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Quaternary Structure, Protein Dynamics,
and Synaptic Function of SAP97 Controlled
by L27 Domain Interactions

ous cytoskeletal and signaling proteins that are held
together by a set of scaffold proteins, among which the
PSD-95 (also known as SAP90) family of membrane-
associated guanylate kinase (MAGUK) proteins is promi-
nent (Cho et al., 1992; Husi et al., 2000; Kistner et al.,
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1993; Peng et al., 2004; Walikonis et al., 2000).2 RIKEN-MIT Neuroscience Research Center
PSD-95 family proteins share a common domain orga-3 Howard Hughes Medical Institute

nization, consisting of three PDZ domains followed byMassachusetts Institute of Technology
an SH3 domain and a C-terminal guanylate kinase-like77 Massachusetts Avenue
(GK) domain (Figure 1A). These domains serve as modu-Cambridge, Massachusetts 02139
lar sites for protein-protein interactions and are highly4 Laboratory for Neural Architecture
conserved in sequence and binding specificity betweenBrain Science Institute
different members of the PSD-95 family. By binding toRIKEN
NMDA receptors (NMDARs) and a variety of cytoplasmicWako, Saitama 351-0198
signaling molecules, PSD-95 family proteins are be-Japan
lieved to direct the downstream signaling pathways acti-5 Center for Neurologic Diseases
vated by NMDARs, thereby mediating postsynapticBrigham and Women’s Hospital and
plasticity mechanisms (Husi et al., 2000; Migaud et al.,Department of Neurology
1998; Sheng and Kim, 2002).Harvard Medical School

The atypical member of the PSD-95 family is SAP9765 Lansdowne Street
(also known as hDlg). In contrast to its three close rela-Cambridge, Massachusetts 02139
tives (PSD-95, PSD-93/chapsyn-110, and SAP102),6 Department of Cell Biology
SAP97 is not specifically associated with NMDARs inHarvard Medical School
brain and is not highly enriched in the PSD (Kim et al.,240 Longwood Avenue
1996). Instead, SAP97 is associated more with lightBoston, Massachusetts 02115
membrane fractions and cytosol and interacts specifi-
cally with AMPARs (Leonard et al., 1998; Sans et al.,
2001). The C-terminal tail of the AMPAR subunit GluR1Summary
has been reported to bind directly to the PDZ domains
of SAP97 (Cai et al., 2002; Leonard et al., 1998). ThisSingle-particle electron microscopy (EM) combined
finding is puzzling because, based on the high conserva-with biochemical measurements revealed the molecu-
tion of amino acid sequences (see Figure 1A), the PDZlar shape of SAP97 and a monomer-dimer transition
and other domains of SAP97 should have binding speci-that depended on the N-terminal L27 domain. Overex-
ficities similar to those of PSD-95 (Hung and Sheng,pression of SAP97 drove GluR1 to synapses, potenti-
2002; Songyang et al., 1997). Indeed, according to bothated AMPA receptor (AMPAR) excitatory postsynaptic
in vitro and yeast two-hybrid assays, the PDZ domainscurrents (EPSCs), and occluded LTP. Synaptic potenti-
of SAP97 bind to the C termini of NR2A and NR2B indis-ation and GluR1 delivery were dissociable by L27 do-
tinguishably from PSD-95 and PSD-93 (Bassand et al.,main mutants that inhibit multimerization of SAP97.
1999; Niethammer et al., 1996). So why does SAP97Loss of potentiation was correlated with faster turn-
behave so differently from PSD-95 in vivo?over of monomeric SAP97 mutants in dendritic spines.

To understand the structural basis of their functional
We propose that L27-mediated interactions of SAP97

differences, we investigated the molecular anatomy of
with itself or other proteins regulate the synaptic deliv- the full-length PSD-95 and SAP97 proteins with single-
ery of AMPARs. RNAi knockdown of endogenous PSD- particle EM combined with biophysical analysis. The
95 depleted surface GluR1 and impaired AMPA EPSCs. overall shapes of these two scaffolds are strikingly dif-
In contrast, RNAi knockdown of endogenous SAP97 ferent in the monomeric state. In addition, SAP97 shows
reduced surface expression of both GluR1 and GluR2 a propensity for multimerization via its N-terminal L27
and inhibited both AMPA and NMDA EPSCs. Thus domain. Analysis of multimerization mutants in neurons
SAP97 has a broader role than its close relative, PSD- shows that L27-mediated interaction is important for
95, in the maintenance of synaptic function. the protein dynamics and synaptic function of SAP97.

It is well established that PSD-95 potentiates synaptic
Introduction transmission, at least in part, by mediating the recruit-

ment of AMPARs (Ehrlich and Malinow, 2004; El-Hus-
In excitatory synapses of the brain, the neurotransmitter seini et al., 2000; Schnell et al., 2002; Stein et al., 2003).
glutamate released from the presynaptic terminal acti- In comparison, the role of SAP97 in AMPAR trafficking
vates glutamate receptors present at high density in the and synaptic function is controversial (Hayashi et al.,
postsynaptic density (PSD). The PSD contains numer- 2000; Rumbaugh et al., 2003; Schnell et al., 2002). Here

we report that overexpression of SAP97 potentiates syn-
aptic transmission and drives GluR1 AMPARs to syn-*Correspondence: msheng@mit.edu (M.S.); yhayashi@mit.edu (Y.H.)

7 These authors contributed equally to this work. apses. Interestingly, these two effects can be dissoci-
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Figure 1. Biochemical Characterization of
Purified PSD-95 and SAP97

(A) Domain organization of PSD-95 and
SAP97. Numbers indicate percent identity
between individual domains.
(B) Coomassie blue-stained SDS-PAGE of
purified PSD-95, PSD-95-EGFP, and SAP97.
The molecular weight marker (MWM) in kDa
(200, 116, 97, 66, 45, 31, 21.5).
(C) Analytical gel filtration of recombinant
proteins in (B). Thin vertical lines indicate the
position of molecular weight/Stokes’ radius
standards (from left, Blue Dextran 2000 �

void; ferritin � 61.0 Å; catalase � 52.2 Å;
aldolase � 48.1 Å; BSA � 35.5 Å). Horizontal
axis indicates the Ve (in ml). Vertical axis
shows absorbance at 280 nm.
(D) Analytical ultracentrifugation of SAP97.
The distribution of sedimentation coefficients
(Svedberg units) of purified SAP97 is shown
as a solid line. The data distribution can be
deconvoluted into three Gaussian distribu-
tions (dotted lines, peak positions labeled
1–3, of which 2 � 3 are major).
(E) Chemical crosslinking of SAP97 by glutar-
aldehyde. Purified SAP97 and PSD-95 in so-
lution (0.1 mg/ml) were individually treated
with increasing concentrations (0.0006%,
0.002%, 0.006%, 0.02%) of glutaraldehyde
and subjected to SDS-PAGE and Coomassie
blue staining.

ated, with the former, but not the latter, dependent on shape or the presence of multimeric forms of SAP97
in solution.multimerization of SAP97 via its L27 domain. The impor-

tance of SAP97 for synaptic transmission and surface In analytical gel filtration, elution volume (Ve) of SAP97
was smaller than PSD-95, indicating a larger molecularexpression of AMPARs was confirmed by RNA interfer-

ence (RNAi) experiments that revealed unexpected dif- size for SAP97 (Figure 1C). However, the difference in
Ve was greater than predicted from the different MW offerences between the functions of SAP97 and PSD-95.
these two proteins. This is highlighted by the fact that
SAP97 elutes faster than PSD-95-EGFP (Figure 1C),Results
which migrates to about the same position as SAP97
on SDS-PAGE (Figures 1B and 1C). The discrepancyBiophysical Characteristics of PSD-95 and SAP97

