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Long-term changes in excitatory synapse strength are thought
to reflect changes in synaptic abundance of AMPA receptors
mediated by receptor trafficking. AMPA receptor-binding pro-
tein (ABP) and glutamate receptor-interacting protein (GRIP) are
two similar PDZ (postsynaptic density 95/Discs large/zona oc-
cludens 1) proteins that interact with glutamate receptors 2 and
3 (GluR2 and GluR3) subunits. Both proteins have proposed
roles during long-term potentiation and long-term depression in
the delivery and anchorage of AMPA receptors at synapses.
Here we report a variant of ABP-L (seven PDZ form of ABP)
called pABP-L that is palmitoylated at a cysteine residue at
position 11 within a novel 18 amino acid N-terminal leader
sequence encoded through differential splicing. In cultured hip-
pocampal neurons, nonpalmitoylated ABP-L localizes with in-
ternal GluR2 pools expressed from a Sindbis virus vector,

whereas pABP-L is membrane targeted and associates with
surface-localized GluR2 receptors at the plasma membrane in
spines. Mutation of Cys-11 to alanine blocks the palmitoylation
of pABP-L and targets the protein to intracellular clusters,
confirming that targeting the protein to spines is dependent on
palmitoylation. Non-palmitoylated GRIP is primarily intracellu-
lar, but a chimera with the pABP-L N-terminal palmitoylation
sequence linked to the body of the GRIP protein is targeted to
spines. We suggest that pABP-L and ABP-L provide, respec-
tively, synaptic and intracellular sites for the anchorage of
AMPA receptors during receptor trafficking to and from the
synapse.
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The AMPA subtype of glutamate receptors (GluRs) is a het-
erotetrameric complex, assembled from up to four different sub-
units (GluR1–GluR4), that provides the major source of fast,
excitatory synaptic transmission (Hollmann and Heinemann,
1994). It is now established that changes in synaptic AMPA
receptor abundance influence synaptic strength during long-term
potentiation (LTP) and long-term depression (LTD) (Carroll et
al., 1999; Luscher et al., 1999; Hayashi et al., 2000; Lu et al.,
2001). Such regulation requires an intracellular system for con-
trolling receptor trafficking and targeting. AMPA receptors and
other glutamate receptors bind cytosolic adapter proteins that
contain PDZ [postsynaptic density 95 (PSD-95)/Discs large/zona
occludens 1] domains (Kornau et al., 1995; Niethammer et al.,
1996; Brakeman et al., 1997; Dong et al., 1997; Leonard et al.,
1998; Srivastava et al., 1998; Xia et al., 1999). Two similar
proteins, AMPA receptor-binding protein (ABP) and glutamate
receptor-interacting protein (GRIP), bind to the C terminus of
the GluR2 and GluR3 subunits of AMPA receptors (Dong et al.,
1997; Srivastava et al., 1998). GRIP and ABP-L (long) have seven
PDZ domains, whereas ABP-S (short) has six PDZ domains.
ABP and GRIP are reported to stabilize receptors at the postsyn-
aptic membrane (Dong et al., 1999a; Osten et al., 2000). During

cerebellar LTD, GluR2 subunits at parallel fiber–Purkinje cell
synapses are phosphorylated at the PDZ binding site, which
blocks ABP/GRIP binding, leading to receptor internalization
(Chung et al., 2000; Matsuda et al., 2000; Xia et al., 2001). In the
hippocampus, internalized receptors may bind to intracellular
pools of ABP/GRIP, which are proposed to anchor the receptors
at intracellular membranes, preventing synaptic reinsertion (Daw
et al., 2000). Indeed, a large proportion of GluR2 and ABP/GRIP
is found at intracellular dendritic locations (Burette et al., 2001)
(I. Greger, L. Khatri, and E. B. Ziff, unpublished observation).
This suggests that anchoring proteins stabilize receptors at both
the synapse and intracellular, subsynaptic locations.

Many cytosolic proteins that function at the plasma membrane
associate with the membrane via lipophilic substituents (Hancock
et al., 1989; Wedegaertner et al., 1993; Alland et al., 1994).
Thioesterification of cysteine residues with the fatty acid palmi-
tate tethers proteins to the inner leaflet of the plasma membrane
and targets proteins to lipid rafts and caveolae (for review, see
Mumby, 1997; Resh, 1999). Membrane localization and clustering
of ion channels by the synaptic PDZ-containing protein PSD-95
depends on palmitoylation of two cysteine residues in the PSD-95
N terminus (Topinka and Bredt, 1998; El-Husseini et al., 2000b).

Here we report the cloning and characterization of pABP-L, an
N-terminal splice variant of ABP-L that contains a unique 18
amino acid (aa) N-terminal sequence that is palmitoylated on a
cysteine residue at position 11. In hippocampal neurons, pABP-L
localizes in spines, whereas ABP-L and GRIP, which are not
palmitoylated, localize mainly in dendritic shafts rather than
spines. ABP-L colocalizes predominantly with internal GluR2
stores, whereas pABP-L is associated mainly with receptors at the
plasma membrane. This suggests that differential palmitoylation
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enables ABP to play a dual role in the trafficking of receptors,
serving as an anchor that stabilizes receptors at the synapse and
at subsynaptic, intracellular locations.

MATERIALS AND METHODS
Library screening and expression vectors. An oligo-dT� random-primed
�gt10 adult rat brain cDNA library (Clontech, Palo Alto, CA) was
screened using two different probes corresponding to either PDZ do-
mains 1–3 or PDZ domains 4–6 of ABP. cDNA probes were labeled with
100 �Ci of [ 32P]dCTP (3000Ci/mmol; NEN, Boston, MA) using the
Prime It Kit (Stratagene, La Jolla, CA). Of the �1.0 million clones
screened, several independent partial clones of ABP were isolated that
contained a seventh PDZ domain and two different N termini. The
full-length ABP-L and pABP-L were Flag-tagged on the C terminus and
cloned into the EcoRI/NotI site of pcDNA3 (Invitrogen, Carlsbad, CA).
PSD-95 in the GW1 vector was a generous gift from M. Sheng (Massa-
chusetts Institute of Technology, Cambridge, MA). For construction of
green fluorescent protein (GFP)-tagged vectors, GRIP1 was cloned into
the HinDIII site of the pEGFP-N vector, whereas ABP-L and pABP-L
were cloned into the EcoRI/KpnI site of pEGFP-N3 vector (Clontech).
Single and double amino acid changes in the pABP-L N terminus were
made by PCR mutagenesis using wild-type (WT) pABP-L-GFP plasmid
as a template. All mutations were confirmed by DNA sequencing. For
recloning into pSinRep5 vector (Invitrogen), the Flag-tagged pABP-L,
C11A, and W4A cDNAs were excised from pcDNA3 in the following
way: the 5� end of the insert was initially digested with EcoRI, blunt-
ended, and ligated with XbaI linkers (New England Biolabs, Beverly,
MA). Subsequent digestion with XbaI cleaved the 3� end of the insert,
releasing the 3.2 kb pABP-L fragment that was cloned into the XbaI site
of pSinRep5. ABP-L and pABP-L tagged with GFP inserts were gener-
ated by PCR and cloned into the XbaI site of pSinRep5. An additional
glycine residue was inserted after the methionine start codon for better
expression and had no effect on the overall pattern of expression (data
not shown). GRIP tagged with the Myc epitope on the C terminus was
cloned into pSinRep by digestion with SalI and subsequent ligation into
the XbaI site as described above. To replace GRIP1 N terminus with the
52 aa pABP-L N terminus, we used two-step PCR and digestion to
generate a chimera containing the N terminus of pABP-L fused to the
GRIP1 protein to the middle of linker 1 with XbaI and BamHI (con-
tained in the linker 1 region of native GRIP) sticky ends. The rest of
GRIP was excised from pSinRep-GRIP-Myc with BamHI and SphI, and
both fragments were ligated into the XbaI /SphI sites of pSinRep. This
triple ligation resulted in a full-length pABP-L(N)/GRIP1-Myc fusion
protein. The correct orientation of inserts and integrity of all expression
plasmids generated above was confirmed by digestion and sequencing.

