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Summary

The PSD-95/SAP90 family of scaffold proteins orga-
nizes the postsynaptic density (PSD) and regulates
NMDA receptor signaling at excitatory synapses. We
report that SPAR, a Rap-specific GTPase-activating
protein (RapGAP), interacts with the guanylate kinase-
like domain of PSD-95 and forms a complex with PSD-
95 and NMDA receptors in brain. In heterologous cells,
SPAR reorganizes the actin cytoskeleton and recruits
PSD-95 to F-actin. In hippocampal neurons, SPAR lo-
calizes to dendritic spines and causes enlargement of
spine heads, many of which adopt an irregular appear-
ance with putative multiple synapses. Dominant nega-
tive SPAR constructs cause narrowing and elongation
of spines. The effects of SPAR on spine morphology
depend on the RapGAP and actin-interacting domains,
implicating Rap signaling in the regulation of postsyn-
aptic structure.

Introduction

Spines are small protrusions on dendritic shafts that
constitute the primary loci of excitatory synaptic trans-
mission in the mammalian CNS. Dendritic spines are
heterogeneous in shape, and their density and morphol-
ogy are influenced by many factors, including age, hor-
mones, neurotrophins, learning, and synaptic activity
(Horner, 1993; Harris and Kater, 1994). The plasticity of
spine structure may contribute to long-term memory
storage (Crick, 1982; Bailey and Kandel, 1993). Indeed,
stimuli that induce long-term potentiation (LTP) have
been associated with altered spine size (Fifkova and
Van Harreveld, 1977; Chang and Greenough, 1984), in-
creased synaptic surface area (Desmond and Levy,
1988), and perforation of the postsynaptic density (Toni
et al., 1999). The molecular mechanisms that regulate
the size and shape of dendritic spines are poorly under-
stood.

The actin cytoskeleton is a likely target of the molecu-
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lar mechanisms regulating spine morphology (reviewed
in Matus, 2000). Spines are actin-rich and undergo rapid,
actin-dependent motility (Fischer et al., 1998). The struc-
ture of dendritic spines and F-actin is influenced by
glutamate receptor activity (Segal, 1995; Halpain et al.,
1998; McKinney et al., 1999), and LTP-inducing stimuli
can promote new spine formation via NMDA receptor-
dependent mechanisms (Engert and Bonhoeffer, 1999;
Maletic-Savatic et al., 1999).

What are the signaling pathways that link glutamate
receptor activity to the postsynaptic actin cytoskeleton?
Glutamate receptors interact directly or indirectly with
actin binding proteins and regulators of the actin cy-
toskeleton. For example, the actin binding protein «-acti-
nin binds directly to NMDA receptors (Wyszynski et
al., 1997). In addition, PSD-95/SAP90 family proteins
function as molecular adaptors between glutamate re-
ceptors and intracellular signaling and cytoskeletal net-
works. PSD-95 is a major component of PSDs (Cho et
al., 1992; Kistner et al., 1993) and is characterized by
three N-terminal PDZ domains, an SH3 domain, and a
C-terminal guanylate kinase-like (GK) domain, all of
which function as modular protein interaction domains.
For example, the first two PDZ domains of PSD-95 inter-
act with the C termini of NMDA receptor NR2 subunits
(Kornau et al., 1995; Niethammer et al., 1996), whereas
all three PDZ domains bind to the C terminus of SynGAP,
a GTPase activating protein (GAP) for Ras (Chen et al.,
1998; Kim et al., 1998).

The Rap family of small GTPases is closely related
to Ras, and contains two members, Rap1 and Rap2
(Zwartkruis and Bos, 1999). The cellular functions of Rap
proteins are unclear; various roles have been described
in different cell types, including regulation of Raf/MAP
kinase cascades (Vossler et al., 1997; but see Zwartkruis
et al., 1998), establishment and maintenance of cell ad-
hesion (Tsukamoto et al., 1999), and activation of integ-
rins (Caron et al., 2000; Reedquist et al., 2000). In yeast,
a Rap homolog (BUD1) is required for budding and re-
cruits factors for polarized organization of the actin cy-
toskeleton (Cabib et al., 1998). Thus, mounting evidence
suggests a role for Rap in the regulation of actin cy-
toskeleton and cell-cell or cell-matrix interactions. Sev-
eral Rap-specific activators, or GEFs (guanine nucleo-
tide exchange factors) have been identified. Of particular
interest is nRapGEP, a neural-specific GEF that can in-
teract with the synaptic scaffold protein, S-SCAM (Oh-
tsuka et al., 1999). However, little is known about the
function of Rap in neurons or synapses.

We now report that a GAP for Rap (termed SPAR, for
Spine-associated RapGAP) binds to the GK domain of
PSD-95. SPAR has actin-reorganizing activity, targets
to dendritic spines of neurons, and regulates spine mor-
phology via its GAP and actin-interacting domains.

Results
SPAR Interacts with the GK Domain of PSD-95

We conducted a yeast two-hybrid screen of a rat brain
cDNA library, using as bait the C-terminal region of chap-
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Figure 1. Interaction of SPAR and PSD-95

(A) Domain organization of SPAR and con-
structs used in this study. SG40 and SG82
are independent cDNA clones isolated from
a yeast two-hybrid screen using as bait the
SH3 and GK domains of chapsyn-110/PSD-
93.

(B) Interaction of SPAR and PSD-95 in yeast
two-hybrid system. SG40, containing the
C-terminal 278 amino acids of SPAR fused to
the GAL4 activation domain (GAD) interacts
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with LexA DNA binding domain (DB) fusions
of the GK domain of PSD-95, chapsyn-110,
and SAP97, but not with the GK domain of
CASK or the C-terminal tail of Kv1.4. Tbr1
and PDZ 1/2 of PSD-95 are positive controls
for the GK of CASK and the C terminus of
Kv1.4, respectively. ++ +, 0-30 min 3-gal de-
tection time. —, no detectable pB-gal signal
after 12 hr.

(C) Coimmunoprecipitation of SPAR and
PSD-95 from COS-7 cells. Extracts of COS-7
cells transfected with myc-SPAR, PSD-95, or
both, as indicated, were immunoprecipitated
with myc or PSD-95 antibodies or nonim-
mune IgG. Precipitates were immunoblotted
for PSD-95 and myc. Input represents 10% of
the lysate used for the immunoprecipitation
reaction.

(D) Immunobilots of adult rat brain homoge-
nates using SPARc and SPARn antibodies.
The upper 190 kDa band (SPAR-190) comi-
grates with full-length SPAR expressed in
COS-7 cells (lane R). SPARc and SPARn sig-
nals are specifically eliminated by competi-
tion with the respective antigenic peptide.
(E) Subcellular fractionation of SPAR and
PSD-95 in rat brain. R, recombinant SPAR
expressed in COS cells. H, total homogenate
of rat brain. P2, crude synaptosome; S3, cyto-
sol; P3, light membrane; LP1, synaptosomal
membrane; LP2, synaptic vesicle fraction.
(F) Coenrichment of SPAR and PSD-95 in the
PSD. Lane R, COS-7 cells transfected with
SPAR cDNA. P2, crude synaptosomal mem-
brane fraction (10 pg protein). PSD |, Il, and
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lll, postsynaptic density fractions prepared by extraction of synaptosomes once (l) or twice (ll) with Triton X-100 or with Triton X-100 and

sarkosyl (lll) (2 g protein).