PSD-95, PSD-95-EGFP, and SAP97 (all hexahistidine- suggests that SAP97 forms multimers or has a highly
asymmetric shape.tagged) were expressed in Sf9 cells as recombinant

proteins and purified. The resulting proteins ran as single The elution profile of PSD-95 from the gel filtration
column showed a narrow symmetric Gaussian distribu-bands at the expected molecular weight (MW) and were

�95% pure (Figure 1B). To derive the native MW of the tion. SAP97, however, eluted in a broader asymmetric
peak, suggestive of a heterogeneous population of parti-particles in solution, the Stokes radius and sedimenta-

tion coefficient (S) of the highly purified soluble proteins cles (Figure 1C). When deconvoluted into multiple
Gaussian curves, the distribution of S values of SAP97were determined by analytical gel filtration and analyti-

cal ultracentrifugation (see Experimental Procedures could be accounted for by the presence of two major
species (Figure 1D). In contrast, PSD-95 exhibited aand Table 1). The native MW of PSD-95 was estimated

to be 67 kDa, which is in keeping with a monomeric “monophasic” distribution (see Figure 3E). Taken to-
gether, we conclude that purified SAP97 likely exists inparticle of globular shape (MW � 81 kDa) (Table 1). In

contrast, SAP97 has a native MW of 131 kDa, a value an equilibrium between monomer and dimer in solution,
whereas PSD-95 exists predominantly in monomericbetween the MW of a monomer (97 kDa) and that of a

dimer (194 kDa). This suggests either an asymmetric form. However, these biophysical measurements do not

Table 1. Size Measurements of PSD-95 and SAP97 Particles

Stokes’ Sedimentation Native Molecular Molecular
Protein Radius (Å) Coefficient (S) Weight (kDa) Weight (kDa)

PSD-95 46.5 3.5 67 81
SAP97 72.9 4.4 131 97
�L27 SAP97 53.6 3 66 93
I38G-SAP97 56 3.4 78 97
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exclude the possibility of a dynamic conformational Multimerization of SAP97 by L27 Domain
What is the molecular basis for the self-association ofequilibrium.

To confirm the presence of a multimerized population SAP97? The N-terminal region of SAP97 contains an
L27 domain (65 amino acids), which has been implicatedof SAP97, we performed a chemical crosslinking assay

(Figure 1E). Purified PSD-95 and SAP97 in solution were in heterodimerization between Lin-2 and Lin-7 in C. ele-
gans (Doerks et al., 2000). In GST pull-down assays, aincubated with the crosslinking agent glutaraldehyde

and then separated by SDS-PAGE. Glutaraldehyde GST-fusion of the L27 domain of SAP97 precipitated
wild-type full-length SAP97 but not a deletion mutantcaused the appearance of a SAP97 band at �220 kDa

(presumptive dimer) as well as slower migrating species lacking the L27 domain (�L27SAP97; Figure 3B). More-
over, the �L27SAP97 mutant showed a large reductionwith higher concentrations of the crosslinking agent

(Figure 1E). Under the same conditions, purified PSD- in particle size as judged by analytical gel filtration and
native MW, consistent with its being a monomer (Figure95 formed no dimer/multimer species. Thus, SAP97 self-

associates whereas PSD-95 remains monomeric in so- 3C; Table 1). These results demonstrate that the L27
domain is necessary and sufficient for SAP97 multimeri-lution.
zation.

To identify L27 mutants that affect SAP97 multimeriza-Molecular Structures of PSD-95 and SAP97 by EM
tion, 23 single amino acid substitutions of full-lengthTo determine directly the size and shape of SAP97 and
SAP97 were expressed, purified, and screened by ana-PSD-95, we used negative-stain EM combined with digi-
lytical gel filtration (Figure 3D). Mutations were identifiedtal image processing to visualize individual molecules
that increase (L14G, L15G, E26A, D27A, and Q42A) orof the purified proteins. Particles from digitized electron
decrease the Stokes’ radius (I34G, V37G, I38G, andmicrographs (�3000 particles for PSD-95 and �12,000
F41A), implying increased or decreased multimerization,particles for SAP97) were analyzed by multivariate sta-
respectively (Figures 3C, 3D, and 3G). Interestingly,tistical analysis, image classification, and multireference
these residues are among the most conserved in knownalignment. PSD-95 particles were relatively homoge-
L27 domains (see boxes in Figure 3A). We focused onneous in size and shape (�100 Å in length and 60 Å
I38G and L14G as representative mutants in the follow-in width), and the majority existed in a C-shaped or
ing experiments. I38G sediments similarly to PSD-95“horseshoe” conformation, consistent with an extended
and more slowly than wild-type SAP97, consistent withmolecule that is curled back on itself (Figures 2A and
I38G-SAP97 being a monomer (Figures 3E and 3F). SDS-2E). We speculate that the open ends of the “C” corre-
PAGE revealed no difference in the mobility of wild-type,spond to the N and C termini of PSD-95 protein. In some
I38G mutant, and L14G mutant SAP97 (Figure 3H). Incases, PSD-95 particles had a doughnut shape in which
native PAGE, however, I38G migrated faster than didno break in the ring was obvious (Figure 2A).
wild-type, while the L14G mutant migrated more slowlySAP97 particles were more heterogeneous. The ma-
(Figure 3I). These results are consistent with I38G-jority (�65% of “monomeric” particles) appeared as ex-
SAP97 existing primarily in the monomeric state, whiletended rod-like structures (�150 Å in length) (Figure
wild-type and L14G-SAP97 exist in monomer-dimer2B). The remainder (�35%) had a C-shaped or ring-like
equilibria, with L14G shifted more toward dimer thanstructure similar to that of PSD-95 (Figure 2C). It is
wild-type. Finally, we confirmed by chemical crosslink-striking that the averages of the monomeric form of
ing experiments that the I38G mutant is monomeric.SAP97 resolved four clearly separable globules, espe-
When equal amounts of purified SAP97 variants in solu-cially in the extended configuration (Figures 2B and 2E).
tion were treated with increasing concentrations of glu-The linear array of globules probably represents the
taraldehyde, dimeric (and higher) species were ob-linked domains of SAP97, though more work is required
served only for wild-type and L14G (Figure 3J).to identify their submolecular nature.

In addition to the monomeric particles of SAP97, we
detected many larger particles (Figure 2D), which were Homomultimerization of SAP97

Detected in Neuronsabsent in PSD-95 preparations, that likely represent di-
mers. These EM findings are consistent with the mono- Next we used fluorescence resonance energy transfer

(FRET) to determine if SAP97 also forms homomultimersmer-dimer equilibrium of SAP97, which is inferred from
gel filtration (Figure 1). The individual molecules were in neurons. Because SAP97 self-associates via its L27

domain, we monitored multimerization in live neuronsnot well resolved in the class averages of dimeric SAP97
due to structural heterogeneity in the particles, sug- as a function of FRET efficiency (E) between N-terminally

tagged CFP-SAP97 and YFP-SAP97 (Supplementalgesting considerable flexibility of the dimeric structure.
This is not surprising considering the degree of flexibility Figure S1 [http://www.neuron.org/cgi/content/full/44/3/

453/DC1/]). To reduce pH dependence, the Venus vari-observed in the class averages of monomeric PSD-95
and SAP97. In the various averaged images of PSD-95, ant of YFP was used (Nagai et al., 2002).

