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Background: SAP102 is a scaffolding protein that regulates NMDA receptor function.

Results: Specific SAP102 spliced isoform is enriched at synapses to regulate NMDA receptor surface expression.
Conclusion: 12 region-containing SAP102 is required for the regulation of subunit-specific NMDA receptor surface expression.
Significance: This is the first study showing that SAP102 synaptic targeting is critical for regulating NMDA receptor trafficking.

Synapse-associated protein 102 (SAP102) is a scaffolding pro-
tein abundantly expressed early in development that mediates
glutamate receptor trafficking during synaptogenesis. Muta-
tions in human SAP102 have been reported to cause intellectual
disability, which is consistent with its important role during
early postnatal development. SAP102 contains PDZ, SH3, and
guanylate kinase (GK)-like domains, which mediate specific
protein-protein interactions. SAP102 binds directly to N-meth-
yl-p-aspartate receptors (NMDARSs), anchors receptors at syn-
apses, and facilitates transduction of NMDAR signals. Proper
localization of SAP102 at the postsynaptic density is essential to
these functions. However, how SAP102 is targeted to synapses is
unclear. In the current study we find that synaptic localization of
SAP102 is regulated by alternative splicing. The SAP102 splice
variant that possesses a C-terminal insert (I2) between the SH3
and GK domains is highly enriched at dendritic spines. We also
show that there is an intramolecular interaction between the
SH3 and GK domains in SAP102 but that the I2 splicing does not
influence SH3-GK interaction. Previously, we have shown that
SAP102 expression promotes spine lengthening. We now find
that the spine lengthening effect is independent of the C-termi-
nal alternative splicing of SAP102. In addition, expression of
I12-containing SAP102 isoforms is regulated developmentally.
Knockdown of endogenous I12-containing SAP102 isoforms dif-
ferentially affect NMDAR surface expression in a subunit-spe-
cific manner. These data shed new light on the role of SAP102 in
the regulation of NMDAR trafficking.

PSD-95-like membrane-associated guanylate kinases (PSD-
MAGUKSs),” including PSD-95, SAP102, PSD-93, and SAP97,
are a family of scaffolding proteins highly enriched in the PSD
and play essential roles in synaptic organization and plasticity
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(1). They interact directly or indirectly with major types of glu-
tamate receptors. PSD-MAGUKSs possess three PDZ domains,
a SH3 domain, and a guanylate kinase (GK) domain. Whereas
the PDZ domains bind to cell adhesion molecules, ion channels,
and receptors, the SH3 and GK domains interact with cytoskel-
etal proteins and intracellular signaling complexes. Unlike
other members of the family that contain palmitoylated cys-
teines that are important for synaptic targeting, SAP102 is not
palmitoylated on its multiple cysteines (2).

Although genetic studies have shown that PSD-MAGUKs
can functionally compensate for each other (3), each PSD-
MAGUK member has unique properties and distinct expres-
sion patterns (4). For instance, the expression of SAP102 begins
early and it is implicated in trafficking and anchoring NMDARs
during synaptogenesis (5, 6), whereas PSD-95 is expressed later
and is involved in maturation and stabilization of excitatory
synapses (7). Consistently, studies have shown that knockdown
of SAP102 during early development reduces NMDAR-medi-
ated excitatory postsynaptic current, whereas PSD-95 knock-
down has no effect, indicating that SAP102 is crucial for synap-
tic trafficking of NMDARs during synaptogenesis (8).

NMDARSs are voltage-dependent, ligand-gated ion channels
that are pivotal in controlling synaptic plasticity and memory
function (9). Functional NMDARSs are tetramers composed of
two essential GluN1 subunits and two regulatory GIluN2
(GluN2A-GluN2D) subunits (10). NMDARs formed by differ-
ent GluN1-GluN2 subunit combinations exhibit distinct chan-
nel properties imparted by the GIuN2 subunits. During devel-
opment, the subunit composition of synaptic NMDARs
changes from mainly GIuN2B- to GluN2A-containing recep-
tors. The GluN2 subunit switch plays a key role in modulating
the threshold for inducing synaptic plasticity at different devel-
opmental stages (11, 12). Interestingly, the expression patterns
of PSD-95 and SAP102 during development are similar to those
of GluN2A and GluN2B, respectively (4). As such, PSD-95 and
SAP102 has been proposed to differentially regulate NMDAR
trafficking in a subunit-specific manner (13). PSD-95 has been
shown to regulate the GIuN2 subunit switch. Whether SAP102
is involved in this process is not clear.

SAP102 has three naturally occurring splice isoforms that
result from two alternatively spliced regions named 11 and 12
(Fig. 1A) (14). The 11 region is located in the N terminus of
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SAP102, whereas the I2 region is located within a hinge region
between the SH3 and GK domains. In previous studies we char-
acterized the I1 region of SAP102 and revealed its function in
NMDAR trafficking and spine morphology (15, 16). Here we
investigated the role of the 12 region of SAP102. We found that
deletion of the 12 region reduces SAP102 enrichment in den-
dritic spines. We also showed that the SH3 domain of SAP102
interacts with the GK domain, and I2 deletion does not affect
this intramolecular interaction. In addition, the spine lengthen-
ing effect induced by I1 region-containing SAP102 isoform is
independent of the 12 region. Furthermore, RNAi knockdown
of 12 region-containing SAP102 differentially affects surface
expression of GluN2A and GluN2B. Thus, our findings provide
evidence that spine enrichment of SAP102 is involved in the
regulation of subunit-specific NMDAR trafficking.