(G) Coimmunoprecipitation of SPAR and PSD-95 from brain extracts. Deoxycholate extracts of rat brain were immunoprecipitated with
nonimmune rabbit IgG or affinity purified SPARc antibodies, and immunoblotted for the indicated proteins. Competition with the immunogenic
C-terminal peptide (lane 5), but not the unrelated N-terminal peptide (lane 6), abolished the recovery of SPAR and associated proteins.
Immunoprecipitations were performed without added brain extracts in lanes 2 and 7.

syn-110/PSD-93 that contains the SH3 and GK domains
(Kim et al., 1996). Most of the positive interactors were
members of the GKAP/SAPAP/DAP family of proteins
that bind to the GK domain of PSD-95 family proteins
(Kim et al.,, 1997; Satoh et al., 1997; Takeuchi et al.,
1997). However, two independent clones isolated in this
screen (SG40 and SG82) encoded the C-terminal 278
and 277 amino acids, respectively, of a distinct protein
that we named SPAR (Figure 1A). The GK domain of
chapsyn-110/PSD-93 was sufficient for binding to SPAR
in the yeast two-hybrid system (Figure 1B). SPAR also
interacted with the GK domain of PSD-95 and SAP97/
hDIg, but not with the GK domain of CASK (Hsueh et
al., 2000) (Figure 1B). Deletion analysis failed to define
a smaller portion of SPAR capable of binding to the GK
domain of PSD-95 in the yeast two-hybrid system. Thus,
the C-terminal ~~280 amino acids of SPAR (termed here

the GK binding domain, or GKBD) interacts specifically
with the GK domain of PSD-95 family proteins.

A sequence of SPAR had been deposited in GenBank
and annotated as “Spa-1-like protein” and “PSD-95 GK
interactor” (accession #AF026504) (see also Deguchi et
al., 1998). Over its 1783 residue length, SPAR is 95%
identical to a human protein named E6TP1« previously
identified as a target for degradation by human papil-
loma virus (HPV) E6 oncoprotein (Gao et al., 1999). Sev-
eral motifs were recognized in the primary sequence of
SPAR (Figure 1A), most notably a PDZ domain and a
region homologous to the catalytic domain of RapGAPs
such as Spa-1 (Hattori et al., 1995; Kurachi et al., 1997).
The N-terminal region of SPAR upstream of the GAP
domain, and a serine-rich region between the PDZ do-
main and the GKBD, are designated Act1 and Act2 for
reasons described later.
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We performed coimmunoprecipitation assays to ver-
ify the interaction of full-length SPAR and PSD-95 in
mammalian cells. From COS-7 cells doubly transfected
with PSD-95 and myc-tagged SPAR, anti-myc antibod-
ies precipitated the majority of myc-SPAR and a minor
fraction of PSD-95 (Figure 1C, lane 4). Myc antibodies
did not precipitate PSD-95 in the absence of myc-SPAR.
Conversely, anti-PSD-95 antibodies precipitated a small
amount of myc-SPAR only when PSD-95 was coex-
pressed (Figure 1C, lane 5). Nonimmune IgGs did not
precipitate either mycSPAR or PSD-95 (lane 6). A SPAR
construct lacking the GKBD failed to interact with PSD-
95, whereas the GKBD alone was sufficient for coimmu-
noprecipitation with PSD-95 in COS-7 cells (data not
shown).

Association of SPAR and PSD-95 in Brain

We raised peptide antibodies against the N and C termi-
nus of SPAR (SPARn and SPARCc antibodies). Both anti-
bodies recognized the same doublet of bands (190 and
170 kDa) on immunoblots of rat brain (Figure 1D). The
190 kDa band comigrated with recombinant SPAR ex-
pressed heterologously in COS-7 cells (Figure 1D, lane
R); thus the 190 kDa band (SPAR-190) presumably corre-
sponds to the full-length SPAR protein. The 170 kDa
band (SPAR-170) likely represents an alternative splice
product, although its molecular nature remains to be
established.

In brain extracts, SPAR-190 showed a similar fraction-
ation profile to PSD-95 (Figure 1E), with both proteins
found primarily in membrane fractions, P2 (crude synap-
tosome), P3 (light membrane), and LP1 (synaptosomal
membrane). Furthermore, SPAR-190 coenriched with
PSD-95 during purification of PSDs (Figure 1F), being
most enriched in PSDIII, a “core” PSD preparation ex-
tracted with Triton X-100 and sarkosyl detergents.
SPAR-170 fractionation differed from SPAR-190; SPAR-
170 was abundant in cytosolic fractions (S3) and did not
copurify with the PSD (Figures 1E and 1F).

To test for a native association of SPAR and PSD-95,
coimmunoprecipitation experiments were performed
using whole brain lysates from adult rats (Figure 1G).
SPARc antibodies precipitated SPAR-190 (Figure 1G,
lane 4) but not SPAR-170. In addition, the SPARc anti-
bodies coimmunoprecipitated PSD-95 and its close rel-
ative chapsyn-110/PSD-93, as well as NMDA receptors
(NR2B) and SynGAP (Figure 1G, lane 4). AMPA receptors
(GluR1) were not captured by SPARc antibodies (Figure
1G), and nonimmune rabbit IgGs failed to precipitate
any of the proteins examined (Figure 1G, lane 3). Compe-
tition with the C-terminal peptide used to generate
SPARc antibodies abolished the recovery of SPAR,
PSD-95, and associated proteins (Figure 1G, lane 5),
while the N-terminal SPAR peptide had no effect on
the coimmunoprecipitation (Figure 1G, lane 6). We were
unable to show coimmunoprecipitation of SPAR using
anti-PSD-95 antibodies, perhaps because PSD-95 is
presentin great excess over SPAR. The coimmunopreci-
pitation data indicate that SPAR is a component of the
NMDA receptor/PSD-95 protein complex.

SPAR Is a Rap-Specific GAP
Because SPAR contains a domain homologous to the
GTPase-activating domains of RapGAPs, we tested the

GAP activity of SPAR in vitro. Purified small GTPases
H-Ras, Rap1A, and Rap2A were loaded with [*?P]y-GTP
and incubated with either buffer or SPAR immunoprecip-
itated from COS-7 lysates. In the presence of buffer
alone, all three GTPases exhibited low GTPase activity,
as measured by the level of bound [*2P]y-GTP (Figures
2A-2C, filled triangles). The intrinsic activity of H-Ras
appeared to be the highest of the GTPases tested, con-
sistent with previous reports that the GTPase activity of
Rap1 is 10-fold lower than Ras (Noda, 1993). The addi-
tion of SPAR greatly stimulated the GTPase activity of
Rap, such that Rap2A hydrolyzed its bound GTP nearly
to completion by 30 min (Figure 2A). Rap1A GTPase
activity was also stimulated by SPAR, though to a lesser
degree than Rap2A (Figure 2B). The GTPase activities
of H-Ras, RhoA, Rac1, and Cdc42 were unaffected by
SPAR (Figure 2C; and not shown). Immunoprecipitates
from COS cells transfected with empty vector had no
effect on either Rap or Ras (Figures 2A-2D, open circles).
We generated GAP domain mutants of SPAR with
substitutions at various conserved residues within two
“arginine fingers” common to RapGAP domains (Figure
2F) (Scheffzek et al., 1998). Most of the single point
mutations decreased, but did not abolish, SPAR’s GAP
activity against Rap2 (e.g., R704A and R807A; Figure
2D). One double mutant, R807A/T808S (referred to later
as GAPmut), was devoid of GAP activity in this assay
(Figure 2D). The lack of activity was not due to reduced
protein expression because all GAP domain mutants
tested were expressed at comparable levels (Figure 2E).
We conclude that SPAR is bona fide RapGAP that acts
selectively on the Rap subfamily of GTPases.

