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Abstract
The mammalian postsynaptic density (PSD) comprises a complex collection of ~1100 proteins.
Despite extensive knowledge of individual proteins, the overall organization of the PSD is poorly
understood. Here, we define maps of molecular circuitry within the PSD based on phosphorylation
of postsynaptic proteins. Activation of a single neurotransmitter receptor, the N-methyl-D-aspartate
receptor (NMDAR), changed the phosphorylation status of 127 proteins. Stimulation of ionotropic
and metabotropic glutamate receptors and dopamine receptors activated overlapping networks
with distinct combinatorial phosphorylation signatures. Using peptide array technology, we
identified specific phosphorylation motifs and switching mechanisms responsible for the
integration of neurotransmitter receptor pathways and their coordination of multiple substrates in
these networks. These combinatorial networks confer high information processing capacity and
functional diversity on synapses and their elucidation may provide new insights into disease
mechanisms and new opportunities for drug discovery.

INTRODUCTION

The vertebrate PSD, the specialized region at which one neuron receives electrical input
from another, is strikingly complex, consisting of over 1000 proteins. Understanding the
functional architecture of the molecular networks formed by these synaptic proteins is
critical to understanding how neurons transmit and process information.

Excitatory synapses of the mammalian hippocampus exhibit structural and functional
plasticity thought to underlie the processes of learning, memory, and various behaviors (1).
The N-methyl-D-aspartate–type glutamate receptor (NMDAR) participates in complexes
with scaffold proteins and various other molecules (2–5). Activation of NMDARs is known
to modulate the activity of postsynaptic tyrosine, serine, and threonine kinases (1, 6), and it
has become increasingly clear that hundreds of phosphorylation sites on many classes of
proteins exist (1, 7–9). Although it is not known whether these phosphorylation sites are
organized into signaling networks of many highly interconnected proteins, computational
models support the view that synaptic signaling networks are advantageous over traditional
simpler biochemical models that utilize few molecular steps in simple pathways (10, 11).
These advantages include improved storage and retention of memories (12, 13). Although
recent studies have modeled synapse proteome interaction networks in the postsynaptic
terminal (14, 15) and cannabinoid receptor–driven neuronal transcription factor networks
(16), the signaling networks in the PSD are poorly defined.
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activate mGluR, and the dopamine receptor D1 agonist 6-chloro-7,8-dihydroxy-1-
phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine (6-Cl-PB)], extracted proteins, and assessed
phosphorylation of 10 sites on four glutamate receptor subunits (Fig. 2 and table S4).
Stimulation of these receptors elicited distinct but overlapping changes in the
phosphorylation status of these 10 sites. Similarly, activation of dopamine and glutamate
receptors, treatments that are known to stimulate PKA and PKC activity (23, 24), produced
overlapping profiles in the 10 sites, showing further combinations in the postsynaptic
phosphorylation network.

Because these neurotransmitter receptors are the targets for therapeutic drugs, our results
open the possibility that the phosphorylation networks they activate may include disease-
relevant proteins. Of the NMDA-modulated proteins, 21 are implicated in the pathology of
Alzheimer’s (AD), Parkinson’s, and Huntington’s diseases, schizophrenia, or autism (table
S5). Moreover, reflecting the overlap in their corresponding networks, drugs that modulate
NMDA receptor, mGluR, or dopamine receptor function are useful in treating the symptoms
of this set of diseases (21–28).

Phosphoproteome building blocks

In its simplest form, the addition or removal of a phosphate residue is a fundamental binary
switch that changes the properties of a protein (29). To understand how a signaling network
is organized, it is necessary to build a phosphoproteome network that includes information
on the kinases that phosphorylate specific sites. We classified a set of “minimal building
blocks” representing fundamental regulatory motifs (analogous to types of switches) that can
be assembled to produce a molecular circuitry of the postsynaptic proteome (Fig. 3, A to G).

