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Summary

Ca?* influx through ~-methyl-p-aspartate- (NMDA-)
type glutamate receptors plays a critical role in synap-
tic plasticity in the brain. One of the proteins activated
by the increase in Ca?* is CaM kinase Il (CaMKII). Here,
we reporta novel synaptic Ras-GTPase activating pro-
tein (p135 SynGAP) that is a major component of the
postsynaptic density, a complex of proteins associ-
ated with synaptic NMDA receptors. p135 SynGAP is
almost exclusively localized at synapses in hippocam-
pal neurons where it binds to and closely colocalizes
with the scaffold protein PSD-95 and colocalizes with
NMDA receptors. The Ras-GTPase activating activity
of p135 SynGAP is inhibited by phosphorylation by
CaMKIl located in the PSD protein complex. Inhibition
of p135 SynGAP by CaMKII will stop inactivation of
GTP-bound Ras and thus could result in activation of
the mitogen-activated protein (MAP) kinase pathway
in hippocampal neurons upon activation of NMDA re-
ceptors.

Introduction

Ca?"/calmodulin-dependent protein kinase Il (CaMKIl)
is expressed at high levels in hippocampus and cortex
(Erondu and Kennedy, 1985) and is important for induc-
tion of long-term potentiation, a long-lasting enhance-
ment of excitatory transmission believed to participate
in the encoding of memory (Silva et al., 1992; Mayford
etal., 1995). CaMKiIlis activated in hippocampal neurons
by the rise in intracellular Ca?* that follows stimulation
of NMDA receptors (Fukunaga et al., 1992, 1993; Ouyang
et al., 1997). It is concentrated in a complex of proteins
known as the postsynaptic density (PSD) (Kennedy et
al., 1983; Kelly et al., 1984), which contains a set of
signal-transduction molecules that copurify in a tight
complex and colocalize with NMDA receptors at syn-
apses (Apperson et al., 1996; Kennedy, 1997; Rao and
Craig, 1997). Many of these proteins appear to be teth-
ered to the NMDA receptor via the scaffold protein PSD-
95 (Kornau et al., 1995; Sheng, 1996; Niethammer et al.,
1996; Irie et al., 1997).

Activation of NMDA receptors in hippocampal neu-
rons also activates mitogen-activated protein (MAP) ki-
nase and this activation is important for induction of
long-term potentiation (Bading and Greenberg, 1991;
English and Sweatt, 1996, 1997). It can lead ultimately
to stimulation of transcription in the nucleus (Bading et
al., 1993; Ghosh and Greenberg, 1995; Xia et al., 1996).

*To whom correspondence should be addressed.

However, the molecular mechanism(s) that couple the
rise in Ca?* at the synapse to MAP kinase activation are
not yet clear (Farnsworth et al., 1995; Finkbeiner and
Greenberg, 1996). The best understood means of acti-
vating the MAP kinase cascade in most cells involves
generation of the GTP-bound form of Ras, which recruits
Raf kinase to the membrane where it initiates a protein
phosphorylation cascade leading to activation of MAP
kinase (Cobb and Goldsmith, 1995). Activation of Ras is
usually coupled to receptors through adapter proteins,
such as Shc and Grb2, that bind to phosphorylated
tyrosines and couple Ras guanine nucleotide exchange
factors (GEFs) with Ras. GEFs catalyze exchange of
GTP for GDP bound to Ras. Equally important for Ras
regulation are the GTPase activating proteins (GAPS)
(Trahey et al., 1988; Vogel et al., 1988; Wigler, 1990;
Downward et al., 1990). Ras has slow intrinsic GTPase
activity that hydrolyzes bound GTP to form GDP. GAP
proteins enhance the rate of GTP hydrolysis and cata-
lyze rapid inactivation of Ras. Only two major classes of
mammalian RasGAPs have been described previously,
p120 RasGAP and Neurofibromin-1 (NF-1) (Wigler, 1990;
Downward et al., 1990).

To determine the targets of CaMKII at the postsynap-
tic site, we have used microchemical sequencing and
cDNA cloning to identify additional prominent proteins
in the PSD complex that are phosphorylated by CaMKIl.
One major novel protein identified in this manner, p135
SynGAP, which is described here, represents a third
class of mammalian RasGAPs. It is expressed primarily
in brain and is localized to synapses containing NMDA
receptors. It constitutes ~1%-2% of total protein in
isolated PSDs and is rapidly phosphorylated upon acti-
vation of CaMKIl in the PSD. Its carboxyl terminus con-
tains a tS/TXV motif that can bind to the PDZ domainsin
PSD-95, and it coprecipitates with PSD-95 from isolated
PSDs. Phosphorylation of p135 SynGAP by CaMKII re-
versibly inhibits GAP activity and may represent an im-
portant link between activation of NMDA receptors and
activation of the MAP kinase pathway.

