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Synaptic adhesion-like molecules (SALMs) are a newly dis-
covered family of adhesion molecules that play roles in synapse
formation and neurite outgrowth. The SALM family is com-
prised of five homologous molecules that are expressed largely
in the central nervous system. SALMs 1-3 contain PDZ-binding
domains, whereas SALMs 4 and 5 do not. We are interested in
characterizing the interactions of the SALMs both among the
individual members and with other binding partners. In the
present study, we focused on the interactions formed by the five
SALM members in rat brain and heterologous cells. In brain,
we found that SALMs 1-3 strongly co-immunoprecipitated
with each other, whereas SALMs 4 and 5 did not, suggesting that
SALMs 4 and 5 mainly form homomeric complexes. In heterol-
ogous cells transfected with SALMs, co-immunoprecipitation
studies showed that all five SALMs form heteromeric and homo-
meric complexes. We also determined if SALMs could form
trans-cellular associations between transfected heterologous
cells. Both SALMs 4 and 5 formed homophilic, but not hetero-
philic associations, whereas no trans associations were formed
by the other SALMs. The ability of SALM4 to form tramus inter-
actions is due to its extracellular N terminus because chimeras
of SALM4 N terminus and SALM2 C terminus can form trans
interactions, whereas chimeras of SALM2 N terminus and
SALM4 C terminus cannot. Co-culture experiments using HeLa
cells and rat hippocampal neurons expressing the SALMs
showed that SALM4 is recruited to points of contact between
the cells. In neurons, these points of contact were seen in both
axons and dendrites.

Critical steps in the development of the nervous system,
including cell migration, neurite outgrowth, growth cone guid-
ance, and synapse formation, depend on cellular interactions
mediated by adhesion molecules (1-4). A number of adhesion
molecules that are essential to the proper development of the
nervous system have been identified (5-7). The importance of
these molecules is illustrated in cases of dysfunctional adhesion
molecules that have been associated with specific disorders in
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humans, including SLITRK1 in Tourette syndrome (8) and
neuroligin in autism (9, 10). Whereas our understanding of the
role of adhesion molecules in neuronal development is rapidly
increasing, little is known about their functions, and it is likely
that many remain to be identified.

Synaptic adhesion-like molecules (SALMs)? are a recently
identified class of adhesion molecules that are highly enriched
in brain (11-13). All five members of the SALM family contain
extracellular leucine-rich repeats (LRR), an immunoglobulin
C2-like (IgC2) domain, a fibronectin type III (FNIII) domain, a
transmembrane domain, and a cytoplasmic C-terminal tail.
SALMs 1-3 contain a C-terminal PDZ-binding domain (PDZ-
BD), which associates with the PSD-95 family of proteins (11—
13). SALMs are expressed early in the developing nervous sys-
tem and persist into adulthood. They are present at the synaptic
membrane as well as at non-synaptic locations. SALM1 over-
expressed in cultured hippocampal neurons 4 days in vitro
enhances neurite outgrowth. SALM1 also enhances the surface
expression of N-methyl-p-asparatate receptors, and this may
involve either a direct SALM/N-methyl-p-asparatate receptor
interaction or an indirect interaction through a PDZ protein
(11). Overexpression of SALM?2 increases the number of exci-
tatory synapses and dendritic spines, whereas knock-down of
SALM2 decreases the number of excitatory synapses and spines
(12). Thus, SALMs, like other adhesion molecules, have multi-
ple functions in the nervous system.

The function of adhesion molecules depends on their asso-
ciations with binding partners through their extracellular
domains. They can form trans interactions across cellular junc-
tions or cis interactions within the same membrane. These
trans interactions can be homophilic as in the case of cadherins
(14), heterophilic as in the case of neuroligin/neurexin (15, 16),
or mediated by an interaction with a secreted molecule as is the
case for Slit/Robo (17). In addition, adhesion molecules can
form homomeric cis associations, like the nectins (18), or het-
eromeric cis associations like axonin-1 with NgCAM (19, 20).
In this study, we investigated the associations formed between
SALM family members. All five SALMs formed homomeric or
heteromeric complexes when co-expressed in heterologous
cells. However, only SALMs 4 and 5 formed trans associations.

2The abbreviations used are: SALM, synaptic adhesion-like molecule; LRR,
leucine-rich repeat; FN, fibronectin; PDZ-BD, PDZ-binding domain; HA,
hemagglutinin; aa, amino acid(s); TBS, Tris-buffered saline; PBS, phos-
phate-buffered saline.
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EXPERIMENTAL PROCEDURES

SALM 1-5 cDNA Constructs—Cloning of the SALM family
members was previously described (11). The PCR products
were subcloned into the Topo vectors (Invitrogen), and then
into the mammalian expression vector pcDNA3.1 (Invitrogen).
The SALMs were epitope tagged by inserting a Myc tag
(EQKLISEEDL) or hemagglutinin (HA) tag (EYPYDVPDYA)
after the predicted signal peptide using the QuikChange site-
directed mutagenesis method (Stratagene). The Myc tag was
inserted into the sequence of SALM1 before residue 21, the
SALM2 Myc tag and HA tag were inserted before residue 33,
and SALM4 was Myc-tagged before residue 24. The C-terminal
deletion of SALM1 (Myc-SALM1ACT) was constructed by
inserting a stop codon immediately after the transmembrane
domain, resulting in termination at Lys®>®. The Myc-SALM1A4
and Myc-SALM2A7 constructs were also generated using
QuikChange mutagenesis by inserting a stop codon before the
PDZ-binding motif, resulting in a 4-amino acid truncation of
SALM1 and 7-amino acid deletion of SALM2. SALM5 pGW 1
was a gift from Dr. Eunjoon Kim (KAIST, Korea) (12).

Chimeras of SALM2 and SALM4 were made by creating a
BamHI site after the transmembrane domain of SALM2 and
SALM4. A single amino acid was changed in the HA-SALM?2
(D574S) and the Myc-SALM4 (G566S) constructs for subclon-
ing purposes. The C-terminal region of each construct was then
excised and exchanged by utilizing the BamHI and EcoRI sites
from the multiple cloning site in the pcDNA3.1 vector.