Transfection of human embryonic kidney 293T cells and coimmunopre-
cipitation in vitro. Human embryonic kidney 293T (HEK 293T) cells
were cotransfected with 5 �g of GluR2 cDNA and 5 �g of the appropri-
ate Flag-tagged ABP plasmids using the calcium phosphate method.
Forty-eight hours after transfection, cells were washed once with 1� PBS
and scraped in 1 ml of cold PBS. Cells were solubilized in 1% Triton
X-100 lysis buffer (25 mM HEPES, pH7.5, 150 mM NaCl, 1% Triton
X-100, 2 mM EDTA, and 2 mM EGTA) for 1 hr on ice. Insoluble material
was pelleted out, and 1 �g of M2 Flag monoclonal antibody (Ab) (Sigma,
St. Louis, MO) was added to the supernatant to immunoprecipitate (IP)
ABPs for 1 hr at 4°C. Twenty microliters of Protein G beads (Santa Cruz
Biotechnology, Santa Cruz, CA) was added for 30 min and washed three
times in 1 ml of Triton X-100 lysis buffer. The proteins from the IP were
separated on 8% SDS-PAGE, transferred onto nitrocellulose, and
probed with 0.5 �g/ml GluR2/3 C-terminal polyclonal antibody (Chemi-
con, Temecula, CA) in 5% nonfat milk. Duplicate gels were loaded with
5% of the HEK 293T lysates used for each IP and probed with the
GluR2/3 antibody and then stripped and reprobed with an antibody
directed against the linker 2 region of ABP (Link2 Ab) (Srivastava et al.,
1998) to check for protein expression.

GFP expression in heterologous cells. HeLa cells and COS-7 cells were
seeded on glass coverslips the day before transfection at 40% confluency.
Cells were transiently transfected with 2 �g of GRIP1-GFP, ABP-L-
GFP, or pABP-L-GFP plasmid using SuperFect Transfection Reagent
(Qiagen, Valencia, CA) following the instructions of the manufacturer.
At 18–24 hr after transfection, the coverslips were inverted over a
microwell slide, and GFP fluorescence was observed in live cells using
the Nikon (Tokyo, Japan) PCM 2000 confocal microscope.

RNA extraction and reverse transcription-PCR assay. Total RNA was

extracted from adult male Sprague Dawley rat tissue using the guani-
dinium thiocyanate–phenol–chloroform method (Chomczynski and
Sacchi, 1987). Briefly, tissue samples were dounced in 4.0 ml of solution
D (4 M guanidium thiocyanate, 25 mM sodium citrate, 0.5% sarcosyl, and
0.1 M 2-mercaptoethanol). Sodium acetate at 2 M (0.4 ml), pH 4.0, 4 ml
of phenol, pH 4.3, and 0.8 ml of chloroform/isoamyl alcohol mixture
(49:1) was added to the tissue homogenate, vortexed thoroughly, and
chilled on ice for 15 min before centrifugation at 10,000 � g for 20 min
at 4°C. The RNA in the aqueous phase was precipitated in 1 vol of
isopropanol for 2 hr at �20°C. Samples were centrifuged at 10,000 � g
for 20 min at 4°C, and the pellet was resuspended in 0.3 ml of solution D
and reprecipitated with 1 vol of isopropanol at �20°C for 2 hr. The final
RNA pellet was recovered by centrifugation at 15,000 rpm in a microfuge
for 15 min and resuspended in RNase-free water. For first-strand cDNA
synthesis, 2 �g of total RNA was diluted to a total volume of 10 �l along
with 0.5 �g of oligo-dT (16-mer). The sample was heated to 70°C for 10
min and allowed to cool on ice for at least 5 min. For the reverse
transcription (RT) reaction, 10 �l of enzyme mixture [4 �l of 5� RT
buffer, 2 �l of 10 mM dNTPs, 2 �l of 0.1 M DTT, 1 �l of RNAsin
(Promega, Madison, WI), and 1 �l of Superscript RT (Invitrogen)]
was added, and the RT reaction was incubated at 47°C for 2.5 hr.
Samples were heated to 95°C for 5 min to destroy enzymatic activity.
Twenty percent of the RT reaction (4 �l) was used directly as template
for subsequent PCR. The following upstream primers were used for
PCR: ABP-L (up), 5�-atgttggcggtgtcactcaagtggcgg-3�; pABP-L (up),
5�-atgcggggctggcgcaggaacctcgcg-3�; and GRI P1 (up), 5�-atgatagct-
gtctcttttaaatgccgc-3�. The downstream primer for both ABP-L and
pABP-L was 5�-gggttcatagttggcgaggagaagg-3�, and, for GRIP1, it was
5�-gtaaagtccccatgttcagggaactcaggc-3�. [ 32P]dATP at 2.5 �Ci (800 mCi /
mmol) was included in each PCR reaction. Annealing temperature was
60°C, and the PCR reaction was performed for 50 cycles. PCR products
were separated on 5% nondenaturing acrylamide gels in 0.5� 50 mM
Tris, pH 8.0, 45 mM Boric acid, and 1 mM EDTA, dried under vacuum,
and exposed to x-ray film for 30 min. NIH Image software was used to
analyze the PCR products.