Reorganization of F-Actin by SPAR
Because certain Rap or RapGAP proteins have been
implicated in cytoskeletal regulation (Cabib et al., 1998;
Torti et al., 1999; Tsukamoto et al., 1999; Boettner et
al., 2000), we tested whether SPAR could affect the
cytoskeleton when expressed in heterologous cells.
COS-7 cells transfected with myc-tagged SPAR or with
vector alone were double-labeled with myc antibodies
to detect the recombinant SPAR protein and with phal-
loidin-rhodamine to visualize F-actin (Figure 3). Control
cells transfected with vector alone showed a normal
pattern of fine actin stress fibers (Figure 3A1), and no
myc-staining (Figure 3A2). In contrast, the F-actin cy-
toskeleton in all cells transfected with myc-SPAR was
dramatically reorganized, forming a variety of atypical
structures that fell into three major categories: large
aggregates, usually lying near the cell periphery (Figure
3B1), dispersed clusters (Figure 3C1), and smaller well-
defined star-like clusters (Figure 3D1). Whatever the pat-
tern of F-actin derangement, the distribution of myc-
SPAR coincided precisely with the phalloidin staining,
indicating a close association between SPAR and the
reorganized F-actin (Figures 3B2, 3C2 and 3D2). The
effect of SPAR appeared specific for actin, because
SPAR had no discernible influence on, and did not codis-
tribute with, microtubules (Figures 3E1-3E3 and Fig-
ure 3F).

To identify the domains of SPAR responsible for its
interaction with actin, we performed a deletion analysis
of SPAR in COS cells. Remarkably, two separate regions
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of SPAR (Act1 and Act2; see Figure 1A) were indepen-
dently capable of colocalizing with and reorganizing
F-actin (Figures 3G and 3H). However, the effects of
Act1l and Act2 were not equivalent. Act1 reproducibly
caused virtually all of the F-actin in the cell to accumulate
on numerous tubulovesicular structures, many of which
appeared to be aggregated in clumps (Figure 3G1). Act2
induced F-actin to coalesce in thick spikes (Figure 3H1),
some of which formed star-like structures akin to those
observed with full-length SPAR (Figure 3D1), but on a
much larger scale (Figure 3H1). Both Actl and Act2
domains of SPAR were highly colocalized with the al-
tered F-actin structures that they induced (Figures 3G2
and 3H2).

In COS cells, PSD-95 expressed alone was diffusely
distributed and had no effect on F-actin (Figure 4A). When
coexpressed with SPAR, however, PSD-95 redistributed
into clusters that colocalized with SPAR (Figures 4B1
and 4B2). Clustering of PSD-95 occurred in 78% of cells
cotransfected with SPAR (n = 100). Significantly, PSD-
95 became colocalized with the reorganized F-actin ag-
gregates in the presence of SPAR (Figures 4C1 and
4C2), just like SPAR itself (Figures 4D1 and 4D2). In COS
cells cotransfected with SPAR and a PSD-95 mutant
lacking the GK domain (PSD-95AGK), PSD-95AGK re-
mained diffuse in the cytoplasm (Figure 4E2) while SPAR
codistributed with F-actin clusters (Figure 4E1). Simi-
larly, wild-type PSD-95 remained diffusely distributed in
the cell (Figure 4F2) when coexpressed with a SPAR
mutant lacking the PSD-95 binding region (AGKBD; Fig-
ure 4F1). AGKBD could still efficiently reorganize and
associate with F-actin (Figures 4F1, 4H1, and 4H2), but
it was unable to recruit PSD-95 to the actin clusters
(Figures 4G1 and 4G2). In conclusion, SPAR is able to
mediate the association of PSD-95 and F-actin in COS
cells, in a manner dependent on both the GK domain

of PSD-95 and the GKBD of SPAR. However, the reorga-
nization of F-actin by SPAR does not require the GKBD,
consistent with the SPAR deletion analysis shown earlier
(Figures 3G and 3H).

Targeting of SPAR to Dendritic Spines

The distribution of endogenous SPAR was studied in
hippocampal cultures (DIV19-21) using affinity-purified
SPARnN antibodies. SPAR expression was very low or
undetectable in glial cells and GABAergic interneurons
(data not shown). SPAR immunoreactivity was present
in all spiny neurons, concentrated in dendritic clusters
that colocalized with PSD-95 (Figure 5A; Figure 5B1,
arrowheads) and with a-actinin, a spine-enriched actin
binding protein (Figure 5B2). SPAR clusters were ap-
posed to, rather than precisely overlapping with, the
synaptic vesicle protein synaptophysin (Figure 5B3),
suggesting that SPAR is predominantly postsynaptic in
distribution. The numerous SPAR clusters showed no
colocalization with GAD puncta (Figure 5B4), indicating
that SPAR is absent from inhibitory synapses present
on the dendritic shafts of spiny neurons. The SPARn
staining was eliminated by excess of the immunogen
N-terminal peptide, but not by the C-terminal peptide
(data not shown).

Taken together, the above results indicate that SPAR
is specifically concentrated in excitatory synapses/
spines of pyramidal neurons in hippocampal culture.
However, a significant fraction of PSD-95 puncta did
not costain for SPAR (Figure 5B1, arrows). SPAR was
present in only 68.9% * 4.0% of excitatory synapses
on spiny neurons, based on colocalization with PSD-95
clusters. As comparison, GKAP was present at 90.6% =
1.0% of PSD-95-positive synapses. We measured the
integrated staining intensity of PSD-95 clusters, and di-
vided them into two groups with intensity above, or
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Figure 3. SPAR Reorganizes F-Actin in Heterologous Cells

(A) COS-7 cell transfected with vector only and stained with phalloidin-rhodamine to visualize F-actin (A1) and with myc antibody to determine

the background level of myc staining (A2).

(B-D) COS cell transfected with myc-tagged SPAR and double-stained for F-actin (B1, C1, D1) and myc (B2, C2, D2).
(E) COS cell transfected with HA-tagged SPAR and triple-labeled for F-actin (E1), HA (E2), and «-tubulin (E3).

(F) Tubulin staining of a COS cell transfected with vector alone.

(G) COS cell transfected with myc-tagged SPAR Act1 domain and double-stained for F-actin (G1) and myc (G2).
(H) COS cell transfected with myc-tagged SPAR Act2 domain and double-stained for F-actin (H1) and myc (H2). Scale bar, 20 pm.

below, the mean. Only 8.8% * 2.9% of the PSD-95
clusters with above-average staining intensity lacked
associated SPAR staining, whereas 44.8% * 4.5% of
PSD-95 clusters with below-average intensity lacked
SPAR (Figure 5C, inset).