Anti-SALM Antibody Characterization and Purification—
Peptides were synthesized (Princeton Biomolecules, Lang-
horne, PA) and conjugated to keyhole limpet hemocyanin
through a cysteine added to the N terminus of the peptide.
Antisera were produced in rabbits (Covance, Denver, PA).
Antibodies were purified using antigen affinity columns with
peptides coupled to SulfoLink gel (Pierce) following the
manufacturer’s instructions. The peptide sequence used for
generating a SALM1 N-terminal antibody was [NH,]-NSTSR-
MAPPKSRLS-[COOH] (amino acids (aa) 384 —397) and that for
the C-terminal antibody was [NH,]-GAGTSSRGHHSDREPL-
[COOH] (aa 683—698). SALM2 N-terminal antibody was [NH,]-
GSSDIATPGRPGAN-[COOH] (aa 407-420), SALM2 C-termi-
nal antibody was [NH,]-CEETSGEESRAMTGPRR-[COOH] (aa
651-666), SALM3 N-terminal antibody was [NH,]-TSAEGGRP-
GPSDI-[COOH] (aa 377-389), SALM3 C-terminal antibody was
[NH,]-CRGVGGSAERLEESVV-[COOH] (aa 621-636, PDZ
binding motif), SALM4 N-terminal antibody was [NH,]-CDPPR-
DGEPDAGTP-[COOH] (aa 397—-410), SALM4 C-terminal anti-
body was [NH,]-CEPWGPSHEPAGP-[COOH] (aa 614—626),
SALMS5 N-terminal antibody was [NH,]-NASSSNGDTKMSQD-
K-[COOH] (aa 406 —420), and SALM5 C-terminal antibody
was [NH,]-KRKTGTKPSAEPQSE-[COOH] (aa 644 —658).

An antibody that recognizes the leucine-rich repeats of the
SALMs was made by expressing the SALM2 LRR (residues
38-297) as a glutathione S-transferase fusion protein. The LRR
region of SALM2 was subcloned into the BamHI site of
PGEX4T-1 (GE Healthcare), which contained an N-terminal
glutathione S-transferase tag. The construct was transformed
into chemically competent BL21 DE3 star Escherichia coli
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(Invitrogen) according to the manufacturer’s instructions. Pro-
tein expression was induced with isopropyl B-p-thiogalacto-
side, cultures were centrifuged and each isolated cell pellet was
resuspended in Tris-buffered saline (TBS) (15 mm Tris-Cl, 150
mMm NaCl, pH 7.4), supplemented with protease inhibitors
(Complete tablets, Roche Applied Sciences), and lysed with 100
mg/ml lysozyme (Sigma). Then 15 mwm dithiothreitol, 10 mm
EDTA, and 1.5% Sarkosyl were added. After high-speed centrif-
ugation (125,000 X g for 60 min at 4 °C), the Sarkosyl was neu-
tralized with a final concentration of 2—4% Triton X-100. The
protein was purified on a glutathione-Sepharose column (GE
Healthcare) and eluted with 15 mMm glutathione. Eluate was con-
centrated using a Centricon filter (Amicon/Millipore, Bedford,
MA) and dialyzed against PBS overnight at 4 °C.

Transient Transfection Studies—HEK293 fibroblasts were
plated at 20—-30% confluence and maintained at 50 -90% con-
fluence in Dulbecco’s modified Eagle’s medium (Invitrogen)
containing heat-inactivated fetal bovine serum (Invitrogen), 2
mM L-glutamine, and 1 mM sodium pyruvate. Cells were tran-
siently transfected with expression constructs using a calcium
phosphate precipitation protocol (21). To enhance transfection
efficiency, an equimolar amount of pAdVantage (Promega,
Madison, WTI) was present during transfection. Cells were col-
lected 48 h post-transfection and lysed with RIPA buffer (10%
glycerol, 1% Nonidet P-40, 0.4% deoxycholate, 0.05% SDS, 150
mM NaCl, 5 mM EGTA, and 5 mm EDTA in 50 mm Tris, pH 7.4,
plus protease inhibitors). Lysates were cleared by ultracentrif-
ugation (110,000 X g for 30 min at4 °C) and 500 ug was used for
immunoprecipitations. Protein concentration was quantified
using the BCA assay (Pierce).

Immunoprecipitation and Western Blotting—Rat brain tis-
sues were homogenized in 50 mm Tris-HCI, pH 7.5, with pro-
tease inhibitors (Complete tablets, Roche). The tissue was
stored as homogenate at —80 °C or solubilized with 1% sodium
deoxycholate. The solubilized protein was incubated with
detergent at 37 °C for 45 min, and then centrifuged to isolate
the soluble fraction (110,000 X g for 30 min at 4 °C). For immu-
noprecipitations, 5 ug of antibody was added to 500 ul of the
membrane fraction and incubated with prewashed protein
A/G-agarose beads (Pierce) for 4 h at 4 °C. Immunoprecipita-
tions were carried out with SALM antibodies or the corre-
sponding nonspecific control antibodies, such as mouse or
rabbit IgG (Jackson ImmunoResearch Laboratories or
Zymed Laboratories Inc., respectively). Resin pellets from
immunoprecipitations were washed extensively with 500
mM NaCl/TBS, 0.1% Triton X-100/TBS, and TBS, resus-
pended in 2X SDS loading buffer, heated at 95 °C for 5 min,
then resolved by SDS-PAGE on 10 or 4-20% Tris glycine gels
(Invitrogen) and transferred to polyvinylidene difluoride
membranes. Immunoblotting was performed using peroxi-
dase-coupled secondary antibodies (GE Healthcare) and
chemiluminescence (Amersham Biosciences ECL Plus).
Antibodies were stripped by incubating the membrane in
buffer containing 62.5 mm Tris-Cl, pH 6.7, 2% SDS, and 20
mM dithiothreitol when reprobing was necessary.

