Mol Neurobiol (2016) 53:6309-6315
DOI 10.1007/s12035-015-9535-1

@ CrossMark

Synaptically Localized Mitogen-Activated Protein Kinases: Local

Substrates and Regulation

Li-Min Mao ' - John Q. Wang ">

Received: 25 June 2015 / Accepted: 8 November 2015 /Published online: 14 November 2015

© Springer Science+Business Media New York 2015

Abstract Mitogen-activated protein kinases (MAPKSs) are
expressed in postmitotic neurons and act as important regula-
tors in intracellular signaling. In addition to their nuclear dis-
tribution and roles in regulating gene expression, MAPKs,
especially the extracellular signal-regulated kinase (ERK)
subclass, reside in peripheral dendritic spines and synapses,
including the postsynaptic density (PSD) microdomain. This
peripheral pool of MAPKSs/ERKSs is either constitutively ac-
tive or sensitive to changing synaptic input. Active MAPKs
directly interact with and phosphorylate local substrates to
alter their trafficking and subcellular/subsynaptic distribu-
tions, through which MAPKSs regulate function of substrates
and contribute to long-lasting synaptic plasticity. A number of
physiologically relevant substrates of MAPKs have been iden-
tified at synaptic sites. Central among them are key synaptic
scaffold proteins (PSD-95 and PSD-93), cadherin-associated
proteins (8-catenin), Kv4.2 K* channels, and metabotropic
glutamate receptors. Through a reversible phosphorylation
event, MAPKs rapidly and efficiently modulate the function
of these substrates and thus determine the strength of synaptic
transmission. This review summarizes the recent progress in
cell biology of synaptic MAPKs and analyzes roles of this
specific pool of MAPKSs in regulating local substrates and
synaptic plasticity.
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Introduction

The mitogen-activated protein kinase (MAPK) family is a
large group of serine/threonine protein kinases [1]. These ki-
nases are activated via a characteristic cascade involving con-
secutive and sequential events at four levels: Ras/Rac
GTPases, MAPK kinase kinases (Raf or MEKK), MAPK ki-
nases (MEK), and MAPKSs. Ras and Rac are anchored to the
inner surface of the plasma membrane. They are activated
(from GDP- to GTP-bound) by Ras-guanine nucleotide ex-
change factors (RasGEFs), including Sos and Ras-guanine
nucleotide releasing factors (RasGRFs, a neuron-specific set
of RasGEFs), and are inactivated (from GTP- to GDP-bound)
by their intrinsic GTPase activity and GTPase activating pro-
teins (GAPs). Once activated, Ras and Rac act as a switch to
transmit extracellular or intracellular signals to the rest of
MAPK cascades. The prototypic MAPK subclass is extracel-
lular signal-regulated kinases (ERK). Among different iso-
forms (ERK1/2/3/4/5/7), ERK1/2 have drawn the most atten-
tion and have been most extensively studied. Two additional
subclasses of MAPKSs are the c-Jun N-terminal kinases/stress-
activated protein kinases (JNK/SAPK) and p38 MAPKs [2].
All MAPKs share the basic biochemical properties such as
binding to a similar domain and phosphorylating a common
proline-directed motif (S/TP) [3]. Nevertheless, MAPK sub-
classes are heterogeneous in upstream activators, downstream
substrates, the amino acid sequence around binding and phos-
phorylation sites, and thus physiological roles.

MAPKSs are primarily distributed in the cytoplasm. Upon
phosphorylation by MEKs (i.e., activation), MAPKs translo-
cate to the nucleus to phosphorylate a discrete set of
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transcription factors which in turn regulate gene expression
related to cellular growth, differentiation, and survival in
mammalian proliferative cells [1]. MAPKSs are also expressed
in postmitotic neurons of adult mammalian brains. Activation
of these brain MAPKs in a cytosolic pool triggers the
transcription-dependent regulation of synaptic transmission
and plasticity [4—6]. In addition to the cytoplasmic and nuclear
distribution, ERK and JNK are notably present in neuronal
peripheral structures, such as dendritic spines and synapses
[7-10]. ERK, especially ERK2, coexists with all MAPK cas-
cade components within the postsynaptic density (PSD) mi-
crodomain [11, 12]. Thus, MAPKSs are not limited to the long-
lasting regulation of gene expression in the nucleus. They also
act locally to regulate synaptic activities.