This set of regulatory motifs represents both phosphorylation events that occur on single
phosphorylation sites (Fig. 3A) and those that involve multiple phosphorylation sites (where
the phosphoacceptors are within 10 amino acid residues) (Fig. 3B). Of 610 known in vivo
phosphorylation sites present in 92 synaptic proteins (7), 383 (63%) occurred within 10
amino acids of another, indicating that both types of sites are common (tables S6, S7, and
S8). Considering single-site substrates, a single kinase may phosphorylate multiple
independent sites (kinase divergence motif; Fig. 3C) or multiple kinases can phosphorylate a
common site (kinase convergence motif; Fig. 3D). Considering two adjacent-site substrates
(as the simplest version of multiple sites), each site can be independently phosphorylated
(paired convergence motif, Fig. 3, E and F) or priming or interference between pairs can
occur when the phosphorylation of the first site in the pair influences the phosphorylation of
the second site (primed convergence motif; Fig. 3G).

To map the distribution of these building blocks onto known phosphorylation sites in the
postsynaptic proteome, we constructed peptide arrays comprising these sites and assayed
phosphorylation by specific kinases. A postsynaptic phosphoproteome array (PPParray),
with 600 peptides corresponding to 300 in vivo phosphorylation sites on 92 synaptic
proteins, was constructed from in vivo phosphorylation sites modulated by NMDA, large-
scale synapse phosphoproteomic studies (7), or individual publications (tables S6, S9, and
S10). Peptides were immobilized on glass slides, together with their corresponding control
(in which the serine, threonine, or tyrosine phosphoacceptor sites were substituted with
alanine, valine, or phenylalanine, respectively) (Fig. 3H). Positive control peptides
containing consensus sequences for specific kinases were included. The classes of proteins
represented included receptors, scaffolding proteins, enzymes, cytoskeletal proteins, and
others.

Twenty-five postsynaptic kinases (table S11) with representatives from all major families in
the mouse kinome were used to phosphorylate the PPParray (Fig. 3H). Phosphorylation was
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regarded as positive if reproduced in triplicate and detected above background of negative
controls (table S12). A total of 723 phosphorylation events (kinase phosphorylation of a site)
were detected, involving all 25 kinases and 77 (84%) of the 92 proteins. Of the 300 sites
assayed, 166 (55%) were phosphorylated (471 events) (table S13). We also detected the
phosphorylation of 36 other specific sites (94 events), of which 30 were previously
undescribed in vitro sites (table S7). A further 158 events on 58 sequences where the
specific site could not be unambiguously determined (because there were 2 or more potential
phosphoacceptor sites) were also detected (table S14). We created a Web resource that
provides access to these data and provides links to physiological and behavioral data from
knockout mice as well as disease data for the respective kinases and substrates
(www.genes2cognition.org/phosphoproteomics/coba1/).

All kinases and substrates studied were localized in the PSD and we further examined the
kinase-site assignment in vivo. In addition to our experiments with phosphospecific
antibodies and kinase manipulations in hippocampal slices (described below), we mined the
literature for relevant data. Overall, of the 166 sites phosphorylated by 25 kinases in the
PPParray, we found in vivo validation for 78 (47%) sites by 14 (56%) kinases (tables S6 and
S8). We extended these validation data with additional experiments testing the kinase
assignments to specific sites on key synaptic proteins implicated in synaptic plasticity:
kinases; ERK2 (extracellular signal–regulated kinase 2) (30), PKA (31), GSK3 (32), and
CaMKII (calcium- and calmodulin-dependent protein kinase) (33); substrates for
phosphorylation—PSD95 (34), the NR2B subunit of the NMDR (35), and GluR1 (36).
These examples indicate that the assignment of kinases to known in vivo sites (discovered
using MS) using peptide arrays provides reliable validation of kinase-substrate
identifications (fig. S1). Furthermore, in vivo data from other laboratories provided
additional prospective validation of novel PPParray assignments during the course of our
experiments, tyrosine phosphorylation of NR2B Tyr1304;Calpain-1 site Tyr387

(www.phosphosite.org), and GluR1 Thr840 (37)(Thr858 in (8, 37) were described in vivo
following their in vitro discovery.

