions of
mammalian species exceeds 98%. Neuroligin-1 (Nlid)  ajternative splicing. The first region (splice insert A, NL1
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enzymatic removal of the N-linked carbohydrates at position contained splice inserts;Aand B, and NL2-615A contained
N303 (15). The gene encoding NL3 has two cassettes of splice insert A, whereas NL3-639 and NL4-619 constructs

alternative splicing at position A: one is homologous with

did not contain a splice insert. For direct comparisons, NL1

the NL1 insert, and the second is homologous with the insert was also engineered with splice inseg fubstituted (NL1-

found in NL2 @). NL4 has thus far revealed no identified
inserts B).

638A/B), without splice insert A (NL1-63&A), without
splice insert B (NL1-638AB), and without both [NL1-638-

The 8-neurexin family is comprised of three genes each A(A&B)]. NL2 was also constructed devoid of splice insert
containing two sites of alternative splicing, defined sites 4 A (NL2-615-AA) (upper panel in Figure 1).
and 5. The splice insert at site 5 is found in close proximity = Cell Culture and TransfectionsHEK293 cells were
to the transmembrane domain, whereas the splice insert amaintained at 37C and 10% CQin Dulbecco’s modified

site 4 is in the laminin-G (LG)-like domairlg). The three-
dimensional structure of the extracellular domairgafeu-

Eagle’s medium containing 10% fetal bovine serum and
periodically tested to ensure the absence of mycoplasma

rexin-1 (NX1p) truncated upstream of site 5 has a structural contamination. Cells were transfected with the appropriate

fold typical of other LG-domain proteind 7). Association
between the neurexins and neuroligins appears to Be-Ca

plasmids and selected by growth in G418 (Geneticin, Sigma)
(14). After 2—3 weeks, surviving cells formed colonies

dependent and modulated by the 30 residue neurexin insersuitable for clonal selection. The best producing clones were

that can be alternatively spliced at site4 18, 19).
Alternative mRNA splicing is a widespread mechanism

further expanded for large-scale production of soluble
neuroligins.

in eukaryotes that leads to developmental and tissue-specific Neuroligin andS-Neurexin Expression and Purification.
expression of unique insertions and deletions within the The soluble NXB-GST fusion protein was affinity-purified

encoding mRNA species. At the protein level, alternatively

from bacterial extract using Glutathione Sepharose 4B

spliced sequences typically do not influence the global (Amersham Biosciences, Piscataway, NJ). To purify soluble

folding of the protein but introduce variation of superficial

neuroligins, cell-culture medium containing the soluble

loops that result in altered function, such as ligand or protein protein was passed over an M2 anti-FLAG-affinity column

association or catalytic activit(, 21). At the cellular level,

(Sigma) (4). Protein concentrations were estimated by a

these changes translate into fine-tuning of recognition at standard Bradford assay. To check the purity and absence
synapses during development and plasticity in the central of degradation products, proteins were separated on 10%

nervous system.

sodium dodecyl sulfatepolyacrylamide gel electrophoresis

In this study, we employ surface plasmon resonance (SPR)(SDS-PAGE) gels and stained with Simply Blue Safestain
and affinity chromatography to monitor directly the associa- (Invitrogen, Carlsbad, CA). For purification of the soluble

tion of each NL subtype with two splice variants of NX1
to ascertain their binding specificities. The functional roles
in recognition of the splice inserts of both neuroligins and

lg-NX1p fusion proteins, a similar protocol was used.
However, protein A Sepharose 4 Fast Flow (Amersham
Pharmacia Biotech AB, Sweden) was employed to bind the

B-neurexins become critical in this analysis. We show that human-lgG portion of NX# (14). After elution, proteins
the concerted events of gene selection, alternative splicing,were concentrated and buffer-exchanged [10 nhvE-
and post-translational processing hierarchically regulate hydroxyethylpiperaziné¥-2-ethanesulfonic acid (Hepes)
B-neurexin-neuroligin associations. These data enable us buffer at pH 7.4 and 150 mM NacCl].

establish a rank order for binding affinities among various

Mass SpectrometryMatrix-assisted laser desorption/

neuroligins angs-neurexins that should serve as a molecular ionization time-of-flight (MALDI-TOF) mass spectrometry

basis for understanding the more comglexivo interaction
patterns of these two synaptic molecules.