Results

PCR Cloning Based on Tryptic Peptide Sequences

Four individual protein bands were electroeluted and
concentrated from SDS-gels of isolated PSDs from rat
forebrain (Figure 1). Tryptic peptides were obtained from
each of the bands and individual peptides were purified
by high pressure liquid chromatography HPLC and se-
quenced by a combination of mass spectrometry and
gas phase Edman degradation. Sequences of peptides
from the highest molecular weight band (160 kDa) identi-
fied the major protein as neurofilament-M. A total of
18 distinct peptide sequences (Figure 1) were obtained
from the three lower molecular weight bands (~150 kDa,
~140 kDa, and ~130 kDa). Combinations of sense and
antisense oligonucleotides were designed based upon
the peptide sequences and used in a pairwise fashion to
amplify sequences from rat forebrain mRNA by reverse-
transcription polymerase chain reaction (RT-PCR) (Fig-
ure 2; Apperson et al., 1996). Several cDNAs hybridizing
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Figure 1. Tryptic Sequences of p135 SynGAP Obtained from Iso-
lated PSDs

Isolated PSDs (One-Triton, 60 w.g) were fractionated by SDS-PAGE
and proteins were stained with Coomassie blue. Asterisks indicate
the positions of previously identified proteins (Kennedy, 1997). Ar-
rowheads indicate protein bands that were excised and electro-
eluted from preparative gels as described in Experimental Proce-
dures. Peptide sequences listed on the right were obtained as
described in Experimental Procedures. Four sequences were ob-
tained from more than one of the three lower protein bands, indicat-
ing that the major proteins present in these bands are closely related
to each other. Positions of molecular weight markers are shown on
the left.

with a 723 bp PCR product were selected from a cDNA
library, sequenced, and assembled into the complete
coding sequence as described in Experimental Proce-
dures.

Sequence and Domain Structure of p135 SynGAP
The deduced amino acid sequence (Figure 3A) contains
16 of the 18 original peptides, indicating that the en-
coded protein is the principal protein present in the
bands visible on the SDS gel (Figure 1). Two apparent
splice variants were found among the cDNA clones, one
at the amino terminus and one at the carboxyl terminus.
The combinations would encode four variants of molec-
ular weights, 134, 137, 140, and 143. The mass of aseven-
teenth peptide (Figure 1, number 3) determined by mass
spectrometry (2034 Da) matches that of a predicted tryp-
tic peptide sequence that includes a portion of the car-
boxy-terminal splice variant (Figure 3A, variant b).

The sequence contains four regions homologous to
previously identified protein motifs (Figure 3B). Most
notable is the RasGAP motif from positions 393 to 717
(Figure 3C). Its sequence is 30% identical to p120 Ras-
GAP and it contains the FLR... PA... P motif diagnostic
for RasGAPs (Scheffzek et al., 1996). The amino-terminal
segment contains a putative PH domain, which may
attach the protein to the membrane (Lemmon et al.,
1997), and a region 31% identical to the C2 domain of
p120 GAP, a motif that mediates binding to phospholipid
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Figure 2. PCR Cloning of p135 SynGAP

(A) Sense (“S”) and antisense (“AS”) degenerate oligonucleotides
were designed based upon peptide sequences obtained from elec-
troeluted proteins (Figure 1). Combinations of sense and antisense
oligonucleotides were used as PCR primers to amplify rat forebrain
first-strand cDNAs as described in Experimental Procedures. PCR
products were sequenced to confirm the fidelity of the amplified
sequences.

(B) DNA from PCR reactions was fractionated on a 1.2% agarose
gel and stained with ethidium bromide. PCR products are shown
from reactions with (lane 1) only the S primer encoding peptide 9,
(lane 2) only the AS primer encoding peptide 14, (lane 3) a combina-
tion of the S primer encoding peptide 9 and AS primer encoding
peptide 14. PCR product (arrow) is 723 bp.

and/or Ca%" in synaptotagmin and protein kinase C (Sud-
hof and Rizo, 1996). Two of the putative splice variants
end in QTRYV, conforming to the consensus sequence
tS/TXV that can bind to the second and third PDZ do-
mains of the scaffold protein PSD-95 (Kornau et al.,
1995; Sheng, 1996; Niethammer et al., 1996; Irie et al.,
1997). A proline-rich region between positions 770 and
800 may form a binding site for SH3 domains (Cohen et
al., 1995).