In dissociated hippocampal neurons (DIV16-17), CFP-the two ends of the molecule were positioned at slightly
different distances relative to each other. In the ex- and YFP-SAP97 were both enriched at steady state in

dendritic spines 1 to 2 days after transfection (in agree-tended monomers of SAP97, the rods showed bends
and kinks of varying angles among the various classes. ment with a previous report [Rumbaugh et al., 2003],

our SAP97 constructs also included the I3 insert).In summary, the differential hydrodynamic properties of
PSD-95 and SAP97 can be accounted for by the com- When CFP-SAP97 and YFP-SAP97 were coexpressed

in neurons, we detected FRET in dendritic spines (E �pact shape of PSD-95 monomers versus the more ex-
tended configuration and multimerization of SAP97. 0.074 � 0.019) (Supplemental Figure S1 [http://www.
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Figure 2. EM Images of PSD-95 and SAP97

Each row shows the class average (left) and five representative raw images contained in the corresponding class average (right). (A) PSD-95
particles. (B) Monomers of SAP97 in an extended conformation. (C) Monomers of SAP97 in a compact conformation. (D) Multimeric SAP97.
(E) Enlarged representative class averages of PSD-95 (left panels), extended monomeric SAP97 (middle panels), closed monomeric SAP97
(right top panel), and multimeric SAP97 (right bottom panel). Scale bars, 160 Å.

neuron.org/cgi/content/full/44/3/453/DC1/]). The mono- tained from both transfected neurons (identified by co-
transfection with GFP) and a neighboring untransfectedmeric I38G mutant was also enriched in spines (see

Figure 6A), but the level of FRET between CFP-I38G- neuron in response to stimulation of Schäffer collateral
fibers. Neurons overexpressing wild-type SAP97SAP97 and YFP-I38G-SAP97 in neurons was signifi-

cantly smaller (E � 0.017 � 0.016) (Supplemental Figure showed a robust increase in amplitude of AMPAR
EPSCs compared with untransfected cells (187.8% �S1). These results indicate that SAP97 can homo-

multimerize via its L27 domain in dendritic spines of 27.4%), along with a slight and insignificant reduction
in the NMDAR EPSCs, resulting in an elevated AMPA/living neurons, but they do not exclude L27-mediated

heteromultimerization of SAP97 with other proteins. NMDA ratio (Figures 4B, 4E, and 4F). L14G-SAP97
caused a similarly large increase in AMPAR EPSCs with
no change in NMDAR EPSCs (Figures 4C, 4E, and 4F).Effects of SAP97 Overexpression
In contrast, the I38G mutant slightly suppressed bothon Synaptic Transmission
AMPAR and NMDAR currents (Figures 4A and 4E). Over-Based on GST pull-down assays, the isolated wild-type
expression of PSD-95 in hippocampal slice culturesL27 domain can interact with wild-type SAP97, I38G-
strongly enhanced AMPAR EPSCs with little effect onSAP97, and L14G-SAP97 (Figure 3B). However, more
NMDAR EPSCs (Figure 4D), as previously reported (Ehr-quantitative biophysical analysis definitively shows that
lich and Malinow, 2004; Schnell et al., 2002; Stein etI38G-SAP97 is predominantly monomeric and L14G-
al., 2003).SAP97 is mainly dimeric in solution, with wild-type

We also measured the quantal events of synaptic re-SAP97 being intermediate (Figure 3, Table 1). We com-
sponse in neurons overexpressing different SAP97 mu-pared the effects of overexpression of these SAP97 vari-
tants by recording asynchronous miniature EPSCs inants in CA1 neurons of hippocampal organotypic slice
the presence of Sr2� (Supplemental Figure S2 [http://cultures (Figure 4). Since GFP tagging might affect
www.neuron.org/cgi/content/full/44/3/453/DC1/]) (SalaSAP97 structure-function, we used SAP97 constructs

without epitope tags. Simultaneous recordings were ob- et al., 2003). Quantal size was significantly reduced in
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Figure 3. Biochemical Characterization of SAP97 Mutants

(A) Aligned sequence (ClustalW) of the L27 domain from different proteins in the SWISS-PROT database. Highly conserved residues are boxed;
L14 and I38 are indicated.
(B) GST pull-down of wild-type and mutant SAP97 proteins by GST-fusion of SAP97 L27 domain. Precipitated proteins were immunoblotted
with anti-SAP97 antibody.
(C) Analytical gel filtration of �L27-SAP97 and I38G-SAP97 compared with wild-type SAP97 and PSD-95. Solid vertical lines indicate Stokes’
radius standards as in Figure 1C.
(D) Peak elution volume of L27 domain mutants of SAP97 measured by analytical gel filtration, compared with wild-type SAP97 (horizontal
dotted line).
(E and F) Analytical ultracentrifugation comparing I38G-SAP97 with wild-type SAP97 and PSD-95.
(G) Peak elution volume of purified wild-type and mutant SAP97 compared with PSD-95 and PSD-95-EGFP.
(H) SDS-PAGE of purified wild-type and L14G and I38G mutants of SAP97.
(I) Native-PAGE of purified wild-type, L14G-, and I38G-SAP97.
(J) Chemical crosslinking of purified proteins by glutaraldehyde (Glut). Purified wild-type SAP97, I38G-SAP97, and L14G-SAP97 in solution
(0.1 mg/ml) were treated with increasing concentrations of glutaraldehyde (percent weight/volume) and subjected to SDS-PAGE and Coomassie
blue staining.
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Figure 4. Effect of Wild-Type and L27 Domain Mutants of SAP97 on Synaptic Transmission

(A–D) Sample EPSC traces mediated by AMPAR (downward) and NMDAR (upward) from pairs of transfected (Trans) and neighboring untrans-
fected (Untrans) cells (top). EPSC amplitudes (AMPAR EPSCs [middle] and NMDAR EPSCs [bottom]) were plotted for each pair of transfected
and neighboring untransfected cells. Open symbols represent single pairs of recordings. Filled circles indicate the mean � SEM. (A) I38G-
SAP97 mutant. (B) Wild-type SAP97. (C) L14G-SAP97 mutant. (D) PSD-95. Numbers of cell pairs were I38G (AMPAR-EPSCs/NMDAR EPSCs:
23/20); SAP97 wild-type (20/16); L14G (18/16); PSD-95 (18/15).
(E) Summary of effect of SAP97 constructs on AMPAR EPSCs. Each bar represents average of ratios obtained from multiple pairs of transfected
and untransfected neighboring neurons. p � 0.05 (Kruskal-Wallis ANOVA).
(F) Summary of AMPAR EPSC/NMDAR EPSC ratios in neurons transfected with SAP97 variants versus untransfected neighboring cells.