MATERIALS AND METHODS

Plasmids and MutagenesiBor SPR assays, the extracel-
lular domain (residues 48300) of the rat NXB was fused
to the C-terminal end of a cleavable glutathidhransferase
(GST) module described previouslg2d). Two NX15 iso-
forms, with and without splice insert 4, were constructed
and referred to as NXi&3 and NX13-1, respectively. The
Ig-NX1/5 fusion proteins with and without splice insert 4
(Ig-NX13-3 and 1g-NX13-1, respectively) used in the
pulldown assays were described previoudly, 23).

cDNAs encoding rat NL¥NL4 were subcloned into a
FLAG-tagged vector (Sigma, St. Louis, MO) for detection
and purification {4). Briefly, the vector encodes an N-
terminal FLAG octapeptide, a linker peptide of-40

residues followed by the neuroligin sequences. Soluble
species for all four neuroligins were constructed by introduc-
ing stop codons at 11e639, Phe616, Tyr640, and Ser620,

generating the proteins NL1-63@/, NL2-615A, NL3-639,
and NL4-619 respectively. The NL1-63@B construct

was performed on a PE Biosystems Voyager DE-STR
instrument (Framingham, MA). Purified recombinant neu-
roligins at 1 mg/mL in 0.1% (v/v) trifluoroacetic acid (TFA)
were mixed 1:1 with a matrix of 10 mg/mL saturated
sinapinic acid (3,5-dimethoxy-4-hydroxy-cinnamic acid) dis-
solved in 30% acetonitrile and 0.3% TFA (pH 2.2). Droplets
(1 uL) of neuroligin—matrix mixture, containing approxi-
mately 10 pmol of protein, were spotted and dried by slow
evaporation. Mass spectra were collected using linear mode,
and external calibration was performed using yeast enolase
protein (-1 dimer andt1 and+2 monomer mass-to-charge
species).

Sedimentation Analysiédnalytical ultracentrifugation was
conducted in a Beckman/Coulter XL-l centrifuge using
ANn60Ti and An50Ti rotors at UCSD and CAUMAFor
equilibrium experiments, we centrifuged 12k of protein
samples [in nine combinations using optical densities (OD)

2UCSD, Department of Biochemistry at the University of California
San Diego. Most of the experiments were performed with a similar
machine at the Center for Analytical Ultracentrifugation of Macromo-
lecular Assemblies (CAUMA, Department of Biochemistry at the
University of Texas Health Science Center at San Antonio).
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Ficure 1: Schematic representation of the extracellular domains of the neuroligins. (Upper panel) Domain organization of the full-length

recombinant NL1 is shown on top. The leader peptide is absent in

the mature protein. N and O, consensus sequences for N- and O-linked

glycosylation sites; SH, free cysteine. For NL1, disulfide bonds were assigned and glycosylation sites were identified by mass spectrometry
(30). (Lower panel) Coomassie blue staining of purified neuroligins gumeéurexin. While neurexin contains a single N-linked consensus
sequence, it was expressed in bacteria not capable of oligosaccharide additions. Molecular masses of the various proteins are in agreement

with MS—MALDI values reported in Table 1. NL1, NL1-638{A&B);
NX14-3 refer to the cleaved GST fusion proteins.

of 0.3, 0.5, and 0.7 and monitoring at 215, 230, and 280
nm]. All samples were run in 10 mM sodium phosphate
buffer at pH 7.4, with 137 mM NaCl and 2.7 mM KCI
(unless otherwise noted) at five rotor speeds, resulting in 45
conditions that were scanned at equilibrium. Extinction
coefficients at multiple wavelengths were determined as
described in reR4 and were found to be 8.864 10°, 4.045

x 1P, and 9.23x 10* for NL1 at 215, 230, and 280 nm,
respectively, and 9.81% 10°, 4.586x 1%, and 9.87x 10*

for NL4 at 215, 230, and 280 nm, respectively. Column
length was~3 mm for the 125(L of sample. Sedimentation
equilibrium for neuroligins was conducted at 20 at the
following speeds and times: 8.8 krpm (44 h), 11.7 krpm
(26 h), 14 krpm (17 h), 16 krpm (11 h), and 17.7 krpm

NL2, NL2-615-AA; NL3, NL3-639; NL4, NL4-619. NXB-1 and

were analyzed with the UltraScan softwaB)( For equi-
librium analysis, data exceeding 0.9 OD were excluded from
the fits.

Oligomeric states of NL:NL4 were also investigated by
sedimentation velocity in Hepes buffer at pH 7.4. NL1-638-
A(A&B) (500 uL at 280 nm, OD of~1.0) were centrifuged
at 60000 rpm and 2C0°C in double-sector aluminum
centerpieces using the Rayleigh interference optics of the
Beckman Optima XL-l. Sedimentation coefficient distribu-
tions were determined by the enhanced van Holdkeischet
analysis 26). For homogeneous samples, molecular masses
were estimated by fitting whole boundaries with finite
element solutions of the Lamm equatio7( 28) as
implemented in UltraScan. Partial specific volurmgof the