Metabolic labeling and analysis of palmitoylation. COS-7 cells were
plated on 6 cm tissue culture dishes at �60–70% confluency the day
before transfection. Five micrograms of the appropriate cDNA plasmid
were transfected using SuperFect. At 48 hr after transfection, the cells
were metabolically labeled with [ 3H]palmitic acid as described previously
(Topinka and Bredt, 1998). Briefly, cells were preincubated for 30 min in
serum-free DMEM with 3 �g/ml cerulenin (Sigma) and 10 mg/ml fatty
acid-free BSA. [ 3H]palmitic acid at 1 mCi/ml (50 Ci/mmol) was added to
the cells and incubated for 4 hr at 37°C. Cells were rinsed once with PBS
and scraped in 1 ml of cold PBS, centrifuged, and resuspended in 1 ml of
cold radioimmunoprecipitation analysis (RIPA) buffer (1% NP-40, 0.5%
sodium deoxycholate, and 0.1% SDS in PBS). Cell extracts were rocked
at 4°C for 1 hr, and insoluble material was pelleted out by centrifugation.
The supernatant was used in IPs as described above, and the antibodies
used were as follows: 1 �g of anti-human PSD-95 antibody (Upstate
Biotechnology, Lake Placid, NY), 1 �g of c-Myc antibody (Santa Cruz
Biotechnology), and 1 �g of Link2 antibody (Srivastava et al., 1998). IPs
were washed three times with 1 ml of RIPA buffer and boiled in
SDS-PAGE sample buffer with 1 mM DTT instead of 2-mercaptoethanol
before separation on an 8% SDS gel. For fluorography, gels were incu-
bated in fixative (40% methanol and 10% acetic acid) for 20 min and in
Amplify (Amersham Biosciences, Piscataway, NJ) for 30 min, dried
under heat and vacuum, and exposed to Hyperfilm MP (Amersham
Biosciences). For Western blots, 1⁄10 of each sample was blotted onto
nitrocellulose and probed with the appropriate antibody to check protein
expression and efficiency of the IP. For hydroxylamine treatment, dupli-
cate gels were incubated with either 1 M hydroxylamine (NH2OH), pH7.0
or 1 M Tris-HCl, pH 7.0, for 18–24 hr at 25°C before fluorography.
Hippocampal neurons (3 weeks in culture) in 10 cm dishes were infected
with 250 �l of the appropriate virus. Twenty-hour hours after infection,
cells were metabolically labeled in Neurobasal medium (Invitrogen)
supplemented with BSA and cerulenin for 4 hr. Neurons were harvested
and processed for Western blot analysis and fluorography as described
above.

Sindbis virus infection of neuronal cultures and immunocytochemistry.
ABP-L-GFP, pABP-L-GFP, MycGluR2, pABP-L-Flag (WT, C11A, and
W4A), GRIP1-Myc, and pABP-L(N)/GRIP1-Myc pseudovirons were
generated as described in the Sindbis Expression System manual (In-
vitrogen). Typically, 20 �l of viral stock was used to infect cultured
hippocampal neurons (21 d in culture) for 1 hr (for details, see Osten et
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al., 2000). For double infections with MycGluR2 and ABP-L-GFP or
pABP-L-GFP virus, live neurons were incubated with 4 �g/ml Myc
monoclonal antibody (9E10; Santa Cruz Biotechnology) for 15 min at
37°C. Cells were rinsed twice in 1� PBS, fixed in 4% paraformaldehyde,
and permeabilized with 0.2% Triton X-100. Neurons were then incu-
bated with 0.25 �g of polyclonal Myc antibody (A14; Santa Cruz Bio-
technology) in 2% nonfat milk for 45 min at 37°C. After three washes, a
1:200 dilution of both rhodamine anti-mouse and Cy5 anti-rabbit sec-
ondary antibodies (Jackson ImmunoResearch, West Grove, PA) were
added for 45 min before mounting on slides and visualization under the
confocal microscope. For single infections with pABP-L-Flag, GRIP1-
Myc or pABP-L(N)/GRIP1-Myc, 25 �l of virus was used to infect
hippocampal neurons. After fixing and permeabilizing, either 1 �g/ml
Myc monoclonal (Santa Cruz Biotechnology) or 0.4 �g/ml M2 Flag
antibody (Sigma) was added for 1 hr. Cells were washed and incubated
with 1 �g/ml Rhodamine Red-X anti-mouse secondary antibody (Mo-
lecular Probes, Eugene, OR) before visualization and analysis with the
Nikon PCM 2000 confocal microscope. For single infections with Flag-
tagged pABP-L WT, C11A, and W4A virus, 0.4 �g/ml M2 Flag antibody
(Sigma) and 1 �g/ml GluR1 C-terminal antibody (Chemicon) were
added to fixed and permeabilized neurons. Cells were washed and
incubated with a 1:200 dilution of rhodamine anti-rabbit and fluorescein-
conjugated anti-mouse secondary antibodies (Jackson ImmunoResearch,
West Grove, PA) before visualization under the confocal microscope.

RESULTS

Cloning of alternatively spliced N-terminal forms
of ABP/GRIP2
ABP and GRIP were both identified by their ability to interact
with the GluR2 C terminus in yeast two-hybrid assays (Dong et
al., 1997; Srivastava et al., 1998). The initially reported form of
ABP lacks a seventh PDZ domain and leader sequence at the N
terminus of the protein, both found on GRIP (Fig. 1A). Subse-
quently, ABP-L, a splice variant clone of ABP containing a 52 aa
leader and a seventh PDZ domain and thus similar to GRIP, was
reported (Bruckner et al., 1999; Dong et al., 1999b). (GRIP by
Dong et al., 1997 is also called GRIP-1, whereas ABP-L is also
called GRIP-2.) The GRIP and ABP proteins have high se-
quence homology in the PDZ domains but little sequence simi-
larity in the linker regions between the PDZ domains. Using a
cDNA probe corresponding to the first three PDZ domains of
ABP, we probed a �gt10 adult rat brain cDNA library (Clontech)
and isolated an alternatively spliced N-terminal clone of ABP-L,
pABP-L (Fig. 1A). The ABP-L and pABP-L N termini differ

Figure 1. Schematic and mRNA ex-
pression patterns of different splice vari-
ants of GRIP and ABP. A, A �gt10
adult rat brain cDNA library (Clontech)
was screened using two different probes
corresponding to either PDZ domains
1–3 or PDZ domains 4–6 of ABP. Sev-
eral different partial clones were identi-
fied, including some that had a seventh
PDZ domain (ABP-L). There is a vari-
able exon in the linker 1 region that
splices out 52 aa (�52) in GRIP with a
corresponding deletion of 42 aa (�42) in
ABP. In addition, two different ABP
N-terminal splice variants (ABP-L and
pABP-L) were identified that had 52
amino acids upstream of the first PDZ
domain. The ABP-L and pABP-L splice
variants differ from each other only in
the first 18 aa (underlined). B, cDNAs
encoding different ABPs were Flag-
tagged and cotransfected with the
GluR2 cDNA in HEK 293T cells. Forty-
eight hours after transfection, cell pro-
tein extracts were prepared in 1% Tri-
ton X-100, 150 mM NaCl, and 20 mM
HEPES buffer, pH 7.4, with protease
inhibitors. Extracts were immunopre-
cipitated with 1 �g of mouse monoclo-
nal M2 Flag antibody (Sigma), run on an
8% SDS gel, transferred onto nitrocel-
lulose membranes, and detected using a
polyclonal antibody against the C termi-
nus of the GluR2/3 receptor (Chemi-
con). HEK 293T lysates were also im-
munoblotted against Flag and GluR2 to
check protein expression. C, RT-PCR
was performed using 2 �g of total RNA
isolated from adult rat tissues with
[ 32P]dATP included in the PCR reac-
tion. PCR products were separated on
5% nondenaturing polyacrylamide gels,
dried under vacuum, and exposed to
x-ray film for 30 min. The message for
all three proteins is present only in brain

