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Targeting of PKA to Glutamate Receptors
through a MAGUK-AKAP Complex

these synaptic organizing molecules are a growing num-
ber of proteins that contain interaction modules called
PDZ domains (named for PSD-95, Discs large, and ZO-1).
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PDZ proteins have been implicated in the targeting and*Howard Hughes Medical Institute
clustering of ion channels, including glutamate recep-Vollum Institute
tors at synaptic sites (Kennedy, 1997; Sheng and Wys-Oregon Health Sciences University
zynski, 1997; Ziff, 1997; O’Brien et al., 1998). PDZ pro-Portland, Oregon 97201
teins are also likely to regulate signal transduction†Howard Hughes Medical Institute
events by recruiting additional signaling molecules to

Department of Neuroscience receptors.
The Johns Hopkins University School of Medicine Certainly the best studied family of PDZ proteins is the
Baltimore, Maryland 21205 membrane-associated guanylate kinases (MAGUKs), of

which PSD-95 (SAP90) is the prototypic member (Ander-
son, 1996). The MAGUKs are modular proteins com-
posed of three N-terminal PDZ domains, followed by aSummary
src homology 3 (SH3) domain and a guanylate kinase–
like (GK) region. The C-terminal cytoplasmic tail ofCompartmentalization of glutamate receptors with the
NMDA receptor subunits contains a canonical PDZ rec-

signaling enzymes that regulate their activity supports ognition motif (S/T-X-I/V) that mediates high-affinity
synaptic transmission. Two classes of binding pro- binding to the PDZ domains of PSD-95 and other MA-
teins organize these complexes: the MAGUK proteins GUK family members (Kornau et al., 1995; Kim et al.,
that cluster glutamate receptors and AKAPs that an- 1996; Lau et al., 1996; Muller et al., 1996). When coex-
chor kinases and phosphatases. In this report, we pressed in heterologous cells, PSD-95 and NMDA re-
demonstrate that glutamate receptors and PKA are ceptors form surface clusters, suggesting that PSD-95
recruited into a macromolecular signaling complex may function to cluster NMDA receptors at synaptic
through direct interaction between the MAGUK pro- sites in vivo (Kim et al., 1996). Curiously, in PSD-95

mutant mice, NMDA receptor localization at the synapseteins, PSD-95 and SAP97, and AKAP79/150. The SH3
is normal (Migaud et al., 1998). The mice do, however,and GK regions of the MAGUKs mediate binding to
exhibit defects in LTP, LTD, and spatial learning, sug-the AKAP. Cell-based studies indicate that phosphory-
gesting that PSD-95 plays a critical role in couplinglation of AMPA receptors is enhanced by a SAP97-
NMDA receptors to downstream signaling events.AKAP79 complex that directs PKA to GluR1 via a PDZ

A distinct set of PDZ proteins interact with AMPAdomain interaction. As AMPA receptor phosphoryla-
receptors. GRIP1/2 (glutamate receptor interacting pro-tion is implicated in regulating synaptic plasticity,
teins 1 and 2; Dong et al., 1997, 1999; Wyszynski et al.,these data suggest that a MAGUK-AKAP complex may
1999), ABP (AMPA receptor binding protein; Srivastava

be centrally involved. et al., 1998), and Pick-1 (protein interacting with C kinase
1; Xia et al., 1999) bind to, via their PDZ domains, the
C-terminal tails of GluR2/3 subunits of AMPA receptors.Introduction
Dominant-negative experiments suggest that these in-
teractions are important for the synaptic clustering ofIn the mammalian central nervous system, the majority
AMPA receptors (Dong et al., 1997). In addition, theof fast excitatory transmission is mediated by ionotropic
MAGUK family member SAP97 associates with theglutamate receptors. Like most neurotransmitter recep-
GluR1 subunit of AMPA receptors via a PDZ-C-terminaltors, glutamate receptors are subject to modulation by
(TGL) interaction (Leonard et al., 1998). Thus, multipleprotein phosphorylation (Swope et al., 1999). Regulation
PDZ proteins may act in concert to coordinate the local-of glutamate receptor function by protein kinases and
ization of AMPA receptors at synapses.phosphatases is particularly interesting given their cen-

The details of how protein kinases and phosphatasestral role in various forms of synaptic plasticity. A great
are targeted to specific synaptic substrates are less welldeal of evidence suggests that kinases and phospha-
understood. Early electrophysiological studies providedtases are critically involved in the induction and mainte-
evidence that targeting of protein kinase A (PKA) is re-nance of long-term potentiation (LTP) and long-term
quired for modulation of AMPA receptors in hippocam-depression (LTD), two well-studied cellular models for
pal neurons (Rosenmund et al., 1994). At the molecularlearning and memory (recently reviewed by Malenka and
level, PKA targeting is achieved through A kinase an-

Nicoll, 1999). Intense investigation has focused on un- choring proteins (AKAPs), proteins that bind to the regu-
derstanding the molecular mechanisms underlying these latory (R) subunit dimer of PKA to direct the holoenzyme
phenomena. to discrete subcellular structures (Colledge and Scott,

In recent years, a host of proteins comprising the 1999). AKAP79/150, which provides a scaffold for three
postsynaptic density (PSD), the electron dense cy- signaling enzymes—PKA, protein kinase C (PKC), and
toskeletal specialization of excitatory synapses, has the calcium-dependent phosphatase calcineurin—has
been identified and characterized. Prominent among been a leading candidate in the regulation of ion channel

activity (Carr et al., 1992; Coghlan et al., 1995). It has
been postulated that AKAP79/150 functions to target‡ To whom correspondence should be addressed (email: scott@

ohsu.edu). its associated enzymes to ion channels, such as AMPA
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Figure 1. AKAP150 Is Present in the PSD and at Synaptic Sites in Cultured Hippocampal Neurons

(A) AKAP150 is a major PKA binding protein in PSD fractions. Synaptic plasma membranes (SPM) were extracted with Triton X-100 once (T1),
twice (T2), or with Triton followed by sarcosyl (Sarc). A sample (2 mg) of each insoluble PSD fraction was separated by SDS–PAGE and
transferred to nitrocellulose membrane. PKA binding proteins were identified by incubating membranes with 32P-labeled regulatory II subunit
of PKA (RII). RII binds to AKAP150. The higher molecular weight RII binding protein may correspond to MAP2, a previously identified AKAP.
RII also homodimerizes with the PKA R subunit (55 kDa).
(B) Fractionation of AKAP150, RII, and PSD-95 in PSDs. Various soluble (sup) and insoluble (pellet) PSD fractions (1 mg each) were immunoblotted
with antibodies specific for AKAP150 (top), PSD-95 (middle), and RII (bottom). AKAP150 and RII are present in the core PSD (Sarc pellet),
along with PSD-95.
(C) Distribution of AKAP150 in hippocampal neurons. Three-week-old cultured hippocampal neurons were labeled simultaneously with antibod-
ies against AKAP150 (left) and PSD-95 (middle). AKAP150 exhibits a punctate pattern of distribution along dendrites that codistributes with
PSD-95 labeling at a majority of PSD-95-positive synaptic sites. Representative regions are highlighted that contain both proteins (yellow
arrow), AKAP150 alone (green arrow), and PSD-95 alone (red arrow).