In keeping with the finding that SPAR is not present at
all PSD-95-positive synapses, SPAR immunoreactivity
was detected in only 65.6% = 1.1% of dendritic spines
(which were “filled” by cotransfected GFP) (Figure 5C).
The presence of SPAR correlated with larger spines;
only 7.7% = 1.1% of spines with head width larger than
the mean (>0.67 pm) did not stain for SPAR, whereas
45.4% = 1.3% of spines below the mean size lacked
SPAR (Figure 5C, inset). Thus, the presence of SPAR

correlates with large spine head size as well as abun-
dance of PSD-95.

Spine Enlargement by SPAR
After transfection in cultured hippocampal neurons, HA
epitope-tagged SPAR accumulated in the heads of den-
dritic spines (Figure 5D1, arrowheads), the latter being
outlined by GFP expressed from a cotransfected plas-
mid (Figure 5D2). The punctate staining of HA-SPAR
showed close apposition to synaptophysin (Figure 5F),
and more precise colocalization with PSD-95 (Figure
5E), confirming the concentration of exogenous SPAR
at postsynaptic sites.

We observed that a subset of dendritic spines on
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Figure 4. SPAR Recruits PSD-95 to F-Actin

mycSPAR + PSD-95AGK

myc AGKBD + PSD-95

(A) COS cell transfected with PSD-95 alone and double-stained for F-actin (A1) and for PSD-95 (A2).
(B-D) COS cells cotransfected with full-length PSD-95 and mycSPAR and double-stained for mycSPAR (B1, D2), PSD-95 (B2, C2), or F-actin

(c1, D1).

(E) COS cell cotransfected with mycSPAR and PSD-95AGK and double-labeled for mycSPAR (E1) and PSD-95AGK (E2).
(F-H) COS cells cotransfected with PSD-95 and mycSPAR(AGKBD) and double-labeled for PSD-95 (F2, G2), SPAR AGKBD (F1, H2), or F-actin

(G1, H1). Scale bar, 20 pm.

neurons expressing GFP + HA-SPAR (“SPAR neurons”;
Figures 6B1 and 6C1, arrowheads) were larger than
spines on control neurons transfected with GFP alone
(“GFP neurons”; Figure 6A1). Using GFP expressed from
a separate cotransfected plasmid to outline dendrites
and spines, we measured the length of spines from the
base of the neck to the furthest point on the spine head,
and the maximal width of the spine head perpendicular
to the long axis of the spine neck (see Figures 7D and
7H). The mean width of spine heads increased in SPAR
neurons (0.86 * 0.09 um for SPAR neurons, versus
0.67 = 0.09 um for GFP neurons, p < 0.001). The maxi-

mum observed spine head width increased ~50%, from
1.5 pm in GFP control neurons to 2.3 pm in SPAR neu-
rons. Due to limitations of the “GFP fill” approach and
confocal microscopy, our measurements are not neces-
sarily accurate in an absolute quantitative sense, but
are valid for comparing relative dimensions between
groups of neurons.

A frequency distribution plot of spine head widths
revealed that a substantial proportion of spines in SPAR
neurons were similar to control (peak between 0.4 and
0.6 wm) (Figure 7J); however, SPAR overexpression in-
duced an additional major peak at 0.8-1.0 um (Figure
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Figure 5. Postsynaptic Targeting of SPAR in Cultured Hippocampal Neurons

(A) Punctate dendritic staining of endogenous SPAR in a spiny neuron, using SPARn antibodies.

(B) Double labeling of hippocampal cultured neurons for endogenous SPAR (B1a, B2a, B3a, B4a) and PSD-95 (B1b), a-actinin (B2b), synaptophy-
sin (B3b), and GAD (B4b), with merged color images in (B1c), (B2c), (B3c), and (B4c). SPAR colocalizes with a subset of PSD-95 clusters
(arrowheads). Arrows, examples of PSD-95 clusters that lack SPAR.

(C) Dendrite of neuron transfected with GFP (green) and immunostained for endogenous SPAR (red). Arrows, examples of spines that lack
SPAR. Inset, quantitation of spines and PSD-95 clusters that lack SPAR, grouped by spine head diameters or PSD-95 cluster intensity values
above or below the mean.

(D) Neuron cotransfected with GFP and HA epitope-tagged SPAR and double-labeled for HA (D1, red) and GFP (D2, green), merge in (D3).
HA-SPAR is enriched in dendritic spines (arrowheads).

(E-G) Dendrites from neurons transfected with HA-SPAR only, and double-labeled for HA-SPAR (E1, F1, G1) and for endogenous synaptic or spine
markers: PSD-95 (E2), synaptophysin (F2), or F-actin (G2). Merged images in (E3), (F3), (G3). Arrowhead in (E) indicates a PSD-95 cluster from an
untransfected neuron. Arrow in (E) indicates an enlarged spine from a SPAR-transfected neuron with increased PSD-95 immunoreactivity. Arrowhead
in (F) indicates a spine from a SPAR-transfected neuron apposed to a single synaptophysin punctum. Arrows in (F) indicate enlarged spines from
the same neuron contacting multiple distinct synaptophysin clusters. Scale bars = 5 um for (A) and (D); 10 um for (B) and (C) and (E-G).
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Figure 6. Spine Targeting of SPAR Mutants and Their Effects on Spine Morphology

(A-l) Dendrites from hippocampal neurons cotransfected with GFP and vector (A), HA tagged-SPAR (B and C), or SPAR mutants as indicated.
Neurons were double-labeled for GFP to outline spine morphology (left panels) and for HA to localize the SPAR construct (right panels).
Examples of enlarged spine heads are indicated by arrowheads (B, C, and G). Examples of elongated spines are indicated by arrows (D-F).
Numbers on right indicate the ratio of fluoresence intensity in spines versus dendritic shafts of each construct (mean = SEM), as index of

spine targeting. Scale bar = 2 um.

7J; see also cumulative distribution, Figure 7K). A com-
parison of representative spines at the 95", 50, 5%,
and 1% percentiles (in order of increasing head size)
illustrates the more pronounced difference between
SPAR spines and control spines at the upper end of the
distribution (Figures 7A-7H). SPAR had no significant
effect on the mean length of spines (Figure 7L; 1.41 =
0.12 um for SPAR, versus 1.49 + 0.23 um for GFP, p =
0.40). Nevertheless, the spines with the largest heads

in SPAR transfected neurons were often longer than
average, but this effect could be attributed to the in-
crease in head diameter.