and neural tissue. ABP-L and pABP-L express mainly the full-length version in all brain regions (top two panels, lanes 8–13), whereas GRIP1 expresses
mainly the linker 1 (�L1) splice isoform (bottom panel, lanes 10–13) with the exception of cortex and hippocampus (lanes 8, 9) in which the full-length
form predominates. Corresponding bar graphs on the right show fold increase of full-length (FL) protein over deletion mutant (�42 or �52) and averages
data from three separate experiments.
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from each other only in the first 18 amino acids. ABP clones were
also obtained that contained the seventh PDZ domain (ABP-L)
and that lacked 42 aa exonic sequence in the linker region
between PDZ 3 and 4 (�42), for which a corresponding 52 aa
deletion was seen in GRIP-1 (Dong et al., 1999b). In the mouse
genome, a majority of the exons coding for ABP are found within
a 15 kb DNA region. By chromosome walking, the exon coding
for the ABP-L N terminus was found to reside �18 kb upstream
of this major ABP coding region (data not shown). The locus
encoding the pABP-L N terminus was located even farther up-
stream, separated by an as yet indeterminate amount of interven-
ing sequence.

To determine whether all three forms of ABP were capable of
interacting with GluR2, plasmids expressing ABPs tagged at the
C terminus with the Flag epitope were cotransfected with a
plasmid expressing the GluR2 cDNA in HEK 293T cells. At 48 hr
after transfection, cells were lysed and solubilized with 1% Triton
X-100, and ABP was immunoprecipitated from cell extracts using
monoclonal antibody to the Flag epitope. Figure 1B shows that
GluR2 can be coimmunoprecipitated by the Flag antibody only
when ABP is present. The efficiency of the interaction of ABP
with GluR2 is greater with the forms of ABP that contain the
seventh PDZ domain and N-terminal leader sequence compared
with the six PDZ form, which lacks the leader.

Endogenous expression of ABP-L, pABP-L, and GRIP
To characterize the expression of the ABP-L and pABP-L pro-
teins, we attempted to generate peptide antibodies that were
directed against the N-terminal 18 aa that distinguish these two
ABP species but were not successful. Instead, we used RT-PCR
to determine expression patterns of mRNAs encoding ABP-L
versus pABP-L in different rat tissues. Total RNA was extracted
from tissues using the guanidinium thiocyanate–phenol–chloro-
form method (Chomczynski and Sacchi, 1987). RT-PCR was
performed using oligo-dT to prime the RT reaction and primers
unique to the different ABP-L and GRIP1 N termini to distin-
guish between these different proteins. In addition, we used a 3�
primer between PDZ3 and PDZ4 (linker 1) that binds down-
stream of the 42 aa alternatively spliced region to determine
which linker 1 splice isoform is expressed. [32P]dATP was in-
cluded in the PCR reaction to radiolabel the PCR products. Also
included are positive controls in which cDNAs of both the full-
length and the linker 1 splice isoform were used as templates (Fig.
1C, between lanes 7 and 8). Figure 1C shows that GRIP1, ABP-L,
and pABP-L are expressed only in brain and not in any of the
other tissues tested, including heart, liver, kidney, spleen, lung, or
testes. Although a GRIP-immunoreactive band was reported in
testes (Wyszynski et al., 1998; Dong et al., 1999a), we were unable
to detect GRIP1 message in testes. The proportion of message
retaining the linker 1 variant exon (top band of the doublet)
relative to the total for each brain region is indicated on the right.
Both the full-length and the linker 1 splice isoforms of ABP-L
and pABP-L are expressed in all brain regions and spinal cord,
with at least fivefold higher levels of mRNA encoding the full-
length protein compared with the shorter linker 1 isoform.

GRIP is also encoded in corresponding linker 1 variant forms.
Both forms of GRIP were also expressed in all brain tissues
tested, but the ratio of the two isoforms varied. In the cortex,
there was approximately twice as much full-length protein com-
pared with the �52 linker 1 isoform, and this ratio increased to
greater than 10-fold in the hippocampus (Fig. 1C, lanes 8, 9,
bottom panel and corresponding bar graph). In all other brain

tissues, the linker 1 deletion protein (�52 aa) is expressed pre-
dominantly. This result confirms a previous report of GRIP
protein expression, in which the cortex and hippocampus ex-
pressed a “slow migrating” GRIP species, whereas cerebellum
expressed mainly a “fast migrating” GRIP species, which now can
be attributed to the full-length and �52 linker 1 GRIP protein
species (Wyszynski et al., 1998). In addition, the differential
expression of the two species of GRIP in the hippocampus versus
the cerebellum indicates a possible tissue-specific function for the
linker 1 splice variant.

pABP-L localizes to the plasma membrane in
heterologous cells
It has been suggested that, through its ability to bind to GluR2,
GRIP and ABP serve as adapter proteins involved in the target-
ing or anchoring of AMPA receptors at the synapse (Srivastava et
al., 1998; Dong et al., 1999b). Recently, it has also been suggested
that, rather than targeting receptors, these proteins are responsi-
ble for stabilizing AMPA receptors at the postsynaptic mem-
brane (Osten et al., 2000). Both GRIP and ABP have been shown
by electron microscopy and immunogold techniques to localize at
the synaptic membrane and at intracellular structures in hip-
pocampal neurons (Srivastava et al., 1998; Dong et al., 1999a;
Burette et al., 2001). To determine whether the two N-terminal
spliced versions of ABP-L have different subcellular localizations,
we generated cDNAs expressing ABP tagged at the C terminus
with GFP, which were expressed by transfection in HeLa and
COS-7 cells. Cells were visualized 24 hr after transfection with a
confocal microscope. GRIP and ABP-L appeared to coalesce in
the cytoplasm of the cell in large dense clusters. In contrast,
pABP-L formed small puncta that associate exclusively with the
plasma membrane of the cell (Fig. 2A). Because ABP-L and
pABP-L are identical apart from their N-terminal leaders, this
striking difference in subcellular localization may be attributed to
the 18 aa difference at the N termini of these proteins.