I38G-SAP97-expressing cells and enhanced in L14G- �40 mV) (Figure 5) (Hayashi et al., 2000). Transfection of
GluR1 had no effect on mean EPSC amplitudes (untrans-SAP97-expressing cells (Supplemental Figures S2A3–

S2B3). The frequency of events was reduced by I38G fected: 50.4 � 3.7 pA; transfected: 45.4 � 3.0 pA; p �
0.41, n � 19 cell pairs) or RI (untransfected: 2.52 � 0.11;and enhanced by L14G (Supplemental Figures S2A4–

S2B4). However, paired-pulse facilitation was not signifi- transfected: 2.89 � 0.23; p � 0.60, n � 18 cell pairs),
indicating no synaptic delivery of GluR1 receptors bycantly altered by overexpression of SAP97 or its mutants

(Supplemental Figure S2C). These results argue against overexpression of GluR1. Overexpression of SAP97
constructs in the absence of GluR1 had no effect on RIany effect on presynaptic release probability but are

consistent with postsynaptic action of SAP97 on AMP- (Figures 5A4–5C4, left). A significant increase in RI was
observed, however, when wild-type or I38G or L14GARs. Overall, we conclude that SAP97, like PSD-95, se-
mutants were coexpressed with GluR1 (Figures 5A4–lectively enhances AMPAR EPSCs. Notably, this potenti-
5C4, right). Concomitant increases in EPSC amplitudeating effect requires a functional L27 domain.
with wild-type and L14G-SAP97 (Figures 5B3 and 5C3)
suggest that these SAP97 constructs potentiate EPSC

SAP97 Delivers GluR1 to the Synapse by delivering new GluR1-containing AMPARs to the syn-
Because SAP97 and GluR1 interact with each other, apse. In this context, it is striking that the I38G mutant
we asked if SAP97 can drive GluR1 to the synapse. decreased the synaptic response amplitude (Figure 5A3)
Overexpressed GluR1 tends to form homomeric in- at the same time that it increased rectification (Figure
wardly rectifying channels; thus synaptic incorporation 5A4). Thus a multimerization-competent L27 domain is
of GluR1 receptors can be monitored by measuring the not needed to drive GluR1 into synapses but is required

to strengthen synaptic transmission.rectification index (RI; ratio of AMPAR EPSCs at �60 and
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Figure 5. SAP97 Overexpression Delivers GluR1 AMPAR to the Synapse

Neurons were transfected with wild-type or I38G- or L14G-SAP97 with or without GluR1, and AMPAR EPSCs were recorded in the presence
of NMDAR blocker at both �60 mV and �40 mV to obtain the rectification index. (A1–D1) Sample traces. (A2–C2 and A3–C3) Plot of AMPAR
EPSC amplitude from neurons expressing SAP97 constructs with GluR1 (A3–C3) or without GluR1 (A2–C2) at �60 mV. (A4–C4) Comparison
of rectification index between untransfected and transfected neurons. Open circles connected with lines represent individual pairs of cells,
and filled circles represent averages � SEM. (Left) Neuronal pairs transfected only with SAP97. (Right) Cotransfection of SAP97 and GluR1.
Overexpression of SAP97-I38G reduced synaptic transmission but still increased RI (A), indicating delivery of GluR1 to synapse. Overexpression
of wild-type SAP97 (B) or L14G-SAP97 (C) enhanced synaptic transmission and increased RI, indicating delivery of GluR1. Wild-type or L14G-
SAP97 did not increase synaptic response or RI when coexpressed with C-terminal mutant GluR1-T887A (D). Numbers of AMPAR EPSCs and
RI recordings were I38G (AMPAR/RI: 19/15), I38G/GluR1 (17/14), SAP97 (23/22), SAP97/GluR1 (18/18), L14G (22/17), L14G/GluR1 (15/15),
SAP97/GluR1-T887A (12/12), and L14G/GluR1-T887A (10/10).

The GluR1 C-terminal mutant (GluR1-T887A) cannot YFP-tagged SAP97 (wild-type, I38G, or L14G) was en-
riched in spines, albeit less markedly than PSD-95 (Fig-bind SAP97 (Cai et al., 2002). When coexpressed with

GluR1-T887A, neither wild-type SAP97 nor L14G was ure 6A). According to time-lapse confocal imaging, indi-
vidual SAP97-YFP puncta associated with spines didable to increase AMPAR EPSCs or rectification (Figure

5D). These findings indicate that the PDZ binding motif not change in position or fluorescence intensity over a
time course of 10 min (Figure 6B). To measure dynamicsof GluR1 is required for SAP97-mediated GluR1 incorpo-

ration into the synapse, perhaps through binding to of SAP97 turnover in spines, we photobleached YFP-
SAP97 within single spines and followed the fluores-SAP97. The GluR1-T887A mutant appears to have a

“dominant interfering” action on endogenous AMPA re- cence recovery after photobleaching (FRAP) (Figures
6C and 6D). The fluorescence recovery rate of I38G (timeceptors, because SAP97 no longer potentiated AMPAR

EPSCs in cells cotransfected with this GluR1 mutant constant � � 1.42 min) was faster than that of wild-type
(� � 1.60 min) or L14G (� � 1.82 min). None of these(Figures 5D2 and 5D3).
SAP97 variants recovered to the prebleached level of
fluorescence, suggesting the presence of an immobileSAP97 Multimerization and Spine Turnover

Given its potential role in GluR1 trafficking to the syn- intraspinal population of these molecules that does not
exchange within a few minutes. Wild-type SAP97 (58%)apse, we studied the dynamics of SAP97 in neurons.

One day after transfection into hippocampal neurons, and L14G mutant (59%) recovered to a lesser extent than
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Figure 6. Dynamics of SAP97 Variants and PSD-95 in Dendritic Spines

(A) Distribution of YFP-tagged SAP97, I38G-SAP97, L14G-SAP97, and PSD-95 in dendrites of cultured hippocampal neurons. All constructs
show spine enrichment accompanied by weak diffuse signal in the dendritic shaft (scale bar, 1.6 	m).
(B) Change in fluorescence intensity in individual spines (mean � SEM) during time-lapse imaging (images captured every 0.5 min). Values
were normalized to t � 0. Number of spines recorded: 63 (SAP97), 80 (I38G-SAP97), 57 (L14G-SAP97), and 86 (PSD-95).
(C) Fluorescence recovery after photobleaching (FRAP) in a spine of a neuron overexpressing YFP-tagged wild-type SAP97. Images were
taken every 0.5 min for 7 min. Arrowhead indicates bleached spine. Numbers in each panel indicate number of minutes following bleaching
(scale bar, 1.75 	m).
(D) Time course of FRAP for wild-type and mutant SAP97 and PSD-95 (mean � SEM) in dendritic spines. Dotted lines are regression curves
that are fit to single exponential associations (SAP97 Wt, I38G, and L14G) or hyperbola (PSD-95). Number of spines recorded: 10 (SAP97), 11
(I38G-SAP97), 9 (L14GS-AP97), and 16 (PSD-95).
(E) DIV 18–21 neurons infected with lentivirus expressing YFP-SAP97 were stimulated with 3 	M NMDA (upper panel) or 3 	M NMDA � 100
	M APV (lower panel). Numbers indicate time in minutes relative to NMDA stimulation.
(F) Time course of change in fluorescence intensity of YFP-SAP97 in dendritic spines following NMDA stimulation (normalized to t � 15 min
before NMDA stimulation) (number of neurons imaged: 7 [NMDA], 5 [NMDA � APV]).

did I38G-SAP97 (71%), implying that a larger fraction of recovery level at 6 min after photobleaching (35%; Fig-
ure 6D). These results are consistent with the idea thatwild-type and L14G-SAP97 lies “immobile” in the spine.