The enlarged spine heads in SPAR neurons appeared
to be postsynaptic compartments in the sense that they
contained PSD-95 (Figure 5E) and were apposed to the
presynaptic marker synaptophysin (Figure 5F). Indeed,
the SPAR-enlarged spines showed more intense stain-
ing for PSD-95 (Figure 5E2, arrow) compared to spines



SPAR Regulates Spine Morphology
297

3 -
GFP @
Q
c2
p— ] 2
percentile N
rank o> ,
* + SPAR
SPAR GEF
0 05 1 15 2
spine head width ( um)
70
J + GFP K | o
100 e .
60 = SPAR | y 7 e
m [ ) . L ]
50 GAPmut ‘E 80 - i
S0 / e
£ . 260 = SPAR
n | ® T GAPmut
"6 30 > . L
o ' =40 2 Act1
2 / ] / « GKBD
= 4 /.\'/‘.\ g % - AActl
5 20 e \Act2
e n/ . \\_ © ' \GKBD
0 = "'*".*- N n 0+ "
1.0 2.0 1.0 20
spine head width (um) spine head width (um)
L M 35 *kk
100 = —* 30 ®m >3 um length
& ! $ . e >1 pum width
£ 80 . . 25
8 3. + GFP ‘fé *
g 60 - /Y = SPAR £ '
© /e GAPmut 2 15 5, * o
é 40 f' Act1 oo T i
) /s + GKBD I
E 55 ik o AActl
8 : \GKAD ? i : I
] \ ) ) L .
0! ] 0 ‘ [ | : M B
2.0 4.0 6.0 G S G T G L L Y
spine length (um) L ’9% 7 T % 9 4_‘90
2

Figure 7. Morphometric Analysis of Spines in Neurons Transfected with SPAR and SPAR Mutants

(A-H) Spines from neurons transfected with GFP (A-D) or with SPAR + GFP (E-H) representing spines at the 95" (A and E), 50" (B and F), 5"
(C and G), and highest (1%) percentile (D and H) of increasing spine head widths. The method used to measure spine dimensions is illustrated
in (D) and (H). Scale bar, 2 pm.

() Number of distinct synaptophysin puncta apposed to spine heads as a function of spine head width in SPAR-transfected and control

neurons.

(J) Frequency distribution of spine head widths in neurons transfected with indicated SPAR constructs or GFP-only control.

(K) Cumulative distribution of spine head widths in neurons transfected with SPAR constructs. Each distribution is significantly different from
that of control GFP neurons (Kolmogorov-Smirnov test, p < 0.0001, except for AAct1 and AGKBD, p < 0.005).

(L) Cumulative distribution of spine lengths. Significantly longer spines than GFP control are observed for GAPmut, Act1, and GKBD, and
significantly shorter spines for AAct2 (p < 0.0001, Kolmogorov-Smirnov test).

(M) Percentage of spines >3 pm length or >1 pm width in neurons transfected with indicated SPAR constructs (mean = SEM). *p < 0.01,
**p < 0.001, **p < 0.0001 compared with GFP control (Student’s t test).

of untransfected cells (Figure 5E2, arrowhead). More-
over, not only did the enlarged spines contact synapto-
physin clusters (Figure 5F), the majority (64%) of spines
of >1 wm width were apposed to more than one synap-
tophysin cluster (Figure 5F3, arrows, and data not
shown). We found an approximately linear correlation
between spine width and number of associated synap-
tophysin puncta in SPAR-transfected neurons (Figure
71). In control GFP neurons, less than 2% of spines were
apposed to more than a single synaptophysin punctum;

these spines were at the upper end of the size distribu-
tion for GFP neurons (Figure 71). These observations
suggest that, along with spine head enlargement, SPAR
promotes the growth of postsynaptic specializations
and possibly the formation of multiple synapses on indi-
vidual dendritic spines. However, these points require
ultrastructural verification.

In transfected neurons, SPAR colocalized with F-actin,
being highly enriched in dendritic spines (Figure 5G). In
addition to spines, F-actin was often coaggregated with
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exogenous SPAR within the cell bodies of neurons (data
not shown), similar to the clusters induced by SPAR in
COS cells. There were no dramatic changes in F-actin
staining within dendritic shafts, which show low levels
of phalloidin staining (Figure 5G2). No change was noted
in the dendritic complexity of SPAR-transfected neurons
(data not shown).

To determine which domains of SPAR were responsi-
ble for its targeting to spines, we transfected hippocam-
pal neurons with various SPAR mutants. The targeting
of each construct was quantified by the ratio of fluores-
cence intensity in spines versus dendritic shaft (Figure
6). For GFP, the mean spine/shaft ratio was 0.94 (Figure
6A1). Wild-type SPAR was highly enriched in spines
(Figures 6B2 and 6C2), with a spine/shaft ratio of 5.52.
Removal of the Actl domain (AAct1) greatly impaired
the concentration of SPAR in spines (Figure 6G2, spine/
shaft ratio 1.53), indicating that Act1 is important for
spine targeting. Consistent with this idea, the isolated
Act1 domain was able to accumulate in spines (Figure
6E2, spine/shaft ratio 2.32). Mutation of the RapGAP
domain, or deletion of Act2 or GKBD, had little effect
on SPAR targeting (Figures 6D2, 6H2, and 612). In accor-
dance, the isolated GKBD or Act2 domain were diffusely
distributed in neurons (Figure 6F2, and data not shown).
Allthe above SPAR constructs expressed at comparable
levels (within 2-fold of HA-SPAR; data not shown), ar-
guing that the differences in subcellular localization are
not due to differences in expression level. We conclude
that Act1 is a critical determinant for spine localization
of SPAR.

Next, we assayed these same mutants for effects on
spine enlargement in hippocampal neurons, cotrans-
fecting GFP to outline spines. SPAR-GAPmut failed to
induce expansion of spine heads; instead, spines be-
came elongated (Figure 6D1, arrows; length = 1.78 =+
0.44 um for GAPmut, versus 1.49 * 0.23 um for control,
p < 0.05). This difference was also obvious from the
cumulative distribution plot of spine lengths (Figure 7L).
In addition, GAPmut caused a reduction in spine head
width (Figures 7J and 7K; 0.44 = 0.04 um versus 0.67 =
0.09 um for GFP alone, p < 0.01). Thus, overexpression
of GAPmut (which is unable to inactivate Rap) led to
formation of longer and thinner spines, some of which
resembled filopodia. These results suggest that Rap-
GTP might promote spine elongation.

The SPAR mutant lacking Act1 (AActl) still showed
significant spine-enlarging activity (Figure 6G1), albeit
less than wild-type SPAR (Figure 7K). Of the constructs
tested, only wild-type SPAR (~6-fold) and AAct1 (~3-
fold) increased the fraction of spines of >1 pm width
(Figure 7M). Thus, the Actl domain is not absolutely
required for SPAR’s ability to enlarge spines. That AAct1
is less effective in spine enlargement than wild-type
SPAR could be explained by its relatively weak enrich-
ment in spines (spine/shaft ratio of SPARAAct1 = 1.53;
Figure 6G2).

Unlike Actl1, Act2 is not required for spine targeting
of SPAR (Figure 6H2, spine/shaft ratio of AAct2 = 4.23),
but its deletion abolished spine enlargement by SPAR
(Figures 6H1 and 7K). In fact, AAct2 caused a shrinkage
of spine heads (Figure 7K; 0.55 pum = 0.03 versus 0.67 *
0.09 um for GFP control, p < 0.01), as well as a shorten-
ing of spine length, presumably due to its intact GAP

domain (Figure 7L; 1.27 = 0.11 pm versus 1.49 *= 0.23
wm for GFP, p < 0.05). The isolated Act2 domain overex-
pressed by itself had no effect on spines (data not
shown), presumably because it cannot target to spines
or synapses. Thus, Act2 appears to be critical for SPAR’s
ability to promote spine head growth; this may be related
to the propensity of Act2 to reorganize F-actin in COS
cells (see Figure 3H).