Immunocytochemistry—HeLa cells were transiently trans-
fected with expression constructs using calcium phosphate
precipitation. For surface staining, HeLa cells were washed with
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cold PBS (supplemented with 1 mmM magnesium and 0.1 mMm
calcium) (PMC), and incubated on ice with primary antibodies
for 1 h. Cells were washed, blocked with 10% normal goat serum
and 1% bovine serum albumin in PMC, and incubated with
Alexa 568 secondary antibody (Invitrogen) on ice for 30 min.
Cells were then fixed with 4% paraformaldehyde at room tem-
perature, washed with PBS, and processed for total staining. For
total staining, cells were permeabilized with 0.1% Triton X-100/
PBS for 5 min, blocked with 10% normal goat serum in PBS for
1 h, incubated with primary antibody, and stained with Alexa
488 or 568 secondary antibodies (Invitrogen). Total staining
was performed at room temperature. Coverslips were mounted
onto slides using ProLong Antifade mounting media (Invitro-
gen). For co-culture experiments in HeLa cells, SALMs were
transiently transfected using calcium phosphate precipitation
and incubated overnight at 37 °C. Cells were then washed with
PBS, trypsinized, and replated with HeLa cells expressing a dif-
ferent family member. Cells were fixed and permeabilized for
total staining after 24 h of incubation. For co-culture experi-
ments with hippocampal neurons and HeLa cells, neurons were
cultured as previously described (11, 22); co-culture methodol-
ogies are reviewed by Biederer and Scheiffele (23). Neurons
were transfected with SALM cDNA at 7 days in vitro using
calcium phosphate precipitation (Clontech, Palo Alto, CA).
Twenty-four hours after transfection, HeLa cells transfected
with the same SALM family member were plated on top of the
neurons. Cells were incubated overnight at 37 °C and then pro-
cessed for total staining. Images were acquired using the X60 or
X40 oil objective of an E-1000 Nikon microscope or X63 objec-
tive of an LSM 510 confocal microscope.

Antibody Assay—HeLa cells that were transfected with Myc-
SALM4 were treated for 24 h with anti-LRR, anti-SALM4-CT,
or anti-Myc antibodies (9E10, American Type Culture Collec-
tion, Manassas, VA). Myc-SALM2-transfected cells were
treated with anti-Myc antibodies as a control. After 24 h, the
cells were surface stained with anti-Myc antibodies, fixed, and
processed for total staining. Antibodies directed toward the C
termini of SALM2 and SALM4 (anti-SALM2-CT and anti-
SALM4-CT) were used for total staining.

Calcium Dependence Adhesion Assay—To determine the
effect of calcium on SALM trans interactions, we followed pre-
viously published protocols (24, 25). HeLa cells were trans-
fected with SALM4 using Lipofectamine 2000 (Invitrogen/
GIBCO) to minimize the presence of calcium. Cells were either
switched to calcium-free Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with heat-inactivated fetal bovine
serum, 2 mM L-glutamine, and 1 mM sodium pyruvate 24 h after
transfection or maintained in normal Dulbecco’s modified
Eagle’s medium (containing heat-inactivated fetal bovine
serum, 2 mM L-glutamine, and 1 mm sodium pyruvate). Twenty
hours after addition of calcium-free media, cells were processed
for total staining (24). Cells that were maintained in normal
media were treated with 0.1 mm EGTA for 30 min at 37 °C and
processed for total staining (25). All cells were stained with an
antibody directed toward the C terminus of SALM4.

Light and Electron Microscopy—Pre-embedding light/elec-
tron microscope methods for immunoperoxidase labeling have
been described previously (26 —28). HeLa cells were fixed and
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processed for immunoperoxidase labeling using the Vectastain
ABC kit and 3,3'-diaminobenzidine peroxidase substrate kit
(Vector Laboratories, Burlingame, CA). After the 3,3'-diami-
nobenzidine reaction, cultures were re-fixed in 2% glutaralde-
hyde in 0.1 M cacodylate buffer and then in 1% osmium tetrox-
ide in the same buffer, then dehydrated in an alcohol series and
embedded in epon. The glass coverslip was dissolved with
hydrofluoric acid prior to thin sectioning for electron micros-
copy. Two separate experiments were conducted. In the first
experiment, a series of HeLa cells cultures, transfected with
Myc-SALM4, were fixed via three different protocols: 4%
paraformaldehyde, 4% paraformaldehyde + 0.1% glutaralde-
hyde, and 2% glutaraldehyde. All cultures were labeled with the
Myc antibody and processed for 3,3'-diaminobenzidine as
noted above. Labeled cells and adjacent control cells that lacked
labeling were photographed with a light microscope and then
cut out of the epon block and examined with electron micros-
copy. Structures visible with electron microscopy were
matched to the corresponding structures seen in the light
microscope images. We also ran another experiment in which
HeLa cells were plated at three different densities and trans-
fected and processed as above, except that we used the SALM4
C-terminal antibody instead of the Myc antibody. These cells
were fixed with 4% paraformaldehyde and permeabilized
with 0.1% saponin (26). Control coverslips that lacked the
primary antibody showed no labeling. Results of this latter
study are not shown, but were similar to those described for
the study done with the Myc antibody.

For immunogold labeling, sections of the rat brain were pro-
cessed as described previously (28, 29). Rats were perfused with
4% paraformaldehyde plus 0.5% glutaraldehyde, then frozen
sections were freeze-substituted in a Leica AFS (Vienna, Aus-
tria), infiltrated with Lowicryl HM-20 resin, and thin sections
were labeled with primary antibody followed by immunogold
(Ted Pella, Redding, CA). Sections of hippocampus from P10
and P35 rats were labeled with SALM4 C-terminal antibody at
3.8 ug/ml and 10 nm immunogold. In another study, sections
from hippocampus, cerebellum, and olfactory bulb of two P37
rats were labeled with the antibody at 10 ug/ml and 10 nm
immunogold. Control sections (hippocampus) lacking the pri-
mary antibody showed only rare gold. All figures were pro-
cessed in Adobe Photoshop with minimal use of levels, bright-
ness, and contrast features, which were employed uniformly
over the images. All animal procedures were done in accord-
ance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (National Institutes of Health
publication 85-23) under National Institute on Deafness and
Other Communication Disorders protocol 1167-07.

