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Abstract

Phosphorylation of the components of the postsynaptic density (PSD), a protein complex lining the postsynaptic membrane, may

regulate synaptic structure and function. We carried out mass spectrometric analyses to identify phosphorylation sites on PSD pro-

teins. Phosphopeptides were isolated from the total tryptic digest of a PSD fraction by immobilized metal affinity chromatography

and analyzed by liquid chromatography and tandem mass spectrometry. The phosphorylated residues detected following in vitro

phosphorylation in the presence of Ca2+/calmodulin included S-1058 on SynGAP and S-1662 and S-1668 on Shank3. Other phos-

phorylated residues were identified in control samples, presumably reflecting phosphorylation in the intact cell. These included the

homologous residues, S-295 on PSD-95 and S-365 on PSD-93, located between the PDZ2 and PDZ3 domains of these proteins; and

S-367 located on the actin-binding domain of b-CaMKII. The sequence RXXSPV emerged as a common phosphorylation motif of

three specialized PSD scaffolding proteins, PSD-95, PSD-93, and Shank3. Phosphorylated serine residues in several of the identified

phosphorylation sites were followed by prolines, suggesting prominent involvement of proline directed kinases in the regulation of

PSD components.

� 2004 Elsevier Inc. All rights reserved.
The postsynaptic density (PSD) is an electron-dense

structure located underneath the postsynaptic mem-

brane containing scaffolding molecules, receptors, and

signal transduction elements. It is becoming increasingly

clear that the PSD is a dynamic structure whose mor-

phology and composition changes with activity [1–3],

reflecting trafficking and reorganization of its compo-

nents. These changes in the abundance and organization
of PSD components as well as their functional modifica-

tion are likely to be mediated, at least in part, through

changes in the phosphorylation states of proteins.

Various modes of synaptic activation regulate kinases

and/or phosphatases that target postsynaptic proteins. It

is now well accepted that postsynaptic protein phos-

phorylation/dephosphorylation events regulate the traf-
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fic of receptors to and from the synaptic region and are

essential steps in activity-induced modification of synap-

tic efficacy. Indeed, many of the kinases involved in LTP

and memory including Ca2+/calmodulin-dependent pro-

tein kinase II (CaMKII), protein kinase A, protein ki-

nase C, extracellular signal regulated kinase (ERK),

and cyclin-dependent kinase 5 (cdk5) as well as the

phosphatases implicated in LTD are thought to be local-
ized in the PSD [4–10].

Recent evidence suggests that phosphorylation/de-

phosphorylation events also regulate the trafficking

and turnover of scaffolding molecules that determine

the organization of the PSD. For example, it has been

demonstrated that NMDA-induced activation of PP2B

is the initial event for the internalization and degrada-

tion of PSD-95, a protein considered to be the central
organizing element of the PSD [11].
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While studies such as the ones referred to above indi-

cate the involvement of protein phosphorylation in post-

synaptic regulation, in many instances the precise

molecular mechanisms, including the identities of the

phosphoproteins and/or the sites being phosphorylated,

are not known. Thus, in recent years, efforts have been
accelerated to identify target sites for specific kinases

on key PSD proteins, as a starting point for the clarifi-

cation of the functional consequences of their phosphor-

ylation (e.g. [12,13]). By comparison, only few general

proteomic studies have been carried out to uncover

phosphorylated proteins and phosphorylation sites

without a priori hypotheses.

Using the classical approach of 2D-electrophoresis
and identification of P32-labeled spots by mass spec-

trometry and other means, Yoshimura et al. [14,15]

compiled a list of proteins in the PSD fraction that be-

come phosphorylated upon incubation in the presence

of ATP, Ca2+, and calmodulin. This early global strate-

gy revealed that a large number of PSD proteins become

phosphorylated upon activation of CaMKII and de-

scribed new putative substrates for the kinase. This ap-
proach, while enabling identification of substrates of

selected protein kinases, has certain shortcomings: (1)

only the proteins phosphorylated in vitro are detected;

(2) misidentification is possible due to comigration of

a minor phosphorylated protein with a major nonphos-

phorylated protein; and (3) phosphorylated residues on

the proteins are not identified.