Thus a multimerization-competent L27 domain is asso- PSD-95, but not SAP97, is a stable scaffold of the PSD.
Since AMPAR trafficking is regulated by activity, weciated with increased stability of SAP97 in spines. Under

the same experimental conditions, PSD-95-YFP showed examined the influence of NMDAR activation on SAP97
distribution. Lentiviral vectors (Lois et al., 2002) werea lower FRAP rate than did SAP97 and a much lower
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turned to RNAi to evaluate the physiological role of en-
dogenous SAP97 in hippocampal slice cultures. RNAi
knockdown of PSD-95 was performed in parallel to com-
pare the effects and to verify the specificity of the loss
of function. Small interfering RNA (siRNA) was intro-
duced into cells by transfection using a plasmid
(pSuper)-based system (Brummelkamp et al., 2002). A
19 nucleotide sequence from rat SAP97 (pSuper4-34)
and PSD-95 (pSuper2-16) suppressed the expression
of endogenous SAP97 and PSD-95, respectively, in hip-
pocampal neurons (Supplemental Figure S3 [http://www.
neuron.org/cgi/content/full/44/3/453/DC1/]). When
transfected in CA1 neurons of hippocampal slice cul-
tures, SAP97 RNAi caused a significant decrease in both
AMPAR and NMDAR EPSCs (Figures 8B and 8D), while
empty vector (pSuper) had no effect (Figures 8A and 8D).
In contrast, RNAi of PSD-95 reduced only the AMPAR
current, with no effect on NMDARs (Figures 8C and 8D).

Dissociated neurons transfected with SAP97 RNAi
Figure 7. Overexpression of SAP97 Partially Occludes LTP plasmid for 3 days showed a significant reduction in the
LTP was induced in CA1 neurons of hippocampal slice cultures by density of dendritic protrusions (protrusion density per
pairing depolarization to 0 mV with 2 Hz stimulation for 100 s. (A)

10 	m of dendrite was 6.53 � 0.31 [pSuper control] andSample AMPAR EPSC traces from untransfected neurons and neu-
5.48 � 0.33 [SAP97 RNAi]; p � 0.001). In addition, werons transfected with wild-type or L14G-SAP97. Currents before

and after pairing are superimposed. (B) Time course of AMPAR observed a decreased density of excitatory synapses,
EPSCs after LTP induction (pairing protocol was delivered at t � as measured by PSD-95 puncta density (PSD-95 puncta
0). The time points at which sample traces were obtained are indi- per 10 	m was 8.38 � 0.65 [pSuper control] and 5.98 �
cated by a and b. Numbers in parentheses indicate number of cells.

0.25 [SAP97 RNAi]; p � 0.001) (data not shown). There-
fore, reduction of both AMPAR- and NMDAR EPSCs by

used to achieve high-efficiency transfection and optimal SAP97 RNAi may correlate with a depletion of synapses.
levels of expression of YFP-SAP97 in dissociated cul- Protrusion density per 10 	m of dendrite was also de-
tured neurons, with minimal cytotoxicity. Treatment with creased in neurons overexpressing I38G-SAP97 (5.31 �
3 	M NMDA dispersed YFP-SAP97 from spines within 0.35; p � 0.001) but not wild-type SAP97 (6.42 � 0.31)
5–10 min, and APV (100 	M) blocked this effect (Figures or GFP control (6.31 � 0.38; data not shown).
6E and 6F). Because bath application of NMDA typically

To quantify the effects of SAP97 RNAi at a biochemical
causes LTD and loss of surface AMPAR in cultured neu-

level across the entire population of neurons in culture,
rons, the rapid dispersal of SAP97 from postsynaptic

we constructed lentiviral vectors for expressing specific
sites is consistent with a role for SAP97 in activity-

siRNAs (Figure 9A; see Experimental Procedures). Nearlydependent AMPAR trafficking.
100% of neurons in culture can be infected with lenti-
virus with minimal cytotoxicity. Compared to empty virusLTP Occlusion by SAP97
infection at the same viral titer, lentivirus expressingDoes SAP97-induced enhancement of AMPAR EPSC
SAP97 siRNA or PSD-95 siRNA caused profound andshare any mechanism with LTP? After induction, un-
specific knockdown of SAP97 and PSD-95, respectively,transfected neurons displayed stable LTP (�2-fold en-
as shown by immunoblotting of total lysates of hippo-hancement of EPSC) lasting for 
30 min (Figure 7). Cells
campal cultures (Figure 9B). Surface biotinylation assaysexpressing wild-type or L14G-SAP97, which by them-
were performed to measure the surface versus the totalselves potentiate AMPA currents (Figures 4 and 5),
protein levels of GluR1 and GluR2 (Ehlers, 2000; Linshowed much smaller LTP responses than did untrans-
et al., 2000). Knockdown of either SAP97 or PSD-95fected cells (Figure 7). The effect of I38G-SAP97 on
reduced total GluR1 and total GluR2 to similar extentsLTP was not tested because this mutant has significant
(�20%–30% reduction compared with empty vector;negative effects on NMDAR EPSC (see Figure 4A). Since
Figures 9B and 9C). Surface GluR1 was decreased byL14G-SAP97 mutant clearly does not affect NMDAR
�25% by PSD-95 RNAi (similar to the decrease in totalEPSC (see Figure 4C), the inhibition of LTP by SAP97
GluR1) and by 50%–60% by SAP97 RNAi (Figures 9Bis unlikely to be due to inhibition of the NMDAR current.
and 9C). The surface GluR2 level was strongly reducedRather, the occlusion of LTP by SAP97 probably results
(�50%) by SAP97 RNAi but was relatively unaffectedfrom the synaptic delivery of GluR1-containing AMP-
by PSD-95 knockdown. Thus SAP97 is required to sup-ARs, a mechanism that is common to SAP97-induced
port the surface expression of both GluR1 and GluR2,potentiation and LTP.
whereas PSD-95 is needed specifically for surface
GluR1. In addition to affirming the specificity of RNAiEffect of SAP97 RNAi on Synaptic Transmission
effects in this system, these loss-of-function data revealand Surface AMPAR
the overlapping but distinct roles of SAP97 and PSD-The functional analysis of SAP97 has so far relied on

approaches involving overexpression. Therefore we 95 in synapses.
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bined with computer-aided averaging, we obtained
higher-resolution structures that revealed the surpris-
ingly different shapes of monomeric full-length PSD-95
and SAP97. PSD-95 had a compact C-shaped confor-
mation, whereas SAP97 preferentially adopted an ex-
tended rod-like conformation. A minority of SAP97 mo-
nomers showed an alternative C-shape configuration
similar to that seen for PSD-95, consistent with previous
structural modeling of SAP97 (Wu et al., 2000).

Our EM data on PSD-95 and SAP97 indicate that MA-
GUK scaffolds have preferred conformations as full-
length proteins, debunking the concept of multidomain
scaffold proteins as flexible “beads on a string.” The
proper geometric organization of domains within MA-
GUK proteins may be important for their scaffold func-
tion, since scrambling the order of individual protein
interaction modules in STE5, a yeast scaffold protein
for a MAP kinase pathway, has been shown to disrupt
signaling efficacy (Park et al., 2003).

