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In the mammalian central nervous system, the structure
known as the postsynaptic density (PSD) is a dense com-
plex of proteins whose function is to detect and respond
to neurotransmitter released from presynaptic axon ter-
minals. Regulation of protein phosphorylation in this mo-
lecular machinery is critical to the activity of its compo-
nents, which include neurotransmitter receptors, kinases/
phosphatases, scaffolding molecules, and proteins
regulating cytoskeletal structure. To characterize the
phosphorylation state of proteins in PSD samples, we
combined strong cation exchange (SCX) chromatography
with IMAC. Initially, tryptic peptides were separated by
cation exchange and analyzed by reverse phase chroma-
tography coupled to tandem mass spectrometry, which
led to the identification of phosphopeptides in most SCX
fractions. Because each of these individual fractions was
too complex to characterize completely in single LC-
MS/MS runs, we enriched for phosphopeptides by per-
forming IMAC on each SCX fraction, yielding at least a
3-fold increase in identified phosphopeptides relative to
either approach alone (SCX or IMAC). This enabled us to
identify at least one site of phosphorylation on 23% (287 of
1,264) of all proteins found to be present in the postsyn-
aptic density preparation. In total, we identified 998
unique phosphorylated peptides, mapping to 723 unique
sites of phosphorylation. At least one exact site of phos-
phorylation was determined on 62% (621 of 998) of all
phosphopeptides, and �80% of identified phosphoryla-
tion sites are novel. Molecular & Cellular Proteomics 5:
914–922, 2006.

Protein phosphorylation has emerged as a fundamental
mechanism for the modulation of protein function. It has been
estimated that as many as 10,000 or about one-third of all
cellular proteins may be phosphorylated (1). The postsynaptic

density (PSD)1 is a specialized protein complex for the trans-
duction and modulation of signaling between neurons, and
many of its components are regulated by phosphorylation
events (2).

Several recent studies have used mass spectrometric ap-
proaches to identify between 200 and 500 proteins in PSD
preparations (3–7). However, the identification of post-trans-
lational modifications, such as phosphorylation, from such
complex mixtures is complicated by their relatively low stoi-
chiometry at specific amino acid residues. For example, one
of the previously mentioned studies identified 13 phos-
phopeptides by manual inspection of 1,830 MS/MS spectra
(5).

Therefore, efforts have focused on specific enrichment
methods of post-translational modifications for their improved
detection from complex mixtures. Immunoaffinity separation
has been used most effectively to analyze phosphorylation of
tyrosine residues from a variety of cell types due to the avail-
ability of robust anti-phosphotyrosine antibodies (8–10).
IMAC has been successfully used for the identification of
phosphopeptides in PSD (7, 11) and synaptosome prepara-
tions (12, 13). These initial studies identified between 16 and
331 total phosphorylation sites on synaptic proteins using the
esterification of carboxyl groups to reduce unspecific (non-
phosphate) binding to the IMAC resin (14, 15). An alternative
strategy takes advantage of the earlier elution of phos-
phopeptides during strong cation exchange (SCX) chroma-
tography compared with non-phosphorylated peptides of
similar compositions due to the negative charge of the phos-
phate group (16, 17). In addition, several groups have begun
to combine various ion exchange approaches with IMAC to
further enrich phosphopeptide content of LC-MS/MS frac-
tions (18, 19). However, the relative performance of the com-
bined ion exchange-IMAC approaches has not been directly
compared.

In the present study, we combined SCX chromatography to
fractionate a complex protein digest with IMAC to enrich for
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phosphopeptides from individual SCX fractions, leading to a
3–10-fold improvement in phosphopeptide enrichment over
either of the two techniques alone. Using this workflow, we
obtained a comprehensive dataset of 1,264 unique proteins
present in preparations of PSD fractions. We identified a total
of 998 unique phosphorylated peptides mapping to 723
unique sites on 287 total phosphoproteins. This translates to
�0.58 phosphorylation sites per unique protein in our mixture
(728 of 1,264), suggesting that this analysis resulted in sub-
stantial coverage of the total postsynaptic density phospho-
proteome. Finally in an attempt to gain further insight into the
proposed relationship between phosphorylation and O-linked
N-acetylglucosaminylation, we have developed methodology
to enable assignment of this modification as well (see accom-
panying paper, Vosseller et al. (24)).