receptors, where they are optimally positioned to alter Rubino et al., 1989). The 55 kDa R subunit of PKA itself
also binds to RII in this assay, as R subunits form homo-the phosphorylation state of the channel (Rosenmund

et al., 1994; Colledge and Scott, 1999). In this report, dimers (Hausken et al., 1994). Given its apparent molec-
ular weight, we predicted that the 150 kDa RII bindingwe provide evidence that the AKAP79/150 signaling

scaffold is recruited to glutamate receptors via direct protein was AKAP150, the rat ortholog of human
AKAP79. Despite the discrepancy in size, AKAP79 andassociation with MAGUK proteins. Cell-based studies

suggest that AKAP79 is targeted to NMDA receptors AKAP150 are highly conserved and appear to be func-
tional orthologs; the latter contains a central repeat se-through interaction with PSD-95. In the case of AMPA

receptors, SAP97 links AKAP79 to GluR1. These pro- quence of unknown function that accounts for its higher
molecular weight.tein–protein interactions position PKA near the receptor,

permitting specific phosphorylation of serine 845, a reg- To confirm that the RII binding protein was indeed
AKAP150, we studied the fractionation pattern ofulatory site within the cytoplasmic tail of GluR1.
AKAP150 in PSDs by immunoblotting (Figure 1B).
AKAP150 showed the same pattern of distribution in theResults
PSDs as the 150 kDa RII binding protein. It was highly
enriched in the insoluble PSD fractions—the majorityAKAP150 Is a Major PKA Binding Protein
was resistant to extraction by Triton X-100 and sarcosylin the PSD
detergents (Figure 1B, top). In fact, a significant amountTo characterize AKAP signaling complexes at the syn-
of AKAP150 was found along with PSD-95, a well-apse, we used an RII overlay assay (Hausken et al.,
defined PSD protein (Figure 1B, middle), in the core PSD1998) to identify AKAPs in PSD fractions (Figure 1A).
fraction (Sarc pellet). In addition, RII showed a similarRat brain PSDs were purified by sequential extraction
extraction pattern to AKAP150 (Figure 1B, bottom). To-of synaptic plasma membranes with Triton X-100 and
gether, these data suggest that AKAP150 is a major PKAsarcosyl detergents (Cho et al., 1992). We consistently
binding protein in the PSD.observed a predominant RII binding protein that mi-

Previous work indicated that AKAP150 is distributedgrated at z150 kDa in each PSD fraction, including the
throughout the dendritic tree in cultured hippocampalcore fraction (Sarc). A higher molecular weight binding
neurons (Glantz et al., 1992; Dell’Acqua et al., 1998). Toprotein that may correspond to MAP2, a previously iden-

tified AKAP, was often observed (Vallee et al., 1981; determine whether AKAP150 was specifically localized
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at synaptic sites, we examined the distribution of J. D. S., unpublished data), was not found in PSD-95
immunoprecipitates (Figure 2D, bottom left). In recipro-AKAP150 relative to PSD-95, a marker for excitatory

glutamatergic postsynaptic sites. Cultured hippocampal cal experiments, AKAP150 antibodies immunoprecipi-
tated PSD-95 (Figure 2D, top right). Control immunopre-neurons were labeled simultaneously with antibodies

against AKAP150 and PSD-95 (Figure 1C). AKAP150 cipitations with yotiao (a brain AKAP associated with
NMDA receptors; Westphal et al., 1999) antibodies didshowed a punctate pattern of distribution along den-

drites that overlapped with PSD-95 labeling. AKAP150 not contain PSD-95. Furthermore, synaptophysin, an
unrelated synaptic protein, was not found in AKAP150codistributed with PSD-95 at a majority of PSD-95 posi-

tive synaptic sites. This is best observed in the compos- complexes (Figure 2D, bottom right). These data provide
strong evidence for a specific interaction betweenite image (Figure 1C, right). Collectively, these data indi-

cate that AKAP150 and PSD-95 are colocalized in a PSD-95 and AKAP150 in synaptic fractions. Together,
the data presented in Figure 2 suggest that AKAP150subset of excitatory synapses, a finding consistent with

the subcellular distribution data. directly interacts with MAGUK family members in brain.

PSD-95 and SAP97 Associate withAKAP150 Associates with PSD-95 Family
AKAP150-Bound Kinasesof Proteins In Vivo
Previous studies have shown that AKAP79/150 providesOn the basis of our results that AKAP150 and PSD-
a scaffold for three second messenger–regulated signal-95 are found together in the core PSD fraction and at
ing enzymes—PKA, PKC, and calcineurin (Coghlan etsynaptic sites in neurons, we wondered whether both
al., 1995; Klauck et al., 1996). We used GST pulldownproteins might be present in the same complex. To test
assays to test whether PSD-95 and SAP97 associatethis idea, we isolated R subunit-AKAP complexes from
with these signaling enzymes in brain extracts throughrat brain extracts by affinity chromatography on cAMP
their interaction with AKAP150 (Figure 3A). In additionagarose and looked for copurifying PSD-95 (Figure 2A).
to PSD-95, we also focused on SAP97 as this MAGUKIndeed, PSD-95 was eluted from cAMP agarose (Figure
family member recently was shown to associate with2B, left). In control conditions, in which excess cAMP
AMPA receptors (Leonard et al., 1998), known targetswas added to extracts to block specific binding to the
of PKA (Rosenmund et al., 1994; Roche et al., 1996). Asbeads, PSD-95 was absent from the eluants (Figure 2B,
expected, AKAP150 was isolated from extracts by bothleft). These data suggest that PSD-95 specifically asso-
GST-PSD-95 and GST-SAP97, but not by control GSTciates with PKA-R subunit complexes in brain. Further-
beads (Figure 3B, first [top] panel). Likewise, PKCa (Fig-more, using a pan antibody that recognizes multiple
ure 3B, second panel) and the regulatory (RII) subunitMAGUK family members, including PSD-95, chapsyn110/
of PKA (Figure 3B, third panel) also were specificallyPSD-93, and SAP97 (Upstate Biotechnology, catalog
retained by PSD-95 and SAP97. Neither kinase was de-number 05–427), we consistently observed two higher
tected in control experiments using GST alone. Surpris-molecular weight proteins, in addition to PSD-95, that
ingly, we were unable to isolate the phosphatase cal-were specifically eluted by cAMP (Figure 2B, right).
cineurin in these experiments (Figure 3B, fourth [bottom]These results suggest that multiple MAGUK family mem-
panel). These data suggest that signaling complexesbers form complexes with PKA in brain.
containing PSD-95/SAP97, AKAP150, and its associ-To rule out the possibility that PSD-95 was itself an
ated kinases, PKA and PKC, exist in brain. It is likelyAKAP, we tested for direct interaction with the RII sub-
that other PKC isoforms also may be present in thisunit by a variety of solid phase and solution binding
signaling complex, as previous work has shown thatassays. We found no evidence for direct association
AKAP150 can associate with multiple PKC isoforms inbetween PSD-95 and RII (data not shown). This sug-
brain (Faux et al., 1999).gested that an intermediate protein, such as AKAP150,