EXPERIMENTAL PROCEDURES

DNA Constructs—FLAG-SAP102AI2 was constructed by
deleting the DNA fragment between amino acids (aa) 625 and
638 using site-directed mutagenesis. SAP102ASH3GK was
generated by mutating Tyr-483 to a stop codon (TAT to TAG).
The following domains were generated by PCR and subcloned
into the LexA DNA binding domain fusion vector pBHA or the
Gal4 activation domain fusion vector pGAD10/pGADT?7 for
yeast two-hybrid binding assays. pPBHA constructs: SAP102
SH3, aa 519-591; SAP102 SH3-GK, aa 519-849; SAP102
SH3-GKAI2 aa 519-624 + 639-849; GKAP95, aa 1-692;
GKAP130, aa 1-992. pGADI10 constructs: SAP102 SH3, aa
519-591; SAP102 GK, aa 595-849; SAP102 SH3-GK, aa 519—
849; SAP102 SH3-GKAI2, aa 519-624 + 639 —849; mPins, aa
366 —483. pGADT?7 constructs: SPAR C terminus (GAP-PDZ-
Act2-GKBD), aa 585-1822. Short hairpin RNA (shRNA) oli-
gonucleotides were inserted into vector FHUGW. The
following shRNA targeting sequence was used for rat 12
region-containing SAP102, AAGGGAGTGACATCCAACA
(nucleotide 2215-2233). shRNA-proofed Myc-SAP102 was
made by changing G to C at nucleotide 2223 using site-di-
rected mutagenesis.

Antibodies—Rabbit antibodies recognizing SAP102(12) were
generated by Pocono Rabbit Farm and Laboratory. Rabbits
were immunized with a synthetic peptide Ac-GVTSNTSDSES-
SSC-OH corresponding to amino acids 626 —638 of SAP102.
Sera were collected and affinity-purified using the antigen pep-
tide. The SAP102(I2) antibodies were not suitable for immuno-
cytochemistry. Monoclonal anti-FLAG was purchased from
Sigma. Pan-SAP102 antibody was purchased from NeuroMab
(Antibodies, Inc.).

Subcellular Fractionation—Synaptic and extrasynaptic
membranes were enriched as described previously with minor
modifications (24). Briefly, P4 rat forebrain was homogenized
in sucrose buffer (320 mm sucrose, 20 mm HEPES pH 7.4, 5 mm
EDTA, and Pierce Protease Inhibitor) and centrifuged at
1000 X g for 7 min. The resulting supernatant was centrifuged
at 10,000 X g for 20 min. The pellet was lysed by hypo-osmotic
shock in water, during which HEPES was added rapidly to a
final concentration of 1 mm. This lysate was subjected to deter-
gent extraction in the presence of 0.5% Triton X-100. The sus-
pension was mixed constantly at 4 °C for 20 min followed by
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centrifugation at 32,000 X g for 20 min. The supernatant (TxS)
contained proteins loosely attached to the PSD (biochemically
defined as extrasynaptic membrane fraction), and the pellet
(TxP) contained proteins tightly bound to the PSD (biochemi-
cally defined as synaptic membrane fraction). The TxP fraction
was then solubilized with 1% SDS. For every centrifugation step
above, pellets were rinsed twice with sucrose buffer to avoid
potential contamination between fractions. Concentration of
TxP and TxS was measured, and equal amounts of proteins
were loaded for Western blot analysis.

Immunoblots—Whole rat brain lysate was collected at vari-
ous ages. The crude synaptosome (P2) fraction was prepared as
described previously (17). The P2 lysate was resolved by 10%
SDS-PAGE and analyzed by Western blot with either pan-
SAP102 antibody (detects all SAP102 splice variants) or with
12-specific SAP102 antibody. The experiment was repeated
three times and quantified using ImageQuant software. All ages
were normalized to the intensity at P2, and then a ratio of
SAP102(I2) to total SAP102 was determined. The average ratio
is shown.

Neuronal Cultures and Immunocytochemistry—Primary hip-
pocampal cultures were prepared from embryonic day 19 (E19)
Sprague-Dawley rats. Dissociated neurons were plated on
poly-p- lysine-coated coverslips in Neurobasal medium supple-
mented with B27 and L-glutamine. Hippocampal neurons were
transfected at 12 days in vitro (DIV) using Lipofectamine (Lipo-
fectamine LTX and Plus Reagent; Invitrogen). Neurons were
fixed at DIV14 in 4% paraformaldehyde for 15 min, permeabil-
ized with 0.25% Triton X-100, PBS and blocked in 10% normal
goat serum, PBS. Cells were incubated with primary antibodies
against FLAG in PBS, 3% normal goat serum, washed, and incu-
bated with secondary antibodies (Alexa 488) in PBS, 3% normal
goat serum against mouse IgG1. The cells were mounted onto
coverslips (Prolong Antifade kit; Invitrogen). For surface
expression analysis, transfected neurons were incubated with
anti-FLAG antibody (Sigma) for 30 min at room temperature to
label surface-expressed protein. The cells were fixed in 4% para-
formaldehyde for 15 min and incubated with Alexa 647-conju-
gated (green) anti-mouse secondary antibody (molecular
Probes) for 30 min. The cells were permeabilized with 0.25%
Triton X-100, incubated with 10% normal goat serum, and
labeled with anti-FLAG antibody (Sigma) for 30 min at room
temperature. After extensive washing, cells were incubated
with Alexa 568-conjugated (red) anti-mouse secondary anti-
body for 30 min and mounted with a Prolong Antifade kit.
Images were collected with a 63X objective on a Zeiss LSM 700
confocal microscope. A series of optical sections collected at
intervals of 0.5 um was used to create maximum projection
images. For quantitative analysis, images from three dendrites
per neuron were collected, and the fluorescence intensity was
quantitated using Image] software. At least three independent
experiments were performed per condition. The number of
experiments (N) and neurons (n) for each condition is indicated
in the corresponding figure legends. n is used in statistical
analysis.