Given the ultrastructural location of MAPKSs in synapses,
local substrates of MAPKs were deemed to exist. In fact,
several synaptic proteins have been identified as sufficient
substrates of MAPKs and have been individually character-
ized in details. These substrates include scaffolding proteins
(PSD-95 and PSD-93), cadherin-associated proteins (5-caten-
in and plakophilin 4, PKP4), Kv4.2 potassium channels, and
group | metabotropic glutamate receptors (mGluR1 and
mGIuR5 subtypes). MAPKs (mainly ERK and JNK) through
phosphorylating specific serine and threonine residues in
these proteins control their trafficking and synaptic delivery
and thus determine the strength and efficacy of excitatory
synapses. This review summarized the progress of studies
on the synaptic species of MAPKSs and discussed each indi-
vidual substrate of MAPKs in the synaptic zone in their inter-
actions with MAPKs.

Localization of MAPKSs in Synapses

MAPKSs are certainly expressed in postmitotic neurons of
adult human and animal brains. While a large amount of
MAPKSs usually resides in the cytoplasm and nucleus, a sig-
nificant fraction of MAPKs also situates within peripheral
dendritic spines and synapses. This was consistently shown
in different brain regions investigated. In a subcellular frac-
tionation study, enriched ERK1/2 proteins were found in the
synaptosomal fraction, while nuclear ERK1/2 were about one
third of those in homogenates, in the rat frontal cortex and
pons/medulla [7]. In a biochemical procedure that can selec-
tively isolate synapse- and extrasynapse-enriched membranes,
ERK1/2 were found at both synaptic and extrasynaptic sites in
the rat striatum with more ERK1/2 proteins in the
extrasynaptic location [10]. The similar synaptic distribution
of ERK1/2 was seen in the prefrontal cortex [10]. In addition
to ERK, JNK (JNKI1, 2, and 3 isoforms) was visible within
synapses in rat striatal and cortical neurons [13].

An isoform gradient in terms of ERK1 versus ERK2 abun-
dance in the synaptic location is noteworthy. A higher level of
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ERK2 existed at synaptic sites as opposed to a smaller amount
of ERK1 at these sites in the rat striatum and prefrontal cortex,
while the two isoforms showed no obvious isoform gradient at
extrasynaptic sites [10]. Similarly, a high ERK2 to ERK1 ratio
exhibited in the synaptic plasma membrane of rat hippocam-
pal neurons [11]. Moreover, ERK2 seemed to be the only
isoform that was detected in the PSD microdomain [11].
Within the PSD, ERK2 coexisted with all the MAPK cascade
components as detected in purified PSD fractions and in im-
munohistochemical analysis at the electron microscopic level
(Fig. 1) [12].

Synaptic MAPKSs are constitutively active. An example is
the detection of a high level of dually phosphorylated ERK
(pERK), an active state of ERK, in synaptic fractions in the rat
striatum and prefrontal cortex under normal conditions [10,
13]. Similarly, basal pERK immunostaining was present in
dendritic spines and synapses in pyramidal neurons of the
rat visual cortex as well as in presynaptic axonal boutons
forming connections with dendritic spines of pyramidal neu-
rons [8]. Like pERK, active JNK was localized in striatal and
cortical synapses [13]. Of note, the pERK2 to pERK1 ratio
was higher than the ERK2 to ERK1 ratio. In fact, pERK2
signals were predominant while pERK signals were minimal
at synaptic sites under basal conditions [10].

