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Protein kinase A (PKA)-dependent signaling cascades play an
important role in mediating the effects of dopamine and other
neurotransmitters in striatal medium spiny neurons. We have
identified a prominent striatal PKA substrate as Rap1-GTPase
activating protein (Rap1GAP), a negative regulator of Rap1 signal-
ing. Although present throughout the brain, Rap1GAP is enriched
in striatal medium spiny neurons and is phosphorylated by PKA at
Ser-441 and Ser-499 in response to activation of D1 dopamine
receptors. Phosphorylation of Rap1GAP is associated with inhibi-
tion of GAP activity, as demonstrated by increased Rap1 activity in
striatal neurons. Phosphorylation of Rap1GAP is also associated
with increased dendritic spine head size in cultured neurons. These
findings suggest that phosphorylation of Rap1GAP by PKA plays an
important role in striatal neurons by modulating Rap1 actions.

dopamine � medium spiny neuron � cAMP � PKA � EPAC

Medium spiny neurons (MSNs) of the striatum are opti-
mized for receiving information from cortex and thalamus

via glutamatergic inputs and integrating them with contextual
cues mediated by dopaminergic signaling. Thus, dopamine plays
a critical role in the regulation of plasticity in MSNs and as a
result controls aspects of associative learning including motor
and reward learning and habit formation (1). Striatal dopamine
also plays a major role in the process of drug addiction and in
neurological disorders such as Parkinson’s disease, depression,
compulsive disorders, and schizophrenia. For this reason, a
complete understanding of dopaminergic signaling in MSNs is an
important goal for understanding striatal function and for
developing future therapies.

Dopamine acts on MSNs in part through the D1/D5 subclass
of dopamine receptors, which in turn stimulate the cAMP/
protein kinase A (PKA) signaling pathway. Dopamine also acts
via the D2 class of receptors to attenuate cAMP/PKA-dependent
signaling. PKA-dependent phosphorylation of receptors, ion
channels, transcription factors, and other proteins accounts for
much of the structural and functional plasticity regulated by
dopamine (2). Our previous studies that identified and charac-
terized targets of the cAMP/PKA pathway have been critical for
understanding the actions of dopamine in MSNs (3, 4). For
example, the PKA substrate, dopamine and cAMP-regulated
phosphoprotein, Mr 32 kDa (DARPP-32) has been extensively
analyzed and found to amplify dopamine action in MSNs
through inhibition of protein phosphatase-1 (PP1). In the
present study, we have characterized a striatal-enriched PKA
substrate, previously designated as cAMP-regulated phospho-
protein, 90 kDa (ARPP-90) (5, 6). The results obtained indicate
that ARPP-90 is the same as Rap1-GTPase activating protein
(Rap1GAP), a regulator of the Ras-like small G protein Rap1.
Phosphorylation of Rap1GAP leads to its inhibition and to
subsequent activation of Rap1. Phosphorylation of Rap1GAP is
likely to play an important role in regulation of MSN function
through the ability of the dopamine/cAMP/PKA signaling path-
way to regulate Rap1 activity.

Results
Identification of a Major Striatal PKA Substrate as Rap1GAP. We
compared the phosphorylation of proteins in soluble extracts
from cortex or striatum following incubation without or with
cAMP in the presence of [�-32P]ATP. Autoradiography of
proteins separated by SDS/PAGE revealed several protein bands
incorporating more 32P label with cAMP treatment (Fig. 1A).
Two of these proteins, the 21-kDa protein regulator of calmod-
ulin signaling (RCS) and DARPP-32, were identified in previous
studies using this approach (7–9). A third prominent band of �95
kDa is also enriched in striatum. This band, previously named
ARPP-90, has remained unidentified (6). We therefore initiated
efforts to identify this protein, using column chromatography
and proteomic analysis.