Transfection—HEK-293 cells were seeded at 20 —25% conflu-
ency the day before transfection. Cells were transiently trans-
fected with plasmids using the calcium phosphate method as
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described previously (18). Cells were harvested 24 h after trans-
fection for Western blot analysis.

Lentivirus Production and Neuronal Infection—For lentiviral
particle production, HEK-293T cells were co-transfected with
FHUGW constructs (dual-promoter pUbiquitin-EGFP/pH1-
shRNA) and helper vectors pDelta8.9 and pVSVg using Lipo-
fectamine LTX (Invitrogen). Two days after transfection,
supernatant was collected and concentrated by ultrafiltration
in Centricon Plus 100 (Millipore). Virus particles were ali-
quoted and stored at —80 °C. Particle titer was determined by
infection of HEK-293T cells. Cultured hippocampal neurons
were infected with appropriate amounts of virus particles at
DIV4, which resulted in ~80-90% of infection efficiency. Neu-
rons were then harvested at DIV14 for Western blot analysis.

Image Acquisition and Analysis—Images were collected with
a 63X objective on a Zeiss LSM 700 confocal microscope. A
series of optical sections collected at intervals of 0.5 um was
used to create maximum projection images. Neurons were
selected randomly from each coverslip with the viewer blinded
to the experimental conditions. At least three independent
experiments were performed per condition, and the number of
neurons for each condition is indicated in the corresponding
figure legend. The immunochemistry data were analyzed using
Image] software (NIH). Spine/dendrite ratio was analyzed as
described previously (19). Mushroom spines of secondary den-
drites and adjacent dendrite shaft regions were defined under
the DsRed channel. Then, under the FLAG channel, the regions
of interest were reloaded. The mean intensity of FLAG-tagged
protein in spine regions and dendrite regions was measured.
Dendritic spines were measured as described previously (16).
Spine length was measured by manually drawing a line from the
base of the spine neck to the furthest point at the end of the
spine. The cumulative frequency plots were constructed by
sorting the length or width in bins of 0.5- or 0.3-um size and
using a discrete variable on the horizontal axis. The ordinal axis
was labeled with percentages. Measurements were analyzed in
Microsoft Excel, and statistical significance was determined by
Student’s £ test.

Biotinylation Assay—Cultured cortical neurons (DIV14-16)
were washed 3 times with progressively cooler PBS containing 1
mwm MgCl,, 2.5 mm CaCl, (PBS+) and incubated with 1 mg/ml
EZ-Link Sulfo-NHS-LC-biotin (Pierce) in PBS+ for 20 min at
4 °C with gentle agitation. Cells were washed 3 times with ice-
cold quenching buffer (50 mm glycine in PBS+) for 5 min each.
The cells were then scraped into cold lysis buffer (50 mm Tris,
pH7.4,2mMEDTA, 2 mmEGTA, and proteinase inhibitor) and
sonicated. Lysate was centrifuged at 100,000 X g for 20 min at
4 °C to obtain a crude membrane fraction. The crude mem-
brane fraction was first lysed in 1% SDS for 30 min at 37 °C and
thenin 1% Triton X-100 at 4 °C, both in lysis buffer with 100 mm
NaCl. The lysate was centrifuged at 100,000 X g for 20 min and
then incubated with streptavidin-Sepharose beads (Pierce) for
2 h at 4 °C with gentle rotation. Beads were washed 4 times in
washing buffer containing 1% Triton X-100. Biotinylated mem-
brane proteins were eluted in SDS-PAGE sample buffer.

Yeast Two-hybrid Assay—The yeast two-hybrid assay was
performed as described previously (18). Briefly, pBHA and
pGAD10/pGADT?7 constructs were co-transformed into the

SASBMB

FEBRUARY 20, 2015+«VOLUME 290-NUMBER 8

Regulation of NMIDA Receptor Trafficking by SAP102

L40 yeast strain. After transformation, cells were plated in syn-
thetic complete medium lacking leucine and tryptophan. Three
independent yeast colonies were selected and assayed for
expression of the reporter HIS3 gene in synthetic complete
medium lacking leucine, tryptophan, and histidine.

RNA Extraction and Quantitative Real-time PCR Analysis—
Rat forebrain was homogenized in TRIzol reagent (Invitrogen),
and RNA was isolated according to the manufacturer’s proto-
col. cDNA synthesis of RNA was performed using the Maxima
First Strand cDNA Synthesis kit (Thermo scientific). Quantita-
tive real-time PCR was performed using SsoAdvanced Univer-
sal SYBR Green Supermix (Bio-Rad) with CFX96 Touch™ Real-
Time PCR Detection System (Bio-Rad). Primer sequences are
as follows: 12-containing SAP102, forward (5'-CGGGACTTC-
CCTGGGTTA-3'), reverse (5'-GGAACTGCTTTCGCTG-
TCA-3"); pan-SAP102, forward (5'-AGAGACTGCAGCAAG-
CACAA-3'), reverse (5'-CCAGTTTCATGGCTTTGTCA-3').
A standard curve for each gene was generated by serial dilutions
of a standard. The PCR amplification efficiency is 104% for
[2-contaning SAP102 primers and 99% for pan-SAP102 prim-
ers. The experiments were repeated three times, and quantifi-
cation was performed using the ACT method.