MATERIALS AND METHODS

PSD Sample Preparation and Quality Control—The purification of
PSD samples was performed at 4 °C as described previously (7).
Protease and phosphatase inhibitors were used throughout except in
the final pelleting step. Briefly adult mouse brains (2–16 months, 20
animals, 10 g wet weight) were homogenized in 40 mM Tris, pH 7.5,
0.3 M sucrose containing EDTA-free protease inhibitors (Complete,
Roche Applied Science) and a mixture of phosphatase inhibitors (1
mM Na3VO4, 1 mM NaF, 1 mM Na2MoO4, 4 mM sodium tartrate, 100 nM

fenvalerate, 250 nM okadaic acid) and cleared by centrifugation. The
membranous fraction was separated from the cytosolic fraction at
17,000 � g for 20 min followed by sucrose density centrifugation (120
min at 85,000 � g; 0.8, 1.0, and 1.2 M sucrose step gradient). Synaptic
membranes were collected at the 1.0–1.2 M interface, pelleted, ho-
mogenized in 10 mM Bicine, pH 7.5, containing 5% N-octyl-�-D-
glucopyranoside (Calbiochem), and applied onto a second gradient
(120 min at 85,000 � g; 1.0, 1.4, and 2.2 M sucrose). The PSD fraction
was collected at the 1.4–2.2 M interface and pelleted in 10 mM Bicine,
pH 7.5, in the absence of protease and phosphatase inhibitors. Yields
of PSD samples were generally in the range of 0.1% of the wet weight
tissue used.

Western blotting was performed as published previously (7) with
the following primary antibodies: goat anti-NR2A (1:500, sc1468,
Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-NR2B (1:
1,000, N38120, BD Transduction Laboratories, San Jose, CA); mouse
anti-NR1 (1:500, 556308 clone 54.1, BD Transduction Laboratories);
mouse anti-PSD-95 (1:250, P43520, BD Transduction Laboratories);
rabbit anti-GluR1 (1:1,000, AB1504, Chemicon International, Te-
mecula, CA); goat anti-SynGap (1:1,000, sc-8572, Santa Cruz Bio-
technology); mouse anti-CaMKII� (1:1,000, MAB8699 clone 6G9,
Chemicon International) and anti-phospho(Thr-286)-CaMKII�
(1:1,000, ab2724 clone 22B1, Abcam Ltd., Cambridge, UK), both
kindly provided by Peter Giese; goat anti-synaptophysin (1:200,
sc7568, Santa Cruz Biotechnology); and mouse anti-�-synuclein (1:
1,000, S63320, BD Transduction Laboratories).

Digestion of PSD Samples—6 mg of PSD proteins were resus-
pended in 2 ml of 25 mM ammonium bicarbonate containing 6 M

guanidine hydrochloride. The mixture was incubated for 1 h at 57 °C
with 2 mM Tris(2-carboxyethyl)phosphine hydrochloride to reduce
cysteine side chains; these side chains were then alkylated with 4.2 mM

iodoacetamide in the dark for 45 min at 21 °C. The mixture was diluted
6-fold with 25 mM ammonium bicarbonate, and 5% (w/w) modified
trypsin (Promega, Madison, WI) was added. The pH was adjusted to
8.0, and the mixture was digested for 12 h at 37 °C. The digest was
desalted using a C18 Sep-Pak cartridge (Waters, Milford, MA).

Strong Cation Exchange Chromatography—SCX chromatography
was performed using an ÄKTA Purifier (Amersham Biosciences)
equipped with a Waters AP minicolumn packed in house with 5 �
115-mm polysulfoethyl A resin (Western Analytical, Lake Elsinore,
CA). 6.0 mg of PSD sample digest were loaded onto the column in
30% acetonitrile, 5 mM KH2PO4, pH 2.7. A 90-min gradient was run
from 0 to 350 mM KCl in 30% acetonitrile, 5 mM KH2PO4, pH 2.7. 88
fractions were collected and desalted using a MAX-RP reverse phase
C18 cartridge (Phenomenex, Torrance, CA) and dried down using a
SpeedVac concentrator (Thermo Electron, San Jose, CA). 5% of each
fraction was reserved for analysis using ESI-Qq-TOF tandem mass
spectrometry, and the remaining 95% was subjected to IMAC enrich-
ment when appropriate.