RESULTS

SALM Antibody Characterization—A series of antibodies to
the individual SALMs were used to characterize the interac-
tions between SALMs 1-5. To determine antibody specific-
ity, the family members were subcloned into mammalian
expression vectors and transfected into HEK293 cells. SALM
lysate was examined on an SDS-PAGE gel, and Western blots
were probed with anti-SALM1-5 antibodies (supplemental
Fig. S1). All of the SALM antibodies used in this study were
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FIGURE 1. SALMs form complexes in brain and heterologous cells. A, rat forebrain (P15) was solubilized with
1% deoxycholate. Proteins were immunoprecipitated with anti-SALM 1-5 antibodies or control 1gG and

probed with anti-SALM antibodies (SALM1-SALM5 = S1-55). SALMs 1-3 form h

SALMs 4 and 5 do not strongly co-immunoprecipitate with SALMs 1-3 from rat brain lysate, suggesting that
SALMs 4 and 5 may function as homomeric complexes in brain. B, a longer exposure time of the second panel

in A indicates that SALM2 also co-immunoprecipitates with SALM1 and SALM

association with SALM3. C, SALM1 was co-transfected with SALMs 2-5 in HEK293 cells (transfections shown in
columns above the panel; input = immunoblots of the lysates). Proteins were solubilized with RIPA buffer and

immunoprecipitated with anti-SALM1 antibodies or control rabbit IgG. Blots we

1-5. SALMs 2-5 co-immunoprecipitate with SALM1, indicating that all the SALMs can form heteromeric com-
plexes when expressed together in HEK293 cells (asterisk indicates a nonspecific band). D, Myc-SALM1 (STM) or

Myc-SALM1A4 (STMA4), which we have previously shown is not expressed

co-transfected with SALM4. Both co-immunoprecipitate with SALM4, suggesting that SALM1 can form a com-

plex with SALM4 within intracellular compartments.

specific to the individual SALM to which the antibody was
directed, except the SALM3 C-terminal PDZ-BD antibody,
which recognized both SALM1 and SALM3. The calculated
molecular masses of the SALMs range between 65 and 85
kDa. However, the SALMs were detected at higher molecu-
lar masses between 82 and 116 kDa on Western blots, sug-
gesting that they undergo extensive post-translational mod-
ification. Digestion with N-glycosidase indicated that the
SALMs are N-linked glycosylated (supplemental Fig. S1; data
not shown).

SALMs Form Homomeric and Heteromeric Complexes—To
examine SALM complex formation in the brain, we performed
immunoprecipitations from rat brain solubilized in 1% deoxy-
cholate (Fig. 14). SALMs 1-3 formed heteromeric complexes
with each other. Whereas SALM2 and SALM3 strongly associ-
ated in brain, a longer exposure time of the second panel in Fig.
1A showed that SALM2 also weakly co-immunoprecipitated
with SALMs 1 and 5 (Fig. 1B). However, SALMs 4 and 5 mostly
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after cell lysis. The SALMs did not
co-immunoprecipitate together if
lysate from cells expressing one of
the SALMs alone was mixed with
lysate expressing another (data not
shown).

We have shown previously that
Myc-SALM1A4 is not expressed
on the surface of heterologous
cells (11). Co-expression of Myc-
SALM1A4 with other SALM family
members also does not result in its sur-
face expression (data not shown). Both
Myc-SALM1 and Myc-SALM1A4 co-
immunoprecipitated with SALM4
when co-transfected in HEK293
cells (Fig. 1D), indicating that the
SALMs can form heteromeric complexes within intracellu-
lar compartments before they reach the cell surface. These
results suggest that SALMs on the cell surface are present in
cis configurations.

The SALM Family Members Associate through Their
Extracellular N Termini—The SALMs also formed homo-
meric complexes. HA-tagged SALM2 co-immunoprecipi-
tated with Myc-tagged SALM2 when both constructs were
co-transfected in HEK293 cells (Fig. 24). Therefore, the
SALMs were able to form homomeric complexes, as well as
heteromeric complexes with other SALM family members.
To examine whether the SALMs associate through an extra-
cellular interaction, a SALM1 construct with a C-terminal
truncation was expressed in HEK293 cells with full-length
SALMs 1-4 (Fig. 2B). Deletion of the SALM1 C terminus did
not disrupt the ability of full-length SALMs 1-4 to associate
with SALM1 (Fig. 2B), demonstrating that SALM1 can form
homomeric and heteromeric complexes through its extra-
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re then probed with anti-SALM
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FIGURE 2. SALM family members associate through their extracellular N termini. A, full-length HA-tagged
SALM2 was co-transfected with full-length Myc-SALM2. Proteins were solubilized and immunoprecipitated
(IP) with anti-HA or anti-Myc. HA-SALM2 co-immunoprecipitates with Myc-SALM2. B, Myc-SALMTACT
(STMACT) was co-transfected with full-length SALMs 1-4. Proteins were solubilized with RIPA buffer. Myc-
SALM1ACT was immunoprecipitated with anti-Myc antibodies and blots were probed with antibodies
to SALMs 1-4. All four SALMs co-immunoprecipitate with Myc-SALM1ACT (arrowhead indicates full-length
SALM1). C, immunoprecipitation of SALMs 2-4 from the same lysate also shows that Myc-SALMTACT co-
immunoprecipitates with the full-length SALMs. These results suggest that the SALMs interact with each other

through their extracellular N-terminal domains.

cellular domain. When SALMs 2—4 were immunoprecipi-
tated, SALM1ACT was co-immunoprecipitated (Fig. 2C).