Although AKAP79 is known to directly interact withis required. To test this hypothesis, we performed in
calcineurin (Coghlan et al., 1995; Kashishian et al., 1998),vitro GST pulldown experiments with purified proteins
we were unable to isolate complexes containing PSD-(Figure 2C). (Since the full-length cDNA of AKAP150 has
95, AKAP79, and calcineurin in a variety of assays (datanot been cloned, we have used AKAP79 cDNA con-
not shown). This suggested that binding of PSD-95 andstructs for in vitro binding and heterologous expression
calcineurin to AKAP79/150 might be mutually exclusive.experiments.) Beads charged with various GST fusion
To test this hypothesis directly, we performed a compe-proteins (Figure 2C, bottom) were incubated with recom-
tition assay using recombinant proteins (Figure 3C).binant purified AKAP79. AKAP79 bound to both GST-
GST-PSD-95 beads were incubated with purified recom-PSD-95 and GST-SAP97, but not to control GST. In addi-
binant AKAP79 in the presence of increasing concentra-tion, AKAP79 was not retained by GST-Grb2, another
tions of purified calcineurin. In the absence of cal-adaptor protein, which like the MAGUK proteins con-
cineurin, PSD-95 beads specifically retained AKAP79,tains an SH3 domain, nor by GST-Rab, an unrelated
while control GST beads did not. Calcineurin competedprotein (Figure 2C, top). These data indicate that
for binding of AKAP79 to PSD-95 in a dose-dependentAKAP79 interacts directly with PSD-95 and SAP97.
manner; binding of AKAP79 to PSD-95 was decreasedThe binding appears specific for MAGUK proteins, as
by 100 nM calcineurin and almost completely abolishedAKAP79 does not bind to other GST fusion proteins.
by 200 nM (Figure 3C). These data suggest that PSD-To verify that PSD-95 and AKAP150 form a complex in
95 competes with calcineurin for binding to AKAP79.vivo, we performed coimmunoprecipitation experiments

from deoxycholate solubilized rat synaptosomal mem-
branes (Figure 2D). PSD-95 antibodies immunoprecipi- AKAP150 Binds to the SH3 and GK Domains

of PSD-95tated AKAP150 from extracts (Figure 2D, top left), while
control IgG antibodies did not. In addition, WAVE, an- The PSD-95 family of MAGUK proteins are modular scaf-

folding proteins composed of several protein interactionother AKAP expressed in brain (R. S. Westphal and
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Figure 2. AKAP150 Associates with PSD-95 in Brain

(A) Schematic diagram showing purification of R subunit-AKAP complexes from brain extracts using cAMP agarose.
(B) Association of PSD-95 and family members with AKAP complexes in brain. Extracts from whole rat brain were incubated with cAMP
agarose in the presence or absence of excess cAMP (50 mM). After extensive washing, bound proteins were eluted from beads with 75 mM
cAMP and TCA precipitated. Pellets were resuspended in SDS sample buffer. Immunoblotting the eluants for PSD-95 shows that PSD-95
specifically bound to cAMP agarose (left). Immunoblotting with a pan-MAGUK antibody indicates that several family members bound to cAMP
agarose (right).
(C) PSD-95 and SAP97 directly associate with AKAP79. A series of GST fusion protein beads were incubated with recombinant purified
AKAP79 (0.5 mg), the human ortholog of AKAP150. Bound protein was eluted with SDS sample buffer and analyzed by immunoblotting with
AKAP79 antibodies. The amount of AKAP79 used in each pulldown (0.5 mg) was run in the input lane. A large fraction of AKAP79 was retained
specifically by PSD-95 and SAP97 beads. Control GST, Grb2, or Rab beads did not retain AKAP79 (top). The blot was stripped and reprobed
with GST antibodies to show that equivalent amounts of each fusion protein were used in the pulldowns (bottom).
(D) Coimmunoprecipitation of PSD-95 and AKAP150 from brain. Extracts of rat forebrain synaptic plasma membranes (SPM) were immunopre-
cipitated with control nonimmune IgG, PSD-95, AKAP150, and yotiao antibodies. A fraction of the total protein used (1%) was run in the
extract lane (Ex). AKAP150 specifically coimmunoprecipitated with PSD-95, but not control IgG antibodies (top left). WAVE, another AKAP
expressed in brain, was not detected in PSD-95 precipitates (bottom left). In reciprocal experiments, PSD-95 coimmunoprecipitated with
AKAP150, but not with yotiao, another brain AKAP (top right). Synaptophysin, a protein enriched in synaptic fractions, was not detected in
AKAP150 precipitates (bottom right).

regions—three PDZ repeats, an SH3 domain, and a GK isolated AKAP150 from brain extracts (data not shown).
These data suggest that MAGUK proteins interact withregion. To identify which region of PSD-95 interacts with

the AKAP, a family of GST fusion proteins encompassing AKAP79/150 via two regions in their C terminus.
SH3 domains typically bind to proline-rich sequencesthe individual domains of PSD-95 were screened for

their ability to isolate AKAP150 from rat brain extracts containing a PXXP motif (Pawson and Scott, 1997). How-
ever, AKAP79/150 does not contain this conserved mo-(Figures 4A and 4C). Given that the C terminus of

AKAP150 lacks the canonical PDZ recognition motif, we tif. To further characterize this interaction, we tested
the ability of two SH3 domain mutants to interact withpredicted that the PDZ domains of PSD-95 would not

bind to AKAP150. Indeed, neither PDZ1, PDZ2, nor PDZ3 recombinant AKAP79 in GST pulldowns (Figures 4D).
Protein staining of the membrane confirmed that equalbound to AKAP150 (Figure 4B). Surprisingly, both the

SH3 and GK domains independently isolated AKAP150 amounts of wild-type and mutant SH3 domains were
used in each pulldown (Figure 4E). It has been reportedfrom brain extracts (Figure 4B). Similar results were ob-

tained using recombinant purified AKAP79 (data not that mutation of tryptophan 470 to alanine (W470A) in
the SH3 domain of PSD-95 disrupts SH3-proline peptideshown). In addition, the SH3 and GK domains of SAP97
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(Figure 4D). In contrast, mutation of leucine 460 to pro-
line (L460P) in the SH3 domain of PSD-95 greatly dimin-
ished binding to AKAP79 (Figure 4D). This residue is
conserved among MAGUK family members and corre-
sponds to a point mutation in the Drosophila protein
Discs large that produces a strong mutant phenotype
(Woods et al., 1996). This mutation also has been shown
to disrupt an intramolecular interaction between the SH3
and GK domains of PSD-95, which does not depend on
polyproline sequences (McGee and Bredt, 1999). Thus,
AKAP79/150 appears to interact with the SH3 domain
of PSD-95 in a manner that is independent of proline-
rich sequences.