(8 h). Data at equilibrium were recorded in radial step mode S-neurexins and the neuroligins were calculated using the

with 0.001 cm stepsize setting with 20 replicate absorption

Sednterp software20). Because the AChE-like domain of

measurements at each step. Equilibrium experiments wherethe neuroligins is N-linked glycosylated, Sednterp was used

globally fitted to multiple models; the fitting statistics were
obtained by performing Monte Carlo analysis. All sedimen-
tation equilibrium and sedimentation velocity experiments

to calculate the contribution of the sugars to the buoyancy
of the molecule using average values from3@fCalculated
v were 0.727 for NL1, 0.724 for NL2, 0.729 for NL3, 0.729
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Table 1: Molecular Masses of Truncated Neuroligins and Neurexins Measured by Sedimentation Equilibrium and Mass Spectrometry
NL1-638-A(A&B)  NL2-615-AA  NL3-639  NL4-619  NX1-bl1  NX1-b3

sequence-computed peptibl, (kDa) 65.5 63.1 65.9 66.1 24.8 28.3
M;, determined by sedimentation equilibrium (kDa) 150.8 (7/5.4) 151.3 241 27.7
M, determined from mass spectrometry (Da) 71734 70022 69 122 72 665 24.8 nd

a Monomer-dimer model, withKy in a submicromolar concentration.

for NL4, 0.732 for free neurexin, 0.729 for the NL1/neurexin Mass spectrometry analysis showed the molecular masses

complex, and 0.729 for the NL4/neurexin complex. of the neuroligins to be compatible with the presence of
Neuroligin/Neurexin Pulldown ExperimentBrotein A processed N-linked oligosaccharides (Table 1).

Sepharose 4 fast-flow (3L) was incubated for 30 minat  NL1 was previously reported to form dimers in both

room temperature with 2009 of either Ig-NX-1 or Ig-  truncated and full-length forms, implying that the sequence

NX1/-3 and washed extensively to remove unbound neur- responsible for dimerization is in the extracellular domain
exin. The immobilized neurexins were then incubated for (14 32). To further characterize the oligomerization state
10 min with 10ug of the soluble neuroligins: NL1-638- of NL1-NL4 variants, we conducted sedimentation equi-
(A&B), NL2-615-AA, or NL3-639 in 100xL of 10 mM librium experiments. For reversibly self-associating proteins,
Hepes buffer at pH 7.4, 150 mM NaCl, 2 mM CaCind  the oligomerization state is controlled by the concentration
0.005% (v/v) surfactant P20 at room temperature. The 5nq the equilibrium dissociation constaity. To define
supernatant containing unbound neuroligin (flow through) optimally the K4 for a reversible self-association, a large
was removed, and the resin was rinsed 3 times withd00  ¢oncentration range is required. This is achieved by varying
of binding buffer (washes 1, 2, and 3). The neuroligins were the |oading concentration and the wavelength of the mea-
then eluted with 10 mM Hepes buffer at pH /UM NaCl,  gyrements. Therefore, using wavelengths of 215 nm, the
10 mM ethylene glycol bis(2-aminoethyl ethed)N,N',N'- lowest neuroligin concentration that we measured was 13
tetraacetic acid (EGTA), and 0.05% (v/v) surfactant P20 ug/mL, corresponding to approximately 200 nM. On the
(elution buffer). The neurexins were eluted from protein A pagis of sedimentation equilibrium analyses over a wide
with 10 mM glycine buffer at pH 1.8. Fractions of 20. range of protein concentrations and rotor speeds, all four
were separated by SB$AGE electrophoresis and stained  neyroligins were determined to be extremely stable dimers
with Simply Blue Safestain to analyze the distribution of virtually devoid of free monomer. Only for NL1, at the
the unbound neuroligins. o lowest concentration scans in the global fit, was it possible
SPR Analysis of the NEINX15 Complex.All binding to detect traces of monomers, sufficient to estimatg ealue
experiments were done at 26 in 10 mM Hepes buffer at (479 nM, 95% confidence range from99 to —82 nM;
pH 7.4 containing 150 mM NaCl, 2 mM Ca£nd 0.005%  onomer molecular weight of 75.4 kDa, 95% confidence
(v/v) surfactant P20 on a BlAcore 3000 apparatus. BX1 range from+1.07 to—0.97 kDa), a value still within the
was covalently bound to the carboxymethylated dextran concentration range of our experiment and in good agreement
matrix of a CM5 chip (BlAcore, Uppsala, Swede|l] to with our mass spectrometry determinations. This result
achieve between 1000 and 3500 resonance units (RU). Tojpgjcates that under physiological conditions NL1 is present
obtain specific NX% binding, the first flow cell was mock- 55 5 dimer. Global fits of the NL4 experiment were best-fit
coupled with buffer only for real-time background subtrac- th a single ideal species model (molecular weight of 151.3
tion. The neuroligins were injected in random order over kD, 95% confidence interval frorr0.66 to—0.75 kD) (parts
the NX1p surfaces as a set of se\{en_concentrations extepdingA and B of Figure 2). Sedimentation velocity experiments
from 9000 to 12 nM in 3-fold dilutions (unless otherwise \ere done to characterize further the solution properties of
noted) at a flow rate of 5L/min to minimize sample NL1—NL4 and their interaction with NXa-1 (Figure 2C).
diffusion and mass transport limitations. After each injection, The composition was evaluated on the basis of the shape of
the binding su.rfgces were regenerated by injecting for 30 Sihe van Holde-Weischet integral distribution plots39).
a buffer containig 1 M NaCl and 5 mM EGTA to chelate  \_1—NL4 sedimented as single species systems, although
free C&". To calculate the affinity of various neuroligins 5 small amount of aggregation {0%) was apparent in NL1
toward immobilized NXB-1, total binding at equilibrium and NL4. NL1-NL3 sedimented between 6.3 and 6.4 s,
was recorded. Steady-state binding signals were plotted asyhile NL4 sedimented slightly faster at 6.8 s, probably
a function of the neuroligin concentration; plots were fit by pocause of a combination of its higher molecular weight and
nonlinear regression to calculate dissociation const#ats, 4 slightly more compact shape (Table 1). Free X1