SALMs 4 and 5 Form Homophilic Complexes Across Cell
Junctions—We next examined whether the SALMs interacted
with each other in trans, across cellular junctions. SALMs were
singularly transfected in HeLa cells that were plated on cover-
slips. The cells were fixed, detergent permeabilized, and stained
for SALMs 1-5 to determine whether the SALMs associated
between neighboring cells (Fig. 34). SALMs 1-3 did not appear
to form any interactions across cell junctions. Similar to our
results, the ectodomain of SALM2 fused to alkaline phospha-
tase did not bind SALM2 expressed on the surface of heterolo-
gous cells (12). However, clusters formed between the cell
membranes of adjacent cells expressing SALM4 or SALM5
(Fig. 3A, arrowheads). This clustering was also detected
between cells when an N-terminal SALM4 antibody was used
to stain for surface expression (Fig. 3B). Immunoperoxidase
staining and electron microscopy showed clusters between
SALM4-transfected HeLa cells as well (Fig. 3C). A major differ-
ence between SALMs 4 and 5 and SALMs 1-3 is the presence of
PDZ-BDs on the C termini of SALMs 1-3. To determine
whether the absence of a PDZ-BD in SALMs 4 and 5 was
responsible for their forming trans-cellular links, we deleted the
PDZ-BDs of SALMs 1 and 2. Deletion of the SALM1 or SALM?2
PDZ-BDs did not cause the appearance of clusters between
cells (Fig. 3D).

Because SALMs can form heteromeric as well as homomeric
complexes, we determined if SALMs could also form trans-
cellular heterophilic associations. We transfected HeLa cells
with a single SALM family member and incubated the cells for
24 h. Cells were then trypsinized and replated with cells
expressing another SALM family member. Again, cell cluster-
ing occurred only between adjacent cells that contained
SALM4 or SALMS5 (Fig. 3D, arrowheads and insets). No clus-
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through their N-terminal domains,
the ability of SALMs 4 and 5 to form
trans-cellular complexes could be
regulated by either their N- or
C-terminal domains. The SALMs
are highly homologous in their N
termini but very different in their C
termini, raising the possibility that
either domain is responsible for the
trans associations of SALMs 4 and 5. To determine which
domains were involved, we constructed chimeras of SALM2,
which does not form trans associations, and SALM4, which
does form trans associations. By switching the extracellular
domains of SALM2 and SALM4, we found that a chimera con-
taining the SALM4 N terminus and the SALM2 C terminus
formed clusters, but that a chimera of the SALM2 N terminus
and SALM4 C terminus did not (Fig. 4A). These results indicate
that the SALM4 N terminus is needed for cluster formation,
and that the N termini of the SALMs determine the type of
extracellular associations in which they participate. The ability
of SALMs 4 and 5 to form trans associations is not dependent
on calcium. Both SALMs still formed trans-cellular interac-
tions when HeLa cells expressing SALM4 (Fig. 4B) or SALM5
(data not shown) were incubated in calcium-free media or
treated with EGTA. These treatments disrupt calcium-depend-
ent intercellular interactions of presenilin-1 and the cadherins
(24, 25).

To further show that the extracellular region was involved in
the formation of SALM4 trans-cellular complexes, we made an
antibody to the LRR region of the SALMs and compared treat-
ment of transfected SALM4 cells with this antibody to treat-
ment with a C-terminal antibody. If the N terminus is involved
in the trans-cellular associations of SALMs 4 and 5, such an
antibody may disrupt the interaction. The anti-LRR antibody
interacted with the extracellular domains of all SALMs
expressed in heterologous cells (data not shown) and showed
enriched surface staining at regions of SALM4 clustering
between cells (Fig. 54, arrowhead). HeLa cells transfected with
Myc-SALM4 were treated for 24 h with anti-LRR or anti-
SALM4-CT antiserum, added directly to the culture medium.
Cells were surface stained with a Myc antibody and total stain-
ing was detected with anti-SALM4-CT antibodies (Fig. 5B).
The anti-LRR antibody inhibited trans associations between
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FIGURE 3. SALMs 4 and 5 form homophilic complexes across cell junctions. A, Hela cells were transfected
with SALMs 1-4 individually, then permeabilized and stained. Polyclonal SALM antibodies were used to detect
the intracellular expression of the SALMs. Transcellular clusters form between cells containing SALMs 4 or 5
(arrowheads), but not between cells transfected with other SALMs. B, surface staining of HeLa cells containing
SALM4 with anti-SALM4-NT shows clustering between cells. C, Hela cells were transfected with Myc-SALM4
and surface labeled with mouse Myc antibody and immunoperoxidase. i, light microscope view of cluster of
transfected Hela cells and two non-transfected cells (n; bottom). Arrow indicates the intercellular junction
examined with electron microscopy at low magnification in ii, and high magnification in iii. Note in iii the places
where stained structures traverse the junction between the cells (arrowheads). Fine unstained filaments (some
the size of actin; asterisk) are associated with the plasma membranes of the cells. Scale bar is 35 umin i, 0.9 um
in i, and 100 nm iniii. D, total staining of cells transfected with Myc-SALM1A4 or Myc-SALM2A7 alone do not
show clustering at cell contacts, suggesting that the SALM4 and SALM5 homophilic complexes are not due to
the absence of a PDZ binding motif in the C termini of SALM4 and SALM5 of SALM4. Hela cells were then
transfected with one SALM family member, trypsinized, mixed with cells containing a second SALM, and
replated. Color pictures show SALM1 or SALM5 in green and SALMs 2-4 in red. SALMs 1-5 do not form hetero-
philic interactions between cells (arrow). However, SALM4 and SALM5 form clusters between cells in a
homophilic manner (arrowheads and insets).