Nano-LC-ESI-Qq-TOF Tandem Mass Spectrometry Analysis—
Samples corresponding to 40% of each previously reserved aliquot
(or 2% of each original SCX fraction) were separated using a 75-�m �
15-cm reverse phase C18 column (LC Packings, Sunnyvale, CA) at a
flow rate of 350 nl/min, running a 3–32% acetonitrile gradient in 0.1%
formic acid on an Agilent 1100 series HPLC system equipped with an
autosampler (Agilent Technologies, Palo Alto, CA). Gradient cycle
times were between 1.0 and 2.0 h in length. The LC eluent was
coupled to a microion spray source attached to a QSTAR Pulsar mass
spectrometer (Applied Biosystems/MDS Sciex, Foster City, CA). Pep-
tides were analyzed in positive ion mode. MS spectra were acquired
for 1 s. For each MS spectrum, the two most intense multiple charged
peaks were selected for generation of subsequent CID mass spectra.
The CID collision energy was automatically adjusted based upon
peptide charge and m/z ratio. A dynamic exclusion window was
applied that prevented the same m/z from being selected for 3 min
after its initial acquisition.

Immobilized Metal Affinity Chromatography—IMAC purification
was performed on the remainder of each SCX fraction using an ÄKTA
Purifier. A polyetheretherketone column (500 �m � 8 cm) was in-
house packed with POROS iminodiacetic acid resin (PerSeptive Bio-
systems, Framingham, MA). Flow rates for injections and between
injections were 50 and 500 �l/min, respectively, with 0.1% TFA (pH
1.9) used as the mobile phase. The injection scheme was as follows:
column equilibration, 1 ml; FeCl3 injection, 100–200 �l of 50 mM

FeCl3; column equilibration, 1 ml; peptide injection, individual, de-
salted SCX fractions in 250 �l of 0.1% TFA; column equilibration, 500
�l; wash injection, 300 �l of 100 mM NaCl in 30% acetonitrile, 0.1%
TFA, pH 1.7; column equilibration, 500 �l; and phosphate elution, 200
�l of 100 mM Na2HPO4 with 100 mM NaCl in 30% acetonitrile, 1%
TFA, pH 2.9. The phosphate elution fractions were dried down using
vacuum centrifugation, resuspended in 0.1% formic acid, and de-
salted with an OMIX C18 tip (Varian, Walnut Creek, CA). The peptides
were reconstituted in 6 �l of 0.1% formic acid, and 1 �l was run using
nano-LC-ESI-Qq-TOF MS/MS (see above). An additional 1-�l aliquot
was run using an exclusion list of peptides fragmented in the first run.

Interpretation of MS/MS Spectra—Data were analyzed using Ana-
lyst QS software (version 1.1), and MS/MS centroid peak lists were
generated using the Mascot.dll script (version 1.6b16). MS/MS cen-
troid peaks were thresholded at 0% of the base peak. Data were
initially searched against the Uniprot rodent database (47,398 entries)
as of April 2005 using both Mascot (version 2.0, Matrix Science,
Boston, MA) and Protein Prospector 4.15 (University of California,
San Francisco, CA). Initial peptide tolerance in MS and MS/MS
modes were 200 ppm and 0.2 dalton, respectively. Trypsin was
designated as the protease, and up to three missed cleavages were
allowed. Carbamidomethylation was searched as a fixed modifica-
tion, whereas oxidation of methionine, amino-terminal protein acety-
lation, and phosphorylation of serine/threonine/tyrosine residues
were allowed as variable modifications. The high scoring peptide
matches from individual LC-MS/MS runs were then used to internally
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recalibrate MS parent ion m/z values within that run. This resulted in
an internally consistent mass accuracy with an average standard
deviation of 10–15 ppm per LC-MS/MS run. Recalibrated data files
were then searched with a peptide tolerance in MS mode of 50 ppm.
A protein was considered to be positively identified if the following
conditions were met when the data was searched against the Uniprot
rodent database. If the protein was identified on the basis of one
peptide, we set a conservative threshold to minimize false positive
protein identifications. We set the theoretical probability of obtaining
a false positive protein identification to less than one in one thousand,
which meant that these peptides must have a (false positive) Mascot
expectation value �0.001. If the protein was identified on the basis of
two or more peptides, the best matched peptide for each protein
must have a Mascot expectation value �0.01. For protein identifica-
tion purposes, only peptides with a Mascot Peptide Score �25 were
examined. In the case where a given peptide could have originated
from more than one protein, those proteins were considered posi-
tively identified as long as they were identified using at least one
unique peptide.