RESULTS sedimented essentiglly asa sin_gle ;pecie; with\eaue of
~ 2.1. Molecular-weight determinations using whole bound-
Expression and Characterization of Soluble Neuroligins ary fitting indicated that NX#&-1 sedimented as a monomer.
and NeurexinsTo generate soluble protein suitable for SPR, In agreement with the equilibrium experiments, hydrody-
analytical centrifugation, and mass spectrometry analyses,namic experiments also confirmed that none of the neuro-
proteins were truncated at homologous positions just C- ligins exists as free monomers at this concentration. When
terminal to the AChE homologous domain, generating the these results were compared with previous findings where
proteins NL1-638A/B, NL2-615A, NL3-639, and NL4-619  NL1-638A1 was used for sedimentation equilibrium analysis
and their splice variants (upper panel in Figure 1). FLAG- (14), we conclude that the presence of splice inserts A and
affinity purification yielded homogeneous preparations virtu- B do not influence the dimerization of the neuroligins. The
ally devoid of contaminant bands (lower panel in Figure 1). formation of the dimer in the extracellular domain was also
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FicurRe 2: Global equilibrium analysis of NL-ANL4 and NX15. (A) NL4 was best-fit by a single ideal species model, resulting in a molecular
weight in excellent agreement with the calculated dimeric molecular weight. (B) NL1 was best-fit with a mertbmer reversible
self-association model, resulting in a monomer molecular weight in agreement with the monomeric molecular weight calculated by Sednterp.
Shown here are the residuals of the fit (top section of the plot) and medehrfd experimental data points (gray circles) in the bottom
section of the plot. The model matches the experimental data very well, and the residuals show a random, nonsystematic distribution about
the mean. (C) G(s) distribution plots from the enhanced van Holdeischet analysis26) of sedimentation velocity experiments performed

on NX13-1, NL1-NL4, and NX15-1/NL1 and NL4 complexes. The NEINL4 sediment is shown as a single homogeneous species (blue,
cyan, purple, and yellow, respectively). Free neurexin (brown) shows a homogeneous distribution that corresponds to monomeric conformation.
Free monomeric neurexin is also evident in the mixtures of NL1 and NL4 with neurexin (black/red and green, respectively). A shift of the