The N terminus of pABP-L is palmitoylated

Many intracellular proteins that function at the plasma mem-
brane are modified by myristoylation and palmitoylation (Resh,
1996). The synaptic PDZ-containing protein PSD-95 is dually
palmitoylated, and this lipid modification on two cysteine resi-
dues at the N terminus is required for PSD-95 enhancement of
postsynaptic clustering and activity of NMDA receptors
(Topinka and Bredt, 1998; Craven et al., 1999; El-Husseini et al.,
2000a; Tomita et al., 2001). The two cysteines of PSD-95 are
surrounded by hydrophobic residues, which are also critical for
palmitoylation and form a potential hydrophobic consensus pal-
mitoylation sequence (El-Husseini et al., 2000b). The unique 18
aa N terminus of pABP-L that efficiently targets the protein to the
cell membrane lacks the classical consensus sequence for
N-terminal myristoylation. However, it has a cysteine residue at
position 11, which is flanked by hydrophobic residues in a se-
quence that is partially related to the proposed PSD-95 palmi-
toylation consensus sequence (El-Husseini et al., 2000b). Because
this cysteine residue is absent from the ABP-L N terminus, we de-
termined whether pABP-L is palmitoylated. COS cells expressing
pABP-L, ABP-L, or PSD-95 as a control were metabolically la-
beled for 4 hr with [3H]palmitic acid (1 mCi/ml) 48 hr after
transfection. Cells were harvested and solubilized in RIPA buffer,
and proteins were immunoprecipitated. [3H]Palmitate-labeled
peptides, resolved by SDS-PAGE, were detected by fluorography.
pABP-L was robustly palmitoylated in COS cells, as was PSD-95,
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which was a positive control (Fig. 2B). GRIP and ABP-L were
not palmitoylated, although the expression of both of these pro-
teins in transfected COS cells was high (Fig. 2C). It was surprising
that GRIP, which has two cysteine residues within its N-terminal

leader at positions 8 and 10, was not palmitoylated in COS cells.
However, unlike PSD-95 and pABP-L, the cysteine residues in
GRIP are not surrounded by hydrophobic residues and therefore
do not conform to the proposed hydrophobic consensus palmi-
toylation sequence (Dong et al., 1997; El-Husseini et al., 2000b).
To determine whether the [3H]palmitic acid was linked to
pABP-L via a thioester bond to a cysteine residue, which is
hydroxylamine sensitive, we treated duplicate gels containing
labeled pABP-L with either 1 M hydroxylamine or 1 M Tris-HCl
buffer for 24 hr. Subsequent fluorography of the gels shows
that the incorporated [ 3H]palmitate was completely removed
by hydroxylamine (Fig. 2 D), confirming thioester linkage. We
conclude that pABP-L, but not ABP-L or GRIP (GRIP-1), is
palmitoylated.

Palmitoylation of pABP-L on Cys-11 mediates
membrane localization
To determine directly whether the Cys-11 in pABP-L is the site
of palmitoylation, we mutated Cys-11 to an alanine residue (mu-
tant C11A). In addition, we mutated the two hydrophobic
leucines surrounding Cys-11 to hydrophilic serine residues (mu-
tant L10,12S) (Fig. 3A) and determined the effect of these muta-
tions on both protein palmitoylation and membrane localization
of pABP-L. COS cells transfected with the mutants or WT
pABP-L were labeled with [3H]palmitic acid and immunoprecipi-
tated using an ABP-specific antibody directed against the linker 2
region of ABP (Srivastava et al., 1998). Western blotting showed
that equivalent amounts of the wild-type and mutant pABP-L
were isolated from COS cells (Fig. 3C). Fluorography showed
that the mutation of the Cys-11 completely abolished palmitoyl-
ation. However, mutation of the surrounding amino acids as in
the L10,12S mutant had no effect on palmitoylation (Fig. 3B). The
subcellular localization of these mutants in COS cells reflected
the palmitoylation state. Thus, the nonpalmitoylated C11A mu-
tant formed large clusters that were not associated with the
plasma membrane, whereas the palmitoylated wt pABP-L protein
and the L10,12S mutant were strongly associated with the mem-
brane (Fig. 3D). It was surprising that the L10,12S mutation did
not affect either palmitoylation or membrane localization of
pABP-L. This is in contrast to the case of PSD-95, for which
mutation of the hydrophobic residues surrounding the palmitoyl-
ation site blocked palmitoylation (El-Husseini et al., 2000b).

To determine whether amino acids other than Cys-11 in the N
terminus are important for palmitoylation of pABP-L, we indi-
vidually mutated the first 16 amino acids of pABP-L to alanine
residues starting with arginine in position 2 (R2A). These mutant
constructs were then transfected into COS cells and assayed for
palmitoylation (Fig. 4A). In addition to the Cys-11 mutation, two
other mutations unexpectedly blocked palmitoylation: mutation
of either the tryptophan in position 4 or the arginine in position
6 to alanines (W4A and R6A). Taking these results into account,
Figure 4B shows that membrane localization of pABP-L is strictly
dependent on palmitoylation. Mutations that block palmitoyl-
ation, W4A and R6A, do not localize at the plasma membrane,
whereas the remaining mutants, which are palmitoylated, readily
associated with the plasma membrane. The molecular contribu-
tions of residues W4 and R6 to palmitoylation of pABP-L are
unclear because the protein palmitoyl transferases involved in the
palmitoylation of PDZ proteins are not known, and, therefore,
their substrate requirements have not yet been determined. How-
ever, it appears that the palmitoylation of pABP-L at its single
cysteine in the N terminus relies on hydrophobic and basic

Figure 2. Differential localization and palmitoylation of GRIP1, ABP-L,
and pABP-L in heterologous cells. A, HeLa cells and COS-7 cells were
plated on glass coverslips and transiently transfected with GFP-tagged
GRIP and ABP-L cDNAs. Live cells were viewed 24 hr after transfection
with a confocal microscope. B, COS-7 cells were transiently transfected
with PSD95, GRIP1, pABP-L, and ABP-L and metabolically labeled with
[ 3H]palmitate. Cells were lysed in RIPA buffer, and the solubilized
material was immunoprecipitated with the corresponding antisera. The
IP was loaded onto 8% SDS gels and analyzed by fluorography. C, Equal
amounts (1⁄10 of IP) of samples from B were subjected to SDS-PAGE and
Western blotting to check protein expression. D, Duplicate plates of COS
cells were transfected with pABP-L and metabolically labeled with
[ 3H]palmitate. Samples were subjected to 8% SDS-PAGE, and gel slices
were incubated for 24 hr in either 1 M hydroxylamine (NH2OH) or 1 M
Tris-HCl before fluorography. Equal amounts of cell lysate were sub-
jected to Western blot analysis.
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amino acids distinct from the PSD-95 consensus sequence for
palmitoylation.