In addition to differences in shape between their
monomers, SAP97 and PSD-95 exhibited distinct qua-
ternary structures. Soluble SAP97 tended to dimerize,
whereas PSD-95 was primarily monomeric. Differences
in structure and multimerization could underlie the func-
tional distinctions between PSD-95 and SAP97, for ex-
ample, by determining the selectivity of binding part-
ners. Scaffold multimerization is proposed for another
multi-PDZ protein, GRIP, although the functional signifi-
cance is unclear (Srivastava et al., 1998). Multiple splice
variants exist for SAP97 and PSD-95, and it remains
to be determined how differential splicing affects the
structure-function of these MAGUK scaffolds.

K� channels are binding partners of PSD-95 and
SAP97 (Kim et al., 1995; Tiffany et al., 2000), and a tetra-
meric K� channel has dimensions of approximately
100 Å � 100 Å (Jiang et al., 2003; Sokolova et al., 2001).Figure 8. Differential Effects of RNAi of SAP97 and PSD-95 on Syn-

aptic Transmission The size of a tetrameric AMPAR is estimated as 110 Å �
Synaptic responses were measured in cultured hippocampal slices 140 Å by negative-stain EM (Safferling et al., 2001). A
transfected with control (vector), SAP97, or PSD-95 RNAi con- compactly folded C-shaped PSD-95 (�100 Å � 60 Å) is
structs. (A1–C1) Sample EPSC traces mediated by AMPAR (down- comparable in size to these tetrameric receptor/chan-
ward trace) and NMDAR (upward trace) from pairs of transfected nels and could fit comfortably below the K� channel or
(Trans) and neighboring untransfected (Untrans) cells. Scale bar, 50

a glutamate receptor. In contrast, SAP97 in its preferredpA, 20 ms. (A2–C2 and A3–C3) EPSC amplitudes (AMPAR EPSC
rod-like conformation (150 Å in length) can potentiallyand NMDAR EPSC) were plotted for each pair of transfected (Trans)

and neighboring untransfected (Untrans) cells. Individual open sym- extend beyond its bound receptor or channel, if it lies
bol represents a single pair of recordings; filled circles show mean � parallel to the membrane.
SEM. (D) Quantitation of effects of vector control, SAP97 RNAi, or
PSD-95 RNAi on AMPA (white bars) and NMDA EPSCs (black bars)

L27 Domain and SAP97 Dynamicsis shown as a ratio between transfected/untransfected neurons.
We show here that the L27 domain mediates multimeri-Transfection of pSuper vector (A) did not change the amplitude of

either AMPAR or NMDAR EPSCs. SAP97 RNAi reduced both AMPAR zation of SAP97, in keeping with a study of the human
and NMDAR EPSCs (B), whereas PSD-95 RNAi specifically inhibited homolog hDlg (Marfatia et al., 2000). Although our study
AMPAR EPSC with no effect on the NMDAR component (C). Num- focused on homomultimerization, it is likely that SAP97
bers of EPSC recordings were as follows: vector (AMPAR/NMDAR: also heteromultimerizes with other L27-containing pro-
12/10); SAP97 RNAi (11/11); and PSD-95 RNAi (15/14).

teins such as CASK, DLG2, and DLG3 (Karnak et al.,
2002). The motor protein myosin-6 also interacts with
the L27 domain of SAP97 (Wu et al., 2002). The criticalDiscussion
amino acids for self-association that we identify in the
SAP97 L27 domain overlap the residues that are impor-EM Structure of MAGUK Scaffolds

Knowing the molecular structure of PSD-95 and SAP97 tant for heteromultimerization between Pals1 (mLin-7)
and PATJ (Roh et al., 2002). Therefore, our experimentswould be useful to understanding the structure-function

relationships of these important scaffolds. EM images in neurons do not distinguish between effects of L27
mutations on heteromultimerization versus homo-of SAP97 have been obtained by low-angle rotary shad-

owing but have provided limited structural information multimerization of SAP97. Nevertheless, the conclusion
holds that a multimerization-competent L27 domain is(Marfatia et al., 2000). Using negative-stain EM com-
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Figure 9. RNAi Knockdown of SAP97 De-
creases Surface AMPA Receptors

(A) Diagram of lentivirus vector for RNAi. LTR,
long terminal repeat; �, packaging signal;
Flap, flap element from HIV-1; U6, U6 pro-
moter; Syn, synapsin promoter; WRE, wood-
chuck hepatitis virus posttranscriptional reg-
ulatory element.
(B) Representative immunoblot for SAP97,
PSD-95, and total and surface GluR1 and
GluR2 in hippocampal neurons infected with
control (empty) lentivirus or lentivirus ex-
pressing siRNA against SAP97 (SAP97i) or
PSD-95 (PSD-95i). Surface GluR1/GluR2
were isolated by surface biotinylation and
subsequent streptavidin purification.
(C) Quantification of protein changes induced
by SAP97 or PSD-95 RNAi (based on densito-
metric measurements of immunoblots such
as shown in (B). *p � 0.05, **p � 0.01, n � 5.

important for stability of SAP97 in spines and for synap- Role of SAP97 in Synaptic Function
We show here that overexpression of SAP97 (unbur-tic potentiation by SAP97. In this context, it is notewor-

thy that CaMKII can phosphorylate serine-39 in the L27 dened by GFP or epitope tags) robustly enhanced syn-
aptic AMPA currents, with little effect on the NMDAdomain of SAP97 and promotes SAP97 targeting to den-

dritic spines (Mauceri et al., 2004). component. These results are consistent with a role for
SAP97 in synaptic trafficking of GluR1 receptors (Haya-In dendritic spines, the turnover rate of SAP97 is faster

than that of PSD-95, consistent with an association of shi et al., 2000; Rumbaugh et al., 2003; Sans et al., 2001).
Our findings differ from those of a previous report inSAP97 with highly mobile AMPARs. L27 domain muta-

tions that disrupt multimerization resulted in faster turn- which no effect was found with overexpression of SAP97
that was tagged at its C terminus with GFP (Schnell etover of SAP97 in spines. Interestingly, these mutations

disabled SAP97 with respect to synaptic potentiation al., 2002). Given that SAP97 and PSD-95 fold in specific
conformations, their structure/function could be sensi-but not with respect to GluR1 delivery. One possible

explanation is that disruptive L27 mutations shift the tive to the insertion of large moieties like GFP. Based
on the crystal structure and mutational analysis, theequilibrium of SAP97, favoring the “dynamic monomer”

capable of trafficking GluR1 to the synapse but reducing extreme C terminus of PSD-95 family proteins plays a
role in the intramolecular interactions between SH3 andthe “immobile multimer” responsible for stabilizing