s value of NL1 and NL4 by more than 15% te7.5 s upon the addition of neurexin indicates complex formation. In the 4:2 sample,
approximately 15% of the absorbance corresponds to free neurexin, while in the 6:2 sample about 29% of the neurexin is free.
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independent of the single unpaired Cys common to all of for Ig-NX15-3 was lower than the affinity for 1g-NX3-1.
the neuroligins because its mutation to alanine in NL did NL2 and NL3 appeared throughout all fractions, clearly
not impair dimerization (data not shown). showing their much lower affinity than NL1 for N>GL For
Recent studies show that presynaptic clustering of the this reason, with NL2 and NL3, we could not establish a
neurexins is necessary for stimulation of synaptogenic definitive rank ordering of affinities for either N)@lLforms
activity by NL1, but the stoichiometry of the neurexin by the pulldown assay (center and lower panels in Figure
neuroligin complex is thus far unknowr82). To further 4A and Figure 4B). To ensure that nonspecific binding was
characterize the association of N1 with neuroligins, we absent, Protein A-Sepharose without NX1 was used, dem-
conducted sedimentation velocity experiments of NL1 and onstrating that no NL1 binding could be detected (left panel
NL4 mixed with NX15-1 in the presence of 2 mM €a in Figure 4B).
Velocity experiments of NL1 and NL4 combined with SPR Quantification of the Affinity of Neuroligins for N1
NX14-1 fit a sedimentation coefficient distribution consistent 1. We used SPR to quantify more precisely the association
with a non-interacting two-component system (Figure 2C). between NXB-1 and the four soluble neuroligins. NL1
Furthermore, mixing NL1 or NL4 with NXA-1 caused a  contains two sites of alternative splicing, A and B}) (
significant increase in the value of the neuroligin peak from whereas NL2 and NL3 only contain splice insert A. The
6.5 to~7.5 s. The sharp separation of free and complexed frame of reference used to compare the binding activity of
neurexin indicates the formation of a tight complex. the individual neuroligins was the sequence encoded by the
Because of the presence of a small amount of aggregatejnvariant exons devoid of both splice inserts, A and B. Hence,
fitting to a non-interacting two-component system did not NL1 [NL1-638-A(A&B)] was included in each experiment.
allow for the extraction of exact molecular weights. None- The specific activity of NL1-638\(A&B) was calculated
theless, using a titration approach, it was possible to ascertairas RU generated using M neuroligin protein associated
the stoichiometry of the association. A ratio of four N1 with 1000 RU of immobilized NXf-1. Using data from six
molecules for each dimer unit of neuroligin (4:2 stoichiom- independent experiments, the specific binding activity was
etry) yielded a second peak ©f15% of the total absorbance, calculated to be 151% 233 (SE) RU4M NL1 (data not
at 2.1 s, which corresponds to free N*1. Increasing this ~ shown).
ratio to 6:2, free NXB accounted for~29.3% of the total Previously, only the NL1 binding to NX%1 was char-
absorbance. A doubling of the free NX indicates a 2:2  acterized by SPR14). To compare the binding of NL-2
neuroligin—neurexin stoichiometry with NL1 because a NL4 to NL1, each neuroligin was injected in multiple con-
smaller fractional increase of the 2.1 s peak (25%) would centrations over the NX3t1 surface and the apparent affinity
be expected for a 1:2 stoichiometry. Furthermore, the excesswas compared to NL1 (Figure 3A). Because NL2-615A
of NX14-1 did not increase the sedimentation coefficient of showed virtually no binding for NX3-1 at the concentrations
the complex, indicating that full occupancy of the NXdites typically used, high concentrations of injected samples (up
occurs when equimolar concentrations of neurexin and to 40 uM) and high densities of immobilized N)8t1 on
neuroligins are mixed. On the basis of the respective the chip surface were required to generate a respectable signal
extinction coefficients of the free species and the NL1/ above the noise of the instrument. Owing to the large
NX13-1 complex and from the non-interacting 2 species differences in affinity and apparent rates of association of
integral sedimentation coefficient distribution, we conclude the various neuroligins, affinities were estimated from SPR
that the NL1/NXJ-1 association has g < 200 nM (the signals achieved at equilibrium during continuous neuroligin
detection limit of the instrument for this extinction coef- injection as a function of the neuroligin concentration (Figure
ficient) and is consistent with a 2:2 stoichiometry. Identical 3B). Remarkably, the apparent affinity of NL2-615A was
results were achieved for NL4 (Figure 2C). ~300-fold lower than the affinity of NL1-632(A&B) for
Neuroligin Family Members Exhibit Distinct Specificities the sames-neurexin (Figure 3B). NL3-639 and NL4-619
for Different NXJ3 Isoforms.Using column adsorption and  displayed a binding affinity that appeared to ©60- and
elution parameters as well as cellular responses, agNX1 ~4.5-fold lower than NL1-638\(A&B), respectively.
isoform containing a splice insert at position 4 did not exhibit ~ Because measurements of NL association are continuous
appreciable binding to the neuroliging, @, 18, 19). Using and are made in real time, comparative rates of association
buffers identical to the SPR analysis, with Ig-NXih a 20- and dissociation can be estimated. Dissociation rates are
fold excess over the neuroligin concentrations, we examine reflected in the wash-out curves, and except for small tailing
the association of different soluble neuroligins with Ig- on some of the profiles, the data can be calculated as a first-
NX15-1 and Ig-NX13-3 by the fractional distribution of the  order process, where dRUW/& k-; (RU). In general, the
bound and unbound neuroligin in pulldown experiments. rates of dissociation of the neuroligins parallel their respective
Using 1g-NX15-1 as immobilized protein, we found that dissociation constants, where NL1-638A&B) has a dis-
NL1-638-A(A&B) was not detectable in the washes and sociation rate 0f~0.9 mirm%, NL4-619 is 7 mir!, and NL2
incompletely eluted from the resin even when ethylenedi- and NL3 are too fastX25 min?) to measure. For associa-
aminetetraacetic acid (EDTA) was applied as an eluting agenttion, the bimolecular rate constaki, can be calculated from
(top left panel in Figure 4A). To achieve complete elution, the equationksps= Ki[NL] + k_1. Only in the case of NL1-
Gly at pH 1.8 is necessary (right panel in Figure 4B). By 638-A(A&B) do we approach saturation of the neurexin
comparison, when 1g-NX3-3 was used, NL1-632(A&B) immobilized on the chip.
was partially eluted during the washes and almost completely Effect of Splice Insert 4 of N)Ylon the Neuroligin
eluted by C&" removal (top right panel in Figure 4A), AssociationTo quantitate the influence of splice insert 4 in
indicating that the binding for both Ig-N>@lisoforms was NX15 on the association with NL1, equivalent molar
specific. As previously reported, the apparent affinity of NL1 quantities of NX-1 and NX3-3 were immobilized and
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Ficure 3: SPR analysis of the neuroligins binding to N*1. (A) NL1—NL4, devoid of splice inserts, were injected over immobilized