homophilic trans-cellular associa-
tions in neurons. To address this,
HeLa cells and hippocampal neu-
rons were transfected with SALM4
and co-cultured. Enrichment of
SALM4 immunoreactivity in neu-
rons was clearly present at points of
contact between transfected HeLa
cells and neuronal processes (Fig. 6,
A-C). Based on morphological
characteristics, these processes
appear to include both dendrites
and axons (30). The accumulation
of staining appeared to occur when
SALM4-transfected neuronal pro-
cesses (Fig. 6, A-C) associated with
SALM4-transfected HeLa cells.
Neurons and HeLa cells were also
transfected with SALM1 or SALM2
and co-cultured. No indication of an
accumulation of either SALMI1 or
SALM2 was seen at points of con-
tact between neurons and HeLa
cells (Fig. 6, D and E), consistent
with our finding that these SALMs
did not form trans-cellular associa-
tions in heterologous cells. We did
not see an accumulation of SALM4
immunoreactivity at points of con-
tact between transfected neurons
and untransfected HeLa cells or
between untransfected neurons and
transfected HeLa cells (data not
shown). Whereas SALM4 is present
in untransfected hippocampal neu-
rons, the level may be insufficient to
detect accumulations at points of
contact with heterologous cells.
Ultrastructure of Native SALM4
in Rat Brain—In immunogold-la-
beled sections from the hippocam-
pus of P10 rats, and hippocampus,
cerebellum, and olfactory bulb of
young adult rats, SALM4 was local-
ized largely to the cell membrane of
neuronal processes (Fig. 7). At syn-
apses, these included both the syn-
aptic and extrasynaptic membranes

SALM4 expressing cells. In contrast, antiserum to the intracel-
lular, C-terminal region of SALM4 had no effect on the trans-
cellular associations of SALM4. On the other hand, treatment
of cells with anti-Myc antibodies enhanced Myc-SALM4 clus-
tering between cells (Fig. 5C). A similar treatment of cells
expressing Myc-SALM?2 induced clustering of SALM2. Thus,
Myc-tagged SALM2 can be induced to form trans-cellular asso-
ciations with the application of anti-Myc antibodies.

SALM4 Trans-cellular Clustering in Neurons—Our results in
heterologous cells suggest that SALMs 4 and 5 may form
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on both presynaptic and postsynaptic sides, as well as the cell
membrane of other structures such as neuron somas (Fig. 7D)
and myelinated axons (Fig. 7H). In many cases, plasma mem-
brane-associated gold could be found on both sides of adjacent
membrane appositions (Fig. 7, A-D, F, and G). Although gold
was also commonly seen in vesicular and tubulovesicular struc-
tures within the cytoplasm, a high prevalence of surface labeling
was evident from qualitative analysis; for example, in Fig. 7E,
about 80% of the gold in the micrograph labeled cell mem-
branes between cell processes (within 20 nm, considering the

VOLUME 283 +NUMBER 13-MARCH 28, 2008



SALMs Form Heteromeric and Homomeric Complexes

S4NT/S2CT

FIGURE 4. SALMA4 trans-cellular interactions are mediated by its extracellular domain. A, Hela cells were
transiently transfected with SALM2 and SALM4 chimeras tagged with HA or Myc at their N termini. Total
staining was detected with antibodies to the C termini of SALM2 and SALM4. Exchanging the extracellular

SALMs are present early in develop-
ment and they have been linked to
neurite outgrowth and synapse for-
mation (11-13). These properties
suggest that the SALMs play critical
roles in the formation and mainte-
nance of the central nervous system.
To determine more closely how the
individual SALMs may function, we
investigated whether SALMs can
form heteromeric and homomeric
complexes and whether they inter-
act in trams configurations. Our
results show that all five SALMs can
form heteromeric complexes when
co-expressed in heterologous cells,
but, in brain, heteromeric com-
plexes appear to be largely limited to
SALMs 1-3. This difference in
SALM association between brain
and overexpressing cells may be due
to a difference in expression of the
SALMs in brain cell types or loca-
tion, resulting in a lack of contact, or
a difference of SALM localization
within the same cell population,
such as synaptic versus extrasynap-
tic populations or different adhe-
sion sites. Interestingly, only two
members of the SALM family form
trans associations; in heterolo-
gous cells, SALMs 4 and 5 form
homophilic trans associations,
whereas such associations are not
seen with SALMs 1-3. These results
suggest that SALMs can be divided
into two groups, those that form
heteromeric complexes in brain but
do not form trams associations
(SALMs 1-3) and those that mainly
do not form heteromeric complexes
in brain but do form trans associa-
tions (SALMs 4 and 5). These find-
ings suggest different functional
roles and mechanisms for these two

domain of SALM2 with the N terminus of SALM4 induces the clustering of the SALM2 C-terminal region (inset).

However, replacing the extracellular domain of SALM4 with the N terminus of SALM2 prevents the clustering
seen with SALM4, suggesting that clustering is mediated by the SALM4 extracellular domain. B, Hela cells
transiently transfected with SALM4 were incubated in calcium-free media for 20 h (left panel) or treated with 0.1
mm EGTA for 30 min (right panel). In the absence of calcium, SALM4 expressing cells still form clusters between
cells, suggesting that SALM4 trans-cellular interactions are not mediated by a calcium-dependent mechanism.

theoretical spatial resolution of the method). These results sug-
gest that SALM4 occurs widely in and near cell junctions as well
as at non-specialized contacts formed between many neuronal
processes.

DISCUSSION

SALMs 1-5 comprise a family of adhesion molecules whose
expression is limited largely to the central nervous system. All
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populations.