Association of AKAP79/150 with PSD-95-NR2B
Complex In Vivo
PSD-95 is thought to cross-link ion channels like the
NMDA receptor to cytoskeletal and signaling elements
underlying the postsynaptic density (Sheng and Pak,
1999). The modular nature of the protein ideally suits
it for this role. Numerous studies have implicated the
N-terminal PDZ domains as sites of interaction with the
cytoplasmic tails of ion channels, whereas the C-termi-
nal modules have been shown to mediate association
with cytoskeletal and other PSD proteins (reviewed by
Fanning and Anderson, 1999). Based on our evidence
that AKAP79/150 binds to the SH3 and GK domains of
PSD-95, it is reasonable to assume that the PDZ do-
mains are unoccupied and thus are available for interac-
tion with ligands such as NR2 subunits of the NMDA
receptor (Kornau et al., 1995). To test this hypothesis,
we transfected NR2B, PSD-95, and AKAP79 into COS7
cells and performed coimmunoprecipitation experi-
ments (Figure 5A).

We initially confirmed that the PSD-95-AKAP79
complex could be reconstituted in COS cells. Indeed,
antibodies to PSD-95 coimmunoprecipitated AKAP79,
whereas nonimmune IgG did not (Figure 5B, left). In
reciprocal experiments, antibodies to AKAP79 coimmu-Figure 3. PSD-95 and SAP97 Interact with AKAP150-Associated Ki-

nases noprecipitated PSD-95 (Figure 5B, right). Other control
experiments confirmed that NR2B could be coimmuno-(A) Schematic diagram of proposed MAGUK-AKAP signaling

complex. precipitated with PSD-95 (Figure 5C), as previously dem-
(B) GST pulldown assays showing interaction of PSD-95 and SAP97 onstrated (Kim et al., 1996). To test for ternary complex
with AKAP150-associated kinases. GST, GST-PSD-95, and GST- formation between NR2B, PSD-95, and AKAP79, we im-
SAP97 beads were incubated with whole rat brain extract. Bound munoprecipitated the anchoring protein and looked for
proteins were analyzed by immunoblotting with the antibodies indi- both binding partners in the resulting precipitates. PSD-
cated. A sample of extract (5 mg) was run in the extract lane (Ex) to

95 (Figure 5D, left) and, more importantly, NR2B (Figureshow that bound proteins migrate at the appropriate size. AKAP150
5D, right) coprecipitated with AKAP79, indicating that a(first [top] panel), PKCa (second panel), and PKA-RII subunit (third
ternary complex forms inside cells. To confirm that thesepanel) were specifically retained by PSD-95 and SAP97 but not

control GST beads. The phosphatase calcineurin (CaN) was not interactions were physiologically relevant, we looked for
detected in either PSD-95 or SAP97 pulldowns (fourth [bottom] an association between AKAP150 and NMDA receptors
panel). The migration position of each protein is indicated by an in brain. In coimmunoprecipitation experiments from
arrow. deoxycholate solubilized synaptic plasma membranes,
(C) The ability of calcineurin to compete with PSD-95 for binding to AKAP150 antibodies, but not control IgG, immunopre-
AKAP79 in vitro was tested by competition assay. Purified recombi-

cipitated NR2B from extracts (Figure 5E). In addition,nant AKAP79 (0.2 mg/11 nM) was incubated with equivalent amounts
we also found NR1 and NR2A subunits in AKAP150of control GST or GST-PSD-95 beads in the presence of increasing
immunoprecipitates (data not shown). In light of our dataconcentrations of purified calcineurin A (0, 100, 200, or 400 nM) or
that PSD-95 associates with AKAP150 in brain (Figurecontrol BSA (400 nM). The amount of AKAP79 bound was analyzed

by immunoblotting eluted samples with AKAP79 antibodies. 2D), these results suggest that a ternary complex con-
taining the NMDA receptor, PSD-95, and AKAP150 ex-
ists in vivo. Given that AKAP79/150 also associates with
the kinases PKA and PKC, this provides a mechanisminteractions without compromising SH3 domain struc-
by which a physiologically relevant substrate, the NMDAture (Erpel et al., 1995; McGee and Bredt, 1999). This
receptor, is linked to regulatory enzymes via a proteinmutation had no qualitative effect on the interaction with

AKAP79 when compared to the wild-type SH3 domain bridge of PSD-95 and AKAP79/150.
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Figure 4. Binding of AKAP150 to SH3 and GK Regions of PSD-95

(A) GST fusion proteins of the individual domains of PSD-95 were constructed for use in pulldown assays. Modular domains are indicated.
(B) Whole rat brain extract was incubated with GST, GST-PDZ1, GST-PDZ2, GST-PDZ3, GST-SH3, or GST-GK beads. Bound proteins were
analyzed for the presence of AKAP150 by immunoblotting. AKAP150 was specifically retained by both the SH3 and GK regions but not by
control GST or the PDZ domains.
(C) Protein stain of membrane prior to immunoblotting shown in (B) shows that approximately equivalent amounts of each fusion protein were
used in pulldown assays.
(D) Specificity of AKAP79 binding to the SH3 domain binding was tested in pulldown experiments using SH3 domain mutants of PSD-95.
Binding to L460P mutant was greatly reduced compared to wild-type (wt) SH3. W470A mutation did not alter binding to AKAP79.
(E) Protein stain of membrane prior to immunoblotting shown in (D) shows that equivalent amounts of wild-type and mutant SH3 domain
fusion proteins were used in pulldown assays.

AKAP150 Associates with GluR1 in Brain be disrupted during the homogenization and purification
procedures. In addition, AKAP150 functions as a scaf-Recently, a PDZ-mediated interaction between SAP97

and the GluR1 subunit of the AMPA receptor was re- fold for signaling enzymes, that, by necessity, act at
catalytic levels. Thus, one AKAP150 signaling complexported (Leonard et al., 1998). Given that AKAP150 ap-

pears to associate with multiple members of the MAGUK may be positioned in proximity to target enzymes to
several AMPA receptors. Taken together, our data sug-family, including SAP97 (Figures 2B and 3B), we were

interested in whether it may be involved in directing gest that a ternary complex containing GluR1, SAP97,
and AKAP150 exists in brain.signaling enzymes to AMPA-type glutamate receptors.

We investigated the distribution of GluR1 staining rela-
tive to MAGUK protein staining in hippocampal neurons
(Figure 6A). GluR1 showed a punctate pattern of labeling AKAP79-Associated GluR1 is Phosphorylated

on Ser-845that codistributed with MAGUK labeling, suggesting that
the proteins are localized together at synaptic sites. The GluR1 subunit of AMPA receptors is phosphorylated

by PKA on serine 845 (Ser-845; Roche et al., 1996; Mam-Since SAP97 and AMPA receptors are readily extract-
able in mild detergents (Wenthold et al., 1992; Leonard men et al., 1997). PKA phosphorylation potentiates

AMPA receptor activity in recombinant systems (Kelleret al., 1998), we performed coimmunoprecipitation ex-
periments from rat brain solubilized in 1% Triton X-100. et al., 1992; Roche et al., 1996) and in cultured hippo-

campal neurons (Greengard et al., 1991; Wang et al.,In accordance with previous reports (Leonard et al.,
1998), a protein corresponding in size to SAP97 (z116 1991). In addition, AKAPs have been implicated in the