Postsynaptic phosphoproteome networks

Figure 4, which shows the kinase-substrate network with annotations of functional classes
and regulatory motifs, illustrates the complexity ofsynaptic phosphorylation and widespread
distribution of switching mechanisms. Note that this diagram underrepresents the scale of
phosphorylation because individual sites are not shown within the substrates. Moreover, this
network would be expected to increase in density if further postsynaptic kinases and
substrates were tested. We therefore consider this a draft map of the synapse
phosphoproteome network that allows us to identify general principles of its organization
and function.

We next examined the distribution of phosphorylation events (Fig. 5A). Individual serine,
threonine, or tyrosine kinases phosphorylated between 5 and 56 sites, with an average of 29
sites per kinase (a pattern characterized as the kinase divergence motif; Fig. 3C). These
phosphorylation sites were distributed over 4 to 36 protein substrates, with an average of 21
substrates phosphorylated by a single kinase. To investigate the range of cell biological
processes influenced by each kinase, substrates were assigned to broad functional families,
including ion channels and receptors, scaffolding proteins, cytoskeletal proteins, and others
(table S9). The substrates of a kinase were typically drawn from a wide range of families.
For instance, PKA phosphorylated 29 substrates from 9 families and ERK2 phosphorylated
36 substrates from 8 families. Phosphoinositide-dependent kinase–1 (PDK-1, known
primarily as a regulator of kinases) had the most restricted range, phosphorylating 4
substrates from 4 functional families.
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Translation proteins harbored 35% of peptides with 14-3-3 motifs (P = 0.001); and
MAGUKs, Adaptors, and Scaffold harbored 25% of peptides with FHA (forkhead-
associated) motifs (P = 0.02). Moreover, there was a close correspondence between
individual kinase classes and the types of binding interaction that they regulate. Taking the
set of PPParray sites within binding domain ligand motifs, we found that 70% of Ser/Thr
sites in SH3 motifs and 50% in WW motifs were primarily phosphorylated by Pro kinases (P
= 0.0001 and P = 0.005, respectively). Fifty percent of Ser/Thr sites in FHA motifs were
unique to Ac/Ph kinases (P =0.008)and 55% Ser/Thr sites in 14-3-3 motifs were unique to
Bas kinases (P = 0.01). Seventy percent of all Tyr sites were found in SH2 motifs (P =
0.00005). Reflecting the abundance of cytoskeletal proteins among substrates of Pro kinases,
SH3 ligand motifs overlapping phosphorylated sites were present in 60% of cytoskeletal
proteins studied in the array (P = 0.004). These data indicate that phosphorylation-dependent
regulation of protein-protein interactions is widespread with different kinase classes
modulating different subsets of interactions and reshaping the PSD.

DISCUSSION

Dynamic PSD phosphoproteome networks

Using large-scale proteomic approaches, we find that neurotransmitter receptors initiate
signaling in overlapping networks of hundreds of phosphorylation sites on more than 100
postsynaptic proteins. We identified multiple levels of network organization constructed
from a set of phosphorylation motifs or building blocks that define wiring of the network.
This organization included regulatory switches for enhancing and inhibiting signaling as
well as hubs and signal convergence points. Multiple disease proteins mapped onto these
signaling networks, which are modulated by therapeutic drugs that engage receptors driving
these networks. The postsynaptic proteome networks provide a fresh view of the molecular
complexity of synapse function that reveals an elaborate circuitry built on simple motifs
with combinatorial and computational features.