In the present study we adopted an alternative ap-
proach, isolation of phosphorylated peptides from the

total tryptic digest of the PSD fraction by IMAC and

subsequent analysis by LC/MS/MS, which allows identi-

fication of phosphorylated residues. Moreover, because

the protocol involves the separation of tryptic peptides

rather than proteins, it is especially suited for the analy-

sis of the PSD, whose component proteins do not sepa-

rate well by 2D-electrophoresis due to solubilization
problems [16]. The strategy is not based on in vitro

P32 labeling and thus allows the detection of sites that

had been phosphorylated in vivo and is not biased for

phosphorylation sites with a high turnover. We describe

analysis of a PSD fraction isolated from rat cerebral

cortex and the identification of novel phosphorylated

sites.
Materials and methods

Preparation of the PSD fraction and in vitro phosphorylation

The PSD fraction was prepared essentially by the method of Carlin

et al. [17], with modifications as described in Dosemeci et al. [18], using

frozen brains from adult Sprague–Dawley rats (collected and frozen

within 2min of sacrifice by Pel-Freeze Biologicals, Rogers, AR). Pro-

tein concentration was estimated by the method of Peterson [19]. Prior

to in vitro phosphorylation, the PSD fraction was preincubated with
0.1M dithiothreitol for 2h in ice. Incubation, at a final concentration

of 0.4mg PSD protein/ml, was carried out at 37�C for 20min in the

presence of 1mM CaCl2, 40lg/ml calmodulin, 5mM MgCl2, 50lg/ml

leupeptin, 0.4lM Microcystin-LR, and 5lM each of the peptide in-

hibitors for PKC (Calbiochem, peptide 16–31) and for PKA (Calbio-

chem, peptide 6–22 amide) in 20mM Hepes, pH 7.4, either in the

absence (control) or presence (in vitro phosphorylation) of 100lM
ATP.

Phosphoproteomic analysis

Sample preparation. PSD preparation was subjected to phospho-

proteomic analysis essentially according to the method of Ficarro et al.

[20,21] modified as follows: PSD preparation (50lg protein) was

treated with 50ll of 8M urea/0.4M NH4HCO3. Proteins were reduced

and alkylated by addition of 10ll of 0.05M DTT and heating to 55�C
for 30min followed by cooling to room temperature and addition of

10ll of 0.1M iodoacetamide (IAA). Alkylation was allowed to pro-

ceed for 30min after which the sample was diluted with 130ll water
and allowed to digest with 5lg modified trypsin (Promega, Madison,

WI) overnight at 37�C. The resulting digest was diluted to 300ll with
water and acidified with TFA prior to passage through an Oasis HLB

30mg mini column (Waters, Milford, MA) prepared by washing with

MeOH followed by 0.1% TFA. Bound sample was washed with 1.5ml

of 0.1% TFA and eluted with 2· 500ll of 80% CH3CN (0.1% TFA).

Eluted sample was dried in the Speed Vac (Savant, Framingham, NY).

Dried sample was methylated twice as described by Ficarro et al. [21].

Methylation reaction mixture was removed in the Speed Vac and dried

sample was taken up in 100ll of 10% HOAc prior to the performance

of gallium immobilized metal affinity chromatography (IMAC) uti-

lizing a Phosphopeptide Isolation Kit (Pierce, Rockford, IL) according

to manufacturer�s instructions. Phosphopeptides were eluted with 3·
40ll of 0.2M Na2HPO4, pH 10.5. The eluent was concentrated in the

Speed Vac and its volume adjusted to 50ll. After acidification with

heptafluorobutyric acid (HFBA) the eluent was centrifuged at 20,000g

for 5min.

Peptide synthesis. The peptide RAPS*PVKPAS*LER was synthe-

sized by AnaSpec (San Jose, CA) and methylated as described above.