p135 SynGAP Is Most Highly Expressed in Brain,
Forms a Complex with PSD-95, and Localizes

to Glutamatergic Synapses

The message encoding p135 SynGAP is expressed at
higher levels in brain than in other tissues (Figure 4).
Furthermore, within neurons the protein is highly local-
ized to synapses. Western blots of subcellular fractions
from rat forebrain made with antibodies against p135
SynGAP reveal that it is enriched in isolated PSDs even
after extraction with the relatively harsh detergent N-lau-
royl sarcosinate (Figure 5A). Carboxyl termini of SynGAP
containing either the terminal sequence QTRV (+QTRV)
or the alternatively spliced terminal sequence PRHG
(—QTRYV; Figure 3A) were expressed in the yeast bait
vector, pAS2-1, and their ability to interact with intact
PSD-95 was tested in a yeast two-hybrid assay (Figure
5C). As predicted, the recombinant carboxy-terminal tail
containing the sequence QTRYV interacts strongly with
PSD-95 in the assay, whereas the recombinant carboxyl
terminus containing the predicted alternatively spliced
sequence missing QTRV does not interact with PSD-95
in this assay. Immunoprecipitation of p135 SynGAP from
isolated PSDs results in specific coprecipitation of PSD-
95 (Figure 5B), supporting the notion that p135 SynGAP
ispresent inbrain ina complexwith PSD-95 as predicted
by the yeast two-hybrid results and the presence of the
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Figure 3. p135 SynGAP Sequence

(A) Deduced protein sequence of p135 SynGAP. A 723 bp PCR
product that encoded two complete peptides at its ends and a third
peptide (number 11) in between was obtained with primers encoding
peptides 9 and 14 (Figure 1). It was purified, radiolabeled, and used
to screen a rat brain cDNA library. Twelve positive clones were
sequenced and assembled into a complete open reading frame
containing a Kozak consensus sequence three bases upstream of
the methionine start codon (GenBank Accession number AF048976).
Sequences corresponding to tryptic peptides (Figure 1) are under-
lined. For peptides 2-6, 12, and 15, a few amino acid calls did not
match; however, the masses determined by mass spectrometry
matched the predicted tryptic peptides exactly. Arrowheads indi-
cate putative splice junctions; aand b designate amino-terminal and
carboxy-terminal splice variants, respectively (GenBank Accession
numbers AF053938 and AF055883).

(B) Domain structure of p135 SynGAP. Abbreviations are: PH, pleck-
strin homology domain (125-232); C2, C2 domain (239-330); Ras-
GAP, RasGAP domain, (393-717); Pro-rich, proline-rich domain
(770-800); QTRV, tS/TXV motif.

(C) Comparison of RasGAP domains. The RasGAP domains of hu-
man pl20 RasGAP, rat p120 RasGAP, and p135 SynGAP were
aligned with the Pile-Up program (GCG). Residues identical in all
three sequences are highlighted in black. Dots indicate gaps in the
alignment.
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tS/TXV motif (see also Kim et al., 1998). An antibody
raised against the longer of the alternative amino-termi-
nal sequences (Figure 3A) precipitates only the two
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Figure 4. Expression of p135 SynGAP in Tissues

A Multiple Tissue Northern blot (Clontech) was probed with
32p-labeled probe for p135 SynGAP (bases 251-767) according to
the manufacturer’s protocol and then stripped and probed with
32p-labeled human B-actin cDNA supplied by Clontech. The blot
with p135 SynGAP was exposed for 18 hr and with actin for 2 hr
for detection by autoradiography. Positions of RNA size markers
are indicated on the left.

largest of the four protein bands recognized by an anti-
body against the GAP domain (Figure 5B), suggesting
that both potential amino-terminal variants are present
in isolated PSDs. The NR2B subunit of the NMDA recep-
tor has been shown to form a complex with PSD-95 and
to coimmunoprecipitate with it under some conditions
(Kornau et al., 1995; Lau et al., 1996). Only a small
amount of NR2B coimmunoprecipitated with p135 Syn-
GAP under our conditions, suggesting that the complex
between p135 SynGAP and PSD-95 may be more stable
than that between NR2B and PSD-95. This perhaps re-
flects the fact that the tail of p135 SynGAP can interact
with all three PDZ domains of PSD-95 (Kim et al., 1998).
NR2B and p135 SynGAP would likely be held within a
large complexin the PSD because of the multimerization
of PSD-95 to form a three-dimensional network (Hsueh
et al.,, 1997). p135 SynGAP is highly localized to syn-
apses as revealed by immunocytochemical staining with
anti-p135 SynGAP antibodies (Figure 6A). It colocalizes
with NR2B (Figures 6B and 6C) and with PSD-95 (Figures
6D and 6E), providing support for the hypothesis that it
is present in a complex with the NMDA receptor.