RESULTS

PSD-MAGUKs play important roles in basal synaptic trans-
mission as well as activity-dependent synaptic plasticity (20).
All of these functions rely on proper localization of PSD-
MAGUKSs at the PSD. Posttranslational modifications includ-
ing palmitoylation, ubiquitination, and phosphorylation are
critical for controlling synaptic localization of PSD-95 (21-23).
However, how SAP102 is targeted to synapses remains unclear.
Previous studies have shown that SAP102 stabilization at post-
synaptic sites is dependent on the SH3 and GK domains (19).
Interestingly, the 12 region of SAP102 is located within the
hinge region between the SH3 and GK domains (Fig. 14). To
investigate whether the synaptic localization of SAP102 is reg-
ulated by I2 alternative splicing, we made a SAP102 construct
lacking the 12 region (SAP102AI2) to mimic 12 splicing. A
SAP102 construct lacking the SH3 and GK domains
(SAP102ASH3GK) was used as a control. The spine enrichment
was quantified by determining spine/dendrite fluorescence
ratios in primary hippocampal neurons expressing FLAG-
tagged SAP102, SAP102AI2, or SAP102ASH3GK. We coex-
pressed DsRed to define spine and adjacent dendrite shaft
region and stained with anti-FLAG to visualize distributions
of SAP102 in neurons. Consistent with previous results,
SAP102ASH3GK was present throughout the cell indistin-
guishable from DsRed alone (Fig. 1B). Interestingly, neurons
expressing SAP102AI2 displayed reduced synaptic targeting
compared with SAP102 (Fig. 1B). The spine/dendrite green
fluorescence ratio of SAP102AI2 was 1.9 = 0.05, an ~1.6-fold
decrease compared with the ratio of SAP102 (3 £ 0.09, p <
0.05), and an ~1.9-fold increase compared with the ratio of
SAP102ASH3GK (0.98 = 0.03, p < 0.05) (Fig. 1C). To deter-
mine whether the endogenous I2-region containing SAP102 is
enriched at synapses, we raised an antibody that specifically
recognizes 12 region-containing SAP102 (SAP102(12)) and does
not cross-react with the other members of PSD-MAGUKs (Fig.

JOURNAL OF BIOLOGICAL CHEMISTRY 5107



Regulation of NMDA Receptor Trafficking by SAP102

A SAP102
SAP102412

®pzD-Ppz)—EDZ3) SAP102ASH3GK
B FLAG DsRed Merge

SAP102

SAP102A12

SAP102ASH3GK

C 4 *
z
2
T 3
@
2
5 2
=4
Q
S
T 1
5
w
SAP102 SAP102A12  SAP102ASH3GK
D S v
& Q\Q(L 09rb <>963 & & Q\QW 09% 09<ﬁ &
X ¥ & F X X & K
200 20 o
100 | — 100 (- o | | | | c—
75 75
50 50
37 37
1B: SAP102(12) IB: pan-SAP102 PSD-93 PSD-95 SAP97
E & F
& 250
© RS
&K & 200
2 <"

o
=]

FIGURE 1. The 12 region is important for SAP102 clustering in spines. A,
schematic domain structures of two naturally occurring splice variants of
SAP102 (SAP102 and SAP102 Al2) and a C-terminal truncated form used in
this study. SAP102 contains both I1 and 12 regions. SAP102AI2 contains a
14-aa deletion of the 12 region between the SH3 and GK domains (14). B,
hippocampal neurons were co-transfected with FLAG-SAP102/DsRed, FLAG-
SAP102AI12/DsRed, or FLAG-SAP102ASH3GK/DsRed. SAP102Al2 displayed
reduced synaptic targeting. FLAG-SAP102 is enriched in spines. FLAG-
SAP102ASH3GK is uniformly distributed throughout the dendrite and the
spines. Scale bar, 5 um. C, the mean fluorescence intensity of spines com-
pared with that in adjacent dendrites. The spine/dendrite green fluorescence
ratio of FLAG-SAP102, FLAG-SAP102AI2, and FLAG-SAP102ASH3GK is 3 =+
0.09, 1.9 = 0.05, and 0.98 = 0.03, respectively. n = 10-15 neurons from three
transfections. *, p < 0.05, t test with Bonferroni’s correction after ANOVA. D,
HEK-293 cells were transfected with SAP102, SAP102Al12, PSD-93, PSD-95, or
SAP97, and immunoblots (IB) of cell lysate were probed with pan-SAP102,
SAP102 I2-specific, PSD-93, PSD-95, or SAP97 antibody. E, distribution of pro-
teins in synaptic and extrasynaptic membrane fractions. Equal amounts of
total proteins were loaded from each of the fractions and probed with 12-spe-
cific SAP102 antibody, pan-SAP102 antibody (detects all SAP102 splice vari-
ants), and the early endosomal marker EEA1 antibody. F, ratio of synaptic to
extrasynaptic membrane fractions of SAP102(12) and total SAP102. Data rep-
resent the means = S.E. The experiment was repeated three times and quan-
tified using ImageQuant LAS TL software. *, p < 0.05, Student's t test.
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1D). Using a previously described detergent extraction
approach, synaptic and extrasynaptic membrane fractions were
enriched based on Triton X-100 solubility (24). We found that
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both 12 region-containing SAP102 and total SAP102 were
highly enriched in synaptic fraction (Fig. 1E). Quantitative anal-
ysis showed that the ratio of synaptic to extrasynaptic fraction
of SAP102(I2) is markedly greater than that of total SAP102
(Fig. 1F), suggesting that almost all, if not all, 12 region-contain-
ing SAP102 is localized at synapses. EEA1, a marker for early
endosome, was only detected in the extrasynaptic membrane
fractions, confirming no cross-contamination between the two
fractions. These data indicate that the I2 region contributes to
SAP102 clustering in dendritic spines, suggesting a specific role
of 12-containing SAP102 splice variants in regulating synaptic
function.