LC/MS/MS analysis. The clarified centrifugate was analyzed by

LC/MS/MS on a ProteomeX integrated LC/MS proteomics worksta-

tion (ThermoFinnigan, San Jose, CA). The LC was operated in the

high-throughput mode with a linear gradient of 2–65% B over 90min

where A=0.1% HCOOH and B=CH3CN (0.1% HCOOH) on a Bio-

Basic-18 (ThermoHypersil-Keystone, Bellefonte, PA) 100 · 0.18mm

col at 1–2ll/min utilizing methods and configuration provided by the

manufacturer except that a 50ll sample loop was utilized. Column

loading time was increased to load the larger sample volumes. The

LCQ Deca XP Plus mass spectrometer equipped with a metal spray

needle (ThermoFinnigan) was operated in the ‘‘Top-Four’’ or ‘‘Top-

Five’’ mode to automatically acquire (A) a full scan between m/z 300

and 1700 and (B) MS/MS spectra (normalized collision energy=35%)

of the four or five most intense ions in the full scan. Source conditions

were as follows: capillary temperature, 140 �C; sheath gas flow, 0 units;

and ESI spray voltage, 4.2kV. Dynamic exclusion settings were as

follows: repeat count, 1 or 2; repeat duration, 0.50min; exclusion

duration, 3.00min.

Uninterpreted MS/MS spectra were searched against the Rat/

Mouse Database, which was built from the NR database (included

terms: rat, mouse Rattus norvegicus, Mus musculus; excluded terms:

Arabidopsis thaliana (Mouse Ear Cress)). Data were analyzed utilizing

BioWorks 3.1 and TurboSEQUEST software (ThermoFinnigan, San

Jose, CA). Search parameters were set as per Ficarro et al. [20,21]—

static modifications: C=+57.0215, peptide C-terminal=+14.0269;

and differential modifications: S,T,Y=+79.9799, D,E=+14.0269,

M=+16.0000. The minimum ion count was set to 20 to preclude

searching of poor quality spectra. As an aid in the identification of

phosphopeptide MS/MS spectra, the Neutral Loss MS Detector Plot



212 H. Jaffe et al. / Biochemical and Biophysical Research Communications 321 (2004) 210–218
(BioWorks 3.1) was employed to indicate those spectra that exhibit a

neutral loss of phosphoric acid (98, 49 or 32.7 for the singly, doubly or

triply charged precursor ions) resulting from a gas-phase b-elimination

reaction. Sequence assignments were made essentially as previously

described [22] based on the selection of the highest ranked phospho-

peptide when (i) the second ranked peptide displayed a DCn (the dif-

ference in normalized correlation score between the top scoring

sequence and the next highest scoring sequence) of greater than 0.1 and

(ii) the matching of a significant number (>50%) of the observed Y and

B ions versus those predicted for the sequence which is manifested in a

raw correlation score (Xcorr) of >1. Confirmation of assignments was

achieved by manual examination of spectra for the presence of dom-

inant neutral loss ions equal to the number of phosphorylated residues

in the sequence. When necessary, spectra were further examined for the

presence of a significant number matching Y and B ions from the

dehydroalanine or the dehydroamino-2-butyric acid series which

result from b-elimination of H3PO4 from phosphorylated serine or

threonine.
Results

Identification of phosphoproteins and their specific

phosphorylated residues in the PSD fraction was

accomplished essentially according to the method of

Ficarro et al. [20,21]. PSD total protein was subjected

to tryptic digestion followed by methylation of the C-

termini and the aspartic and glutamic acid residues of

the tryptic peptides. The resulting methylated tryptic
peptides were processed by gallium IMAC to isolate

phosphopeptides. Prior methylation of the tryptic digest

precluded or reduced previously observed [20,21] non-

specific binding of aspartic and glutamic acid-contain-

ing peptides to the IMAC column. Phosphopeptides

were analyzed by LC/MS/MS for protein and phosphor-

ylation site identification. An extended (90min) HPLC

gradient previously shown [22] to maximize the presen-
tation of polar phosphopeptides to the mass spectrome-

ter was utilized. The base peak chromatogram and the

m/z 49 neutral loss chromatogram corresponding to

an in vitro phosphorylated PSD sample are shown in

Figs. 1A and B, respectively.

Analysis of the PSD digests as described above yields

almost exclusively MS/MS spectra of putative phospho-

peptides as evidenced by the presence of major or prom-
inent ions corresponding to the neutral loss of the

elements of phosphoric acid resulting from a gas-phase

b-elimination reaction [23,24]. Few non-phosphopeptide

MS/MS spectra, as evidenced by the absence of these

prominent neutral loss ions, were observed, which at-

tests to the selectivity of the method for phosphopeptide

isolation. Some of these spectra might have been from

phosphotyrosine peptides which do not always display
these neutral loss ions [23].