NX1p-1 for approximately 180 s followed by a wash interval of 300 s with running buffer alone. The sensorgrams demonstrate a concentration-
dependent association, as anticipated for a bimolecular association. Concentrations of injected proteins for each sensorgram are given
below as two numbers: the first is the highest injected concentration (in nanomolar), and the second is the dilution factor, either 2-fold
(2x) or 3-fold (3x), that relates successive injections. NL1-68&\&B) (9000; 3x and buffer only), NL2-615AA (9000; 3x), NL3-639

(10 000; 2¢), and NL4-619 (3000; 8 and buffer only). (B) Maximum binding measured at steady state during neuroligin injection was
plotted as a function of the neuroligin concentration (left panel). The curves were fitted with a nonlinear regression, giving the dissociation
constantXy and the ratio oKy values relative to NL1-63&(A&B) (right panel).

NL1-638-A(A&B) was injected at multiple concentrations. toward the two NXB isoforms. NL2-NL4 were injected
A blank flow channel was used to generate reference data.at 3-fold steps in concentration, and the same nonsaturating
Using this protocol, the same sample would sequentially run concentration was compared in each condition for both
through the blank and both N)11 and NX33-3 flow immobilized NX15-1 and NX3-3. Although to different
channels, generating a signal corresponding to the affinity extents, NL2-NL4 surprisingly displayed a slight preference
for each NXJ isoform. Given the geometry of the flow for NX15-3 over NX13-1, thus these neuroligins have a rank
channels and the density of the adsorbed phase in theordering of affinities opposite to that of NL1 (Figure 6).
BlAcore 3000, progressive sample depletion should not occur These data indicate that splice insert 4 is not generally
among sequential flow channels. To calculate the relative inhibitory to neuroligin association; rather, it appears to alter
affinities, maximum binding of the same nonsaturating the rank order of selectivity for different neuroligins.
concentration was compared in each condition. NL1 bound Maximum binding of the same nonsaturating concentration
both neurexin isoforms, with a 24t 0.45-fold higher affinity from each individual isoform was used to plot the relative
for the NX15-1 isoform (Figure 5), indicating that splice affinity (Figure 6).
site 4 in NX13 did not completely abolish NL1 binding. To Remaal of NL1 Splice Insert A Slightly Decreases XL
ascertain whether splice insert 4 discriminates differentially Binding.NL1 and NL3 splice insert A is a 20 residue loop
glycosylated neuroligin forms, PNGase-F-treated NL1 was that exists in two distinct sequences; and A. A; contains
also used. PNGase-treated NL1 showed a fasterS&E a disulfide bond and carries nine positively charged residues
migration than the untreated sample but displayed the same&(30); A, is homologous to the splice insert A of NL2, lacks
relative affinities for both NX#-1 and NX13-3 (data not the disulfide loop, and carries seven negatively charged
shown and refl4). residues 4) (Figure 7A). Both splice insert A cassettes are
Because various members of the NL family showed large highly charged and, thus, are likely to be solvent-exposed
differences in association with N)X11, we also sought to  to the surface of the AChE-like domain. The lack of splice
establish the relative selectivity of the individual neuroligins insert A decreased NL1-638 affinity for N)¢11 less than
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Ficure 4: Affinity chromatography of NL+NL3 binding to
immobilized Ig-fusion NXB with or without splice insert 4. (A)
Purified recombinant Ig-NX2 splice variants immobilized on
protein A-Sepharose and employed in pulldown assays with purified
neuroligins lacking both splice inserts. Wash 2 and 3 results from
the pooling of second and third washes. (B) (Left panel) Amount
of nonspecific binding when no Ig-NX3Lwas immobilized on
protein A is shown. (Right panel) Collected fractions after low pH
elution. It is possible to distinguish N)§t3 from NX15-1 by the
lower electrophoretic mobility because of the presence of the splice
insert 4. All panels represent Coomassie blue staining of the eluted

fractions.
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Ficure 5: SPR analysis of NL1-638{A&B) binding to NX15-1
and NX13-3. GST-cleaved NX3-1 and NX13-3 were immobilized
in equimolar amounts in two flow channels arranged in series. To
compare the NL1 signal generated by the two ¥Xdoforms, NL1
was injected for approximately 160 s followed by a decay interval
of 200 s. NL1 concentrations started gt and were injected in
random order in 2-fold dilutions. Note that the amount of signal
generated by the binding with N)§13 is specific and, for each
concentration, equals’50% of the signal produced by N¥11.
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2-fold. A similar reduction in affinity was obtained when
splice insert Awas inserted in place of/Aln NL2, deletion

Biochemistry

of splice insert A did not influence the NX association
significantly, indicating that splice insert A plays a minimal
role in these neurexin/neuroligin associations (Table 2).