ARPP-90 was partially purified from rat brain extracts to a
point where a single Coomassie-stained band could be resolved.
Analysis of a tryptic digest of this protein band by liquid
chromatography/mass spectrometry/mass spectrometry
(LC/MS/MS) identified the protein as Rap1GAP (Rap1GAP1a)
[see supporting information (SI) Fig. S1 for summary of peptide
coverage]. To confirm this result, specific antibodies against
Rap1GAP were used to immunoprecipitate proteins from stri-
atal and cortical extracts incubated with cAMP and [�-32P]ATP.
A single 32P-labeled protein matching ARPP-90 was seen after
immunoprecipitation with enrichment being found in the striatal
sample (Fig. 1B). Tryptic phosphopeptide mapping was used to
compare the ARPP-90 band from the striatal extract and the
Rap1GAP band obtained following immunoprecipitation (Fig.
1C). The 2 peptide maps were identical, indicating that ARPP-90
is Rap1GAP.

In situ hybridization and immunofluorescence labeling of
fixed brain slices revealed that Rap1GAP mRNA and protein
levels were enriched in the striatum (Fig. 2 A and B). Exami-
nation at higher magnification revealed that although present in
neurons in most brain regions, many MSNs in the striatum were
heavily labeled (Fig. 2C). Several areas of the di- and mesen-
cephalon, the amygdala core, and cortex layer V also contained
cells with high mRNA levels (Fig. S2). Immunoblot comparisons
using an antibody against the N-terminal region of Rap1GAP
revealed that the striatum contains �3.0-fold higher amounts of
Rap1GAP protein compared to cortex (Fig. 2D).

Identification of PKA Phosphorylation Sites on Rap1GAP. Previous in
vitro studies of Rap1GAP identified 2 sites, at Ser-490 and
Ser-499, that could be phosphorylated by PKA (10). Our
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phosphopeptide mapping analysis of Rap1GAP purified from
transiently transfected HEK293 cells and phosphorylated by
PKA revealed 2 major phosphopeptides. Mutation of Ser-499
to Ala removed only 1 of the observed phosphopeptides (Fig.
3 A and B). Mutagenesis of Ser-490 had no effect on phos-
phorylation of Rap1GAP and we found no evidence for
phosphorylation of this site. However, mutation of other
candidate PKA phosphorylation sites led to the identification
of Ser-441 as the second major phosphorylated amino acid
(Fig. 3 A and B and data not shown). Mutation of both sites
resulted in a version of Rap1GAP that was not significantly
phosphorylated by PKA in vitro (Fig. 3A). These 2 PKA
phosphorylation sites on Rap1GAP are located in an area of
unknown significance C-terminal to a well-characterized GAP
domain (11).

To further examine the regulation of phosphorylation at
Ser-441 and Ser-499, phosphorylation-state specific antibodies
were produced for each site (Fig. S3). These antibodies were then
used to analyze Rap1GAP phosphorylation in ex vivo striatal
slice preparations. Both sites were phosphorylated under basal
conditions. Treatment of slices with the dopamine D1 agonist
SKF38393 resulted in a rapid increase in phosphorylation of both
Ser-441 and Ser-499, peaking after 5–10 min and followed by a
slow decline (Fig. 3C).

Phosphorylation of Rap1GAP Controls Rap1 Activity. The role of
Rap1GAP phosphorylation by PKA was analyzed using site-
directed mutagenesis. Wild-type Rap1GAP, or mutants in which

both phosphorylation sites were changed to alanine to mimic the
dephospho-state, or to glutamate to mimic the phospho-state,
were expressed in N2a cells (Fig. 4). To compensate for the
increase in Rap1GAP activity that accompanies Rap1GAP
overexpression, we coexpressed Rap1 with a Gly12Val mutation
that greatly increases the affinity of Rap1 for GTP while
remaining susceptible to hydrolysis and inactivation by GAPs
(11–13). Using a RalGDS pull-down assay to measure Rap1
activity (14), we found that mutation of Ser-441 and Ser-499 to
alanine resulted in a lower level of active Rap1. Conversely,
mutation of both PKA sites to glutamate resulted in a higher
level of active Rap1.