Manual examination of the spectra revealed that a

majority of them had few fragment ions and that many

of the spectra merely displayed the neutral loss ion and

little else. This well-documented problem in the mass

spectrometric analysis of phosphopeptides utilizing
ion trap instruments is attributed to the inability of am-

ide bond cleavage to effectively compete with the gas-

phase b-elimination reaction [21]. Only a fraction of

the spectra were judged of sufficient quality to poten-

tially yield an ID by SEQUEST analysis (see Materials

and methods for selection criteria). The rest of the spec-
tra did not meet the set standards and were not

evaluated.

All MS/MS spectra were searched in a batch mode

utilizing the TurboSEQUEST program in order to iden-

tify the phosphopeptides and their specific phosphory-

lated residues. As an example, the MS/MS spectrum of

a phosphopeptide identified as the b-CaMKII tryptic

peptide (R)STVAS*MMHR is shown in Fig. 2. In addi-
tion to a dominant H3PO4 loss (m/z 98/2) of ion at m/z

508.4 characteristic of a doubly charged monophospho-

peptide, a continuous series of Y1-1 to Y1-7 ions consis-

tent with a phosphoserine at residue 5 were observed.

Also observed were dehydroalanine series of Y and B

ions,Y1-6, Y1-7, Y2-6, B1-5, B1-7, B2-9, and B2*-9

which result from fragmentation of the b-eliminated

m/z 508.4 ion and can also be seen as confirmatory of
a phosphoserine at residue 5.

Isolated PSDs are expected to contain a number of

proteins that had been phosphorylated in intact tissue

prior to cell disruption. On the other hand, many other

phosphorylation sites on PSD proteins must be vacant

as evidenced by the ability to incorporate P32 in vitro

[7]. In the present work, PSD preparations phosphory-

lated in vitro as well as control samples incubated in
parallel but in the absence of ATP were analyzed. The

phosphorylated residues identified in control samples

are presumed to be those present prior to cell disruption.

Certain phosphopeptides were detected only in samples

phosphorylated in vitro under conditions that favor

CaMKII activity (Mg2+-ATP, Ca2+, calmodulin, and

peptide inhibitors of PKA and PKC). Interestingly, cer-

tain other phosphopeptides were detected only in con-
trol samples. The reason for not observing these in

samples incubated in the presence of ATP could be at-

tributed to the large-scale phosphorylation of several

additional proteins that would hinder the detection ex-

isting phosphorylated residues. Two independent exper-

iments were carried out, using different PSD

preparations. A list of the phosphopeptides identified

in these experiments is given in Table 1, together with
the names of their proteins of origin.

As expected, several phosphopeptides corresponding

to CaMKII itself were identified in PSD samples incubat-

ed in the presence of Ca2+, calmodulin, and ATP. These

included the peptides with phosphorylated residues

corresponding to T-253 and S-279 of a-CaMKII and

S-280 of b-CaMKII (Table 1) which are autophosphory-

lationsites identifiedpreviouslyusingdifferentapproaches
[25,26]. It should be noted that not all previously identi-

fied autophosphorylation sites of CaMKII were detected



Fig. 1. LC/MS/MS analysis of phosphopeptides in the PSD fraction. The PSD fraction was phosphorylated in vitro, digested with trypsin, and

phosphopeptides were isolated using an IMAC column before separation by HPLC. Elution of the peptide STVAS*MMHR (MS/MS in Fig. 2) at

20.25min is indicated by an arrow. (A) Base peak chromatogram of a capillary RP-HPLC analysis of the peptide mixture by an extended linear

gradient (Materials and methods). (B) Neutral loss chromatogram (m/z 49) of the peptide mixture. The generally polar phosphopeptides tended to

elute early in the gradient.
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by the protocol applied. Indeed, T-286 of

a-CaMKII which confers autonomous kinase activity

should be phosphorylated, at least partially, under the in-

cubation conditions used as evidenced by increased im-

munostaining with an antibody that recognizes the

T286-phosphorylated form of the protein (Dosemeci, da-

ta not shown). The failure to detect this phosphorylated

residue may be due to low stoichiometry of the phos-
phorylation as well as signal dilution effects of differential

tryptic cleavage and partial cyclization of the tryptic pep-

tide�s N-terminal glutamine to form pyroglutamate [26].