AMPARs at the synapse. GK domains (McGee and Bredt, 1999; McGee et al.,
2001; Shin et al., 2000; Tavares et al., 2001). Because theIf SAP97 is involved in AMPAR trafficking, it might

be expected to show activity-regulated movement in C terminus of SAP97 is buried within the hydrophobic
pocket between the SH3 and GK domains (McGee etneurons. Indeed, we observed NMDA-induced redistri-

bution of YFP-SAP97 in cultured neurons, but away al., 2001; Tavares et al., 2001), attaching GFP to this
segment could hinder the folding of the SH3/GK domainfrom, rather than toward, spines. This finding is consis-

tent with the fact that bath application of NMDA typically and impair the function of SAP97. An N-terminal GFP
tag, however, appeared not to affect synaptic targetingelicits loss of surface AMPARs and LTD in cultured neu-

rons (Beattie et al., 2000; Carroll et al., 2001; Ehlers, of SAP97 (Rumbaugh et al., 2003).
In a recent study, overexpression of N-terminally-2000). A similar activity-dependent dispersal of PSD-95

from synapses has also been reported, involving depal- tagged GFP-SAP97 in dissociated neurons increased
the frequency but not the amplitude of mini-EPSCsmitoylation of N-terminal cysteines in PSD-95 (El-Hus-

seini et al., 2002). However a time-lapse study indicated (Rumbaugh et al., 2003). While this result can be ex-
plained by a postsynaptic mechanism (such as in-little evidence of activity-dependent dynamics of PSD-

95-GFP between the spine and the shaft (Okabe et al., creased number of postsynaptically functional syn-
apses), it seems at odds with the increase in average2001). Further studies are needed to examine whether

LTP-inducing stimuli can provoke the translocation of size of GluR1 clusters induced by SAP97 (Rumbaugh et
al., 2003). Our electrophysiological data establish thatSAP97 to synapses.

SAP97 is concentrated in the ER and has been pro- SAP97 potentiates evoked synaptic responses in a more
intact preparation (slice culture) and provide strong evi-posed to convey AMPAR from ER to the cell surface

(Sans et al., 2001). According to this model, at least part dence that SAP97 acts at the postsynaptic locus to
strengthen synapses (delivery of GluR1, no change inof SAP97 should associate with intracellular membrane

compartments that contain AMPARs. We were unable PPF, and increase in mEPSC amplitude).
How does SAP97 increase synaptic strength? A pre-to detect YFP-SAP97 moving as puncta within dendrites

or into/out of spines, but this could be due to insufficient vailing model of synaptic plasticity is based on GluR1-
containing AMPARs being recruited to synapses duringresolution or the signal-to-noise limitations of our time-

lapse imaging. NMDAR-dependent LTP (Hayashi et al., 2000; Passafaro
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et al., 2001; Shi et al., 1999). Our electrophysiological synaptic strength, dependent on L27 domain-mediated
data show that SAP97 can “drive” homomeric GluR1 interactions. SAP97 functions, at least in part, by pro-
into synapses and partially occlude LTP, implying that moting the synaptic delivery of GluR1-containing AMPA
SAP97 acts upon a GluR1 pathway in common with LTP receptors. However, our data also imply additional roles
to effect synaptic strengthening. In this regard, SAP97 for SAP97 in maintaining the functional and morphologi-
behaves like PSD-95, albeit less potently (Ehrlich and cal integrity of synapses. The identification of the other
Malinow, 2004; Schnell et al., 2002; Stein et al., 2003). components of the SAP97 protein complex will be help-
It is therefore of particular significance that I38G-SAP97 ful for understanding the mechanisms of synaptic
causes synaptic accumulation of GluR1 (as evidenced growth and plasticity.
by increased rectification) but without synaptic potentia-
tion (indeed, I38G slightly inhibits AMPAR EPSCs). The Experimental Procedures
molecular dissociation of these two effects implies that

Recombinant DNAsynaptic potentiation involves more than synaptic deliv-
L27 domain was defined as amino acids 1–65 (MPVRK…LDNPK) ofery of GluR1 AMPARs. As discussed above, the mono-
SAP97. The �L27 construct starts from amino acid 66 (CVDHS…);

meric form of SAP97 appears sufficient to deliver GluR1 hexahistidine tag (6xHis) was inserted at the N terminus, supplying
to synapses, while L27-mediated interactions of SAP97 the first methionine.
may be required to stabilize synaptic AMPARs once they Baculoviral Constructs

PSD-95 and PSD-95-EGFP tagged with C-terminal 6xHis wereare delivered. This “two-step” function is reminiscent of
cloned into pBacdPAK8 (Clontech). SAP97 with N-terminal 6xHisthe stargazin family of proteins, which associate with
was cloned into pBacPAK9. SAP97 point mutants were generatedAMPARs and are critical for synaptic expression of
by in vitro mutagenesis with the QuickChange kit (Stratagene) andAMPARs by binding to PSD-95 (Chen et al., 2000; Tomita
cloned into pFastBac1 (GIBCO).

et al., 2003). It will be interesting to investigate the Mammalian Expression Constructs
involvement of stargazin in SAP97-mediated trafficking PSD-95-YFP/CFP and YFP/CFP-SAP97 were cloned into -actin
of GluR1. promoter vector. Untagged I38G- and L14G-SAP97 were cloned

into expression vector pGW1, as were SAP97 and PSD-95 (Kim etRNAi knockdown of SAP97 inhibits the AMPAR EPSC
al., 1995).as effectively as does PSD-95 RNAi, supporting the idea

that SAP97 is normally involved in delivery and/or stabili-
Baculovirus Protein Productionzation of synaptic AMPARs. The unexpected finding was
Recombinant baculoviruses were produced using BacPAK6 (Clon-that RNAi of SAP97 also decreased NMDAR currents,
tech) or Bac-to-Bac system (GIBCO). Sf9 cells were infected with

whereas knockdown of PSD-95 inhibited only the the virus at MOI � 5 and harvested 48 hr postinfection. Cells were
AMPAR component. The latter result supports the idea lysed in buffer A (20 mM Tris HCl pH 9.0, 500 mM NaCl, 20 mM
that PSD-95 is not essential for synaptic targeting of imidazole, 20 mM -mercaptoethanol, plus protease inhibitors) by

Dounce homogenization and centrifuged at 50,000 rpm at 2�C forNMDAR (Migaud et al., 1998; Passafaro et al., 1999;
15 min. Supernatant was loaded on a Ni2� chelating SepharoseSprengel et al., 1998). A broader role for SAP97 in synap-
column and eluted with buffer A containing 250 mM imidazole. Thetic function is also evidenced by the inhibitory effect of
peak fraction was desalted with a PD-10 column (Pharmacia), ap-overexpressed SAP97-I38G on NMDAR currents and
plied to Mono Q HR 5/5 (Pharmacia), and eluted with linear salt

on dendritic protrusion density, which we interpret as gradient produced between buffer L (20 mM Tris HCl pH 9.0, 100 mM
dominant-interfering effects reflecting again the impor- NaCl, 5 mM DTT) and buffer H (20 mM Tris HCl pH 9.0, 1 M NaCl,
tance of the L27 domain in SAP97 activity. 5 mM DTT). Peak fraction was concentrated by Ultrafree (Millipore)

and further purified by Superdex200 (Pharmacia) in buffer C (20 mMHow does loss of SAP97 lead to reduced NMDAR
Tris HCl pH 8.0, 150 mM NaCl, 5 mM DTT).currents? One obvious possibility is that SAP97 is also

involved in the synaptic delivery or stabilization of
Analytical Gel FiltrationNMDARs, since, at least in vitro, the C termini of NMDAR
Superdex200 5/5 HR column (Pharmacia) was pumped by AKTANR2 subunits can bind to the PDZ domains of SAP97
FPLC (Pharmacia) at a flow rate of 0.5 ml/min. Protein samples