p135 SynGAP Is a Prominent Substrate

for CaMKIl in Isolated PSDs

Proteins of molecular weights similar to the SynGAP are
phosphorylated by CaMKII in isolated PSDs (Figure 7A).
The phosphorylation is ~90% blocked in the presence
of inhibiting antibodies against CaMKII. Approximately
70% of the *?P-labeled protein in this molecular weight
range is specifically immunoprecipitated by an anti-
p135 SynGAP antibody, indicating that it is a major sub-
strate for CaMKIl in the PSD (Figure 7B). The sequence
of p135 SynGAP contains 29 consensus sites (RXXS/T)
for phosphorylation by CaMKIl. The SynGAP protein
bands can be visualized in SDS gels of the PSD fraction
by staining with Coomassie blue (Figure 1) and also in
gels of immunoprecipitates. Therefore, we can estimate
the quantity of SynGAP protein precipitated from the
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immunoprecipitates by Western blotting (data not shown).

Figure 5. Association of p135 SynGAP with
PSD-95 in Isolated PSDs

(A) p135 SynGAP is enriched in the PSD frac-
tion. Rat forebrain homogenate and synapto-
somes (50 g and 5 pg) and isolated PSDs
(5 pg each) extracted once with Triton (one
Triton), twice with Triton (two Triton), or once
with Triton followed by N-lauroyl sarcosinate
(one Triton + sarcosyl) were fractionated by
SDS-PAGE. Enrichment of p135 SynGAP in
isolated PSDs is revealed by immunoblotting
with anti-GAP antibody.

(B) Coimmunoprecipitation of PSD-95 with
p135 SynGAP. Mouse antibodies against the
GAP domain of SynGAP, against residues
17-85 located in an alternatively spliced re-
gion, and nonimmune Mouse 1gG were used
to immunoprecipitate p135 SynGAP fromiso-
lated PSDs as described in Experimental Pro-
cedures. Western blots of the immunopre-
cipitates were made with antisera against
proteins listed on the right. Densin-180, an-
other PSD protein, was not detected in the

(C) SynGAP containing the tS/TXV motif associates with PSD-95 in the yeast two-hybrid assay. Two yeast two-hybrid bait constructs were
tested for interaction with full-length PSD-95 as described in Experimental Procedures. The +QTRV construct interacts strongly, whereas the

—QTRV construct does not.

PSD fraction by comparison with the intensity of staining
of known protein standards. Using these estimates, we
calculate that incubation of isolated PSDs for 2 min
under phosphorylating conditionsresults in the incorpo-
ration of ~4 moles of phosphate/mol SynGAP.

The Ras-GTPase Activating Activity of p135 SynGAP
Is Inhibited by Phosphorylation by CaMKII

We tested whether RasGAP activity can be measured in
isolated PSDs and whether phosphorylation by CaMKI|
alters the activity. Addition of 30 pg of isolated PSDs
containing ~2 pmol p135 SynGAP stimulates hydrolysis
of GTP bound to Ras 5-fold in a 10 min assay and 3-fold
in a 30 minassay (Figure 8A). The activity correspondsto
an estimated turnover number for SynGAP-bound Ras
of ~10/s, a rate that compares favorably with that of
p120 RasGAP. We detected the p120 RasGAP protein
in Western blots of synaptosomes but found that it is
absent from isolated PSDs (data not shown). The GAP
activity in isolated PSDs is inhibited 75%-78% by addi-
tion of a mouse antibody against the GAP domain of
p135 SynGAP (Figure 8A) and is unaffected by addition
of nonimmune mouse IgG, indicating that p135 SynGAP
is indeed responsible for the GAP activity.

When isolated PSDs are prephosphorylated for 2 min
by activation of endogenous CaMKII, GAP activity is
inhibited 80%-93% in a 10 min assay and 63%-85% in
a 30 min assay (Figure 8A). The inhibition of GAP activity
is blocked if the prephosphorylation is carried out in
the presence of inhibiting antibodies against CaMKII,
indicating that phosphorylation by CaMKIl is necessary
for the inhibition. Because the SynGAP molecule is a
good substrate for CaMKII in isolated PSDs (Figure 7),
the most straightforward interpretation of these results
is that phosphorylation of SynGAP itself inhibits GAP
activity. However, it is also possible that phosphoryla-
tion by CaMKIl of an unknown SynGAP-interacting pro-
tein in the isolated PSDs causes the inhibition.