In samples phosphorylated in vitro in the presence of

Ca2+/calmodulin, we also detected the peptide

(R)GKS*QQLT*VSAAQKPR with phosphorylated

residues corresponding to S-1058 and T-1062 of synaptic

ras GTPase activating protein (SynGAP). In the same
samples, another MS/MS spectrum was tentatively iden-

tified by SEQUEST search as (R)RAPS*PVKPAS*LER

originating from the scaffolding protein Shank3. Because
of some uncertainty in the identification, the above dou-

bly phosphorylated peptide was synthesized, methylated

and its MS/MS spectrum was compared to that obtained

from the PSD fraction. The two spectra were essentially

identical.

A phosphopeptide, (R)RYS*PVAK, was detected in

all samples examined, including control samples as well

as in samples phosphorylated in vitro. The parent pro-
tein for this peptide is identified as the major scaffolding

element PSD-95. The phosphorylated residue is S-295,

located between two specialized protein interaction do-

mains of the molecule, PDZ2 (160–246) and PDZ3

(313–393). In one experiment, another phosphopeptide

(R)HYS*PVECDK corresponding to the homologous

protein PSD-93 was detected. The phosphorylated S-

365 residue is again located between PDZ2 (193–279)
and PDZ3 (421–501) domains of PSD-93.

The parent protein of a phosphopeptide detected in

control samples was identified as b-CaMKII, with the
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phosphorylated residue corresponding to S-367 (Table 1).

Two other phosphopeptides originating from the actin-

interacting protein b-adducin were also detected in con-

trol PSD fractions. One of these peptides contained

phosphorylated residues S-614 and S-620 and the other

(one experiment) contained phosphorylated residues

S-602 and S-606 (Table 1).

In addition to the phosphorylated residues on the
proteins discussed above phosphopeptides correspond-

ing to contaminants in the PSD preparation were detect-

ed including those derived from well-known

phosphoproteins such as the neurofilament protein

NFH, myelin basic protein, and synapsin 1b (Table 1).
Discussion

The results presented above indicate that direct mass

spectrometric analysis of the total phosphopeptide frac-

tion from a protein mixture is a rapid and convenient
method for the identification of phosphorylation sites

of major component proteins in isolated organelles

such as the PSD. The approach allowed identification

of several new phosphorylation sites on PSD proteins.

Possibly, additional sites can be uncovered upon appli-

cation of alternative proteolytic reagents, as the proper

size of the phosphopeptide is an important factor for

its detection by the methods applied. Also, it should
be noted that the strategy employed is biased for major

proteins and that prior enrichment of less abundant

components may be required for their detection. Final-

ly, it is expected that selective manipulation of kinases

and phosphatases would result in the phosphorylation

of different sets of proteins that can subsequently be

identified using the same strategy. In the present study

PSD fractions phosphorylated in vitro, under condi-
tions designed to activate endogenous CaMKII as well

as control PSD fractions in the absence of in vitro

phosphorylation, were analyzed. In these experiments,

while an inhibitor for phosphatases of types 1 and 2A



Fig. 2. Full-scan MS/MS spectrum of the doubly charged ion eluting at 21.25min (as indicated by arrows in Fig. 1) resulting from the

monophosphopeptide STVAS*MMHR. The spectrum is dominated by an ion at m/z 508.4 consistent with the neutral loss of 49 (H3PO4/2) from

doubly charged parent ion at m/z 557.70. Observed A, A*, Ao, B, B*, Bo, Y, Y*, and Yo ions consistent with those predicted for STVAS*MMHR

are labeled. Also labeled are the dehydroalanine series Y and B ions (indicated by a D), which result from fragmentation of the b-eliminated m/z 508.4

ion.
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was included, no attempt was made to inhibit calcineu-

rin activity. Inclusion of a calcineurin inhibitor may

lead to the uncovering of additional phosphorylation
sites.