The SALMs are members of a
larger family of adhesion molecules
that are characterized by extracellular
LRRs, and either Ig or FNIII domains
or both. These include, for example, AMIGO/Alivin (31, 32),
LINGO (33, 34), NGL (35), FLRT (36), NLRR (37-39), and PAL
(40). Structurally, NLRR and PAL, a retinal adhesion molecule, are
most similar to the SALMs in that they contain both Ig and FNIII
domains in addition to the LRRs. With the exception of NGL,
these molecules do not contain PDZ-BDs. All of these proteins are
reported to play a role in neurite outgrowth (41). Similar to the
proteins in this large family of molecules are the Slits and Robos,
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FIGURE 5. Inhibition of SALM4 clustering by an antibody to LRR. A, Myc-
SALM4 was transfected into Hela cells, and surface expression was detected
using an antibody directed against the SALM leucine-rich repeats (anti-LRR).
Intracellular SALM4 was detected with anti-Myc (see Total). Surface staining
indicates that the LRR antibody recognizes SALM4 intercellular clusters
(arrowhead). B, Hel a cells transiently transfected with Myc-SALM4 were treated
for 24 h with antisera directed against the SALM LRR or SALM4 C terminus (anti-
SACT), which served as a control. SALM4 surface staining was detected by anti-
Myc, and intracellular SALM4 was detected by anti-S4CT antibodies. SALM4 clus-
ter formation is largely inhibited by anti-LRR (1:250). However, SALM4 surface
clustering is not disrupted by application of anti-S4CT (1:250). C, treatment of
Myc-SALM4-transfected Hela cells with anti-Myc antibodies (1:1000) for 24 h
enhances SALM4 clustering (arrowheads). Anti-Myc antibodies also induce clus-
tering of the SALM2 C terminus (arrowheads, bottom panel) in Hela cells trans-
fected with full-length Myc-SALM2 (detected with anti-S2CT).

which contain LRR domains or both FNIII and Ig repeats in their
ectodomains, respectively. Slits are large secreted proteins
involved in axonal guidance, which requires their LRR region for
repellent signaling (17, 42—45). Interestingly, the Slits and Robos
have been shown to interact through the LRR region of the Slits
and the Ig domains of Robo (44 —47). The Slits have been shown to
dimerize through their LRR domain (46), whereas Robo family
members interact homophilically, as well as heterophilically
(47, 48).
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FIGURE 6. Recruitment of SALM4 in SALM-transfected heterologous cells
and hippocampal neurons. A-E, hippocampal neurons (7 days in vitro) were
transfected with SALMs 1-4 using calcium phosphate precipitation. Twenty-
four hours after transfection, Hela cells transfected with the same SALM were
plated on the neurons and allowed to incubate overnight. Cells were then
fixed and permeabilized for total staining. SALM4 expressing cells were trans-
fected with Myc-tagged or untagged SALM4 and stained with anti-Myc (red)
or anti-S4CT (green). A, near the soma of neurons, SALM4-transfected in Hela
cells induces an accumulation of labeling in putative dendrites of Myc-
SALM4-transfected neurons. B, along putative axons, contact between neu-
rons and Hela cells containing SALM4 induces enrichment of SALM4 at the
point of contact between SALM4-transfected neurons and Myc-SALM4-trans-
fected Hela cells (arrows). C, a similar enrichment occurs between the point of
contact between Myc-SALM4-transfected neurons and SALM4-transfected
Hela cells (arrows). D-E, clustering is not present in cells transfected with
SALM1 (D) or SALM2 (E).

Our results show that SALMs form homomeric or hetero-
meric complexes in brain and heterologous cells, although
SALMs 4 and 5 may largely form homomeric complexes in
brain. This suggests that the first step in the formation of func-
tional adhesion complexes is the formation of dimers, or possi-
bly higher order multimers. For SALMs 4 and 5, these complexes
would then form trans complexes with SALMs at apposing plasma
membranes. Whereas defining the precise nature of the com-
plexes formed requires further investigation, dimers are likely
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FIGURE 7. Ultrastructure of native SALM4 interactions in the brain using 10-nm immunogold labeling.
Labeling for SALM4 is found on the cell membrane of processes in the brain (arrowheads). A-C, P10 CA1 stratum
radiatum of the hippocampus. Note labeling at contacts between a dendrite and two unidentified small
processes in A and between postsynaptic spines and presynaptic terminals (pre) ofimmature synapses in Band
C.Labeling of internal, vesicular, and tubular vesicular structures (asterisks) is also evident. D-H, labeling in the
adult brain. In the olfactory bulb, labeling in D is shown between a mitral cell body and the extrasynaptic
membrane (also see inset) of an inhibitory synaptic terminal (identified by the pleomorphic vesicles and sym-
metric densities of the synapse) and in E and F on extrasynaptic membranes either between two olfactory
nerve terminals or between an olfactory nerve terminal and the postsynaptic dendrite in the center of the micro-
graphs. Whereas all plasma membrane-associated gold in E is extrasynaptic, F also shows an example of labeling
between the membranes within the edge of a synapse (also see inset). Examples of cell membrane labeling from the
granular layer of the cerebellar cortex include labeling on both sides of an attachment plaque between two granule
cell dendrites (G; also see inset) and on the cell membrane of a large myelinated axon (H). Small arrows indicate the
postsynaptic membrane (po) of synapses; my, myelin sheath. Scale bar is 100 nm (50 nm for insets).

We find that SALMs 4-and 5 form
homophilic trans associations when
expressed in HeLa cells. By express-
ing epitope-tagged SALM4 in neu-
rons and HeLa cells in co-cultures,
we show that SALM4 is concen-
trated at points of contact between
axons or dendrites and HeLa cells.
This suggests that SALM4 (and 5)
may form homophilic interactions
between neurons. Our EM immu-
nocytochemical data support this by
showing immunogold labeling on
both axonal and dendritic mem-
branes, in some cases with clear
apposition of gold particles. The
selectivity for homophilic trans
interactions of SALMs 4-and 5 is not
unprecedented. Classical cadherins
exhibit a much higher affinity for
trans homophilic interactions than
for trans heterophilic interactions
(14, 49). The specificity of these
interactions is also dependent
largely on the extracellular domains
of cadherins (49).