Proteins phosphorylated by CaMKIl in PSDs are fully
dephosphorylated 2 min after the kinase reaction is
stopped by addition of EGTA to chelate free calcium
(Figure 7A), presumably because of the presence of pro-
tein phosphatase 1 in the isolated PSDs (Shields et al.,
1985). This dephosphorylation is inhibited by addition of
sodium pyrophosphate (NaPP;; Figure 7A), so we added
NaPP; to the GAP assays shown in Figure 8A. To test
whether inhibition of GAP activity by CaMKIl phosphory-
lation is reversible, we compared GAP activity of phos-
phorylated PSDs in the presence and absence of NaPP;
(Figure 8B). When phosphorylated PSDs are added to
the GAP assay in the absence of NaPP;, GAP activity
returns rapidly to the level of unphosphorylated PSDs,
demonstrating that the inhibition by phosphorylation is
fully reversible. NaPP; has no effect on GAP activity of
unphosphorylated PSDs.

Discussion

Our data reveal a novel mammalian RasGAP that is ex-
pressed principally in brain and is highly localized to
glutamatergic synapses, apparently by association with
the postsynaptic scaffold protein PSD-95. We have
shown that p135 SynGAP is reversibly inhibited by the
action of CaMKIIl within isolated PSDs, either through
direct phosphorylation of SynGAP itself, which is readily
phosphorylated by CaMKIl, or through phosphorylation
of an unidentified third protein in the isolated PSDs that
influences the GAP activity. CaMKIl isactivated in hippo-
campal neurons by Ca?* influx through NMDA receptors
(Fukunagaetal., 1992, 1993; Ouyang etal., 1997). There-
fore, a reasonable hypothesis is that within the PSD
complex one of the consequences of this activation is
inhibition of p135 SynGAP.

Activation of MAP kinase by the NMDA receptor is
necessary for some forms of synaptic plasticity (Bading
and Greenberg, 1991; English and Sweatt, 1996, 1997),



SynGAP, A Synaptic RasGAP Inhibited by CAMKII
899

Figure 6. Immunocytochemical Localization of p135 SynGAP at Glutamatergic Synapses in Dissociated Hippocampal Neurons

(A) Hippocampal neuron stained with anti-GAP antibody. Hippocampal neurons were dissociated at embryonic day 18, cultured for 2 weeks,
and stained with antiserum as described in Experimental Procedures. Labeling of neurons is eliminated by preabsorption of the antiserum
with its antigen (data not shown).

(B and C) Neuron double stained with anti-GAP (B) and anti-NR2B (C).

(D and E) Neuron double stained with anti-GAP (D) and anti-PSD-95 (E).

Scale bars, 10 pm.

but the mechanism by which Ca?* influx through the Farnsworth etal., 1995; Finkbeiner and Greenberg, 1996;
NMDA receptor activates MAP kinase has been mysteri- Xia et al., 1996). Much emphasis has been placed upon
ous (Bading et al., 1993; Ghosh and Greenberg, 1995; the study of mechanisms that activate the MAP kinase
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Figure 7. Phosphorylation of p135 SynGAP
by CaMKIl in Isolated PSDs

(A) Phosphorylation of isolated PSDs by en-
dogenous CaMKII. PSDs (One-Triton, 40 pg)
were phosphorylated in the presence or ab-
sence of Ca?*, calmodulin, and specific inhib-

e iting monoclonal antibodies against CaMKII

. (- (Ab 4A11 and 6E9) for 2 min as described in
Experimental Procedures. Reactions in the
first three lanes were stopped by addition of
SDS sample buffer. Reactionsin the right two
lanes were stopped by addition of a final con-
centration of 2 mM EGTA to chelate Ca?* and

— 20 mM NaPP; to inhibit phosphatases, or 2mM

EGTA alone, and then incubated for an addi-

tional 2 min before addition of SDS sample buffer. Positions of molecular weight markers are shown on the left.

(B) Immunoprecipitation of phosphorylated p135 SynGAP from isolated PSDs. PSDs (40 ng) were phosphorylated as in (A). p135 SynGAP
was immunoprecipitated with anti-GAP antibody. Amounts of each fraction equivalent to 5 pg of phosphorylated PSDs were fractionated by
SDS-PAGE. Abbreviations: start, precleared phosphorylated PSDs; super., supernatant from the immunoprecipitation; pellet, immunoprecipi-

tated pellet. Arrows indicate positions of p135 SynGAP.