How does the I2 region facilitate synaptic targeting of
SAP102? Previous studies have shown that there is an inter- or
intramolecular interaction between the SH3 and GK domains
(25-27). The intramolecular association, dependent on the
hinge region between the SH3 and GK domains, dominates and
precludes intermolecular interaction. Interestingly, it has been
reported that this intramolecular interaction in SAP97 plays an
essential role in its synaptic recruitment and assembly (27). The
intramolecular interaction between the SH3 and GK domains
of PSD-95, SAP97, or PSD-93 has been demonstrated by several
groups; however, whether the SH3 and GK domains in SAP102
can bind to each other has not been tested. Therefore, we inves-
tigated whether the SH3 domain of SAP102 binds to the GK
domain using a yeast two-hybrid binding assay, a system that
has been used to examine intramolecular interactions between
the SH3 and GK domains. We observed a His+ phenotype in
yeast co-transformed with the DNA binding domain fusion
construct carrying the SAP102 SH3 domain and the activation-
domain fusion construct containing the GK domain, demon-
strating that the SH3 domain can bind to the GK domain (Fig.
2A). Furthermore, we found that the interaction between the
SH3 and GK domains occurred predominantly in an intramo-
lecular mode because the SH3-GK construct did not bind to the
SH3 domain (Fig. 24). This is consistent with the previous char-
acterization of the intramolecular interactions between the
SH3 and GK domains in the other members of PSD-MAGUK
family. We next investigated if the I2 region plays a role in the
intramolecular interaction by examining the interaction
between SH3 and SH3-GK AI2. We observed no effect of 12
deletion on intramolecular interaction (Fig. 2A). A number
of binding partners of the PSD-MAGUK SH3/GK domain
have been identified, including spine-associated Rap-specific
GTPase-activating protein (SPAR), guanylate kinase-associ-
ated protein (GKAP), and mammalian homologue of Drosoph-
ila melanogaster partner of inscuteable (mPins) (28 —30). In an
effort to identify SAP102 interacting proteins that can be regu-
lated by the 12 region, we examined the interactions of SAP102
SH3-GK (+/—) with these previously identified proteins using
the yeast two-hybrid binding assay. We found that although the
full-length SAP102 SH3-GK binds these proteins, deletion of 12
does not affect any of the interactions (Fig. 2, B-D).

In previous studies we have shown that SAP102 splice vari-
ants differentially affect spine morphology (16). Neurons
expressing SAP102 (contains both I1 and I2) have longer den-
dritic spines, whereas the spine length of SAP102AI1 express-
ing neurons is similar to DsRed alone. To investigate whether
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FIGURE 2. Deletion of the 12 region does not affect the intramolecular interaction between the SH3 and GK domains in SAP102 and the SPAR,
GKAP, and mPins binding. Yeast were co-transformed with pBHA-SAP102 SH3 and pGAD10-SAP102 SH3, GK, SH3-GK or SH3-GKAI2 (A), pPGADT7-SPAR
C terminus and pBHA-SAP102 SH3-GK or SH-GKAI2 (B), pGAD10-SAP102 SH3-GK or SH-GKAI2 and pBHA-GKAP95 or GKAP130 (C), and pGAD10-SAP102
SH3-GK or SH-GKAI2 and pBHA-mPins (D), and growth was evaluated on appropriate yeast selection medium. Results shown are 10-fold serial dilutions

of yeast cells.

the 12 region is required for the spine lengthening effect of
SAP102, we next examined spine morphology in primary hip-
pocampal neurons (DIV14) expressing FLAG-tagged SAP102,
SAP102AI2, or SAP102ASH3GK. Neurons were stained with
anti-FLAG to assess SAP102 expression levels, and DsRed was
co-expressed to visualize the morphology of transfected neu-
rons. Consistent with our previous findings, neurons express-
ing FLAG-SAP102 had significantly longer dendritic spines
(Fig. 3A). Similar to FLAG-SAP102, spine length of FLAG-
SAP102AI2 and FLAG-SAP102ASH3GK expressing neurons
was significantly longer than that of DsRed alone (Fig. 34). The
mean length of dendritic spines was increased in neurons
expressing FLAG-SAP102 (from 1.55 £ 0.03 to 2.09 = 0.06),
FLAG-SAP102AI12 (from 1.55 = 0.03 to 2.10 * 0.06), or FLAG-
SAP102ASH3GK (from 1.55 = 0.03 to 2.20 * 0.07) (Fig. 3B).
Spine width did not differ among SAP102/DsRed-, SAP102AI2/
DsRed-, and DsRed-expressing neurons (Fig. 3A4). Interestingly,
expression of FLAG-SAP102ASH3GK causes a significant
increase of spine width (from 0.50 = 0.01 to 0.60 = 0.01) (Fig.
3B). Cumulative frequency plots of spine length revealed that
overexpression of SAP102, SAP102AI2, or SAP102ASH3GK
resulted in a rightward shift in spine length, indicating that both
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SAP102 splice variants and the SH3-GK domain truncated
mutant substantially increased the proportion of long spines
(Fig. 3B). Unlike SAP102ASH3GK, no significant difference in
the cumulative frequency of spine width was observed in
SAP102 or SAP102AI2 (Fig. 3B). In addition, the spine density
was not changed significantly in neurons expressing SAP102,
SAP102AI2, or SAP102ASH3GK (Data not shown). Thus, our
findings indicate that the I2 region is not required for the spine
lengthening effect of SAP102.