cAMP- and Ca2�-Dependent Regulation of Rap1GAP Phosphorylation
and Rap1 Activity in Striatal Slices. While cAMP is known to
regulate Rap1 activity via direct activation of the Rap guanine
nucleotide exchange factor (GEF), exchange protein factor
directly activated by cyclic AMP (EPAC) (15, 16), our results
suggested an alternative mechanism involving the regulation of
Rap1GAP by PKA-dependent phosphorylation. We therefore
examined the potential role of Rap1GAP phosphorylation in
Rap1 activation, using striatal slices. cAMP production induced
by forskolin was found to significantly increase the level of active
Rap1-GTP after 5 min (Fig. 5A). This effect was also observed
using the PKA-selective cAMP analog N6-Benzoyladenosine-

Fig. 1. Identification of ARPP-90 as Rap1GAP. (A) Proteins in low salt extracts
from cortex and striatum were incubated with [�-32P]ATP in the absence or
presence of cAMP and samples analyzed by SDS/PAGE and autoradiography.
The positions of ARPP-90, DARPP-32, and RCS are shown. (B) Proteins in
extracts from cortex or striatum were incubated with [�-32P]ATP in the pres-
ence of cAMP and subjected to immunoprecipitation without (�Ab) or with
anti-Rap1GAP antibody (IP). Samples were analyzed by SDS/PAGE and auto-
radiography. Ten percent of the protein extract was analyzed. (C) Phospho-
ARPP-90 bands cut from SDS/PAGE gels were subjected to digestion with
trypsin and digests analyzed by 2-dimensional phosphopeptide mapping.
Peptides were first separated by electrophoresis in the horizontal direction
(origin is indicated by ‘‘X’’) and chromatography in the vertical direction.
Samples were from striatal samples before (Band from Extract) and after
immunoprecipitation with anti-Rap1GAP antibody (Band from IP).

Fig. 2. Expression of Rap1GAP in mouse brain. Analysis of (A) Rap1GAP
mRNA expression by in situ radiography and (B) Rap1GAP protein expression
by immunoflorescence is shown. Similar sagittal and coronal sections shown
that included the striatum were chosen for each method. (C) Confocal analysis
of Rap1GAP protein expression in the dorsal striatum. Arrowheads indicate
dark staining of cell bodies of MSNs. (Scale bar, 50 �m.) (D) Immunoblotting
of Rap1GAP in cortex and striatum. Band intensities were measured and
normalized first to actin (Lower panels) and then to cortex. Quantitation of
results is shown in the bar graph (n � 12; error bars show mean � SEM).
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cAMP (6Bnz) but not with the EPAC-selective analog 8-(4-
Chlorophenylthio)-2�-O-methyl-cAMP (8-CPT-2Me-cAMP)
(8CPT) under these conditions.

Our previous studies of striatal phosphoproteins have high-
lighted a role for glutamate-dependent regulation of protein
phosphatases PP2A and PP2B (17, 18). Pretreatment of stri-
atal slices with NMDA efficiently blocked the forskolin-
induced Rap1GAP phosphorylation at Ser-441 and Ser-499, as
well as Rap1 activation (Fig. 5B and Fig. S5). NMDA treat-
ment, in the absence or presence of forskolin, also led to faster
migration of Rap1GAP on SDS/PAGE, suggesting the possible
dephosphorylation of additional sites in the protein. Pretreat-
ment of slices with a Ca2� chelator, or with the PP2B inhibitor
cyclosporin A, blocked the dephosphorylation at Ser-499

caused by NMDA (Fig. 5C). NMDA treatment also reduced
phosphorylation of Ser-499 in the presence of okadaic acid,
although notably okadaic acid increased basal phosphorylation
�2-fold. Together these results suggest that both PP2A and
PP2B can dephosphorylate Rap1GAP and that PP2B likely
mediates the effect of NMDA receptor activation.

Rap1GAP contains a truncated N-terminal GoLoco domain
that interacts with various membrane-bound G� subunits.
Activation of G�z induces the translocation of Rap1GAP from
the cytosol to form membrane complexes and inhibits Rap1
signaling in PC12 cells (19). We examined soluble and partic-
ulate fractions from forskolin- or NMDA-treated striatal slices
by SDS/PAGE. No evidence for translocation of Rap1GAP
was observed (data not shown). Previous in vitro studies have
reported no effect of phosphorylation by PKA on Rap1GAP
activity toward purified bacterial Rap1 (20). We also found no
change in Rap1GAP activity in striatal slice lysates following
prior forskolin treatment (data not shown).