cascade through formation of active Ras-GTP; however,
an interesting example of activation of the MAP kinase
cascade by inhibition of p120 RasGAP occurs in the
immune system. Upon T-cell activation by antigen, Ras
is activated by adecrease in the activity of p120 RasGAP
thought to be mediated by protein kinase C (Wigler,
1990; Downward et al., 1990). Our data suggest that, in
similar fashion, inactivation of p135 SynGAP by CaMKIlI
in the PSD complex at glutamatergic synapses can re-
lease a brake on the tonic activation of Ras by synaptic
tyrosine kinases (Figure 9). Many tyrosine kinases have
been shown to influence synaptic events in vivo (Grant
et al., 1992; Kang and Schuman, 1995; Lu et al., 1998),
although the precise localization of these kinases has
not been established. Several growth-factor receptor
tyrosine kinases occur in the hippocampus and through-
out the central nervous system, including those for
BDNF, NT3, and NGF, which have been implicated in
various forms of synaptic plasticity during development
and in the adult brain (Prakash et al., 1996; Schuman,
1997; Cabelli et al., 1997; McAllister et al., 1997). Src
family kinases have also been implicated in synaptic
plasticity in the hippocampus (Grant et al., 1992; Lu et
al., 1998) and can activate Ras through interaction with
the coupling proteins Shc and Grb2 (Rozakis-Adcock
et al.,, 1992; Nakamura et al., 1998). The ability of a
phosphatase associated with isolated PSDs to reverse
rapidly phosphorylation of p135 SynGAP and other PSD
proteins (Figures 7A and 8B), suggests that steady state
levels of SynGAP activity may fluctuate rapidly, provid-
ing tight regulation of Ras-GTP.

p135 SynGAP is a relatively abundant protein within
the postsynaptic complex of signal transduction mole-
cules associated with the NMDA receptor and held to-
gether in part by interaction with the scaffold protein
PSD-95. It is also a prominent substrate for CaMKIl in
isolated PSDs. Therefore, inhibition of its GAP activity
is likely to be an important consequence of activation
of CaMKII by the NMDA receptor. The presence of p135
SynGAP at glutamatergic synapses may help to explain
the activation of the MAP kinase cascade thataccompa-
nies NMDA receptor activation in the hippocampus
(Bading and Greenberg, 1991; English and Sweatt, 1996,
1997) and, furthermore, may add a new form of coinci-
dence detection to the repertoire of the NMDA receptor.

Experimental Procedures

Purification of Tryptic Peptides from the

Postsynaptic Density

The One-Triton PSD fraction was prepared as described previously
(Carlin et al., 1980; Cho et al., 1992). PSDs (40 mg) were fractionated
on 30 preparative 7.5% SDS-polyacrylamide gels. Proteins from
each of the four visible bands indicated by arrowheads in Figure 1
were electroeluted into ~3 ml as described previously (Moon et al.,
1994) and then further concentrated in a Speed-Vac concentrator
to ~300 pl containing ~200 pg protein. Sixty micrograms of each
of the four concentrated pools were repurified on two 7.5% SDS
gels. The two gel strips were chopped into 3 mm squares. Proteins
were trypsinized in the gel pieces as described (Hellmanet al., 1995).
Peptides were fractionated by HPLC ona C18reverse-phase column
(Omkumar et al., 1996). Peak fractions were collected manually and
analyzed by matrix-assisted, laser desorption ionization, time-of-
flight (MALDI-TOF) mass spectrometry. Pure peptides were se-
quenced by automated gas phase Edman degradation. Mass spec-
trometry and peptide sequencing were performed by the Protein/
Peptide Micro-Analytical Laboratory at Caltech.

Selection of cDNAS Encoding p135 SynGAP

Primers were designed as described (Apperson et al., 1996). First
strand cDNAs prepared from 5-week-old rat forebrain polyA+ RNA
were amplified with the RT-for-PCR kit (Clontech, Palo Alto, CA)
according to the manufacturer’s protocol. Primers that resulted in
successful amplification (Figure 2) were 5'-ACI CA(A/G) TA(T/C) GTI
CA(T/C) TCI CCI TA(T/C) GA(T/C) CGI CC-3’ encoding a portion of
peptide 9, and 5'-TC GGA TCC IC(G/T) IGC (T/C)TC IAT IAT CC-3’
antisense for a portion of peptide 14. PCR products were subcloned
into the pCR2.1 plasmid supplied with the TA Cloning kit (Invitrogen,
San Diego, CA). The ends of PCR products were sequenced to
determine which encoded the entire sequences of the peptides that
were partially encoded by the primers.