In samples phosphorylated in vitro we identified a

phosphopeptide originating from SynGAP, a prominent

PSD protein [27] with phosphorylated residues corre-

sponding to S-1058 and T-1062. The sequence around

S-1058 conforms to a CaMKII consensus sequence

(RXXS/T), further suggesting direct mediation by CaM-

KII. An article by Oh et al. [13] published shortly before
the submission of this manuscript reported the phos-

phorylation of S-1058 as well as certain other residues

upon treatment of fusion proteins containing SynGAP

fragments with CaMKII and described an increase in

the Ras GTPase-activation function upon phosphoryla-

tion of SynGAP by CaMKII. Our results show that S-

1058 of SynGAP does indeed get phosphorylated within

the PSD complex.
Also, following in vitro phosphorylation, a number

of phosphopeptides corresponding to previously identi-

fied autophosphorylation sites of CaMKII were detect-
ed. In control samples (incubated without ATP)

however, a unique phosphopeptide originating from b-
CaMKII was observed. The phosphorylated residue on

this peptide was identified as S-367 of b-CaMKII. S-

367 is located on the b-specific domain of the protein

and, to our knowledge, has not been described previous-

ly. It is possible that this phosphorylation site escaped

detection because most previous studies focused on the
autophosphorylation of purified, soluble CaMKII. In-

deed, the phosphorylation of S-367 is probably medi-

ated by a proline directed kinase, as indicated by the

proline residue following the phosphorylated serine. Of

the two CaMKII subunits a and b that are abundant

in the PSD fraction, only b-CaMKII binds actin

[28,29]. The localization of the novel phosphorylation

site on the specific portion of b-CaMKII thought to



Table 1

Phosphopeptides identified in the PSD fraction

Peptide sequence Parent protein Residue(s) Incubation Number of experiments

(K)STPAS*PVQS*PTR b-Adducin S-602, S-606 Control 1

(K)AGTKS*PAVSPS*K b-Adducin S-614, S-620 Control 2

(K)MLT*INPSK a-CaMKII T-253 +ATP 2

(R)STVAS*CMHR a-CaMKII S-279 +ATP 2

(R)STVAS*MMHR b-CaMKII S-280 +ATP 2

(K)NSSAITS*PK b-CaMKII S-367 Control 2

(R)TTHYGS*LPQK Myelin basic protein S-70 +ATP 1

(R)TTHYGS*LPQKS*QR S-70, S-75 1

(K)YLATAST*MDHAR Myelin basic protein T-21 +ATP 1

(K)YLATAS*T*MDHAR S-20, T-21 1

(K)SPAEAKS*PAEAKS*PAEVK NFH 3 repeatsa Control 1

(R)HYS*PVECDK PSD-93 S-365 Control 1

(R)RYS*PVAK PSD-95 S-295 Control 2

+ATP 2

(R)RAPS*PVKPAS*LER Shank 3 S-1662 S-1668 +ATP 1

(R)QAS*QAGPGPR Synapsin Ib S-603 +ATP 1

(R)GKS*QQLT*VSAAQKPR SynGAP S-1058, T-1062 +ATP 2

Two independent experiments using different PSD preparations were carried out. The last column indicates whether the phosphopeptide was detected

in one (1) or both (2) experiments. PSD samples were incubated either in the absence (control) or presence (+ATP) of ATP. All phosphopeptides were

identified in accordance with the standards described in Materials and methods, except for the peptide corresponding to Shank3, whose identity was

confirmed using a synthetic phosphopeptide (see text). One residue N-terminal to the peptide in the parent protein is shown in parentheses.

Phosphorylated residues are depicted with an asterisk (*). It should be noted that several of the phosphorylated serine residues identified are followed

by prolines (underlined). The phosphorylated residues on PSD-95 and PSD-93 both fall between the PDZ2 and PDZ3 domains of the respective

proteins. The phosphorylated residues on the scaffolding molecules PSD-95, PSD-93, and Shank3 are in a RXXS*PV motif.
a The peptide sequence is repeated three times between residues 522–587 of NF-H.
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confer actin binding capability [29] suggests a role in reg-

ulating the association of b-CaMKIIwith actin filaments.