Phosphorylation of Rap1GAP Controls Dendritic Spine Morphology.
Neuronal Rap1 is known to regulate dendritic spine structure
(21, 22). We therefore examined the ability of phosphorylation
of Rap1GAP to inf luence this phenomenon. Mature hip-
pocampal neuronal cultures from E18 rat embryos were
transfected with GFP alone or GFP plus the wild-type or
phosphorylation-site mutant Rap1GAP constructs (Fig. 6A).
A significant increase in spine head area was found following
expression of wild-type Rap1GAP, and a greater increase was
found with expression of the Ser-441/499Ala mutant. In con-
trast, expression of the Ser-441/499Glu mutant had no signif-

Fig. 3. Phosphorylation of Rap1GAP by PKA in striatal slices. (A) Wild-type or
mutant 6xHis-Rap1GAP [in which Ser-441 (S441A), Ser-499 (S499A), or both
(S441/499A) were mutated to alanine] were purified from HEK293 cells using
Ni-NTA Agarose (Qiagen) and phosphorylated on the beads by a PKA catalytic
subunit in the presence of [�-32P]ATP. Samples were analyzed by SDS/PAGE
and autoradiography. Total Rap1GAP levels were analyzed using Coomassie
stain. (B) Phospho-Rap1GAP bands were then subjected to tryptic digestion
and analyzed by 2-dimensional phosphopeptide mapping as described in
Fig. 1. Numbers indicate the location of major phosphopeptides. The positions
of the phosphorylation sites are shown in the cartoon at the Top of the figure.
In the absence of added PKA, there was a low level of phosphorylation of
Rap1GAP that was distributed in some of the minor peptides but not in
peptides 1 and 2. (C) Mouse neostriatal slices were treated for the indicated
times with 10 �M SKF38393. Samples were then analyzed by SDS/PAGE and
immunoblotting using antibodies specific for total Rap1GAP or for Rap1GAP
phosphorylated at Ser-499 or Ser-441 (see immunoblots in Fig. S4 in SI).
Rap1GAP phosphorylation was normalized to total Rap1GAP and also to the
level of phosphorylation observed in the presence of the protein phosphatase
inhibitor, okadaic acid (see Fig. S4; n � 4; error bars show mean � SEM).

Fig. 4. Mutation of Rap1GAP phosphorylation sites modulates Rap1 activa-
tion. Neuro-2a (N2a) cells in 10-cm plates were transiently transfected with
HA-Rap1Gly12Val (5 �g) plus the indicated V5-Rap1GAP wild-type (WT) or
mutant constructs (1 �g each), using Fugene6 (Roche). After 20 h, cells were
serum starved for 24 h and then harvested, and Rap1 activity was measured
using the RalGDS pull-down assay. The Upper panels show immunoblot
analyses of active HA-Rap1Gly12Val-GTP (Rap1-GTP) and total levels of HA-
Rap1Gly12Val (total Rap1) and V5-Rap1GAP using specific epitope-tag anti-
bodies. Quantitation of Rap1-GTP levels was normalized to total levels of
protein and expressed as a percentage of control. Significance for each group
was determined by ANOVA, P � 0.001. Each bar represents the mean � SEM
(n � 6 from 2 experiments).
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icant effect on spine head area. None of the Rap1GAP
constructs had any effect on spine length (Fig. 6C).

Discussion
Signaling through Rap1 has been the subject of intense study, as
activation of this cascade is thought to play an important role in
cell adhesion (23, 24), polarity (25), and secretion (26, 27). The
mode, specificity, and localization of Rap1 action is determined
by the presence of various upstream Rap1 GEFs and GAPs and
downstream effector proteins. Rap1 activity can also be con-
trolled by the second messengers, cAMP and Ca2�. Recent
studies have highlighted the roles of the Rap GEFs, EPAC1 and
EPAC2, which are directly activated by cAMP (16, 28). A
number of studies also indicate that Rap1 can be regulated by
cAMP via PKA (29, 30), perhaps through direct phosphorylation
of Rap1 (31, 32). In the present study, we have identified
Rap1GAP as a prominent phosphoprotein that is enriched in
striatal MSNs and shown that phosphorylation by PKA is
associated with inhibition of Rap1GAP activity. Increased phos-
phorylation of Rap1GAP by PKA is therefore coupled to
activation of Rap1 and represents an alternative mode of regu-
lation of Rap1 by cAMP.