Evaluation of Phosphopeptide MS/MS Spectra—For more details
on the evaluation of phosphopeptide spectra, see “Results.” Seven
phosphopeptides were identified matching to seven proteins for
which no additional non-phosphorylated peptides were observed.
These peptides had Mascot expectation values �0.001 when
searched against the Uniprot rodent database using the previous
search parameters; however, this time up to four missed cleavages
were allowed. The remaining 991 phosphopeptides matched to pro-
teins for which non-phosphopeptides were also observed. These
peptides had Mascot expectation values �0.05 when searched
against the subset of proteins identified in this study using the pre-
vious search parameters. All phosphopeptides were manually in-
spected to verify that the majority of high abundance peaks were y or
b sequence ions, or y � H2O/H3PO4 or b � H2O/H3PO4 ions when
appropriate. Phosphorylation site assignment was performed manu-
ally as well as automatically calculated using a Perl script described
in a separate study.2

RESULTS

PSD fractions were isolated from mouse brain using a two-
step sucrose density gradient centrifugation protocol, which
includes limited solubilization by the non-ionic detergent
N-octyl-�-D-glucopyranoside. The relative enrichment of PSD
proteins throughout the purification was assessed by Western
blot analysis (Fig. 1). The glutamate receptor subunits NR2A,
NR2B, NR1, and GluR1 were selectively enriched in the final
PSD samples together with other known postsynaptic com-
ponents, PSD-95 and SynGap. In contrast, two proteins lo-
cated in the presynaptic terminal, namely synaptophysin and
�-synuclein, were not detected in the PSD fraction, confirm-
ing that our purification protocol excludes certain presynaptic
components. CaMKII�, known to be present in both neuronal
cytoplasm as well as in the PSD was detected in fractions
throughout the preparation as was its main (activated) auto-
phosphorylated form (p-CaMKII� Thr-286).

We developed an automated workflow that allowed us to
characterize both the protein components of our purified PSD
sample as well as to identify sites of phosphorylation within

these proteins (Fig. 2). The PSD sample was digested with
trypsin, desalted, and separated into 88 fractions using SCX
chromatography (Fig. 3A). An aliquot of each fraction was
analyzed using nano-reverse phase LC-MS/MS on a QSTAR
Pulsar mass spectrometer. Interpretation of the spectra using
Mascot resulted in 17,391 positive peptide identifications of
which 9,236 were to non-redundant peptide sequences. Pro-
teins were considered to be positively identified using the
following criteria. If only one peptide was used for the protein
identification (214 instances), that peptide must have a Mas-
cot expectation value less than or equal to 0.001 when
searched against the Uniprot rodent database. If a protein
was identified using two or more peptides (1,050 instances),

2 J. C. Trinidad, J. O. Snedecor, and A. L. Burlingame, manuscript
in preparation.

FIG. 1. Quality control of the purified PSD samples by Western
blotting. Probing for the N-methyl-D-aspartate receptor subunits
NR2A, NR2B, and NR1 as well as the �-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor subunit GluR1 shows their enrich-
ment in the final PSD fraction. Two additional synaptic proteins,
PSD-95 and SynGap, are also found to be enriched in the PSD
fraction. The presynaptic proteins synaptophysin and �-synuclein are
present in the synaptic membrane fractions but lost during the sec-
ond sucrose gradient. Probing for CaMKII� subunits reveals their
presence in all fractions. The detection of autophosphorylated
CaMKII� (Thr-286) confirms results obtained through mass spectro-
metric analysis of the PSD phosphoproteome.
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the best peptide match must have a Mascot expectation value
less than or equal to 0.01. By these criteria, 1,264 proteins
were identified in the PSD preparation with a median se-
quence coverage of 17% (Supplemental Table S1).

The presence of a negatively charged phosphate group
reduces the net charge of a phosphopeptide relative to a
non-phosphorylated peptide of similar composition and
causes phosphorylated peptides to elute earlier in SCX gra-
dients than their non-phosphorylated counterpart. Accord-
ingly a large number of phosphopeptides have been reported
to elute in the initial phase of an SCX gradient (16, 17). To
determine the extent that net charge influences SCX elution
behavior in our system, we calculated the distribution of pep-
tide net charge as a function of elution fraction across the SCX
gradient (Fig. 3B). These data show that, although net charge
clearly influences peptide elution behavior, it is not the sole
determinant. For example, individual peptides with a �3 or
�4 net charge in fraction 46 eluted earlier than a subset of
peptides with a �2 net charge from fraction 51. A plot of SCX
fraction versus net charge for the PSD digest gave a correla-
tion coefficient of 0.87 (data not shown). Importantly the rel-
atively large elution window for all peptides of a given charge
was the result of a large range of individual peptide elution
times rather than wide elution widths for individual peptides.
The half width of elution for individual peptides was in fact
much smaller than the fraction volume. A tryptic digest of �

HS glycoprotein was run using identical gradient conditions,
and the reduced sample complexity allowed us to measure
individual peptide elution peaks by UV absorbance (data not
shown). Individual peptides eluted with an average half width

of 0.22 ml in contrast to the fraction size of 0.5 ml. After
analyzing all 88 PSD SCX fractions, we identified a total of 311
phosphorylated peptides. Although there was a clear bias
toward early elution times for phosphorylated peptides, they
were in fact detected through most of the SCX chromato-
graph (Fig. 4, A and B). A large number (135) of phosphoryl-
ated peptides were observed in fraction 19, which corre-
sponds to fully tryptic peptides (i.e. no missed cleavages)
lacking histidine and containing a single site of phosphoryla-
tion (16, 17). These phosphopeptides in fraction 19 eluted two
to three fractions before the bulk of peptides with a net �2
charge. Fractions 1–18 contained a large number of non-
phosphorylated peptides with a �1 net charge. The vast
majority of these peptides were either peptides derived from
N-acetylated protein amino termini, peptides derived from
protein carboxyl termini, or peptides with a glutamine at the
amino terminus that had undergone cyclization to form pyro-
glutamine (19). These peptides had both a net �1 charge and
a total positive charge of �1 and in general eluted earlier than

FIG. 2. Schematic representation of the experimental workflow.
The purified PSD fraction was digested, and the tryptic peptides were
fractionated using SCX chromatography. Aliquots of each fraction
were analyzed by LC-MS/MS. In parallel, the remaining material of
each fraction was subjected to IMAC for phosphopeptide enrichment
and subsequently analyzed by LC-MS/MS.

FIG. 3. Identification of protein components of purified PSD
samples. A, tryptic peptides were subjected to SCX chromatography.
Elution with a KCl gradient (conductance is shown in brown) was
detected by absorbance at 215 nm (blue trace), and 92 fractions were
collected (red bars). B, the peptide net charge varies as a function of
the SCX fraction number. Unmodified tryptic peptides were given a
�2 charge (protonated amino-terminal amino group and one arginine
or lysine amino side chain). Additional arginine or lysine residues (due
to missed tryptic cleavages) as well as His residues resulted in a unit
increase in net charge. Protein amino-terminal acetylation, peptide
amino-terminal pyroglutamine formation, and phosphorylation each
resulted in a unit decrease in net charge. mAU, milliabsorbance units;
mS, millisiemens.
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the phosphopeptides in fraction 19, which had a net �1
charge and a total positive charge of �2.

Manual inspection of MS survey scans from the majority of
LC-MS/MS runs suggested that due to the complexity of
individual SCX fractions MS/MS sequences were not being
obtained on every peptide (and hence phosphopeptide) pres-
ent above the MS/MS acquisition threshold. Particularly for
fractions 24 and greater (from which a total of over 100
phosphopeptides were initially found), it was clear these frac-
tions were being incompletely characterized. Analysis of each
SCX fraction by LC-MS/MS showed that the majority of ob-
served phosphopeptides eluted early in the SCX gradient (Fig.
4B) in agreement with previous observations by others (16,
17). However, because SCX chromatography separates in
large part based upon net charge, phosphopeptides with a
net �1 charge will be selectively enriched in isolation from
other peptides and therefore will be detected at an increased
rate. In contrast, phosphopeptides with a ��1 net charge will
elute in fractions containing many high abundance non-phos-
phopeptides, and therefore this subpopulation of phos-

phopeptides will be detected at a decreased rate. It is not
necessarily the case that the phosphopeptide distribution
observed from the analysis of the SCX fractions accurately
represents the total distribution of phosphopeptides in the
mixture. Therefore, we developed an automated HPLC-based
IMAC enrichment protocol to further enrich fractions 24–88
for phosphopeptides (Fig. 5A). A UV spectrum of a represent-
ative IMAC enrichment run is shown in Fig. 5B. This approach
resulted in an �3-fold increase (to a total of 998) in the total
number of phosphopeptides identified (Fig. 4C). Importantly
SCX fraction 19, which contained the most phosphopeptides
of any fraction, only accounted for 14% of the total phos-
phopeptides we identified. In our analysis, we identified 105
pairs of peptides representing a singly phosphorylated pep-
tide and its corresponding non-phosphorylated counterpart.
We used these peptides to determine what effect addition of
a phosphate moiety has on peptide elution during our SCX
gradient. Fig. 4D shows these data ordered by the fraction in
which the non-phosphorylated peptide was first observed.
Arrows show the direction and magnitude of shift where the