PKA-mediated modulation of native AMPA receptorkDa) coimmunoprecipitated with GluR1 (Figure 6B). We
did not detect a band corresponding in size to PSD- function (Rosenmund et al., 1994). We were therefore

interested in whether AKAP79-dependent targeting of95 in GluR1 immunoprecipitates using a pan-MAGUK
antibody, further supporting the conclusion that the 116 PKA to GluR1 might function to regulate the phosphory-

lation state of Ser-845. As a prelude to these studies,kDa band is SAP97. Importantly, AKAP150 also was
specifically detected in GluR1 immunoprecipitates (Fig- we reconstituted the GluR1-SAP97-AKAP79 complexes in

COS7 cells. As expected, SAP97 was detected in AKAP79ure 6C). In fact, AKAP150 was the only anchoring protein
detected in GluR1 immunoprecipitates by RII overlay immunoprecipitates (Figure 7A, left), and AKAP79 co-

precipitated with SAP97 in reciprocal experiments (Fig-(data not shown), suggesting that it is likely the predomi-
nant AKAP associated with AMPA receptor complexes ure 7A, right). When all three cDNAs were transfected

into COS7 cells, antibodies against Myc-tagged SAP97in brain. In reciprocal experiments, GluR1 was specifi-
cally detected in AKAP150 immunoprecipitates (Figure were able to coimmunoprecipitate GluR1 (Figure 7B,

left). More importantly, AKAP79 antibodies also coim-6D). Importantly, GluR1 was not detected in control im-
munoprecipitation experiments using nonimmune IgG munoprecipitated GluR1, indicating that a ternary com-

plex containing GluR1, SAP97, and AKAP79 forms insideor antibodies against another synaptic AKAP, yotiao
(Figure 6D). We estimate that z2%–3% of the total GluR1 cells (Figure 7B, right).

Having established that we were able to assemble ais found associated with AKAP150 in these experiments.
This stoichiometry is reasonable given that isolation of SAP97-AKAP79 complex on the ion channel, we were

in a position to test the functional consequence ofGluR1 with AKAP150 represents a ternary complex, and
it is likely that some protein–protein interactions would targeting PKA to GluR1. Toward this end, we used
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Figure 5. Formation of NR2B-PSD-95-AKAP79 Complex inside Cells and Association of NR2B with AKAP150 in Brain

(A) Schematic diagram of proposed NMDA receptor-PSD-95-AKAP complex.
(B) Association of PSD-95 and AKAP79 in transfected cells. Extracts from COS7 cells transfected with Myc-PSD-95 and GFP-AKAP79 were
immunoprecipitated with PSD-95, AKAP79, or control IgG antibodies. PSD-95 immunoprecipitates were blotted with AKAP79 antibodies (left),
and AKAP79 immunoprecipitates were blotted with PSD-95 antibodies (right). PSD-95 coimmunoprecipitated AKAP79 and vice versa.
(C) Association of PSD-95 and NR2B in transfected cells. Extracts from COS7 cells transfected with Myc-PSD-95 and NR2B were immunoprecipi-
tated with PSD-95 or control IgG antibodies. Immunoprecipitates were blotted with NR2B antibodies. PSD-95 coimmunoprecipitated NR2B.
(D) Association of NR2B-PSD-95-AKAP79 complex in transfected cells. Extracts from COS7 cells transfected with NR2B, Myc-PSD-95 and
GFP-AKAP79 were immunoprecipitated with AKAP79 or control IgG antibodies. AKAP79 immunoprecipitates were blotted with PSD-95 (left)
and NR2B antibodies (right). AKAP79 coimmunoprecipitated both PSD-95 and NR2B.
(E) Association of NMDA receptor and AKAP150 in brain. Extracts of rat forebrain synaptosomal membranes were immunoprecipitated with
AKAP150 or control nonimmune IgG antibodies. NR2B coimmunoprecipitated with AKAP150.

phosphospecific antibodies generated against Ser-845 these experiments using a point mutant of GluR1 that
should disrupt interaction with the PDZ domains of(Mammen et al., 1997) to monitor the phosphorylation

state of the channel (Figures 7C and 7D). Cells cotrans- SAP97. The PDZ consensus motif at the extreme C ter-
minus of the ion channel was changed from TGL tofected with GluR1, SAP97, and AKAP79 were treated

with forskolin and IBMX to stimulate activation of PKA by AGL (T887A). In control experiments, this mutant form of
GluR1 was no longer precipitated with SAP97, indicatingcAMP. Extracts were immunoprecipitated with AKAP79

antibodies to isolate the population of GluR1 associated that threonine 887 indeed is required for interaction with
SAP97 (Figure 7E, left). Importantly, the T887A mutationwith the AKAP. Approximately equivalent amounts of

GluR1 were precipitated by AKAP79 antibodies in all does not affect the ability of a C-terminal antibody to
recognize GluR1 (Figure 7E, extract [“Ex”] lanes). In ad-conditions (Figure 7C, bottom). Upon PKA stimulation,

phosphorylation of Ser-845 was significantly increased dition, unlike wild-type GluR1 (Figure 7B, right), GluR1-
AGL did not coimmunoprecipitate with AKAP79 (Figure(n 5 3, p , 0.05) in cells containing wild-type AKAP79

(Figures 7C [top] and 7D). As a control for these experi- 7E, right). These data indicate that a PDZ-mediated in-
teraction between SAP97 and GluR1 is required for as-ments, we used a mutant form of AKAP79 in which a

proline was inserted into the PKA binding site (AKAP79- sociation with the AKAP, providing further evidence for
the specificity of the interaction.Pro) to prevent PKA binding (Gao et al., 1997). Impor-

tantly, in cells transfected with the AKAP79-Pro mutant, To test whether disruption of the GluR1-SAP97 inter-
action affects Ser-845 phosphorylation, we transfectedenhancement of Ser-845 phosphorylation was signifi-

cantly reduced in response to PKA stimulation (n 5 4, wild-type (TGL) or mutant (AGL) GluR1, SAP97, and
AKAP79 into COS cells, immunoprecipitated GluR1, andp , 0.01; Figures 7C [top] and 7D). Together, these

data indicate that targeting of PKA to GluR1 through examined Ser-845 phosphorylation under basal condi-
tions. Phosphorylation of Ser-845 was significantly re-association with AKAP79 facilitates phosphorylation of

Ser-845. duced (n 5 4, p , 0.05) in cells transfected with the
AGL mutant compared to cells transfected with the wild-To test whether SAP97 is required for this AKAP79-

mediated phosphorylation of Ser-845, we repeated type receptor (Figures 7F and 7G). These results suggest
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Figure 6. AKAP150 Associates with GluR1 in
Brain