Deletion of the GKBD domain had no effect on spine
localization of SPAR (AGKBD; Figure 612), presumably
due to the intact targeting function of Act1. Despite its
efficient spine targeting (spine/shaft ratio = 5.25), the
AGKBD mutant of SPAR failed to induce spine enlarge-
ment (actually causing a significant reduction in spine
head width), even though the Act2 domain was present
(0.57 = 0.05 pm versus 0.67 = 0.09 um for GFP, p <
0.05) (Figures 611, 7K, and 7M). These results suggest
that interaction of SPAR with PSD-95 is essential for
linking SPAR to its molecular targets involved in spine
morphogenesis. In summary, three domains are crucial
primarily for SPAR’s spine enlarging activity: Act2,
RapGAP, and GKBD. The fourth domain examined, Act1,
appears primarily involved in spine targeting of SPAR.

Based on the above findings, we reasoned that in-
terfering with Act1 or GKBD interactions should have
dominant negative effects on endogenous SPAR func-
tion. Indeed, overexpression of either Act1 or GKBD as
isolated domains (which should respectively interfere
with spine targeting, or PSD-95 binding, of endogenous
SPAR) led to the same effect: an increase in the length,
and a decrease in the diameter, of a subset of spine
heads (Figures 6E1 and 6F1; quantified in Figures 7K
and 7L). Importantly, this effect was essentially identical
to the dominant negative phenotype induced by the
GAPmut (Figures 6D1, 7K, and 7L). Counting the per-
centage of spines >3 um in length highlights the spine
elongation phenotype induced by GAPmut, Act1, and
GKBD (Figure 7M). Taken together, these data uncov-
ered two functions of endogenous SPAR: to suppress
the elongation of spines via GAP activity and to promote
spine head enlargement via Act2.

Alteration of Dendritic Spine Shape by SPAR

Concomitant with an increase in the size of spine heads,
we observed a striking effect of SPAR on the shape of
dendritic spines. Spine shape is developmentally regu-
lated, generally progressing from filopodia in early de-
velopment to “stubby,” “thin,” or “mushroom” shaped
spines in mature brain or cultured neurons (Ziv and
Smith, 1996; Fiala et al., 1998; Harris, 1999). In the hippo-
campal neurons used here (~17-21 DIV), ~60% of the
dendritic spines on pyramidal cells are mushroom-
shaped (Figure 8M), with a thin neck and a single well-
defined head that is relatively smooth in contour and
globular in shape (e.g., Figure 8A). In SPAR-transfected
neurons, however, a substantial proportion of spines,
particularly larger spines, were highly irregular in shape
(compare Figure 8A with Figure 8F; quantified in Figure
8N). The irregularity of spine shape in SPAR neurons
was of two major types: “thorny” spines with sharp pro-
jections or outgrowths (Figures 8G-8l), and “multilobed”
spines which appeared to have multiple “heads” fused
together atop a single neck (Figures 8J-8L). We also
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Figure 8. Effect of SPAR on Dendritic Spine Shape

(A-L) Representative images of spines in different morphological categories. In each case the image was acquired by visualizing cotransfected

GFP.

(A-E) Examples of morphologies of dendritic spines on control neurons transfected with GFP alone. (A) Mushroom spine. (B) Stubby spine.

(C) Thin spine. (D) Filopodium. (E) Branched spine.

(F-L) Examples of irregular spines from neurons cotransfected with SPAR + GFP. (F) Branched and thorny spine.

(G-l) Examples of unbranched thorny spines.
(J-L) Examples of multilobed spines.

(M) Percentage of spines in the different morphological categories (mean = SEM) from GFP, SPAR + GFP (“SPAR”), or GAPmut + GFP
(“GAPmut”) transfected neurons. **p < 0.005, SPAR versus GAPmut (Student’s t test).
(N) Percentage of irregular spines (thorny or multilobed) and of branched spines in GFP-, SPAR-, or GAPmut-transfected neurons (mean *=

SEM). ** p < 0.005, GFP versus SPAR, Student’s t test.

(O) Circularity index of spines from GFP- or SPAR-transfected neurons plotted against spine head area.
(P) Quantitation of the spine density (number of spines/10 wm dendrite length) in the same neuronal populations as above (mean = SEM). *p

< 0.05, GFP versus SPAR, Student’s t test. Scale bar = 4 pm.

measured the maximal crosssectional area of spines by
tracing the outlines of the heads using z-series stacks
of confocal images, which confirmed that the SPAR neu-
rons possessed larger spines than GFP neurons in terms
of spine head area (Figure 80). The degree of irregularity
of spine heads was quantified by the circularity index:
the lower the index, the more complex the shape, with a
maximal value of 1 for a perfect circle (see Experimental
Procedures, and Amaral and Dent, 1981). Plotting area
against the circularity index confirmed that spines from
SPAR neurons were more complex than those from GFP
neurons and established that irregularity was correlated
with increased spine head area (Figure 80). The percent-
age of branched spines (spines that have two heads
and two necks that merge into a single neck at the base;
e.g., Figures 8E and 8F) was similar in SPAR and GFP
neurons (Figure 8N). Furthermore, SPAR neurons devel-
oped slightly fewer spines than control (Figure 8P), mak-
ing it unlikely that SPAR promotes spine formation.
The relative distribution of spine shapes did not ap-
pear to be affected by SPAR, with similar percentages
of mushroom, stubby, and thin spines in GFP and SPAR
neurons (Figure 8M). However, filopodia (long spines

lacking a discernible head) were virtually absent from
SPAR neurons, whereas neurons transfected with
GAPmut SPAR (R807A/T808S mutant) showed an in-
crease in the number of filopodia (Figure 8M). In addition,
irregularity of dendritic spine morphology was not seen
in neurons transfected with GAPmut SPAR (Figure 8N).
Thus, RapGAP activity is required for both the enlarge-
ment of spine heads and for the increased complexity
of spine shape induced by SPAR, implicating Rap signal-
ing in the regulation of spine morphology.

Discussion

SPAR-PSD-95 Interaction and Implications

for Postsynaptic Rap Signaling

We have identified SPAR as a member of the “inner
circle” of PSD-95-associated proteins, binding directly
to the GK domain of PSD-95/SAP90 family members.
This interaction includes SPAR in a large group of post-
synaptic proteins that includes NMDA receptors and
their downstream signaling targets (Husi et al., 2000;
Sheng and Pak, 2000; Walikonis et al., 2000). SPAR
brings to the NMDA receptor/PSD-95 complex the ability
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to stimulate the GTPase activity of Rap, especially Rap2.
Regulation by GAPs may be particularly important for
Rap proteins because of their low intrinsic GTPase activ-
ity relative to other small GTPases. Rap1 is responsive
to a wide range of extracellular stimuli and can be acti-
vated in various systems by Ca?", diacylglycerol, and
cAMP (Zwartkruis and Bos, 1999). Such second mes-
sengers can be generated postsynaptically via multiple
mechanisms, e.g., activation of NMDA receptors, meta-
botropic glutamate receptors, voltage-gated calcium
channels, or dopamine receptors. Very little is known
about the function of Rap2, which is 60% identical to
Rap1. Of relevance is that Rap2, but not Rap1, was
recently identified in the NMDA receptor complex by
coimmunoprecipitation (Husi et al., 2000). By immuno-
staining, Rap2 is expressed in neurons and its distribu-
tion overlaps with that of PSD-95 (D.P., M.S., unpub-
lished data). These observations, along with the
apparent preference of SPAR for Rap2, makes Rap2 the
probable Rap GTPase regulated by SPAR and NMDA
receptors at postsynaptic sites.