FIG. 4. Improved identification of phosphopeptides by IMAC enrichment. A, histogram showing the number of peptides identified by
LC-MS/MS as a function of SCX fraction. B, subset of phosphorylated peptides identified in the SCX fractions from A without prior to IMAC
enrichment. C, SCX fractions 24–88 were subjected to IMAC followed by LC-MS/MS. IMAC enrichment resulted in an �3-fold increase in the
total number of phosphopeptides identified. D, the subset of phosphopeptides whose non-phosphorylated counterparts were also observed
are plotted in increasing fraction order in which the non-phosphorylated peptide was first observed. The tails of the arrows correspond to
individual non-phosphopeptides observed in that specific fraction. The heads of the arrows correspond to the specific fraction in which the
corresponding phosphorylated peptides were observed, and the length of the shaft therefore shows the extent to which the addition of
phosphate shifted the elution behavior.
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corresponding phosphopeptide was observed. The median
shift was 11.4 fractions earlier in the SCX gradient or 13%
earlier. Our extensive characterization of the protein compo-
sition of PSD allowed us to increase the confidence level at
which individual phosphopeptides were identified. First all
MS/MS spectra were searched against the Uniprot rodent
database with high stringency criteria, namely a Mascot ex-
pectation value less than 0.001 for a given phosphopeptide,
and 258 phosphopeptides were identified. Importantly only
seven of these phosphopeptides were from proteins that had
not been independently identified in the non-phosphorylated
dataset, compelling evidence that the vast majority of phos-
phopeptides in our mixture (�97%) were derived from this set
of proteins. Therefore, we examined the collection of MS/MS
spectra to identify phosphopeptides using a dataset re-
stricted to the 1,264 unique proteins determined previously.
The 998 phosphopeptides reported here (Supplemental Table
S2) were limited to those identified with a Mascot expectation
value less than 0.05 when searched against the restricted
PSD fraction protein dataset.

The Mascot expectation values used to confirm individual
phosphopeptide spectra do not directly address the proba-
bility that a given serine, threonine, or tyrosine residue within
the peptide was the site of phosphorylation (relative to any
other serine, threonine, or tyrosine on the peptide). If a phos-
phopeptide has more than one potential site of modification
and its spectrum is analyzed using Mascot, one can at best
compare the Mascot Peptide Scores associated with phos-

phorylation at each of the potential sites to get a general
sense of which amino acid is most likely to be the modified.
Furthermore Mascot relies on neutral loss of phosphoric acid
(which appears as a loss of 98 Da from the modified amino
acid) in MS/MS spectra to designate the exact site of phos-
phorylation. This strategy is non-optimal for three reasons.
First, non-phosphorylated peptide fragments can undergo
loss of H2O, yielding fragment ions with the same mass as a
loss of H3PO4 from a peptide fragment ion containing a phos-
phorylated serine or threonine. Second, during CID, the phos-
phate group on a modified serine or threonine residue does
not always undergo complete neutral loss of H3PO4. Frag-
ment ions in which the phosphate group is retained can
provide valuable information regarding which amino acid is
the site of modification (20). Finally, instead of the neutral loss
of H3PO4, phosphorylated serine and threonine fragment ions
can undergo the neutral loss of HPO3. This can lead to the
misidentification of the site of phosphorylation if these �80 Da
fragments are misinterpreted as initially non-phosphorylated
sequence ions (and hence from a non-phosphorylated region
of the peptide).

Using the dataset of PSD phosphorylated and non-phos-
phorylated peptides, we performed a statistical analysis of
how frequently different ion types were observed from these
two populations. Results of this analysis and the subsequent
automated Perl script we developed to interpret phosphopep-
tide spectra will be discussed elsewhere.2

Analysis of the 998 unique phosphopeptides led to modifi-
cation site assignment in 621 instances (Supplemental Table
S2). For the 306 singly phosphorylated spectra where the site
assignment was ambiguous, in 195 of these cases, the site of
phosphorylation could be limited to two possible amino acids.