(Niethammer et al., 1996; Songyang et al., 1997). Associ- (100 	l) (0.5–1 mg/ml) were loaded and the elution profile was moni-
ation of SAP97 with NMDARs in brain has been reported tored by absorbance at 280 nm. The column was precalibrated using
by some (Gardoni et al., 2003) but not others (Sans et MW standards (Pharmacia) of known Stokes’ radius (see Figure 3).
al., 2001). An alternative explanation is that SAP97 is Stokes’ radius was determined by plotting Kav versus log (MW),

where Kav � (Ve � Vo)/(Vt � Vo); Vo � void volume; Ve � elutionmore generally important for synapse growth and/or
volume; Vt � total column bed volume. The native molecular weightmaintenance. It is likely that SAP97 binds to numerous
was derived from equation M � �aS, where a � Stokes’ radius, S �proteins in addition to GluR1. Along with AMPARs,
sedimentation coefficient. � � 6��N/(1 � ��), where � � viscosity

SAP97 may be required for trafficking other (structural of the solvent, N � Avogadro’s number, � � partial specific volume
or signaling) proteins needed for synaptic growth/main- of the protein, and � � density of solvent (Siegel and Monty, 1966).
tenance. Consistent with this idea, RNAi of SAP97 re-
duced the density of dendritic protrusions. Thus, loss Electron Microscopy and Image Processing
of NMDARs following depletion of SAP97 could be an PSD-95 or SAP97 solution (5 	l) (0.05–0.1 mg/ml) was applied to a
indirect consequence of loss or shrinkage of synapses. glow-discharged carbon-coated grid and negatively stained with

uranyl formate as described (Ohi et al., 2004). Samples were in-It should be stressed, however, that the potentiating
spected with a FEI Philips T12 transmission EM and images wereeffect of SAP97 overexpression is unlikely due to the
taken at a nominal defocus of �1.5 	m using low-dose procedures.formation of more synapses, because AMPAR EPSCs
Images were digitized with a Zeiss SCAI scanner using a step size

were selectively enhanced, resulting in increased of 7 	m, and 3 � 3 pixels were averaged yielding a pixel size of 4 Å
AMPA/NMDA ratios. Thus SAP97 has a relatively spe- on the specimen level. The SPIDER suite of programs was used for
cific function in AMPAR trafficking. image processing (Frank et al., 1996). Particles were windowed into

80 � 80 pixel images. The images were subjected to several roundsIn conclusion, our results show that SAP97 enhances
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of alignment, multivariate statistical analysis, classification, and im- Electrophysiology
Electrophysiological recordings were carried out from organotypicage averaging.
slice cultures as described (Sala et al., 2003). Neurons were trans-
fected using a biolistic gene gun (Bio Rad) at DIV 3–6 (100 	g DNA;Analytical Ultracentrifugation
90% of the construct to test; 10% pEGFP-C1). pCI-GluR1, pGW1-An Optima XL-A centrifuge (Beckman) was operated with an An-
SAP97, and pEGFP-C1 constructs were transfected at the ratio ofTi60 rotor. A double-sector cell, equipped with a 12 mm Epon center-
45:45:10. Electrophysiological recordings were performed at 2–3piece and quartz windows, was loaded with �400 	l of protein
days (overexpression) and 3–4 days (RNAi) after transfection. Re-sample (0.3–0.6 mg/ml). Data were collected at rotor speeds of
cordings were carried out in solution containing NaCl, 119 mM; KCl,3000–60,000 rpm in continuous mode at 10�C, with a step size of
2.5 mM; CaCl2, 4 mM; MgCl2, 4 mM; NaHCO3, 26 mM; NaH2PO4,0.005 cm and an average of three scans per point. The sedimentation
1 mM; glucose, 11 mM; picrotoxin, 0.15 mM; and 2-chloroadenosine,velocity absorbance profiles were analyzed using the DCDT soft-
0.003 mM for LTP experiments and 0.01 mM for others, gassedware provided by J.S. Philo (Philo, 1997) to obtain the apparent
with 5% CO2/95% O2, at pH7.4. Whole-cell recordings were madedistribution of sedimentation coefficients g(s*). The partial specific
simultaneously from a pair of CA1 pyramidal neurons, one trans-volume value of 0.71 cm3/g was determined based on the PSD-95
fected and one untransfected, during stimulation of presynapticand SAP97 amino acid sequence.
fibers at 0.2 Hz. In most recordings, except LTP and asynchronous
synaptic events, we stimulated two independent synaptic inputs. In

Chemical Crosslinking of Purified Proteins such cases, we averaged the amplitudes of these two inputs and
Purified proteins were dialyzed against phosphate-buffered saline counted them as “n � 1.” Synaptic AMPA receptor responses were
(PBS) and ultracentrifuged. Gel filtration elution profiles were indis- recorded at �60 mV and NMDA receptor responses were recorded
tinguishable after buffer exchange. The crosslinking reaction was at �40 mV in the presence of NBQX (0.01 mM). The rectification
carried out at room temperature by mixing 30 	l (0.2 mg/ml) of index (RI) was calculated as the ratio of the AMPAR EPSCs ampli-
protein and 30 	l of glutaraldehyde (0.04%–0.0012% in PBS, freshly tude at �60 and �40 mV in the presence of 100 	M DL-APV, 1 	M
prepared) and terminated after 20 min by 10 	l of 1M Tris-HCl, CPP, and 10 	M bicuculline. LTP was induced by pairing 2 Hz
pH 7.4. stimulation with depolarization of the postsynaptic cell to 0 mV for

100 s. For recording of the Sr2�-induced asynchronous synaptic
current, CaCl2 was replaced with 4 mM SrCl2, and 2-chloroadenosineAntibodies and Immunocytochemistry

The following primary antibodies were used: mouse monoclonal was removed. Events larger than 5 pA were included. Experiments
were blinded in regard to the DNA constructs used. Results arePSD-95 antibody K28/43 (a gift from J. Trimmer; State University of

New York, Stony Brook, NY); polyclonal GluR2/3 C-terminal antibody reported as mean � SEM. Statistical significance was evaluated
with Kruskal-Wallis ANOVA (Figures 4E and 7), the Kormogorov-AB1506, polyclonal GluR1 C-terminal antibody AB1504 (Chemicon,

Temecula, CA); polyclonal GluR1 N-terminal antibody Ab-1 (Onco- Smirnov test (Supplemental Figure S2 [http://www.neuron.org/cgi/
content/full/44/3/453/DC1/]), and the Mann-Whitney test (others).gene Research Products); monoclonal -gal antibody (Promega);

polyclonal -gal antibody Ab616-1000 (Abcam). Polyclonal SAP97
N-terminal antibody has been described previously (Kim et al., 1996). RNAi
Polyclonal antibody against SAP97 was raised against purified The following siRNA sequences were subcloned into pSuper (Brum-
SAP97 expressed in Sf9 cells. The antibody was affinity-purified melkamp et al., 2002): SAP97, 5�-CCCAAATCCATGGAAAATA-3�;
with a SAP97-conjugated CNBr-Sepharose column (Pharmacia) and PSD-95, 5�-GCCTTCGACAGAGCCACGA-3�. RNAi plasmids were
further preabsorbed with PSD-95-conjugated CNBr Sepharose. Im- transfected by calcium phosphate method (for dissociated neurons)
munocytochemistry of hippocampal cultures was performed as de- or by gene gun (slice cultures).
scribed (Sala et al., 2003).
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