A \gtll rat brain 5'-Stretch Plus cDNA library (Clontech) was
screened for clones hybridizing with the initial PCR product (Figure
2B). A second screen was performed with a 280 bp probe that was
amplified by PCR from the 3’ end of a cDNA obtained in the first
screen. A total of 12 independent overlapping positive clones were
plaque purified and cDNA inserts were subcloned into pBluescript
(Stratagene, La Jolla, CA) for sequencing on an automated DNA
sequencer in the Caltech DNA Microsequencing Facility. Overlap-
ping sequences were assembled with Lasergene software (DNAStar,
Madison, WI). Both strands of each cDNA were sequenced. All se-
quences contained within the open reading frame were present in
more than one cDNA with the exception of the two putative alterna-
tively spliced 5’ ends encoding the amino terminus. These alterna-
tive 5’ sequences were each found in single cDNAs that extended
several hundred base pairs into the common open reading frame.
The predicted splice junctions for the carboxy-terminal variants con-
tained alternative splicing consensus sequences and did not contain
EcoRI sites.
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Figure 8. Inhibition of p135 SynGAP by CaMKI|

(A) Inhibition of GAP activity in isolated PSDs after phosphorylation
by CaMKIl. RasGAP assays were performed for 10 or 30 min in
the presence of Ras alone (closed circles), PSDs (30 ng; closed
triangles), PSDs (30 pg) + 20 wg nonimmune mouse IgG (open
upright triangles), PSDs (30 pg) + 20 ul anti-GAP ascites (open
inverted triangles), PSDs (30 .g) prephosphorylated for 2 min in the
presence of Ca?*/CaM (closed squares), and PSDs prephosphory-
lated for 2 min in the presence of Ca?*/CaM and inhibiting antibodies
against CaMKII (as in Figure 7A; closed inverted triangles). After
prephosphorylation of PSDs, CaM kinase activity and phosphatase
activity were stopped by addition of 2 mM EGTA and 10 mM NaPP,
immediately before addition of PSDs to the RasGAP assay. Note
that the slight inhibition of GAP activity evident at 30 min in the
GAP assay after prephosphorylation with inhibiting antibodies might
result from slow phosphorylation during the GAP assay because
the inhibiting antibodies do not completely block formation of auto-
phosphorylated, Ca?"-independent CaMKIl during the prephos-
phorylation (Figure 7A; data not shown).

(B) Reversal of inhibition of RasGAP activity in the absence of phos-
phatase inhibitor. GTPase assays were performed as in (A) in the
absence or presence of NaPP,. Data are shown for Ras alone (closed
circles), PSDs — NaPP; (closed upright triangles), PSDs + NaPP;
(open upright triangles), prephosphorylated PSDs — NaPP; (open
squres), prephosphorylated PSDs + NaPP; (closed squares). Data
are plotted as mean = SEM. In some instances, the error bars are
not visible because they are smaller than the symbol.

Construction of Fusion Proteins and Preparation

of Specific Antisera

Vectors encoding fusion proteins between glutathione S-transferase
and the GAP domain (GST-GAP), and between GST and residues
17-85 of p135 SynGAP (GST-Nsp1l), were constructed in pGEX-
5X-1 (Pharmacia Biotech, Piscataway, NJ). Fusion proteins were
expressed in E. coli and purified (Smith and Corcoran, 1995). Mice

were immunized with each fusion protein to produce ascites fluids
containing polyclonal antibodies (Ou et al., 1993). Immunoblots were
prepared as described (Cho et al., 1992) and probed for 1 hr with
mouse ascites fluid diluted to 1:2500.

Immunoprecipitation of p135 SynGAP

PSD protein (100 pg) was solubilized and immunoprecipitated (Lau
et al., 1996) with antibodies specific for p135 SynGAP (anti-GAP
domain and anti-NSP1 described above). Immunoblots of the pre-
cipitated proteins were prepared with the same antibodies, with
rabbit serum against NR2B (Kornau et al., 1995) or with affinity-
purified rabbit serum against PSD-95 (Cho et al., 1992).

Yeast Two-Hybrid Assays

Fragments of p135 SynGAP cDNA encoding amino acids 761 to
1293 of the principal splice variant (+QTRV) and amino acids 761
to 1270 of the carboxy-terminal splice variant shown in Figure 3Ab
(—QTRYV; Figure 5C) were inserted into the pAS2-1 yeast bait vector.
Yeast two-hybrid assays were carried out according to the manufac-
turer’s instructions (Clontech) with the prey vector pACT2 encoding
a fusion with full-length PSD-95 (Cho et al., 1992). Interaction was
measured by the B-galactosidase assay in intact yeast colonies.
Hybrids containing +QTRV bait vector turned blue within 1 hr as
did positive controls (Clontech). Hybrids containing —QTRV bait
vector did not turn blue even after several hours.

Dissociated Hippocampal Cultures

Cultures of embryonic day 18 rat hippocampal neurons were grown
as described (Brewer et al., 1993). After 2-4 weeks, cultures were
fixed and labeled (Kornau et al., 1995; Apperson et al., 1996) with
anti-GST-GAP at 1:500 and anti-NR2B rabbit antiserum at 1:1,000
(Kornau et al., 1995). Cultures were viewed in a Zeiss LSM310 fluo-
rescence laser-scanning confocal microscope with a 63 oilimmer-
sion objective (Kornau et al., 1995).