To estimate the percentage of novel phosphorylation sites
in our dataset, we compared our results with two public
databases of protein post-translational modifications, Phos-
phoSite (www.phosphosite.org) (21) and the Human Protein
Reference Database (www.hprd.org) (22). Although not ex-
haustive, these databases provided a fairly comprehensive
repository of phosphorylation sites reported in the literature.
Compared with these databases, �80% of the phosphoryla-
tion sites we identified appear to be novel.

DISCUSSION

We have developed a robust automated workflow to iden-
tify sites of phosphorylation from complex protein mixtures.
This method was applied to proteins isolated from a PSD
preparation from which we identified 1,264 unique proteins.
Sites of phosphorylation were mapped on 287 of these pro-
teins or 23% of the total. This is close to the predicted value
(33%) for proteins in general (1).

The number of proteins identified in our present analysis
substantially exceeds that found in previous mass spectro-
metric analyses of comparable PSD preparations (3–6). These
earlier studies did not detect all proteins known to be present

FIG. 5. A, schematic representation of the automated IMAC work-
flow. B, representative chromatogram of IMAC purification of phos-
phopeptides (215 nm absorbance is shown in blue; conductance is
shown in brown). A fraction collector collected the elution fraction
between 10 and 10.5 ml. The red vertical lines represent injection and
collection time points for the various solutions. mAU, milliabsorbance
units.
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at the PSD, and importantly, they failed to identify many of the
glutamate receptor subunits identified in the present study,
suggesting that our identification of PSD sample components
is more extensive. Nevertheless it is unlikely that every protein
we identified is a true postsynaptic component. For example,
there was a minor component of contaminating proteins that
are most likely nuclear in origin. This artifact of the preparation
method has also been observed in previous studies. In addi-
tion, the proteins Bassoon and Piccolo, known presynaptic
components, were heavily present at the peptide level. These
proteins have been identified in most proteomic studies as
major components of PSD preparations (3, 5), possibly a
result of interactions of Bassoon and Piccolo with trans-syn-
aptic factors. In contrast, other presynaptic components are
strongly reduced in our sample, such as synaptophysin and
�-synuclein (Fig. 1), and were not identified by MS analysis
(Supplemental Table S1). This indicates that the chosen pu-
rification protocol leads to a defined complex containing
post-, trans-, and presynaptic components. The traditional
term of PSD for this fraction reflects the predominance of
many postsynaptic proteins. It is important to note that exci-
tatory synapses in the central nervous system are extremely
heterogeneous in nature, and our results represent a compos-
ite view of the possible proteins and phosphorylation events
present in synapses as a whole rather than the composition of
a typical synapse.

We report a direct comparison of identified phosphopep-
tides by SCX or SCX-IMAC enrichment that demonstrates
that the combination of SCX with IMAC provides superior
results over SCX fractionation alone (Fig. 4A). A larger per-
centage of each SCX fraction was subjected to IMAC relative
to the amount run directly by LC-MS/MS. Nevertheless the
amount of each SCX fraction analyzed directly by LC-MS/MS
was more than sufficient to saturate the electrospray ion
source. Therefore, loading additional material for LC-MS/MS
from each SCX run would not have significantly increased the
total number of phosphopeptide identifications. A comparison
of the results in the present work with our previously obtained
data (7) suggested that using IMAC purification alone yields
fewer identified phosphopeptides (a total of 83); however, this
study was conducted using significantly less PSD sample. In
addition, in the previous study we used methyl esterification
of tryptic peptides because we had observed a high degree of
non-phosphopeptide binding to the resin in the absence of
esterification. However, we have found that using lower pH
IMAC washing solutions to help reduce carboxylic acid-de-
pendent retention leads to the identification of an equivalent
number of phosphopeptides as in the previous study (using
IMAC without additional SCX) without using esterification
(data not shown). Furthermore there was less of a chance for
carboxylic acid-based binding to cause a substantial contri-
bution when SCX chromatography was used prior to IMAC
because each SCX fraction was significantly reduced in
complexity.

In our previous study, the methyl esterification reaction was
only between 90 and 95% efficient despite extensive efforts
to drive it to 100%. Such an observation has been reported by
others as well (23). If the goal is only to identify phosphopep-
tides, then incomplete esterification is not necessarily a major
issue, and indeed combining methyl esterification with IMAC
and SCX may prove better than non-esterification, particularly
for samples of even greater complexity, such as whole cell or
organ lysates. Our eventual aim is to combine SCX-IMAC
enrichment with isotope-based quantitation methods, and
thus chemistries that only work at 90% will limit the quanti-
tation dynamic range and decrease the signal to noise ratio.