Rap1GAP is found in many cell types but is highly expressed
in the brain (33, 34). Our studies have shown that while

Fig. 5. Regulation of Rap1 in striatal slices. (A) Striatal slices were incubated
for 5 min without treatment (control), or with 10 �M forskolin, 8CPT-2Me-
cAMP, or 6Bnz-cAMP. Active Rap1-GTP levels were determined using a GST-
RalGDS pull-down assay. Upper panels show immunoblots for Rap1-GTP
pulled down by GST-RalGDS and for total Rap1 in the striatal slice lysates. The
Lower bar graph shows quantitation of multiple experiments. Data were
normalized to total Rap1 levels in each sample and then expressed as a
percentage of the control value. Asterisks indicate results significantly differ-
ent from control (1-way ANOVA with Tukey’s post hoc test, n � 5, P � 0.05).
(B) Striatal slices were incubated for 10 min without or with forskolin (10 �M),
NMDA (50 �M), or forskolin plus NMDA (NMDA added 10 min before forsko-
lin). Rap1 activity was measured by the RalGDS pull-down assay as in A.
Rap1GAP phosphorylation was measured by immunoblotting with antibodies
specific for total Rap1GAP or for Rap1GAP phosphorylated at Ser-499 or
Ser-441. Quantitation of the Rap1 assay is shown in Fig. S5 in SI. (C) Striatal
slices were pretreated with phosphatase inhibitors [5 mM EGTA, 10 �M
Cyclosporin A (Cyc), 1 �M Okadaic Acid (OA)] for 30 min before stimulation
with 50 �M NMDA for 10 min as indicated. Rap1GAP phosphorylation was
measured by immunoblotting. Data for phospho-Ser-499 were normalized to
total Rap1GAP levels in each sample and then to control. Data are means �
SEM, n � 4. *, P � 0.01 vs. control; **, P � 0.01 vs. NMDA alone.

Fig. 6. Phosphorylation of Rap1GAP regulates dendritic spine morphology.
(A) Primary hippocampal neurons were transfected at 18 days in vitro (DIV)
with GFP alone or GFP together with the indicated wild-type and mutant
Rap1GAP constructs. Spine morphology was examined at 20 DIV. Images show
the GFP expression. (Scale bar, 10 �m.) (B) Cumulative frequency distribution
of spine areas for neurons transfected with the Rap1GAP constructs. For each
construct, 1,000–1,500 spines from 20–30 neurons combined from 5 indepen-
dent experiments were used. (C) Cumulative frequency distribution of spine
lengths for the same spines analyzed in B.

3534 � www.pnas.org�cgi�doi�10.1073�pnas.0813263106 McAvoy et al.

http://www.pnas.org/cgi/data/0813263106/DCSupplemental/Supplemental_PDF#nameddest=SF5


Rap1GAP is enriched in MSNs of striatum, the protein is widely
distributed in the brain. Regulation of Rap1GAP by phosphor-
ylation is therefore likely to contribute to control of Rap1 in
many parts of the brain. In neurons, Rap1 has been found to
regulate both structural and functional processes underlying
synaptic plasticity and consequently learning and memory. How-
ever, the precise role of Rap1 is unclear. For example, studies
with transgenic mice expressing a dominant-negative form of
Rap1 in brain have suggested a role for the protein in cAMP- and
ERK-dependent gating of long-term potentiation (35). The
ability of Rap1 to control ERK in brain is consistent with studies
in PC12 cells, where cAMP-dependent Rap1 activation provides
a long-lasting stimulation of ERK that is required for differen-
tiation and growth (32). Phosphorylation of Rap1GAP by PKA
might therefore contribute to the regulation of ERK observed in
those studies. In contrast, Rap1 can act in opposition to Ras to
control ERK activation (36, 37), and Rap1 has been found to
mediate the NMDA-dependent removal of AMPA receptors
during long-term depression, an effect that was opposite to that
of Ras (38).