SAP102 splice variants containing the I1 region (SAP102 and
SAP102AI2) have unique expression patterns during develop-
ment (16). The peak expression of the I1 region-containing
SAP102 (SAP102(I1)) occurs between postnatal day 7 (P7) and
P11, which coincides with a time critical for the development of
dendritic filopodia. To determine whether expression of the
SAP102 splice variants containing the 12 region (SAP102 and
SAP102Al1) is developmentally regulated, Western blot analy-
sis was performed using homogenized rat brain lysate mea-
suring total levels of SAP102 and SAP102(I2). Both SAP102(12)
and total SAP102 levels increase during the first three postnatal
weeks (Fig. 44). Quantification of the Western blots showed
that the ratio of SAP102(I2) to total SAP102 levels decreases
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significantly during P2 to P8 (Fig. 4A), suggesting that
SAP102(I2) plays an important role in early period of postnatal
development. We next analyzed the ratio of SAP102(I2) to total
SAP102 expression using quantitative real-time PCR at P2 and
P20. At P2, expression of SAP102(I2) accounts for ~35% of
total SAP102 (Fig. 4B). Consistent with the protein expression
ratios in Fig. 4B, the relative expression of SAP102(I2)
decreased to ~25% of total SAP102 at P20.

SAP102 mediates synaptic NMDAR trafficking. However,
whether synaptic enrichment of SAP102 is involved in the reg-
ulation process is unknown. To investigate whether endoge-
nous I2-containing SAP102 plays a role in regulating NMDAR
surface expression, we generated shRNA to specifically knock
down expression of I2 region-containing SAP102. We tested
the specificity of the shRNA by co-expression with SAP102,
SAP102AI12, PSD-95, PSD-93, or SAP97 in HEK-293 cells.
SAP102 12 shRNA selectively knocked down expression of
SAP102 and had no effect on SAP102AI2, PSD-95, PSD-93,
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and SAP97 expression (Fig. 54 and data not shown). We next
examined the effect of SAP102 12 shRNA on the expression of
12 region-containing SAP102 in primary hippocampal neurons
infected with lentivirus expressing SAP102 I2 shRNA. SAP102
12 shRNA efficiently reduced expression of I2 region-contain-
ing SAP102 and lentivirus expressing a control scrambled
shRNA had no effect (Fig. 5B). In addition, knockdown of 12
region-containing SAP102 did not affect expression of the
other PSD-MAGUKSs (data no shown).

To examine the effect of SAP102 I2 shRNA, we infected cul-
tured hippocampal neurons with lentivirus at DIV4 and over-
expressed FLAG-GIuN2A or FLAG-GIuN2B at DIV14 to
examine NMDAR surface expression. Neurons expressing
SAP102 I2 shRNA had significantly increased surface FLAG-
GluN2A and reduced surface FLAG-GIuN2B compared with
control shRNA expressing neurons (Fig. 6, A and B). Further-
more, coexpression of a shRNA-proofed 12 region-containing
SAP102 rescued the observed effect of SAP102 12 shRNA on
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FIGURE 4. SAP102 splice variants are developmentally regulated. A,
whole rat brain lysate was collected at various ages. The P2 fraction was iso-
lated and resolved by 10% SDS-PAGE. Samples were immunoblotted with
either pan-SAP102 antibody or with 12-specific SAP102 antibody. The exper-
iment was repeated three times and quantified using ImageQuant LAS TL
software. A representative blot is shown in A. All ages were normalized to the
intensity at P2, and aratio of SAP102(12) to total SAP102 was determined. Data
represent the means = S.E. (*, p < 0.05, one-sample t test). B, specificity of
12-specific and common SAP102 primers was confirmed by PCR with FLAG-
SAP102AI2 and FLAG-SAP102. C, the mRNA levels of SAP102(12) were mea-
sured by performing real-time PCR with cDNA from mouse cortex at postnatal
day 2 and 20. Samples were run in triplicate (n = 3). Data represent the
means * S.E. (¥, p < 0.05, Student’s t test).

NMDAR surface expression (Fig. 6, A and B). To determine
whether surface expression of endogenous GIuN2A and
GIuN2B is regulated by I2 region-containing SAP102, we
infected cultured cortical neurons with lentivirus expressing
SAP102 I2 shRNA at DIV4 and performed a cell surface bioti-
nylation assay at DIV14. We biotinylated neurons for 20 min at
4°C, isolated surface-expressed proteins with NeutrAvidin
beads, and probed immunoblots with antibodies to detect sur-
face-expressed pools of receptor. Tubulin, a cytosolic protein,
was used as a negative control for surface biotinylation, con-
firming the specificity of our biotinylation procedure (Fig. 6C).
Using this independent biochemical assay, we found that sur-
face expression of GluN2A increased substantially upon knock-
ing down the 12 region-containing SAP102 (Fig. 6, C and D).
However, we observed no change in GluN2B surface expression
(Fig. 6, C and D). We next tested whether subunit-specific reg-
ulation of NMDAR surface expression by SAP102 is isoform-
specific. Cultured cortical neurons were infected with lentivirus
expressing a previously characterized SAP102 I1 shRNA that
selectively knocked down expression of I1 region-containing
SAP102 (16). In previous studies we have shown that I1 region-
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FIGURE 5. shRNA knockdown of endogenous I12-containing SAP102. A,
HEK-293 cells were co-transfected with SAP102 or SAP102AI2 and scrambled
shRNA or SAP102 |2 shRNA, and the immunoblots of cell lysate were probed
with pan-SAP102 or tubulin antibody. Data represent the means = S.E. (n = 3
independent experiments; *, p < 0.05, Student’s t test). B, primary cortical
neurons (DIV4) were infected with lentivirus containing SAP102 |12 shRNA or
scrambled shRNA. The cell lysates were prepared at DIV14, resolved by SDS-
PAGE, and immunoblotted with I2-specific SAP102 or tubulin antibody. Data
represent the means = S.E. (n = 3 independent experiments; *, p < 0.05,
Student's t test).