A phosphopeptide detected in all samples examined

originates from the major scaffolding protein PSD-95

and indicates phosphorylation on S-295, located be-

tween two specialized protein binding domains of the

molecule, PDZ2 and PDZ3. The PDZ2 domains of

PSD-95 bind NMDA receptor subunits NR2A/B, [30],
shaker type K+ channels [31], and nitric oxide synthase

[32] while PDZ3 domains bind neuroligin [33]. Thus, it

is conceivable that phosphorylation of S-295 regulates

the postsynaptic localization of any of these proteins.

The detection of a similar phosphorylation site (S-365)

on the homologous protein PSD-93, another membrane

associated guanylate kinase (MAGUK) also located be-

tween PDZ2 and PDZ3 domains, consolidates and ex-
tends the finding.

Interestingly, a recent study describes NMDA-in-

duced ubiquitination and degradation of PSD-95 that

is apparently initiated through PP2B-mediated dephos-

phorylation [11]. Although neither the phosphorylated

protein nor the phosphorylation site is known, the au-

thors� observations imply a persistent phosphorylation

that is necessary for the maintenance of synaptic PSD-
95. The S-295 residue of PSD-95, found to be phosphor-

ylated in isolated PSDs, appears to be a strong candidate

for the proposed regulatory site.

CaMKII mediated phosphorylation at a different site

located at the beginning of the PDZ1 domain of the

Drosophila MAGUK, discs large protein, was described
by Koh et al. [34]. Although this site is also conserved in

MAGUKs, in the present study we did not detect a cor-

responding phosphopeptide. However, our failure to ob-

serve phosphorylation may be due to technical reasons

and cannot be considered as evidence that this specific

site is not phosphorylated in mammalian MAGUKs.

During the preparation of this manuscript, another

group of phosphorylation sites (T19, S25, and S35) on
the N-terminal domain PSD-95 has been reported [12].

Interestingly, these three residues are also followed by

prolines and are target sites for the cyclin-dependent

kinase 5 (cdk5).

Following in vitro phosphorylation, a phosphopep-

tide originating from another scaffolding molecule,

Shank3, was detected. The identified phosphorylation

site, S-1662 of Shank3, is located near the C-terminal
‘‘sterile a motif’’ (SAM) domain of the molecule. Com-

parison of the identified phosphopeptides corresponding

to PSD-95, PSD-93, and Shank3 (Table 1) reveals that

in all three proteins the phosphorylated residue is within

a similar sequence which conforms to a RXXSPV motif.

The observation of a similar phosphorylation motif in

three major scaffolding proteins of the PSD suggests a

conserved regulatory site and a common protein kinase
that targets all three proteins.

Several of the phosphorylated serine residues identi-

fied are followed by proline residues, including phosphor-

ylation sites on PSD-95, PSD-93, Shank3, b-CaMKII,

and b-adducin (Table 1). Taken together, the data imply

prominent involvement of proline-directed kinase(s) in
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the phosphorylation of PSD proteins. The fact that most

of these phosphoproteins were detected in control sam-

ples implies that they were in the phosphorylated state

in the intact tissue.

In analogy to neurofilament proteins that are found

to be phosphorylated on similar ‘‘SP’’ motifs at specific
neuronal locations (axons), it is possible that the phos-

phorylation of such sites in the PSD is persistent. Future

studies should establish whether phosphorylation on

‘‘SP’’ motifs is required for the targeting and/or mainte-

nance of the proteins in the PSD. Two proline-directed

kinases detected in the PSD fraction are ERK2 [8] and

cdk5 [10]. ERK kinases are able to integrate multiple

signals and have been implicated in the induction of sta-
ble late LTP (reviewed in [35]). Thus, an interesting pos-

sibility to be explored is the role of persistent ERK/cdk5

mediated phosphorylation of PSD proteins in the main-

tenance of LTP.

In conclusion the present study revealed a number of

novel phosphorylation sites on PSD proteins, most no-

tably, homologous sites on specialized scaffolding pro-

teins with a RXXSPV motif and pointed out to a
prominent role of proline directed kinases in the organi-

zation of the PSD.
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