What property does this computational machinery provide and why do synapses require
such elaborate molecular circuitry? These networks provide a framework for the
transmission of information from a single neurotransmitter receptor to numerous “output”
proteins (receptors, channels, structural, translational regulation, signaling). Second, the
network allows these sets of proteins to be orchestrated. Third, multiple kinases and
convergence mechanisms provides robustness and resilience to perturbation of a single node
in the network, such as a specific kinase, site, or substrate (47). Fourth, the priming seen
within multiple phosphorylated sites allows coincidence detection and switching. For
example, NMDAR-mediated phosphorylation of site 1 in a pair of sites may interfere or
enhance the ability of site 2 to be phosphorylated by a kinase driven by the dopamine
receptor. In addition to modulating specific substrates, these priming switches may control
specific subnetworks of functional proteins (with different physiological outcomes). Other
network mechanisms include feedback (for instance, kinase auto- and transphosphorylation)
and forms of regulatory cross talk. These mechanisms allow receptors individually, in
combination, or in different temporal sequences to activate overlapping networks that
orchestrate and differentially regulate a combination of effector substrates, which modulate
many properties of the nerve cell and produce a range of physiological outcomes.

Network regulation of synaptic plasticity

Mutations or pharmacological perturbations show that many synaptic proteins are required
for induction of long-term potentiation (LTP) of synaptic transmission (5, 15, 48-53)
(www.genes2cognition.org/db) (54). These LTP proteins are found in a wide range of
functional classes including receptors, scaffolding proteins, enzymes, cytoskeletal proteins,
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One-sentence summary: Analysis of protein phosphorylation patterns provides insight
into the organization of molecular networks at the postsynaptic density.

Editor’s Summary:

Patterning Postsynaptic Phosphorylation

The postsynaptic density of excitatory synapses in the mammalian brain—the initial site
for integration of incoming information from the presynaptic neuron—contains over a
thousand different proteins. Rather than investigating the effects of neurotransmitter
signaling on a single pathway, Coba et al. explored the functional organization of these
postsynaptic density proteins. Using a large-scale proteomic approach, they found that
stimulation of different classes of neurotransmitter receptor affected the phosphorylation
status of hundreds of phosphorylation sites in overlapping networks of postsynaptic
density proteins. Identification of a set of regulatory phosphorylation motifs enabled
them to construct a model of the molecular circuitry of the postsynaptic proteome, a
crucial step in elucidating how postsynaptic neurons process incoming information.
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Fig. 1.
NMDA stimulation of hippocampal slices. (A) NMDA-mediated changes in the
phosphorylation status of 127 proteins of the PSD (detected by MS). (B) NMDA-dependent
modulation of 9 of 23 different kinases from five groups, detected by immunoblot 3 min
after NMDAR stimulation. (C) Modulation of 7 kinases was assayed by immunoblotting
with phosphospecific antibodies of hippocampal slice extracts after NMDA stimulation.
Peak changes occurred between 3 and 5 min after stimulation, and phosphorylation returned
to the basal state after 40 min.
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Fig. 3.
Regulatory motifs and mapping of kinase sites. (A and B) Sequences contain single (A) or
multiple (B) sites and regulatory motifs representing different phosphorylation events were
described by their substrate-kinase interactions (C to G). s, substrate. (C) Kinase divergence:
a single kinase can phosphorylate multiple independent sequences. k, kinase, P, phosphate.
(D) Kinase convergence: single site sequence phosphorylated by multiple kinases. (E)
Paired convergence: multiple site sequence with two different kinases phosphorylating each
site. (F) Paired convergence: multiple site sequence with a single kinase phosphorylating
each site. (G) Primed convergence: phosphorylation sites within 10 amino acids of each
other presenting priming effects in which the presence of phosphate on site 1 influences
phosphorylation of site 2. (H) Scheme for kinase site identification on peptide substrates.
Fifteen amino acid peptides containing a phosphorylation site and a control peptide (for
instance, in which a serine site was substituted with an alanine) were immobilized and
phosphorylated on glass slides. Representative phosphoimages of 32P-labeled arrays after
kinase reactions with PKA (triplicate samples) and six other kinases. JNK3, c-Jun N-
terminal kinase 3 Fes, c-fps/fes proto-oncogene tyrosine kinase. ROCK-II, Rho-associated
kinase 2.
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