Deletion of NL1 Splice Insert B Dramatically Increases
NX15 Binding. The eight residues composing the alterna-
tively splice insert B are unique to NL1; this region was
shown to carry an N-linked sialylated oligosaccharide with
a complex, tetraantennary chain at Asn303 (Figure 3B) (
that partially inhibits in the association between NL1 and
both NXlo and NX15 (14, 15). To study further the
determinants of the insert on the NXI association, we
used as reference protein NL1-6384he isoform carrying
both splice inserts. We first mutated Asn303 to Asp303 to
mimic the effect of the PNGase F enzymatic treatment. As
anticipated, the N303D-NL1-638/ bound NX15-1 with
a 2.3+ 0.5-fold higher affinity than NL1-6384B wild type,
consistent with the demonstrated inhibitory effect of the
glycosylation processing at this positiob4j.

We next removed the entire splice insert B and measured
NX143-1 association of this NL1 isoform. Removal of the
eight residue loop in NL1 led to a 92 3.5-fold increase in
affinity with respect to the wild-type protein, indicating that
splice insert B exerts a strong inhibitory influence on the
NX14-1 binding (Table 2). Interestingly, removal of both
NL1 splice insert A and splice insert B increased the 81
affinity 5.9 £ 2.2-fold, indicating that the two inserts
independently influence the association and may partially
offset each other (Table 2).

Removal of the eight residue loop brings in apposition
two charged amino acids, Glu297 and Lys306. Because the
neurexin-neuroligin association was previously shown to
be electrostatically driverif), the two charged amino acids
could represent major binding determinants. To study the
binding mechanism through the role of the charged amino
acids, NL1-638A-AB was used to make alanine mutations
of either one or both residues flanking the splice insert.
Alanine mutation of both residues reduced the affinity-
fold, yielding a value comparable to that found with the splice
insert intact. The marked binding increase caused by the
removal of splice insert B, along with the subsequent
reduction of binding upon the mutation of the two flanking
residues, suggested a mechanism by which a focal point of
the neuroligin surface binding f@-neurexin is in the vicinity
of this sequence containing the alternative splice region B
(Table 2).

DISCUSSION

The multiple genes encoding tifeneurexins and neuro-
ligins produce an even greater variety of gene products
through alternative splicing and post-translational modifica-
tions of the attached oligosaccharide. We characterize here
the oligomeric state of the extracellular domain of NL1
NL4, describe the binding specificity among different
neuroligins angi-neurexins, and define the role that different
splice inserts in both families of proteins play in the affinity
and specificity of the heterologous association. The multi-
plicity of products with different affinities reveals that an
intricate recognition code exists among different neuroligins
and -neurexins.

SPR provides a more quantitative approach toward mea-
suring proteir-protein interactions in real time, kinetically
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Ficure 6: SPR analysis of NL2NL4 binding to NX13-1 and NX3-3. Different neuroligins were injected over immobilized N1 and

NX15-3 as described in Figure 5. A single nonsaturating curve for each injection series was chosen to illustrate the neuroligin specificity
for the two NX15 isoforms. The bar graph illustrates the ratio between the signals generated frofaINd&tsus NXB-3 among various
neuroligins. Note that, whereas NL1 has a higher affinity for §X1 NL2—NL4 have a higher affinity for the NX3-3 form.
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Ficure 7: Genomic structure of the alternatively spliced insert A in neuroligins and sequences of the alternative inserts. (A) NL1 and NL3
show inserts Aand A with close but not identical sequences. Note also the complete divergence betwearatitk 4 sequences. (B)

Sequence of the splice insert B of NL1 flanked by five residues on each side. Numbering above the sequence denotes mutated residues
cited in the text and in Table 2.

Table 2: Selectivity of NL1 and NL2 Splice Variants and Mutants

for NX152

fold of wild type®

NL2-615A wild type
NL2-615AA

NL1-638A,; (wild type)

NL1-638-AA
NL1-638A
NL1-638A;-AB
NL1-638-A(A&B)

NL1-638A;-AB-E297A/K306A

NL1-638A;-N303D

1
1.05+0.1

1
0.55+0.2
0.64+0.3
9.22+ 3.5
5.961+ 2.2
2.13+0.3
2.33+ 0.5

aThe upper portion of the table shows the relative affinity between
NL2-615A (referred as the wild type) and the splice alternative devoid
of the insert at position A. The lower portion of the table shows the
relative affinity among the five possible splice alternatives of NL1-
638 and two related mutantsA; and A specify the presence of the
two alternative insertsAA and AB refer to the cDNAs devoid of the

respective inserts.

altered by the ionic strength of the buffer and requiré"Ca
at concentrations similar to those in the extracellular environ-
ment @, 14, 18). We were able to demonstrate, with a
standard error of 15% for the bound NL1 signal among
independent experiments, that precision is sufficient for the
guantitation of bound species and estimating dissociation
constants. Reversing the phase orientation for the partnering
proteins also yielded the same rank order of affinities for
the complexes but with less precision and reproducibility
when neuroligin is the tethered protein (see the Supporting
Information).