Assays for Phosphorylation by CaMKII

Isolated PSDs prepared as described above were phosphorylated
as previously described (Miller and Kennedy, 1985) in either 0 mM
CaCl, or in 0.3 mM free Ca** and 0.1 mM [y-*2P]ATP (2,500-10,000
cpm/pmol) for 2 min at 30°C. Phosphoproteins were fractionated by
SDS-PAGE and visualized by autoradiography. In some reactions,
inhibiting antibodies 4A11 and 6E9 (Molloy and Kennedy, 1991)
against CaMKIl (20 wg each of ascites IgG partially purified by pre-
cipitation with 50% ammonium sulfate) were included.

For immunoprecipitation, the reaction was adjusted to 50 mM
Tris-HCI (pH 8.0), 150 mM NacCl, 1% NP-40, 0.5% sodium deoxycho-
late, and 0.8% SDS and was precleared by incubation with 100
ng protein A-agarose beads (Pierce, Rockford, IL) at 4°C for 1 hr.
Precleared supernatant (10 pg) was incubated at 0.25 pg/pl with
5-15 pl anti-GST-GAP ascites at 4°C for 1 hr at a final concentration
of 0.25% SDS. Aggregates were removed by centrifugation, and
supernatant was incubated with 60 pg prewashed protein A-agarose
beads at4°C for 2 hr. Beads were pelleted and the supernatant was
saved. Beads were washed five times with 50 mM Tris-HCI (pH 8.0),
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1%
SDS. Equivalent amounts of precleared starting material, superna-
tant, and beads were boiled 5 min in SDS sample buffer and applied
to a 7.5% SDS-PAGE minigel. The gel was stained with Coomassie
R-250, dried, and subjected to autoradiography. To estimate the
percentage of radioactivity in the 135-150 kDa region of the gel that
was immunoprecipitated with anti-GAP antibody, the appropriate
gel bands were located by autoradiography, and cut from the dried
gel, and their radioactivity was measured as Cerenkov radiation in
a scintillation counter.

Assays for Ras-GTPase Activating Activity

Rat c-H-Rasl cDNA, with engineered EcoRI and Xhol restriction
sites at 5’ and 3’ ends, respectively, was amplified by RT-PCR and
inserted into pGEX-5X-1. The sequence of c-H-Rasl cDNA was
confirmed by automated DNA sequencing. GST-Ras was expressed
in E. coli, purified (Smith and Corcoran, 1995), dialyzed against 30
M GDP, and stored at —20°C (Campbell-Burk and Carpenter, 1995).
Ras bound to [y-*2P]GTP (3,000 Ci/mM, ICN Pharmaceuticals, Irvine,
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CA) was prepared as described (Gibbs et al., 1988) except that
binding was performed at 25°C for 15 min.

To measure the effect of phosphorylation on GAP activity, PSDs
(one triton fraction prepared as described above) were prephos-
phorylated for 2 min as described above, and the assays were
stopped by addition of 2 mM EGTA (to chelate free Ca?*) with or
without 20 mM NaPP; (to inhibit phosphatase activity) as indicated
in the figure legends.

GTPase assays were initiated by addition of 2 pmol GTP-bound
Ras (in 6 wl) to 60 pl of a mixture (Bollag and McCormick, 1995)
containing 20-30 pg PSD protein, 45 mM Tris-HCI, 10 mM MgCl,,
3 mM dithiothreitol, 100 mM NacCl, 0.1% NP-40, 1.2 mM EGTA, plus
or minus 0.35 mM CacCl, (free Ca?* < 10~ M), plus or minus 4 uM
calmodulin, and plus or minus 9-10 mM Na pyrophosphate, the
latter three depending upon prior phosphorylation conditions. The
reactions were incubated at 25°C, stopped by addition of 300 pl
ice-cold 10% glutathione-agarose beads (Sigma, St. Louis, MO),
and incubated with stirring at 4°C for 45 min. Beads were washed
(Smith and Corcoran, 1995) three times and nucleotides were disso-
ciated from Ras on the beads for determination of percent GDP
(GDP/[GDP + GTP] X 100) by thin layer chromatography (Bollag
and McCormick, 1995). For inhibition of GAP activity by anti-GAP
antibody, PSD proteins (20-30 wg) and mouse anti-GAP antibody
(20 wl) or nonimmune mouse 1gG (20 ng) were preincubated for 1
hr at 0°C and then warmed to 25°C for assay.
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