SPAR Regulation of Actin Cytoskeleton

SPAR had a striking effect on the actin cytoskeleton in
heterologous cells, mediated by two independent do-
mains, Act1 and Act2. Act1 and Act2 probably interact
with the actin cytoskeleton via distinct mechanisms,
because these domains lack sequence similarity, have
different effects on F-actin organization in COS cells,
and are differentially involved in spine targeting and
spine enlargement in neurons. Whether direct or indi-
rect, physical association of SPAR and F-actin is sug-
gested by the tight colocalization of SPAR and phalloidin
staining in all cells examined. Our results also indicate
that SPAR can recruit PSD-95 to the actin cytoskeleton
in a manner dependent on the GKBD of SPAR and the
GK domain of PSD-95. The simplest explanation is that
SPAR can act as a bridging molecule between the PSD-
95 complex and F-actin, the predominant cytoskeleton
in dendritic spines.

Precedent for Rap and RapGAP involvement in local-
ized actin remodeling is found in the budding yeast S.
cerevisiae, in which the Rap homolog Bud1 and its GAP
(Bud2) target polarity factors involved in cytoskeletal
organization to the site of bud formation. Among these
factors are Cdc42 and its GEF, Cdc24 (Chant, 1999). By
analogy to yeast bud formation, SPAR and Rap2 could
function in dendritic spines as a targeting mechanism
or organizer for regulators of actin polymerization such
as Cdc42, particularly in light of recent work showing
direct binding of Rap2 to actin (Torti et al., 1999) and
spine altering effects of Rho family GTPases in neurons
(Nakayama et al., 2000; Penzes et al., 2001).

Role of SPAR in Dendritic Spines

In cultured hippocampal neurons, SPAR is enriched par-
ticularly in large spines, suggesting a role in spine
growth and maturation. Consistent with this proposed
function, SPAR exerts a local effect on the morphology
of spine heads, causing an enlargement and an increase
in complexity of spine shape when overexpressed.
These morphological effects require three domains of
SPAR: GKBD, RapGAP, and Act2. Because GKBD has

no recognizable catalytic activity and does not alter the
actin cytoskeleton in COS cells (data not shown), it pre-
sumably functions primarily as a protein interaction site
that is important for localizing SPAR in molecular prox-
imity of its targets (such as Rap2 or a regulator of actin
polymerization). The simplest model is that SPAR func-
tion in spines depends on its interaction with the PSD-
95 signaling complex, as mediated by the binding of
GKBD to PSD-95.

The requirement for SPAR GAP activity in spine en-
largementimplicates endogenous Rap signaling in spine
morphogenesis. Based on the phenotype of GAPmut
overexpression (which should disinhibit Rap in spines),
we propose that Rap-GTP activates a pathway that
leads to emaciation and elongation of spines. The func-
tion of SPAR is at least in part to counteract this activity
of Rap, leading to cessation of longtitudinal spine
growth. Consistent with this model, the dominant nega-
tive constructs Actl and GKBD shared with GAPmut
the phenotype of longer, narrower spines. An additional
activity of SPAR is to stimulate the latitudinal growth of
the spine (spine head enlargement) with accompanying
increase in morphological complexity of the spine head.
This activity requires domain Act2, which has powerful
effects on F-actin organization. Because the GAPmut
(which retains Act2) is ineffective at spine head enlarge-
ment, we infer that Rap activity on elongation is “domi-
nant,” i.e., Rap needs to be inhibited before SPAR can
induce equatorial expansion of the spine head. Overall,
our data point to an antagonistic relationship between
Rap and SPAR in regulation of spine structure, with
activated Rap favoring spines with more immature filo-
podia-like morphology.

SPAR also caused a small but significant decrease in
spine density, an effect dependent on a functional GAP
domain. One reasonable explanation for this effect is
that SPAR overexpression inhibits endogenous Rap ac-
tivity in developing spines, leading to inhibition of filo-
podial extension. Because filopodia are thought to be
precursors of mature spines, and filopodia/spine turn-
over occurs continuously even in mature cultures (Boyer
et al., 1998), an inhibition by SPAR of filopodial extension
would be expected to lead to reduced spine numbers
over the course of the experiment (3-4 days of SPAR
overexpression). This possibility is supported by the vir-
tual absence of filopodia in neurons overexpressing
SPAR (Figure 8M).

What is the functional significance of SPAR-induced
changes in dendritic spine structure? Synapses are typi-
cally formed on the heads of spines, and there is a
positive correlation between the size of spines and the
size of synapses associated with those spines (Harris
and Kater, 1994). The enlarged spine heads induced by
SPAR contain higher levels of PSD-95 immunoreactivity,
consistent with an expansion of the PSD. Indeed, SPAR-
enlarged spines were frequently associated with multi-
ple discrete puncta of synaptophysin staining, sug-
gesting that these spines may have developed multiple
synaptic contacts. Ultrastructural analysis will be re-
quired, however, to establish this definitively.

The highly irregular appearance of many spines in
SPAR-overexpressing neurons is suggestive of spines
that are dividing. It is controversial whether spine divi-
sion is a structural correlate of synaptic plasticity (Nieto-
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Sampedro et al., 1982; Carlin and Siekevitz, 1983; Sorra
et al., 1998). However, a recent EM study, which identi-
fied potentiated synapses, provided evidence that
structural spine changes (perforation and multispine
synapse formation) indeed accompany LTP (Toni et al.,
1999). Based on the effects of SPAR on spine morphol-
ogy, we speculate that postsynaptic Rap and SPAR
might regulate actin polymerization during growth and
splitting of dendritic spines.

Other proteins have been shown to alter spine mor-
phology. For example, drebrin is an actin binding protein
that causes spine elongation, without apparent effect
on spine head size (Hayashi and Shirao, 1999). Shank
is a scaffolding protein of the PSD that induces enlarge-
ment but not irregularity of spine heads (Sala et al.,
2001). Rac1 promotes loss of dendritic spines, accom-
panied by the formation of filopodia and ruffles (Naka-
yama et al., 2000), while overexpression of Kalirin-7, a
GEF for Rac1, causes a similar formation of aberrant
spine-like structures including lamellipodia, ruffles, and
filopodia (Penzes et al., 2001). The effects of SPAR on
spines differ from the above proteins; forinstance, SPAR
affects only a subset of spines, and it increases both the
size and complexity of the spine head without inducing
lamellipodia and ruffles. Clearly, multiple distinct molec-
ular mechanisms impinge on spine morphology, and it
will be important to determine how such mechanisms
are integrated to control the structure of these special-
ized postsynaptic compartments.