Whereas SALM4 is associated
with pre- and postsynaptic mem-
branes, our immunocytochemical
results show that SALM4 does not
appear to be enriched at the syn-
apse. The lack of enrichment of
SALM 4 at the synapse may be due
to the absence of a PDZ-BD. Syn-
CAM, an Ig domain adhesion mole-
cule that forms homophilic and
heterophilic interactions between
pre- and postsynaptic membranes,
recruits synaptic proteins in co-
cultures (50, 51). Like SynCAM,
SALMs 1-3 contain intracellular
PDZ-BDs that could play a role in
their recruitment and retention
at the synapse. Members of the
PSD-95 family of membrane-asso-
ciated guanylate kinases, and partic-
ularly PSD-95 itself, are highly
enriched at the postsynaptic density
and are thought to play a role in

formed through extracellular domains because SALMs can assem-
ble into heteromeric complexes in the absence of their C termini.
SALM4 also interacts with SALM1A4, which does not reach the
cell surface, indicating that it is possible for SALMs to interact with
each other in an intracellular compartment before they reach the
plasma membrane. We presume that the complexes formed in
intracellular compartments are precursors to SALM complexes
on the cell surface and that cis interactions between the SALMs are
present at the cell surface.
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clustering proteins with PDZ-BDs at the synapse. However,
whereas SALMs 1-3 are present at the PSD, their distributions
are more general than that of PSD-95 (11),® indicating a wider
distribution in neurons and functions at both synaptic and
non-synaptic locations. Whereas the differential synaptic
localization of the SALMs could indicate different roles at

3 R.S.Petralia, G.K. Seabold, Y.-X. Wang, and R. J. Wenthold, unpublished data.
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the synapse, all five SALMs are present at growth cones and
enhance neurite outgrowth when overexpressed.*

The SALMs are highly homologous in their extracellular
domains but have few similarities in their intracellular domains.
By constructing chimeras of SALMs 2 and 4, we show that the
ability of SALM4 to form trans associations is due to its extra-
cellular domain. Our data using an antibody to the LRR domain
support the idea that the LRR of SALMs is responsible for the
trans associations; however, it is possible that the Ig and FNIII
domains of SALMs are also involved in the trans associations
and/or that this antibody disrupts the extracellular interactions
of other adhesion molecules. We find that the trans interaction
formed by SALMs 4 and 5 is not dependent on calcium. Cal-
cium dependence is variable among neuronal adhesion mole-
cules. The LRR domain of FLRT has been reported to be
involved in homophilic cell sorting in a calcium-dependent
manner (52). Presenilin-1, cadherin, neurexin, and neuroligin
are also involved in calcium-dependent trans-cellular interac-
tions (24, 25, 53). However, similar to SynCAM (50), calcium
does not appear to regulate SALM4 or SALMS5 trans
associations.

Our results also do not suggest a direct role for the intracel-
lular domain in the formation of trans associations. Although
not directly involved in trams interactions, intracellular
domains of adhesion molecules have been shown to influence
extracellular interactions, as seen with integrins (54, 55). The
role of the intracellular domains of the SALMs remains to be
determined, but it is likely that they will be involved in functions
related to intracellular signaling and forming associations with
other proteins.

The enhanced clustering of SALM4 in response to applica-
tion of the Myc antibody is most likely due to the bivalent inter-
actions of a monoclonal antibody linking together SALM4
epitope-tagged extracellular domains. Alternatively, the anti-
body association may mimic ligand binding, causing a confor-
mational change of the extracellular domain. A change in
conformation might explain why SALM2 does not form trans-
cellular interactions under normal conditions, but treatment of
epitope-tagged SALM2 transfected cells with a Myc antibody
induces clustering of the SALM2 C terminus at cell junctions. A
similar change in ectodomain conformation has been suggested
for the Nogo receptor, a LRR containing receptor involved in
the inhibition of neurite outgrowth (56, 57). The crystal struc-
ture of the Nogo receptor ectodomain (56, 58), as well as bind-
ing assays (57), suggest that the LRR can form multimers. In
addition, the Nogo receptor LRR domain has been implicated
in trans interactions. Similar to our data indicating that an anti-
body to the SALM LRR domain inhibits SALM4 trans-cellular
associations, a monoclonal antibody to the third LRR of Nogo
receptor reverses the inhibition of neurite outgrowth by myelin
and blocks binding of the Nogo receptor ligands Nogo, myelin-
associated glycoprotein, and oligodendrocyte-myelin glycopro-
tein (59).

The cisassociations formed by the SALMs may also influence
their ability to form trans complexes. For example, the L1 chick

4P.Y.Wang, G. K. Seabold, and R. J. Wenthold, unpublished data.
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homolog NgCAM forms homophilic trans interactions across
the extracellular space through its N-terminal Ig domains 1-4,
but also forms a heteromeric cis complex with axonin-1
through its Ig domains 2—4 and the third FNIII domain (60).
This interaction prevents the formation of trans axonin-1/axo-
nin-1 associations (60, 61), and enhances neurite fasciculation
(60, 62). Another example of cis interactions regulating trans
associations includes the neurexins, which were recently
reported to be postsynaptic, in addition to being presynaptic
(63). When postsynaptic neurexins form cis complexes with
postsynaptic neuroligin-1, the interaction inhibits the ability of
neuroligin-1 to interact with presynaptic neurexins (63).
Therefore, SALM4 and SALMS5 trans-cellular interactions may
also be influenced and regulated by their cis interactions with
other SALM family members, and vice versa, similar to other
cell adhesion molecules.

Our results showing differences between the two groups of
SALM proteins, SALMs 1-3 and SALMs 4 and 5, raise addi-
tional questions of the binding partners of SALMs 1-3. Several
possibilities exist. SALMs 1-3 may form trans complexes, but
under conditions not examined. Alternatively, SALMs 1-3 may
interact with soluble molecules or their N termini may be
cleaved and the soluble cleavage products may themselves serve
as signaling molecules, as seen with the Slits. The N-terminal,
LRR-containing fraction of Slit can induce the branching of
DRG axons, after Slit is cleaved; however, this effect is antago-
nized by the presence of uncleaved Slit (42, 64). Furthermore,
there are multiple adhesion molecules with LRR, Ig, and FNIII
domains that could interact with SALMs through one or more
of these domains. Finally, we cannot rule out the possibility that
SALMs 4 and 5, in addition to forming trans complexes, also
interact with other molecules or are themselves cleaved, releas-
ing diffusible products that may interact with other adhesion
molecules. Therefore, the two main functions of the SALMs,
neurite outgrowth and synapse formation, may involve several
different interacting proteins besides the SALM associations
discussed in this paper.
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