Differential colocalization of ABP-L and pABP-L with
AMPA receptors in hippocampal neurons
We showed that ABP-L and pABP-L associate with GluR2 in
heterologous cells. To determine whether ABP-L and pABP-L
associate with GluR2 in neurons, we coinfected cultured embry-
onic hippocampal neurons (14–21 d in culture) with Sindbis
viruses expressing either GFP-tagged pABP-L or ABP-L to-
gether with a virus expressing GluR2 carrying an extracellular
Myc epitope tag, MycGluR2 (Osten et al., 2000). At 18–24 hr
after infection, monoclonal anti-Myc Ab was used to detect
MycGluR2 on the plasma membrane surface of living neurons.
After fixing and permeabilizing the cells, polyclonal anti-Myc Ab
was used to detect intracellular pools of MycGluR2. Figure 5
shows the localization of the ABP isoform ( green) and surface

and internal MycGluR2 (red and blue, respectively) in represen-
tative double-infected neurons. pABP-L forms small puncta that
are closely associated with the cell membrane and is found
abundantly in spine structures. In contrast, ABP-L is abundant in
the cell body and is also found in dendritic shafts in dense, most
likely membrane-associated pools but is rarely detected in spines
(Fig. 5A). As reported previously (Osten et al., 2000), surface
MycGluR2 is readily seen in distinct clusters around the cell body
and also along dendritic branches in spine heads (red). Internal
pools of MycGluR2 receptors (blue) colocalized very well with
ABP-L ( green) in both the cell body and along dendritic shafts
(Fig. 5A, powder blue in the merged image) and is conspicuously
absent from spines (Fig. 5B, bottom panels, arrows). In contrast,
pABP-L colocalized extensively with surface MycGluR2, espe-
cially in morphologically identifiable spines (Fig. 5B, top panels,

Figure 3. Mutation of Cys-11 abolishes palmitoylation and disrupts
membrane localization of pABP-L. A, The N terminus of pABP-L has a
cysteine residue in the 11th position (asterisk), which was mutated to an
alanine residue (C11A). The two leucines in positions 10 and 12 were also
mutated to serine residues (L10,12S). COS cells were transfected with
GFP plasmids containing WT pABP-L and C11A and SCS mutants. Cells
were metabolically labeled with [ 3H]palmitate, lysed in RIPA buffer, and
immunoprecipitated with 1 �g of Link2 Ab. Proteins were separated on
8% SDS-PAGE and subjected to fluorography (B) and Western blotting
(C). The localization of the transfected proteins was visualized in live
COS cells 24 hr after transfection (D).

Figure 4. Mutations of the pABP-L N terminus that block palmitoylation
have a corresponding effect on membrane localization. A, The first 16
amino acids of pABP-L were individually mutated to alanines, except for
leucine 10 and 12, which were simultaneously mutated to serines
(L10,12S). COS cells were transiently transfected with these mutant
pABP-L-GFP plasmids, metabolically labeled with [ 3H]palmitate, lysed
in RIPA buffer, and immunoprecipitated with 1 �g of Link2 Ab. Proteins
were separated on 8% SDS-PAGE and subjected to fluorography. B, The
localization of these GFP-tagged mutant proteins was visualized in live
COS cells 24 hr after transfection.
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arrows) but not with internal MycGluR2. It therefore appears that
these two forms of ABP-L associate with separate and distinct
pools of the receptor, such that nonpalmitoylated ABP-L colo-
calized with internal MycGluR2, whereas palmitoylated pABP-L
colocalized with MycGluR2 at the plasma membrane.

To confirm that pABP-L localized in spines, we costained
infected neurons with an antibody to GluR1 that readily labels
glutamate receptor containing spines in hippocampal pyramidal
neurons (Fig. 6A). In addition to wild-type pABP-L, two Flag-
tagged mutants of pABP-L in which palmitoylation is blocked
(Flag-C11A and Flag-W4A) were also used. Flag-pABP-L WT
formed puncta that colocalized very well with GluR1 and was
found abundantly in spine heads. Overexpressed Flag-C11A also
formed puncta that were either absent from spine heads (Fig. 6A,
large arrows in middle panels) or were at a reduced level in spine
heads (small arrows, middle panels). In contrast, the Flag-W4A
mutant appeared diffuse and formed no distinct puncta, although
levels of expression were high in the cell body and in dendritic
shafts. However, although the mutant protein was found at the
base of the spine, W4A did not localize in spine heads in the
majority of synapses observed (Fig. 6A, right panels). To confirm
that, similar to heterologous cells these mutants are also not palmi-
toylated in neurons, hippocampal cultures infected with these vi-
ruses were metabolically labeled for 4 hr with [3H]palmitic acid
(1 mCi/ml) 24 hr after infection and immunoprecipitated using

an ABP-specific linker 2 antibody. Western blotting showed that
equivalent amounts of the wild-type and mutant C11A and W4A
proteins were isolated from hippocampal cultures (Fig. 6B, right
panel). Fluorography showed that wild-type pABP-L was robustly
palmitoylated in neurons, whereas both C11A and W4A mutation
blocked palmitoylation (Fig. 6B, lef t panel). It therefore appears
that palmitoylation may enhance stabilization of pABP-L at the
synapse, because loss of palmitoylation (C11A and W4A) results
in reduced accumulation of ABP in spines.

In contrast to pABP-L, virally expressed GRIP in neurons
appears as large dense intracellular clusters that are mainly in the
cell body and proximal dendrites (Fig. 7A, right panel). To deter-
mine whether the N-terminal palmitoylation signal of pABP-L is
capable of targeting GRIP1 to spines and synaptic membranes,
we replaced the N terminus of GRIP1 with the 52 aa N terminus
of pABP-L. The resulting pABP-L(N)/GRIP chimera, when ex-
pressed in hippocampal neurons, exhibited a dramatic relocaliza-
tion compared with native GRIP protein. The chimera was now
found in small puncta located abundantly in spines, a distribution
very similar to that seen with pABP-L (Fig. 7A). In two separate
experiments, we counted the number of cells that expressed
different exogenous PDZ proteins in spines. Figure 7B shows that
100% of the neurons expressing pABP-L localized the protein in
spines (40 of 40). In contrast, only �30% of neurons infected with
the GRIP virus localized the protein in morphologically distinct

Figure 5. Colocalization of MycGluR2
with pABP-L and ABP-L in cultured
hippocampal neurons. A, Immunostain-
ing of neurons coinfected with Sindbis
virus expressing GFP-tagged pABP-L
or ABP-L and MycGluR2. At 18–24 hr
after infection, living neurons were la-
beled with monoclonal anti-Myc Ab to
visualize surface GluR2 receptors (red
channel ). After fixation, neurons were
permeabilized and labeled with poly-
clonal anti-Myc Ab to visualize internal
MycGluR2 receptors (blue channel ).
Both ABP-L and pABP-L are GFP
tagged ( green channel ). Scale bars, 10
�m. B, Higher magnification (boxed re-
g ion shown in A) showing colocalization
of pABP-L with surface MycGluR2 in
morphologically distinct spines (arrows,
top panels) and the absence of non-
palmitoylated ABP-L in spine structures
(arrows, bottom panels).
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spines (13 of 40). The pABP-L N terminus was capable of redi-
recting a significant proportion (�80%) of the chimeric GRIP
protein to spines (33 of 40). It therefore appears that the N
terminus of pABP-L can override the intracellular localization of
GRIP protein and target it to spines. Recently, a palmitoylated
form of mouse GRIP (GRIP1) called GRIP1b was reported
(Yamazaki et al., 2001). This isoform has an N-terminal sequence
very similar to the palmitoylated region of pABP-L (Fig. 7C).