Rap1 has also been shown to influence dendritic spine mor-
phology. Spine-associated Rap1GAP (SPAR) is localized in the
postsynaptic density through its association with PSD-95, and
expression of SPAR results in increased spine head size (21).
Other studies have found that expression of active Rap1 in
neurons leads to formation of thin spines with reduced levels of
AMPA receptors, a process that involves the PDZ-containing
protein AF-6 (22). Our studies of the effects of expression of
Rap1GAP are consistent with these reports. Expression of
wild-type Rap1GAP, which would reduce Rap1 activity, resulted
in spines with larger heads. Compatible with the observation that
Rap1GAP was phosphorylated to a significant level at Ser-441
and Ser-449 under basal conditions, expression of the Ser-441/
499Ala mutant had a larger effect than the wild-type protein on
spine head size. Expression of the Ser-441/499Glu mutant had no
effect on spine head size, presumably reflecting the inactive state
of the phosphoprotein mimic.

Mechanistically, it is unclear how phosphorylation of
Rap1GAP by PKA influences the function of its GAP domain.
Consistent with another study (20), we did not measure any
effect of Rap1GAP phosphorylation using an in vitro Rap1 GAP
assay. Perhaps posttranslational modifications lacking in the
recombinant Rap1 used may be responsible for this observation.
For example, Rap1 has been shown to be a direct substrate for
PKA (39). Other proteins, such as G�o, that interact indepen-
dently with both Rap1GAP (40) and the PKA catalytic subunit
(41), may also be required to observe the effect of phosphory-
lation. Additionally, gel shifts of Rap1GAP seen with NMDA
treatment suggest the presence of additional unidentified
Rap1GAP phosphorylation sites that may also participate in
regulating its GAP activity (see also refs. 20 and 42). Previous
studies have found that Rap1GAP is a substrate for several
serine/threonine kinases including PKA, GSK3�, and cdc2 ki-
nase (10, 42). Our studies identified 2 major PKA phosphory-
lation sites at Ser-441 and Ser-499. Ser-499 is contained within
a strong canonical PKA phosphorylation motif, and although
phosphorylated to a significant level under basal conditions,
phosphorylation at this site occurred physiologically in response
to a dopamine D1 receptor agonist. Dephosphorylation of
Ser-499 was attributed to the phosphatases PP1/PP2A under
basal conditions and to PP2B (calcineurin) in response to
treatment with the glutamate receptor agonist, NMDA. The
other identified PKA site, Ser-441, contains a low-homology
PKA motif that was phosphorylated to lower levels than Ser-499
under basal conditions; however, its responsiveness to dopamine
was similarly robust.

Our findings provide a new mechanism whereby dopamine
signaling can influence synaptic structure and function through

the regulation of Rap1GAP phosphorylation and Rap1 inacti-
vation. Rap1GAP is highly expressed in MSNs of striatum, where
its phosphorylation and activity are controlled by dopamine
acting at D1 receptors. MSNs also express high levels of the Rap1
GEF CalDAG-GEFI (43). These observations suggest that a
unique system supporting Rap1 signaling exists in striatal neu-
rons. Dopamine clearly has a key role in controlling signaling and
plasticity in MSNs (1, 44–46). GABAergic MSNs, which repre-
sent �95% of all neurons in striatum, are composed of 2
intermingled subpopulations. One subpopulation of MSNs ex-
presses high levels of dopamine D1 receptors, while the other
expresses high levels of dopamine D2 receptors (1, 44–46).
Recent studies using transgenic mice where different proteins
have been selectively expressed in either subpopulation of MSNs
have shown distinct patterns of phosphorylation of signaling
molecules (47, 48), gene expression (49), and synaptic plasticity
(50). Chronic exposure to psychostimulants has been found to
increase dendritic spine density in MSNs in the dorsal and
ventral striatum (51), and these drug-induced changes in spine
morphology are more sustained in D1-containing MSNs (52). As
a substrate for PKA whose phosphorylation is stimulated by
activation of D1 receptors, Rap1GAP is likely to be differentially
phosphorylated in D1 receptor-containing MSNs and this may
contribute to the distinct patterns of signaling and plasticity
observed in the 2 subpopulations of MSNs.