containing SAP102 mediates synaptic removal of GluN2B-con-
taining NMDARs (15). Consistently, we found that surface
expression of GIuN2B was substantially increased upon knock-
ing down the I1 region-containing SAP102, whereas surface
expression of GluN2A was not changed (Fig. 6, E and F). These
findings corroborate with our imaging data, indicating that
SAP102 plays an important role in the regulation of the subunit
composition of surface NMDARs.

DISCUSSION

In this study we provide evidence for a novel mechanism for
the subunit-specific regulation of NMDARSs. First, we show that
synaptic targeting of SAP102 is regulated by C-terminal splic-
ing. The SAP102 splice variant containing the 12 region is pref-
erentially targeted to dendritic spines compared with splice
variant with this region deleted. Second, we show that there is
an intramolecular interaction between the SH3 and GK
domains in SAP102 but that the SH3-GK interaction is not
affected by removal of the I2 region. Third, we find that spine
lengthening induced by SAP102 expression is not dependent on
the 12 region. Fourth, we show that expression of SAP102(I2) is
developmentally regulated with a higher proportion of the 12
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region-containing SAP102 isoforms during early development.
Finally, we show that knocking down SAP102(I12) increases sur-
face expression of GluN2A. Thus, our findings suggest an
important role of SAP102 synaptic targeting in modulating the
GluN2 subunit composition of NMDARs at synapses.

PSD-MAGUKs are involved in the anchoring of various
transmembrane proteins including NMDARs and AMPA
receptors (1). In addition, they act as scaffolds to bring signaling
complexes together and to link receptors to downstream sig-
naling cascades. PSD-MAGUKs are highly enriched at the PSD.
Studies have shown that synaptic localization of PSD-95 is reg-
ulated by post-translational modifications (21-23). For exam-
ple, PSD-95 contains two cysteine residues in the N terminus
that can be palmitoylated (31). Palmitoylation of PSD-95 is
required for its postsynaptic targeting and subsequent ion
channel clustering (22). Moreover, PSD-95 palmitoylation can
be dynamically modulated by synaptic activity (32). In contrast,
SAP102 is not palmitoylated, and how SAP102 is targeted to
synapses is not clear. Using protein domain truncation
approaches, it has been shown that synaptic localization of
SAP102 is dependent on the SH3 and GK domains (19). The
different mechanisms by which PSD-95 and SAP102 are tar-
geted to synapses suggest that they play distinct roles in recep-
tor stabilization and/or trafficking at synapses. Indeed, SAP102
is highly mobile in dendritic spines compared with PSD-95 and
has recently been shown to mediate synaptic removal of
GluN2B-containing NMDARs (15). We have now identified an
alternatively spliced region I2 between the SH3 and GK
domains that is important for SAP102 synaptic targeting, indi-
cating that synapticlocalization of SAP102 is regulated by splic-
ing events.

Previous studies have shown that synaptic targeting of
SAP97 is dependent on the presence of a specific alternatively
spliced insertion called the I3 region (33). Similar to the 12
region of SAP102, the I3 region of SAP97 is also localized within
the hinge region between the SH3 and GK domains. It has been
shown that the I3 region of the human homologue of SAP97
interacts with an actin/spectrin-binding protein, protein 4.1,
and both proteins colocalize to membranes and regions of cell-
cell contact in human MCEF-7 cells (34). Subsequent studies
using cultured rat neurons have found that SAP97 association
with protein 4.1 is critical for targeting SAP97 to dendritic
spines (33). Interestingly, recent studies have shown that
SAP97 containing the I3 region specifically binds to Ca*"/cal-
modulin-dependent protein kinase II (CaMKII), and CaMKII
phosphorylation of SAP97 disrupts its interaction with protein
kinase A anchoring protein 79/150 (AKAP79/150) (35).
Whether CaMKII binding to SAP97 regulates its interaction
with protein 4.1 and synaptic targeting is not known. Upon
sequence examination, we did not find any significant similarity
between the I3 region (34 aa) of SAP97 and the I2 region (14 aa)
of SAP102. Therefore, it is unlikely that protein 4.1 plays a role
in synaptic targeting of 12-containing SAP102 isoforms. How-
ever, it will be of interest for future studies to determine
whether the 12 region of SAP102 contains protein-protein
interacting motif.

The crystal structure of the SH3-GK module from PSD-95
has been solved (36, 37). It supports the yeast two-hybrid intra-
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molecular interaction data showing that the SH3-GK module
can assemble in either an intra- or intermolecular fashion.
Interestingly, the hinge region linking the two interacting
domains plays a key role in determining the preference for
intra- versus intermolecular assembly (36). Although the SH3
and GK domains of SAP102 are highly homologous to those of
PSD-95, the intramolecular interaction between the SH3 and
GK domains in SAP102 has never been tested. Therefore, we
used the yeast two-hybrid assay and found that indeed there
is an intramolecular interaction between the SH3 and GK
domains in SAP102. We also examined the effect of the 12
region on intramolecular interaction and observed no
change in binding when 12 was deleted, suggesting that the 12
region in not involved in the intramolecular interaction.
However, it has been proposed that protein binding to the
hinge region may constrain this region to promote intermo-
lecular assembly at specific membrane sites (36). Thus,
instead of directly modulating the intramolecular interac-
tion, the I2 region may contain a regulatory protein binding
site, thereby promoting a switch from intra- to intermolec-
ular assembly upon protein binding.