Experimental Procedures

Yeast Two-Hybrid

Two-hybrid screen and assays were performed using the yeast
strain L40 harboring B-gal and HIS3 reporters, as described (Niet-
hammer and Sheng, 1999). 1 X 10° clones of a rat brain cDNA library
in pGAD10 (Clontech) were screened using as bait the combined
SH3-GK domains of chapsyn-110 (aa 522-852) cloned in pBHA.

DNA Constructs

Complete SPAR cDNA was obtained by PCR from a rat brain Mara-
thon library using specific primers (GenBank accession #AF026504).
The product was cloned into the mammalian expression vector
pGW1 with the addition of N-terminal myc or HA epitope tag. Dele-
tion constructs were generated by PCR with appropriate primers,
and cloned into pGW1 or pGAD10. Site directed mutagenesis was
performed using “QuikChange” (Stratagene). All constructs were
verified by DNA sequencing. H-Ras, Rap1A, and Rap2A clones in
pGEX were gifts of Jean de Gunzburg (Janoueix-Lerosey et al.,
1998). The following constructs have been described: Kv1.4 C termi-
nus in pBHA, and PSD-95 PDZ1/2 in pGAD10 (Kim et al., 1995),
PSD-95 family GK domains in pBHA, and PSD-95 and PSD-95AGK
in GW1 (Kim et al., 1997), and Tbr1 in pGAD10 (Hsueh et al., 2000).

Antibodies

SPAR antibodies were generated by immunizing rabbits with pep-
tides corresponding to aa 1744-1760 (SPARc) and aa 4-20 (SPARn)
of SPAR, and affinity purified on a column of covalently coupled
peptide. The following antibodies have been described: guinea pig
PSD-95 (Kim et al., 1995), SynGAP (Kim et al., 1998), GluR1 (Black-
stone et al., 1992), NR2B (Sheng et al., 1994). K28/43 (PSD-95 spe-
cific) and K28/86 (pan-PSD-95) monoclonal antibodies were gifts
from J. Trimmer (SUNY Stony Brook). The following antibodies were
purchased from commercial sources: myc 9E10, myc agarose conju-
gate, HA rabbit polyclonal (Santa Cruz Biotechnology); GFP mono-
clonal 3E6 (Quantum Biotechnologies); GAD (Boehringer Mann-
heim); a-tubulin B-5-1-2, a-actinin A7811, and synaptophysin SVP38
monoclonals (Sigma).

COS-7 Transfections, Immunostaining, and Immunoprecipitation
COS-7 cells were transfected using Lipofectamine (Gibco BRL) and
immunostained as described (Kim et al., 1995). For immunoprecipi-
tation, cells were harvested in RIPA buffer, and lysates centrifuged
at 100,000 X g for 15 min. Myc antibody (9E10)-coupled agarose,
PSD-95 antibody K28/43, or nonimmune rabbit and mouse IgG/
protein A sepharose conjugates were mixed with supernatants for
2 hr at 4°C. After washing 5% in RIPA buffer, immunoprecipitates
were analyzed by immunoblotting.

Immunoprecipitation and Fractionation of Brain Lysates
Immunoprecipitations from rat brain homogenates were performed
as described (Dunah et al., 1998), except that whole brain lysates
were extracted by 1% sodium deoxycholate for 1 hr at 4°C. For
each immunoprecipitation, clarified extract (200 ng protein) was
incubated with 10 pg of SPARc antibodies (or rabbit 1gG) for 2 hr
at 4°C. For peptide competition experiments, 50 g (~100 M) of
peptide was added to the extract prior to addition of antibodies.
Precipitates were washed in 50 mM Tris (pH 7.5), 150 mM NacCl,
and 0.1% Triton X-100. PSD purification (Cho et al., 1992), and
subcellular biochemical fractionation (Huttner et al., 1983) of rat
brain were performed as described.

In Vitro GAP Assay

COS-7 cells transfected with myc-tagged SPAR were lysed with
GAP lysis buffer (20 mM Tris [pH 7.4], 100 mM NaCl, 5 mM MgCl,,
1% NP40, 0.5% deoxycholate, 1 mM DTT) 24 hr posttransfection,
and immunoprecipitated with 9E10-agarose beads. Precipitates
were washed 4 X in lysis buffer and 2X in GAP assay buffer (20 mM
Tris [pH 7.4], 100 mM NaCl, 10 mM MgCl,, 1 mM DTT, and 40 pg/
ml BSA). GST-H-Ras, -Rap1A, and -Rap2A were expressed in BL21
E. coli and purified on glutathione sepharose. Purified GTPases (0.25
M final concentration) were incubated for 15 min at 30°C in loading
buffer (50 mM Tris [pH 7.4], 2 mM EDTA, 100 mM NaCl, 0.1 mM
DTT, 0.5 mg/ml BSA, and 0.005% DOC) containing 0.2 uM [*2P]y-
GTP. GTP-loaded GTPases were diluted 20-fold in ice-cold GAP
assay buffer that included 20 .M unlabeled GTP and then appor-
tioned to immunoprecipitates from COS-7 cell lysates. GAP reac-
tions were performed at 30°C with continuous mixing to maintain
mycSPAR beads in suspension and quenched with ten volumes of
ice-cold stop buffer (20 mM Tris [pH 7.4], 1 mM MgCl,). After filtering
through BA85 nitrocellulose (Schleicher and Schuell) to recover
GTPases, the amount of bound radiolabel was quantified by liquid
scintillation counting.

Neuronal Culture, Transfection, and Immunostaining

For spine morphology studies, hippocampal primary neuronal cul-
tures prepared from embryonic day (E) 18-19 rat embryos were
plated at high density (~750 cells mm~? (Sala et al., 2000). For
colocalization studies, medium density cultures (~150 cells mm™?
were plated on coverslips coated with poly-D-lysine (30 wg/ml) and
laminin (2 wg/ml). Cultures were grown in Neurobasal medium (Gibco
BRL) supplemented with B27 (Gibco BRL), 0.5 mM glutamine, and
12.5 pM glutamate. Neurons were transfected at ~14 DIV using
calcium phosphate (Xia et al., 1996). Three to seven days post-
transfection, immunostaining was performed as described (Sala et
al., 2000).

Quantitation

Images were acquired using an MRC1024 confocal microscope (Bio-
Rad). Confocal z-series image stacks encompassing entire dendrite
segments were analyzed using MetaMorph software (Universal Im-
aging Corporation). For quantitation of spine size, measurements
were obtained in the GFP channel using identical confocal settings
for each sample and counting at least 1000 spines per construct
(from six to ten neurons). For all other quantitations, three to four
dendritic segments of 100 wm were collected from at least six neu-
rons. For each construct, individual spine measurements were first
grouped and averaged per neuron; means from several neurons
were then averaged to obtain a population mean (presented as
mean = SEM). Statistical significance between two means was cal-
culated using Student’s t test. To quantify irregularity of spine shape,
outlines of spine heads were traced from confocal z-series stacks,
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and the index of circularity R calculated with the formula R = 4=
area / perimeter? (Amaral and Dent, 1981).
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