DISCUSSION
Here we report the cloning and characterization of pABP-L, a
novel N-terminal variant of rat ABP-L, which is a seven PDZ
domain-containing protein that interacts with AMPA receptors
(Dong et al., 1997; Srivastava et al., 1998; Bruckner et al., 1999;
Dong et al., 1999b; Braithwaite et al., 2000). pABP-L is palmi-
toylated within a unique 18 aa N-terminal sequence generated by
alternative splicing. Palmitoylation targets pABP-L to the plasma
membrane in heterologous cells, whereas in neurons it targets
pABP-L to spines. The nonpalmitoylated ABP-L, in contrast, is
confined to intracellular clusters most likely consisting of intra-
cellular membrane structures. The distribution of GRIP, which
lacks palmitate, resembles that of ABP-L and is also confined to
intracellular membrane structures. However, the pABP-L(N)/
GRIP chimera is targeted to spines. This suggests that GRIP

bearing an N-terminal palmitate would be targeted similarly to
pABP-L. Recently, a mouse GRIP N-terminal isoform, GRIP1b,
has been reported that is also palmitoylated on a cysteine at
position 11 (Yamazaki et al., 2001). Thus, our work suggests that
GRIP1b will also be spine targeted. We showed that GRIP and
ABP, although encoded by different genes, are both expressed in
palmitoylated and nonpalmitoylated forms, as is PSD-95, which
binds the NMDA receptor. The expression of glutamate receptor
binding proteins as palmitoylated and nonpalmitoylated pairs
implies functions for both forms.

Many ion channels and their associated intracellular signaling
proteins interact at synapses with PDZ-containing proteins. The
most well understood example of this is the NMDA receptor/
PSD-95 interaction that provides a scaffold for the association of
peptides that function in several signal transduction cascades (for
review, see Sheng and Pak, 2000). Synaptic targeting of PSD-95 is
dependent on lipid modification of two cysteine residues at the N
terminus through the addition of palmitate. Mutations of PSD-95
that abolish palmitoylation reduced the synaptic targeting of
PSD-95 and its ability to interact with the ion channel Kv1.4
(Topinka and Bredt, 1998; Craven et al., 1999; El-Husseini et al.,
2000b). We showed that palmitoylation of pABP-L is essential for
membrane localization and that the N terminus of pABP-L is

Figure 6. Palmitoylation of pABP-L is critical
for localization into spines. A, Immunostaining
of neurons infected with Sindbis virus expressing
Flag-tagged pABP-L, C11A, or W4A proteins.
At 18–24 hr after infection, fixed neurons were
labeled with a polyclonal GluR1 C-terminal an-
tibody to visualize endogenous GluR1 receptors
and a monoclonal anti-Flag antibody to visualize
virally expressed ABP proteins. Higher magnifi-
cation (boxed region) showing colocalization of
pABP-L ( green) with GluR1 (red) in morpholog-
ically distinct spines ( filled arrows, lef t panels).
Reduced levels of the nonpalmitoylated C11A
mutant protein (open arrows, middle panel ) and
the absence of mutant protein ( filled arrows,
middle panel ) in GluR1 containing spines were
also observed. In contrast, the W4A mutant pro-
tein was diffuse rather than punctate and was
absent from spine heads ( filled arrows, right pan-
els). B, Hippocampal cultures were infected with
the same viruses used in A and metabolically
labeled with [ 3H]palmitate. Cells were lysed, and
solubilized material was immunoprecipitated
with 1 �g of Link2 Ab. The IP was loaded onto
8% SDS gels and analyzed by fluorography (lef t
panel ) and shows that only WT pABP-L is
palmitoylated, whereas both C11A and W4A mu-
tant proteins are not palmitoylated in neurons.
Equal amounts (1⁄10 of IP) of each sample were
subjected to SDS-PAGE and Western blotting to
check protein expression (right panel ).
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sufficient to target GRIP to spines. The sequences surrounding
the cysteine residue in pABP-L are similar to those found in
PSD-95, in that hydrophobic residues flank the palmitoylated
cysteines in both proteins. Mutations of these hydrophobic resi-
dues in PSD-95 also abolish palmitoylation and suggest a consen-
sus palmitoylation sequence for PDZ proteins (El-Husseini et al.,
2000b). However, mutation of the neighboring hydrophobic resi-
dues in the pABP-L N terminus did not affect palmitoylation,
indicating that pABP-L does not conform to the PSD-95 consen-
sus sequence. Unexpectedly, mutations of tryptophan 4 and ar-
ginine 6 of pABP-L disrupted palmitoylation. The hydrophobic
(W) and basic (R) residues identified here as necessary for pal-

mitoylation may increase overall hydrophobicity and positive
charge of the N terminus, strengthening its interaction with phos-
pholipid membranes and caveolae (van’t Hof and Resh, 2000),
leading to palmitoylation (for review, see Resh, 1999). Interest-
ingly, the N terminus of the recently cloned mouse GRIP1b,
which is palmitoylated on a single cysteine at position 11, also has
a hydrophobic tryptophan (W) residue at position 4 and a basic
lysine (K) residue at position 6 (Fig. 6C) (Yamazaki et al., 2001).
These basic and hydrophobic residues may therefore have a
similar function in the palmitoylation of both GRIP1b and
pABP-L.