Accumulating evidence has indicated that morphological
changes of dendritic spines represent a key mechanism under-
lying plasticity of brain function. Studies have shown that syn-
aptic properties including number and type of receptors, cal-
cium dynamics, and synaptic plasticity are linked to changes in
dendritic spine morphology. For example, growth and/or
enlargement of spines are associated with induction of long
term potentiation, whereas induction of long term depression
causes shrinkage and/or retraction of spines (38 —41). Early in
development, dendrites have longer, thinner filopodia that
facilitate synaptogenesis by initiating axonal contact, which
subsequently leads to synapse formation (42). We and others
have shown that neurons expressing SAP102 have significantly
longer dendritic spines, implying a role for SAP102 in synapto-
genesis (16, 28). We further demonstrate that the spine length-
ening effect of SAP102 is dependent on the presence of specific
alternatively spliced region I1 in the N terminus as well as
NMDAR activity (16). Here, we show that spine length also
increases in neurons expressing SAP102AI2, indicating that
the 12 region is not required for SAP102-dependent spine
lengthening. In addition, neurons expressing SAP102ASH3GK
exhibit similar spine length as SAP102 expressing neurons.
Although SAP102ASH3GK is not enriched in dendritic spines,
which is different from SAP102 and SAP102AI2, it contains the
I1 region and is localized at spines, indicating that the I1 region
of SAP102 is critical for the spine lengthening effect.

SAP102 is the dominant PSD-MAGUK protein during early
postnatal development. Although SAP102 deletion causes
embryonic lethality with low penetrance (43), SAP102 null
mice that survive into adulthood show impairments in synaptic
plasticity and spatial learning (3). Accordingly, recent studies
have demonstrated that SAP102 plays an important role in
excitatory synapse formation (44). These findings are consis-
tent with earlier electrophysiological studies showing that
SAP102 regulates glutamate receptor trafficking during synap-
togenesis (8). Interestingly, mutations in the human gene
encoding SAP102 are associated with X-linked intellectual dis-
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ability, which is often associated with dendritic spine abnor-
malities (45—47). Protein products of all identified SAP102
mutant alleles lack the SH3 and GK domains, which could lead
to mislocalization of the truncated SAP102 protein and disrup-
tion of the downstream signaling of NMDARSs.

During development, synaptic NMDAR subunit composi-
tion changes from primarily GluN2B- to GluN2A-contain-
ing receptors. Because GluN2A- and GIluN2B-containing
NMDARs exhibit different channel kinetics and open prob-
abilities (48), this developmental switch results in changes in
the functional properties of synaptic NMDARs. Studies have
shown that the subunit switch is activity- and experience-de-
pendent and can be controlled by certain forms of synaptic
plasticity (49-53). For example, long-term potentiation
induction causes a rapid switch in GluN2 subunit composi-
tion of synaptic NMDARs at neonatal synapses (50). The
subunit switch induced by long-term potentiation requires
activation of NMDARs and mGIluR5 (54). However, the
molecular mechanisms that account for the subunit switch
remain unclear. It is generally believed that PSD-MAGUKs
play an important role in the GluN2 subunit switch during
development. Studies have shown that PSD-95 overexpres-
sion in cultured cerebellar granule cells promotes synaptic
expression of GluN2A-containing receptors (55). Addition-
ally, eye opening induces a rapid dendritic localization of
PSD-95, which is bound to more GIluN2A-containing
NMDARs (56). Another line of evidence comes from the
studies using PSD-95 knock out mice or PSD-95/PSD-93
double knock-out mice showing that the contribution of
GluN2B-containing receptors to the NMDAR-mediated
synaptic current is greater compared with wild-type animals
(8, 57). It is clear that PSD-95 regulates the GluN2 subunit
switch. Whether other PSD-MAGUKSs play a role in the reg-
ulation of NMDAR subunit composition is not known.

We now provide evidence that SAP102 is involved in modu-
lating the subunit composition of surface NMDARs. Using a
combination of imaging and biochemical approaches, we dem-
onstrated a specific enhancement of GluN2A surface expres-
sion upon knocking down I12-containing SAP102. Although a
concurrent decrease of GIuN2B on the surface of hippocampal
neurons was observed in our imaging data, the surface bio-
tinylation assays did not show any significant change in GluN2B
surface expression upon SAP102(12) knockdown in cultured cor-
tical neurons. This discrepancy may result from different experi-
mental conditions between these two approaches. The surface
biotinylation assays exam the surface expression of endoge-
nous GluN2A and GIuN2B, whereas the imaging experi-
ments measure surface expression of exogenously expressed
receptors. Nevertheless, our data have conclusively shown
that I2-containing SAP102 regulates NMDAR subunit com-
position. The specific increase in GIuN2A surface expression
inevitably modifies the GIuN2A/GluN2B ratio, which has
been shown to be critical in regulating the threshold for bidi-
rectional synaptic plasticity (11). In addition, the timing of
decreased expression of I2-containing SAP102 correlates
well with the GluN2 subunit switch during development.
Together, our findings suggest that synaptic enrichment of
SAP102 plays an important role in regulating subunit com-
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position of NMDARs at synapses. Whether SAP102 directly
regulates GIuN2A trafficking or increase of GIuN2A surface
expression results from synaptic replacement of SAP102 by
PSD-95 is unclear and will be of interest to study in future
work.
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