Analytical ultracentrifugation established that the proteins
used for SPR experiments were substantially homogeneous
when associating with the detection surface. By comparison,
pulldown and cell-based assays are limited in their quantita-
tive end points, time resolution, and flexibility in adjusting
experimental parameters.

and at equilibrium. Achieving accurate measurements relies  The individual neuroligins have high amino acid sequence

on the initial purification and characterization of the two
proteins. In uitro B-neurexin-neuroligin interactions are

identities ¢~70%) in their extracellular domains. Neverthe-
less, divergent amino acids are the main determinants of
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B-neurexin binding affinity, spanning over 2 orders of to model theS-neurexin association, consistent with the
magnitude. The high affinity that only NL1 shows for biochemical and hydrodynamic data presented here. Inserted
B-neurexin explains why NL1 was first isolated by affinity peptides encoded by splice inserts A and B are found close
chromatography witlB-neurexin as the immobilized phase to each other in the three-dimensional structure, whereby both
(18). In addition, the recent identification of NL2 at inhibitory  could contact the surface of a single neurexin molecule.
synapses1(1, 12) and outside the central nervous system However, these splice inserts are well-removed from Arg473
(10) suggests that neuroligins may have selective partners(22), suggesting that the 473 position could influence
within the neurexin family. Consistent with these findings, neuroligin association by allosterically modifying the overall
we found that at the molecular level NL2 is functionally subunit conformation or by neurexin crossing the subunit
different from NL1, NL3, and NL4. However, in several cell- interface to interact with both subunits in the neuroligin
based assays, NL1 and NL2 displayed comparable activity dimer. In either arrangement, the 2:2 stoichiometry prevails
(3, 4, 12). NL3-R471C, a mutant that is characterized by and each binding surface could directly involve the region
defective processing, export to the cell membrane, and low flanking and encompassing splice site B and possibly a region
pB-neurexin affinity 2, 34), is able to stimulate synaptogen- close to Arg473 Z2). Hence, the intrinsic dimerization
esis, albeit at a lower level compared to the wild-type protein capacity of the neuroligins, along with their capacity to
(13). Thesein vivo data suggest that the inherent plasticity associate with two neurexin molecules, provides the extra-
of the cellular environment, in conjunction with enhanced cellular framework for the clustering of these molecules.
expression, could minimize differences in affinity and cellular Neurexin and neuroligin both contain PDZ-binding motifs
localization that exist at the molecular level. (16) on their cytoplasmic domains that, in turn, enable the
The three-dimensional structure offaneurexin module  cytoplasmic association of the respective adhesion molecules
indicates that splice insert 4 is located in the long loop with PDZ containing molecules at the pre- and postsynaptic
connecting3 strands 10 and 11. Structural predictions suggest surfaces.
that the 30 amino acid long insert can form two helices that  Genetic studies involving autistic patients have revealed
likely alter the overall secondary structure of the LG domain specific chromosomal mutations that coincide with the
(17). Monitoring association by the more sensitive SPR |ocation of NL1 and NL2 genes3g, 40). Recent studies
technology demonstrates that the presence of splice insert 4eported that a single missense mutation of NL3 and several
in B-neurexins does not abolish the binding of NL1. other chromosomal deletion or point mutations of the NL4
Moreover, the presence of the 30 amino acid insert slightly gene were found in siblings with autism spectral disorders
increased the binding specificity for other neuroligins, and mental retardatiod{—45). Because these genetic data
indicating that the inhibitory role of splice insert 4 might be strongly link the neuroligins and autism spectral disorders,
directed solely toward high-affinity binding with NL1, therein  they illustrate the pivotal importance of understanding
altering a rank order of selectivity for the neuroligins. The stoichiometry and the surface of the association of the gene
extent to which these binding differences alter thesizo products to unravel the full adhesive function of these
function of the neuroligifi-neurexin association is just synaptic molecules2@, 46). Moreover, the fidelity of the
starting to emerge3f); however, these results establish that sequence conservation across species and within members
the primary sequence of the neuroligins is a primary of the neuroligin and neurexin gene families, the rank
determinant for the affinity for NXa. ordering of affinities between partnering molecules, and their
The inhibitory role of the oligosaccharide carried by splice common mode of attachment to membranes support the
insert B was extensively studied in bath andj-neurexins  concept of a multifaceted code for association between pre-
(14, 15). We now establish that, with NL1, a much larger and postsynaptic partnering proteins.
increase in affinity foy3-neurexin results upon the complete
removal of the eight residue insert. When these data are takerACKNOWLEDGMENT
together, they show a two-step, post-transcriptional mecha- . . .
nism that could be specifically modulated by cell type, where e thank Dr. Sergio Gloor at the Swiss Federal Institute
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