Methods
Materials and Reagents. Antibodies to Rap1 and Rap1GAP (N-terminal, clone
Y134) were obtained from Epitomics or Santa Cruz (Rap1GAP, sc-v19). Anti-
bodies for V5 and HA epitopes, and �-actin, were from Abcam. 8CPT-2Me-
cAMP and 6-Bnz cAMP were from Biolog Life Science Institute (Bremen,
Germany). All other drugs were from Tocris Bioscience. The plasmids pGEX-
RalGDS-RBD and pMT2-HA-Rap1Gly12Val were kind gifts from Johannes L.
Bos (Utrecht University, The Netherlands). The Rap1GAP full-length human
clone (pcDNA3.1-Rap1GAP-V5/HIS) was from the Invitrogen clone collection.
Site-directed mutagenesis used the Quickchange method (Stratagene) to
create alanine and glutamate mutations at amino acid residues Ser-441 and
Ser-499 of pGS-Rap1GAP-V5/HIS.

Purification and Identification of ARPP-90. ARPP-90 was purified using ion
exchange chromatography and gel filtration as described in detail in SI Text.
Protein sequencing was carried out using LC/MS/MS analysis (Rockefeller
University DNA/Protein Technology Center). Two-dimensional phosphopep-
tide mapping was performed essentially as described (53) (see also SI for
details).

Generation of Phospho-Specific Antibodies. Antibodies recognizing phospho-
Ser-441 and phospho-Ser-499 of Rap1GAP were generated against the phos-
phopeptides SRSQpSMDAMC and SRRSpSAIGIC, respectively. Each peptide
(4 mg) was conjugated via its C-terminal cysteine to Limulus hemocyanin (LHC,
Sigma), using m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester (sulfo-
MBS, Sigma), and used to produce polyclonal antibodies in rabbits (Cocalico
Biologicals). Antibodies were affinity purified on columns (SulfoLink gel,
Pierce) coupled to the respective phosphopeptide.

RalGDS RBD Pull-Down Assay. The RalGDS RBD pull-down assay was carried out
essentially as described (14). After treatment, 2 frozen striatal slices were
combined and sonicated in 1 mL TLB buffer [50 mM Tris (pH 7.4)/500 mM
NaCl/1% Nonidet P-40/2.5 mM MgCl2/10 mM �-glycerophosphate/20 mM
NaF/10% glycerol/1 mM PMSF/miniEDTA-free protease inhibitor (Roche)] also
containing 20 �g/mL purified GST-RalGDS RBD. After centrifugation at
14,000 � g for 10 min at 4 °C, a 60-�L aliquot was removed for analysis of total
protein level. The remaining extract was incubated with 10 �L MagneGST
Glutathione particles (Promega) and incubated for 45 min with rotation. The
particles were washed 3 times with TLB buffer and boiled 5 min in 20 �L sample
buffer with an additional 100 mM DTT. Samples were analyzed by SDS/PAGE
and immunoblotting.

In Situ Hybridization, Immunohistochemistry, Neostriatal Slice Preparation,
Neuronal Culture, Transfection, and Immunostaining. Standard methods were
used for these routine procedures. Details are provided in SI. Images of
dendritic segments were acquired with a Zeiss confocal microscope, using
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z-series stacks to fully encompass the entire segment. All healthy pyramidal
cells that expressed the appropriate constructs at levels allowing clear
visualization of dendritic spines were included in the analysis. Image
analysis of the GFP channel for each neuron was performed using Meta-
morph software (Molecular Devices). For analysis of spine area, spines were
thresholded to a similar level and carefully outlined. Statistical significance

of cumulative frequency plots was determined using the Kolmogorov–
Smirnov test.
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