(A) Distribution of GluR1 and MAGUK proteins
in hippocampal neurons. Three-week-old cul-
tured hippocampal neurons were labeled si-
multaneously with antibodies against MAGUK
family proteins (left) and GluR1 (middle).
GluR1 exhibits a punctate pattern of distribu-
tion along dendrites that codistributes with
MAGUK labeling (right).
(B) Coimmunoprecipitation of SAP97 with
GluR1 from brain. Extracts from whole rat
brain were immunoprecipitated with GluR1 or
control IgG antibodies and blotted for SAP97
with pan-MAGUK antibodies. SAP97 was
coimmunoprecipitated with GluR1 antibodies
but not with control IgG.
(C) Coimmunoprecipitation of AKAP150 with
GluR1 from brain. Extracts from whole rat
brain were immunoprecipitated with GluR1
or control IgG antibodies and blotted with
AKAP150 antibodies. AKAP150 was present
in GluR1, but not control IgG, precipitates.
(D) Coimmunoprecipitation of GluR1 with
AKAP150 from brain. Brain extracts were im-
munoprecipitated with control IgG, AKAP150,
or yotiao antibodies. GluR1 was present only
in AKAP150 precipitates.

that a PDZ-mediated interaction enhances basal phos- are not unprecedented and are likely to provide addi-
tional stability to a given protein complex. For example,phorylation of Ser-845, a known PKA site in GluR1. To-
the KA2 subunit of the kainate receptor, like AKAP79,gether, these cell-based studies suggest that targeting
binds to both the SH3 and GK domains of PSD-95. Inof PKA to GluR1 via a SAP97-AKAP79 protein bridge
addition, AKAP79/150 appears to bind to the b2 adrener-facilitates phosphorylation of Ser-845.
gic receptor through sites in both the third intracellular
loop and the C-terminal tail (Fraser et al., 2000). Interest-Discussion
ingly, mutations in the SH3 and GK domains of the Dro-
sophila MAGUK Discs large produce severe phenotypes,Phosphorylation of glutamate receptors is a critical reg-
suggesting that these modules mediate interactions thatulatory event in the control of synaptic function and
are critical for regulating MAGUK function (Woods etplasticity (reviewed by Dingledine et al., 1999). In this
al., 1996). Furthermore, deletion of these regions of PSD-report, we provide evidence for the existence of a mac-
95 in mice produces defects in synaptic plasticity thatromolecular transduction unit in which PKA is targeted
have been attributed to altered downstream signalingto glutamate receptors through the direct interaction of
events (Migaud et al., 1998). A potential explanation fortwo distinct sets of synaptic organizing molecules—the
these observations is that the AKAP79/150 signalingMAGUK proteins and AKAP79/150. These interactions
scaffold no longer can be recruited to glutamate recep-increase the complexity of signaling networks at excit-
tors through interaction with MAGUK proteins.atory synapses and may provide a structural framework

AKAP79/150 previously has been shown to provide athat permits preferential targeting of kinases to gluta-
scaffold for three signaling enzymes—PKA, PKC, andmate receptors. Presumably, such a highly organized
calcineurin (Klauck et al., 1996). Interestingly, we show

kinase–substrate complex ensures rapid and efficient here that PSD-95 competes with calcineurin for binding
phosphorylation of ion channels in response to local to AKAP79/150 in vitro. Preliminary mapping experi-
synaptic signals. ments suggest that the two proteins do not share the

The MAGUK proteins provide the central scaffold same binding site on the AKAP, as a deletion mutant
upon which the complex is assembled. The N-terminal that does not bind to calcineurin still binds to PSD-95
PDZ domains of PSD-95 and SAP97, two members of (M. L. Dell’Acqua, M. C., and J. D. S., unpublished data).
the MAGUK protein family, bind to the tails of NMDA Thus, a more likely explanation is that PSD-95 binding
and AMPA receptor subunits, respectively (Kornau et to AKAP79/150 sterically hinders interaction with cal-
al., 1995; Leonard et al., 1998). Our data suggest that cineurin. These data support the notion that, when
AKAP79/150 and its associated kinases can be recruited bound to MAGUKs, AKAP79/150 may preferentially tar-
to these glutamate receptor complexes via interaction get kinases but not phosphatases to certain glutamate
with the C-terminal SH3 and GK domains of the MAGUKs. receptors at the PSD. This could provide a mechanism to
The demonstration that two independent sites of con- favor ion channel phosphorylation through preferential
tact mediate interaction between AKAP79/150 and recruitment of regulatory kinases.
MAGUK proteins is interesting in light of other mapping While our results clearly argue for a role for anchored
studies that have defined linear sequences of 4–6 amino PKA in receptor phosphorylation, targeted phospha-
acids as ligands for PDZ, SH2, and SH3 domains (Paw- tases are also certain to participate in receptor dephos-

phorylation. However, we have shown that interactionson and Scott, 1997). Certainly, multiple sites of contact
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Figure 7. Phosphorylation of Ser-845 of GluR1 by AKAP79-Anchored PKA and PDZ Domain Interaction with SAP97

(A) Association of SAP97 and AKAP79 in transfected cells. Extracts from COS7 cells transfected with Myc-SAP97 and GFP-AKAP79 were
immunoprecipitated with AKAP79, SAP97 (Myc tag), or control IgG antibodies. AKAP79 immunoprecipitates were blotted for SAP97 with pan-
MAGUK antibodies (left), and SAP97 immunoprecipitates were blotted with AKAP79 antibodies (right panel). AKAP79 coimmunoprecipitated
SAP97 and vice versa.
(B) Association of GluR1-SAP97-AKAP79 complex in transfected cells. Extracts from COS7 cells transfected with GluR1, myc-SAP97, and
GFP-AKAP79 were immunoprecipitated with SAP97 (Myc), AKAP79, or control IgG antibodies. Both SAP97 (left) and AKAP79 immunoprecipi-
tates (right) were blotted with GluR1 antibodies. GluR1 was coimmunoprecipitated with both SAP97 and AKAP79.
(C) Phosphorylation of AKAP79-associated GluR1 by PKA. COS7 cells transfected with GluR1, Myc-SAP97, and either wild-type GFP-AKAP79
or GFP-AKAP79-Pro (a mutant that does not bind to PKA) were treated with (1) or without (2) 20 mM forskolin (Fsk) and 75 mM isobutylmethylzan-
thine (IBMX) to stimulate PKA. Extracts were immunoprecipitated with antibodies against AKAP79. Phosphorylation of Ser-845 was analyzed
using phosphorylation site-specific antibody (top). The total amount of GluR1 was analyzed using an antibody against the C terminus of GluR1
(bottom). Stimulation of PKA increases the phosphorylation of GluR1 on Ser-845 in complexes containing wild-type AKAP79. In contrast,
when associated with AKAP79-Pro, which does not bind to PKA, cAMP-mediated phosphorylation of Ser-845 was diminished.
(D) PKA anchoring–defective mutant of AKAP79 signficantly reduces cAMP enhancement of GluR1 on Ser-845. Results from several experiments
(number indicated above each bar) were combined. The relative amount of GluR1 phosphorylation on Ser-845 was analyzed by determining
the ratio of signals for the phospho-Ser-845 antibody and the C-terminal antibody for each experimental condition. Stimulation of PKA with
Fsk/IBMX signficantly increased Ser-845 phosphorylation in complexes containing wild-type AKAP79 (n 5 3, p , 0.05). Substitutution of
AKAP79-Pro in the complex reduced this cAMP-mediated enhancement of Ser-845 phosphorylation (n 5 4, p , 0.01).
(E) Formation of GluR1-SAP97-AKAP79 complex requires C-terminal PDZ binding motif. COS7 cells were transfected with a C-terminal AGL
mutant of GluR1, Myc-SAP97, and GFP-AKAP79. Extracts were immunoprecipitated with control IgG, Myc, or AKAP79 antibodies and blotted
for GluR1. GluR1-AGL was not immunoprecipitated either with SAP97 (left) or with AKAP79 (right). The AGL mutant is still recognized by the
C-terminal GluR1 antibody (extract [Ex] lanes).
(F) Disruption of PDZ binding site reduces basal phosphorylation of GluR1 Ser-845. COS7 cells were transfected with either wild-type (TGL)
or mutant (AGL) GluR1, Myc-SAP97, and GFP-AKAP79, and extracts were immunoprecipitated with GluR1 antibodies. The total amount of
GluR1 was analyzed using an antibody against the C terminus of GluR1 (top), and the basal level of phosphorylation of Ser-845 was analyzed
using a phosphorylation site-specific antibody (bottom). Phosphorylation of Ser-845 was greatly diminished on GluR1-AGL compared to wild-
type GluR1-TGL.
(G) PDZ interaction point mutation in GluR1 significantly reduces Ser-845 phosphorylation. Results from several (n 5 4) experiments were
combined. The relative amount of GluR1 phosphorylation on Ser-845 was analyzed by determining the ratio of signals for the phospho-Ser-
845 antibody and the C-terminal antibody for each experimental condition. Insertion of a point mutant (T887A) in the PDZ ligand site of GluR1,
which disrupts interaction with SAP97-AKAP79 complex, significantly reduces phosphorylation of Ser-845 (p , 0.05).