Assuming 100% efficacy, an in silico tryptic digest of the
human proteins listed at the National Center for Biotechnol-
ogy Information predicts that 68% of peptides will have a net
charge of �2, not counting the effect of post-translational
modifications (17). Only 35% of the peptides identified in our
SCX gradient possessed this �2 charge. The remaining
higher charge peptides elute on average later in the SCX
gradient, and their phosphorylated counterpart (if present) will
not likely elute early in the gradient. Our digestion was carried
out in 1 M guanidine hydrochloride, and it is possible that the
guanidinium ions acted as a competitive inhibitor of the tryp-
sin, reducing its activity and leading to a higher level of missed
cleavages than if the digest had been performed using urea as
the denaturant. It is therefore difficult to directly compare our
method with others who may not have used guanidine during
the digestion. To identify a maximal number of phosphoryl-
ated peptides from a complex mixture, it is necessary to both
enrich for the phosphorylated components as well as sepa-
rate these phosphopeptides into orthogonal fractions to en-
able a larger number of MS/MS acquisitions relative to anal-
ysis of a single phosphopeptide fraction. In this study, we
used SCX primarily to fractionate our peptide mixture. Diges-
tions performed in urea may result in more complete cleav-
age; however, this will result in less extensive fractionation of
the peptide mixture because a greater percentage of the
phosphopeptides would elute in the same fraction. Whatever
extent of cleavage is achieved for a complex mixture, addition
of a phosphate shifts the peptide elution to 10–15% earlier in
the gradient relative to the non-phosphorylated counterpart,
although the extent of this effect will be gradient-dependent.
Therefore, for protein digests separated using a similar SCX
gradient, if a non-phosphorylated peptide elutes approxi-
mately in the second half of the gradient, its corresponding
phosphopeptide is unlikely to elute significantly early to be
found in the pool of phosphopeptides with a net �1 charge.

The phosphoproteome of our PSD preparation presented
here has revealed predominantly phosphoserine, less phos-
phothreonine, and rarely phosphotyrosine (Fig. 6A). These
findings are in line with previous results from a variety of cell
types (12, 16) and suggest that our methodological approach
does not discriminate against specific amino acid residue
modifications. We report sites of phosphorylation across a
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wide range of protein classes: structural proteins, scaffolding
proteins, kinases and phosphatases, membrane neurotrans-
mitter receptors, and voltage-gated ion channels (Fig. 6B).
From the 621 peptides for which we could identify at least one
site of phosphorylation, we were able to determine 723 exact
phosphorylation sites (because many of these peptides were
multiply phosphorylated). When examined for obvious phos-
phorylation consensus motifs, �51% of identified sites fitted
the mitogen-activated protein kinase/extracellular signal-reg-
ulated kinase recognition motif (S/T)P, whereas �31% fitted
the (R/K)X(S/T) motif of cAMP-dependent protein kinase. In
addition to the high level of phosphorylation characterized at
the synapse, the companion paper to this manuscript (Vos-
seller et al. (24)) found a relatively large number of O-GlcNAc
modifications at the synapse, underscoring the theory that
post-translational modifications play a key role in regulating
synaptic function.

Our study does not address a number of issues related to
the PSD phosphoproteome or other phosphoproteomes in
general. Importantly we cannot at the moment resolve the
stoichiometry of the identified phosphorylation sites in the
PSD preparation, and the turnover rates of individual phos-

phorylation sites are unknown. It is conceivable that a number
of identified phosphorylation sites, especially sites with low
stoichiometry in combination with low turnover, may lack a
clear physiological function within the cell. The phosphopro-
teome of a cell may therefore contain a certain degree of
“biochemical noise.”

In summary, the combination of SCX with IMAC allowed us
to obtain a comprehensive dataset of the postsynaptic den-
sity phosphoproteome with 998 unique phosphorylated pep-
tides mapping to 723 unique sites on 287 total phosphopro-
teins of 1,264 unique proteins. Our results suggest substantial
coverage of the PSD phosphoproteome. The obtained data-
set will serve as a starting point for characterization of the
physiological significance of single phosphorylation sites
within the cell that will have to be addressed individually.
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