The role of palmitoylation in the “targeting” of proteins to the
plasma membrane is debatable because the enzyme that catalyzes
the reaction, palmitoyl acyl transferase, is enriched in the plasma
membrane itself (Dunphy et al., 1996). Palmitoylated proteins
often have other lipophilic or charged groups (such as myristate,
farnesyl, or clusters of basic hydrophobic residues) that readily
associate with the plasma membrane (for review, see Resh, 1999).
However, it is thought that palmitoylation stabilizes proteins at
the plasma membrane by partitioning proteins into special lipid
microdomains or rafts (Shahinian and Silvius, 1995). Our obser-
vations in neurons suggest that the hydrophobic and basic resi-
dues of pABP-L (and likely GRIP1b as well) are involved in
initially bringing the molecule to the plasma membrane and
spines. The W4A mutant, which still has an intact cysteine, is not
palmitoylated and is found in a diffuse, nonpunctate pattern in
the cytoplasm, and does not appear to be associated with any
membrane bound organelle, either intracellularly or with the
plasma membrane (Fig. 6). The C11A mutant, which still has
intact lipophilic residues, maintains a punctate pattern of expres-
sion and can occasionally be found in spines, although at a
reduced level. This suggests that, although the C11A mutant
protein can reach the synapse, in the absence of the cysteine
residue the protein is not palmitoylated and therefore is not
stabilized at this location. In addition, C11A molecules that reach
the plasma membrane may dimerize with endogenous ABP or
GRIP proteins (Srivastava et al., 1998). This could also account

Figure 8. Schematic showing a model of the anchoring function of
ABP-L splice variants. During the process of LTP and LTD, AMPA
receptors rapidly cycle between membrane and intracellular locations
either via receptor endocytosis or receptor insertion. The two identified
splice variants of ABP-L/GRIP provide a scaffold for the anchorage of
GluR2 containing AMPA receptors at both intracellular and synaptic
locations. Membrane-targeted palmitoylated pABP-L/GRIP1b stabilizes
AMPA receptors at the synaptic membrane, whereas nonpalmitoylated
intracellular ABP-L/GRIP1a anchors AMPA receptors at extrasynaptic,
intracellular locations.

Figure 7. The N terminus of pABP-L is responsible for synaptic target-
ing. A, Immunostaining of hippocampal neurons infected with Sindbis
virus expressing pABP-L-Flag, GRIP1-Myc, or a fusion pABP-L(N)/
GRIP1-Myc protein (chimera). Exogenous proteins were detected with
either the Myc or Flag antibody. pABP-L is found mainly in spines,
whereas GRIP1 is mainly in large dense macroclusters in the cell body
and dendritic shafts. The chimeric protein containing the first 52 aa of
pABP-L is sufficient to target the rest of the GRIP1 protein to spines.
Scale bars: top panels, 10 �m; bottom panels, 2.5 �m. B, Bar graph showing
percentage of cells that expressed the exogenous protein in spines. The
total number of cells counted from two separate experiments is indicated.
C, Schematic showing comparison of palmitoylated and nonpalmitoylated
ABP-L and GRIP1 N-terminal sequences. Note that both proteins have a
cysteine residue at position 11 that is palmitoylated (bold and underlined)
and have hydrophobic and charged residues at positions 4 and 6, respec-
tively (bold).
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for the continued presence of the mutant C11A protein at syn-
apses that we observe.

The energetics of binding of proteins to lipid membranes by
fatty acids suggest that two fatty acid modifications may be
required for stable membrane association (Shahinian and Silvius,
1995; van’t Hof and Resh, 2000). This requirement may also be
satisfied by the interaction of two proteins that each undergo lipid
modification and exert additive effects on membrane association.
pABP-L contains only a single palmitoylation site, at Cys-11.
However, ABP is able to multimerize (Srivastava et al., 1998;
Dong et al., 1999b), thereby potentially strengthening its mem-
brane attachment. In addition, palmitoylation may be a signal for
segregation of receptors and their associated proteins into
detergent-resistant, glycosphingolipid-enriched raft-like microdo-
mains of the plasma membrane. Raft localization and/or target-
ing of proteins can result in an increase in local protein concen-
trations, which facilitates protein–protein interactions. It is
thought that these membrane rafts could therefore serve as a
platform for organizing and assembling macromolecular signaling
complexes. In this connection, it is noteworthy that complexes of
GRIP/ABP with ephrins are recruited into sphingolipid- and
cholesterol-rich raft microdomains (Bruckner et al., 1999).

We showed that ABP-L and pABP-L are targeted to different
subcellular locations in neurons. ABP-L accumulated mainly in
the cell body and dendritic shafts and is conspicuously absent
from spine-like structures. pABP-L in contrast is targeted to the
cell membrane and is found abundantly in spines. In addition,
these two ABP proteins colocalize with separate and distinct
pools of AMPA receptors, in which the nonpalmitoylated ABP-L
protein colocalizes with internal GluR2 receptors, whereas the
palmitoylated, plasma membrane-associated pABP-L colocalizes
extensively with GluR2 receptors at the synaptic membrane.
Although ABP and GRIP expression in rat brain neurons over-
lap, a large proportion of neurons examined strongly expressed
one protein while weakly expressing the other (Burette et al.,
2001). In addition, although all proximal dendrites and the soma
contained both proteins, 60% of distal GluR2-containing syn-
apses were positive for either ABP or GRIP alone, whereas 40%
had both. This suggests that these proteins may act either in
concert with or independently from each other at individual
synapses in providing a molecular scaffold for AMPA receptor
anchorage. Although our data show that the two forms of ABP
may provide two separate AMPA receptor anchorages at ABP-
only synapses, the recent identification of palmitoylated GRIP1b
also provides for both membrane and intracellular AMPA recep-
tor anchors at GRIP-only synapses.

It is clear that, during some forms of LTP and LTD, AMPA
receptors are shuttled between intracellular and membrane loca-
tions. For example, during LTP and the activation of silent
synapses, AMPA receptors are rapidly inserted and stabilized at
active synapses, thereby increasing the number of functional
AMPA receptors at the synapse and the strength of the response
(Shi et al., 1999; Lu et al., 2001). Conversely, during LTD, PKC
phosphorylation at serine 880 within the C terminus of GluR2 at
the membrane leads to rapid internalization of the receptor,
because the anchoring proteins ABP/GRIP are unable to bind to
the phosphorylated receptor (Chung et al., 2000; Matsuda et al.,
2000; Perez et al., 2001; Xia et al., 2001). After dephosphoryla-
tion, internalized receptors can potentially reassociate with inter-
nal membrane pools of ABP/GRIP, preventing the transport of
AMPA receptors back to the synaptic membrane for the main-
tenance of LTD (Daw et al., 2000). The phosphorylated form of

GluR2 interacts with PKC-interacting protein (PICK1), and the
resulting GluR2/PICK1 complex is thought to shuttle from intra-
cellular to plasma membrane locations or vice versa. Unlike
PICK1, ABP and GRIP would serve to stabilize and anchor the
receptors both at synaptic and intracellular membranes. Our
observations of intracellular and synaptic membrane-associated
forms of ABP and GRIP are consistent with this model (Fig. 8).
The identification of two forms of ABP that reside at different
subcellular locations suggests that they serve two different
purposes. Intracellular, nonpalmitoylated ABP/GRIP1a is
associated with intracellular GluR2 and may retain GluR2 at
subcellular locations, preventing interaction with PICK1 and the
formation of the mobile GluR2/PICK1 complex. In contrast,
synaptic membrane-associated, palmitoylated pABP-L, and pos-
sibly GRIP1b, may stabilize surface AMPA receptors, potentially
targeting them to caveolae and rafts, thus providing a platform for
the assembly and interaction with other proteins and the forma-
tion of signaling complexes.
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