of AKAP79 with MAGUKs appears to exclude the phos- fact, recent reports suggest that the phosphatase PP1
may be targeted to AMPA receptor complexes throughphatase calcineurin from the complex. One possibility is

that phosphatases may be recruited to AMPA receptors its association with spinophilin (Yan et al., 1999). Kinase–
phosphatase targeting to some NMDA receptors maythrough anchoring proteins other than AKAP79/150. In
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study the role of this synaptic signaling unit in regulating
glutamate receptor function in vivo.

Experimental Procedures

Antibodies
The following primary antibodies were used for immunoblotting:
rabbit polyclonal to AKAP150 (clone 4361J from ICOS, 9.8 mg/ml,
1:3000 dilution), rabbit polyclonal to AKAP79 (918I clone from ICOS,
5.6 mg/ml, 1:2500), mouse monoclonal to PKA catalytic subunit
(clone 5B, Transduction Laboratories, 1:1000 dilution), rabbit poly-
clonal against PKA type II regulatory subunit (clone 6825, 1:1000

Figure 8. Protein–Protein Interactions Direct PKA to AMPA Re- dilution), mouse monoclonal to PKCa (Transduction Laboratories,
ceptors clone 3, 1:1000 dilution), mouse monoclonal to PSD-95 (clone K28/

43 from Upstate Biotechnology, 1:10,000 dilution), mouse monoclonalSAP97 binds to the C terminus of GluR1 via a PDZ domain-TGL
to PSD-95 family (MAGUK family, Upstate Biotechnology, 1:2500 dilu-interaction. Through its SH3 and GK domains, SAP97 also interacts
tion), rabbit polyclonal to GluR1 (Upstate Biotechnology, 1:1000with AKAP79. Formation of a ternary complex containing GluR1,
dilution), rabbit polyclonal to NR2B (Upstate Biotechnology, 1:500SAP97, and AKAP79 positions PKA near the receptor where it can
dilution), mouse monoclonal to the Myc tag (Santa Cruz, 1:500),phosphorylate serine 845, a known PKA site in GluR1.
mouse monoclonal to synaptophysin (Sigma S-5768, 1:1000), rabbit
polyclonal to WAVE (VO59, 1:500), and rabbit polyclonal phosphos-
pecific antibody against Ser-845 of GluR1 (Mammen et al., 1997;

be more direct. Through interaction with the NR1-1A 1:100–1:250).
splice variant, the anchoring protein yotiao targets both
PKA and active PP1 to NMDA receptor complexes, con-

Expression Constructs
ferring bidirectional regulation of NMDA receptor activity For construction of GST fusion proteins of PSD-95, the individual
(Westphal et al., 1999). When considered in light of our domains (PDZ1, amino acids [aa] 2–155; PDZ2, aa 156–276; PDZ3,
present data, this raises the intriguing possibility that aa 277–415; SH3, aa 416–511; GK, aa 512–744) were PCR amplified
signaling enzymes may be recruited to certain NMDA using rat PSD-95 in pGEX-2T as a template and subcloned into

BamH1–EcoR1 (PDZ1, PDZ2, PDZ3, and SH3) or BglII–EcoRI (GK)receptors through simultaneous association with two
sites in pGEX-2TK. The L460P mutation in the SH3 domain of PSD-95anchoring proteins: yotiao and AKAP79.
was made using the QuikChange mutagenesis method (Stratagene).Phosphorylation of the cytoplasmic tail of GluR1 po-
Construction of His-tagged AKAP79 in the pET16 vector andtentiates receptor function (Keller et al., 1992; Roche et
AKAP79:GFP and AKAP79-Pro:GFP in the pEGFPN1 vector (Clon-al., 1996). CaMKII increases the unitary channel conduc-
tech) has been described (Gao et al., 1997; Dell’Acqua et al.,

tance via phosphorylation of Ser-831 (Barria et al., 1997; 1998). The T887A mutation at the C terminus of GluR1 was made
Derkach et al., 1999), while PKA phosphorylation of Ser- by site-directed mutagenesis using the TOPO TA cloning kit (Invitro-
845 increases the peak open probability (Banke et al., gen). GST-PSD-95 in pGEX-2T, GST-SAP97 in pGEX-2TN, GST-SH3
2000). Phosphorylation-dependent changes in AMPA (W470A) in pGEX4T-1, and the Myc-tagged SAP97 construct were

generously provided by Craig Garner. The Myc-tagged PSD-95 con-receptor activity have been proposed to underlie some
struct was a gift from Morgan Sheng, and the NR2B expressionaspects of LTP and LTD (reviewed by Malenka and Ni-
construct in pCDNA3 was a gift from Gary Westbrook. The GluR1coll, 1999). For example, CamKII phosphorylation ap-
mammalian expression construct in pRK5 has been described (Som-pears to be essential for the induction of hippocampal
mer et al., 1990).LTP (Lisman, 1994; Malenka and Nicoll, 1999; Soderling

and Derkach, 2000), while recent studies have impli-
RII Overlay Assaycated a role for PKA in LTD (Kameyama et al., 1998; Lee
PSD fractions were prepared from frozen rat brains as previouslyet al., 1998). Our present results suggest that AKAP79/
described (Cho et al., 1992). PKA binding proteins were detected150 functions as an important player in the postsynaptic
by the RII overlay procedure (Hausken et al., 1998). Briefly, PSDregulation of excitatory transmission by targeting PKA
fractions were separated by SDS–PAGE on a 4%–15% gradient gel,to AMPA receptors. Specifically, we have shown that
transferred to nitrocellulose membranes, and incubated overnight

cAMP-dependent phosphorylation of Ser-845, a known in 5 ml 0.1% Blotto (TBST, 5% milk, and 0.1% BSA) containing 5 ml
PKA site in GluR1, is enhanced when the kinase is tar- [32P]RII (z200,000 cpm/ml). The membrane was washed extensively
geted to the channel via a SAP97-AKAP79 complex. with TBST and exposed to autoradiographic film.
This enhancement in phosphorylation is significantly re-
duced when a PKA anchoring–defective form of AKAP79

Hippocampal Neuron Culture, Immunocytochemistry,
is substituted in the complex. Furthermore, a mutation and Confocal Microscopy
in the PDZ binding site in the tail of GluR1, which uncou- Cultured rat neonatal hippocampal neurons were grown on cov-
ples the receptor from SAP97, reduces the basal level erslips suspended above a glial cell feeder layer. Three weeks fol-
of phosphorylation of Ser-845 compared to wild-type lowing plating, neurons were processed for antibody labeling. Neu-

rons were fixed in 3.7% formaldehyde, permabilized in 0.2% TritonGluR1. Together, our results suggest that phosphoryla-
X-100, blocked in 0.2% BSA in PBS, and incubated with primarytion of Ser-845 is mediated through a SAP97-AKAP79
antibodies (mouse monoclonal to PSD-95, clone 6G6-1C9 from Af-complex that targets PKA to GluR1 via a PDZ domain
finity Bioreagents, 1:200; rabbit polyclonal antibody to AKAP150,interaction (Figure 8). This is particularly interesting in
clone 4361J, 1:500; rabbit polyclonal to GluR1 from Upstate Biotech-light of recent evidence implicating a GluR1-PDZ do-
nology, 1:100; or mouse monoclonal to PSD-95 family from Upstate

main interaction in the delivery of AMPA receptors into Biotechnology, 1:100). FITC-conjugated anti-mouse (1:200), Cy5-
synapses (Hayashi et al., 2000). Our data suggest that conjugated anti-rabbit (1:500), or Texas Red–conjugated anti-rabbit
recruitment of a SAP97-AKAP79-PKA complex may play (1:200) secondary antibodies from Jackson Immunoresearch were
a role in this process. Manipulation of these protein– used. Antibody labeling was analyzed with a Bio-Rad confocal mi-

croscope (Fraser et al., 1998).protein interactions in animals should provide models to
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Brain Extract Preparations and Immunoprecipitations BSA in 400 ml IP buffer overnight at 48C. The presence of AKAP79
bound to the beads was analyzed by immunoblotting.For immunoprecipitation of PSD-95-AKAP150 and AKAP150-NR2B

complexes, extracts of rat forebrain crude synaptosomes were pre-
pared by solubilization in deoxycholic acid according to the proce- GluR1 Phosphorylation and Immunoprecipitation
dure of Dunah et al. (1998). Forebrain P2 fraction was extracted in from COS7 Cells
1% deoxycholic acid and dialyzed overnight against 0.1% Triton For GluR1 phosphorylation experiments, 24 hr following transfec-
X-100 and 50 mM Tris (pH 7.4). Following centrifugation at 38,000 3 tion, cells were treated with 20 mM forskolin FSK and 75 mM IBMX
g for 30 min at 48C, 100 mg of supernatant was incubated with 4 mg for 15 min. Cells were rinsed in PBS and scraped into 1 ml of IP
of control nonimmune IgG, PSD-95 or AKAP150 antibodies and 40 buffer containing protease inhibitors plus phosphatase inhibitors (10
ml of protein A-sepharose overnight at 48C. Beads were washed mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium
four times with 1 ml of dialysis buffer. Bound proteins were eluted orthovanadate, 1 mM okadaic acid, 1mM microcystin, and 1 mM
with SDS-sample buffer, separated by SDS-PAGE on a 4%–15% cyclosporin). Cells were sonicated and centrifuged at 38,000 3 g
gradient gel (Biorad), transferred to nitrocellulose membrane and for 30 min. The membrane pellets were resuspended in 200 ml IP
detected by immunoblotting using ECL reagents (Pierce). buffer containing 1% SDS and then diluted with 800 ml IP buffer

For immunoprecipitations of GluR1/SAP97/AKAP150 complexes, containing 1% Triton X-100. Extracts were then centrifuged at
one frozen rat brain (Pelfreeze) was homogenized in 5 ml HSE buffer 14,000 3 g for 15 min, and the supernatants were subjected to
(20 mM HEPES [pH 7.4], 150 mM NaCl, 5 mM EDTA, containing immunoprecipitation with AKAP79 antibodies as described above
protease inhibitors as above) and centrifuged at 38,000 3 g for 30 and analyzed by Western blotting using GluR1 phosphospecific anti-
min. The pellet was resuspended in 5 ml HSE buffer containing 1% body to Ser-845. Phospho-Ser-845 and GluR1 signals were quanti-
Triton X-100 and centrifuged for an additional 30 min at 38,000 3 tated using NIH Image and the ratio was determined. The results of
g. Soluble extracts (500 ml) from the second spin were precipitated several experiments were combined and subjected to statistical
by adding 4 mg of control nonimmune IgG, GluR1, AKAP150 or analyses.
yotaio (VO69 [Westphal et al., 1999]) antibodies and 40 ml of protein
A-sepharose that had been prewashed three times in IP buffer (10 Acknowledgments
mM phosphate, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA with 1%
Triton X-100). Following overnight incubation at 48C, beads were We thank Ann Westphal and Robert Mouton for preparation of cul-
washed twice in IP buffer with 1% Triton X-100, twice in the same tured COS cells and hippocampal neurons, Mark Dell’Acqua for
buffer with 650 mM NaCl, and twice in IP buffer without detergent. AKAP79 reagents, Steve Tavalin for construction of the GluR1-AGL
Bound proteins were detected by immunoblotting. mutant, Morgan Sheng for Myc-tagged PSD-95, Craig Garner for

For immunoprecipitation from heterologous cells, COS7 cells SAP97 and PSD-95 constructs, and ICOS Corporation for AKAP79
were transfected at 50%–70% confluency in 10 cm plates using the and AKAP150 antibodies. We thank Tom Soderling for providing
LipofectAMINE PLUS kit (Gibco-BRL), according to manufacturer’s purified calcineurin and for critically reading the manuscript. We
instructions, using 4 mg of each cDNA construct per plate. Cells are grateful to members of the Scott lab for invaluable scientific
were harvested and lysed 24 hr after transfection in 400 ml IP buffer discussion and critical review of the manuscript during its prepara-
containing 1% Triton X-100 and protease inhibitors. Supernatants tion. This work was supported by grants from the Medical Research
were incubated with 4 mg antibody or control nonimmune IgG and 40 Council of Canada (M. C.) and from the National Institutes of Health
ml of prewashed protein A- or G-agarose beads. Following overnight (J. D. S.; GM48231).
incubation at 48C, the immunoprecipitates were washed as descibed
above with IP buffers. Bound proteins were analyzed by immu- Received February 11, 2000; revised June 9, 2000.
noblotting.
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