Synaptic MAPKs were highly responsive to changing syn-
aptic input. Visual stimulation induced a rapid increase in the
number of pERK-labelled synapses in the rat visual cortex [8].
Contextual fear conditioning activated ERK in a pool associ-
ated with synapses in addition to a nuclear pool in mouse
hippocampal neurons [9]. Dopamine stimulation with an indi-
rect dopamine receptor agonist amphetamine increased ERK2
but not ERK1 phosphorylation in the synaptic but not
extrasynaptic compartment in the rat striatum and prefrontal

(Sho-Grb2-Sos1 | Ras |RasGRF|
HED

ERK2 Dendritic
spine
Synaptic 4/
substrates

Fig. 1 Coexistence of the Ras-ERK cascade components in the PSD
fraction. ERK?2 is enriched in the PSD microdomain of neurons and is
activated via a prototypic cascade. Ras which is anchored to the inner
surface of the plasma membrane is activated by the Shc-Grb2-Sos1 path-
way or RasGRF. Active Ras then sequentially activates Raf which acti-
vates MEK to activate ERK2. Activated ERK?2 interacts with and phos-
phorylates a set of local substrates to modulate synaptic transmission and
plasticity
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cortex [10]. Thus, synaptic MAPKSs represent a class of ki-
nases that are readily regulated in an activity-dependent
manner.

Synaptic Scaffolds

Given the presence of MAPKSs in synaptic structures, specific
substrates of MAPKSs are reasoned to coexist locally. In fact,
MAPK-phosphorylated proteins as detected using an antibody
against the consensus MAPK phosphorylation motif were
highly enriched in the PSD of rat brains, while Akt-
phosphorylated proteins were not [14]. A JNK inhibitor
(SP600125) broadly reduced the phosphorylation signals in
cultured hippocampal neurons, indicating a role of JNK in this
event. The MAPK-mediated phosphorylation of PSD proteins
changed rapidly in response to altered synaptic activity. Many
MAPK-phosphorylated proteins were concentrated in the core
of the PSD, similar to the distribution pattern of local scaffold
proteins. Indeed, a following mass spectrometry analysis iden-
tified several well-known PSD scaffolds, including PSD-95
(also known as synapse-associated protein 90, SAP-90),
Chapsyn-110, SAP-associated protein 4 (SAPAP4), Shank3,
and Homerl [14], as potential targets of MAPKs. PSD-95 is
the best studied member of the membrane-associated
guanylate kinase (MAGUK) family and is a key multimeric
scaffold for clustering receptors, ion channels, and signaling
proteins in the PSD microdomain. Its phosphorylation by
MAPKSs has been individually investigated and confirmed in
a separate study [15]. As described in this early study, p38y
bound to the third PDZ (PSD-95/Discs-Large/Z0-1) domain
of PSD-95, which enabled the kinase to phosphorylate PSD-
95 at T287 and S290 in vitro and S290 in cells in response to
cellular stresses. PSD-95 phosphorylation was insensitive to
the inhibition of p38x and p38f3, but was abolished by an
interaction-dead peptide that disrupted the interaction between
p38y and PSD-95, establishing the isoform-selective role of
p38y. ERK2 also phosphorylated PSD-95 at T287 and S290
residues, which, unlike the p38y-mediated phosphorylation,
was independent of PDZ-binding. The mitogen-induced PSD-
95 phosphorylation appears to be mediated by ERK. In neu-
rons, p38y formed complexes with PSD-95 in synaptic frac-
tions. These results support PSD-95 as a sufficient biochemi-
cal substrate of p38y and ERK, although whether and how
MAPKSs regulate PSD-95 function is less clear.

PSD-93 is another PDZ-containing scaffold. Like PSD-95,
PSD-93 interacts with a large number of synaptic proteins to
support and organize synaptic networks and thus participates
in the control of synaptic strength and efficacy [16]. PSD-93 is
believed to be regulated by a phosphorylation-dependent
mechanism. In support of this, serine and threonine phosphor-
ylation was evident in PSD-93 proteins based on several
phosphoproteomic studies [17-19], although responsible

protein kinases catalyzing PSD-93 phosphorylation have not
been identified in those studies. Noticeably, PSD-93 contains
multiple proline-directed MAPK phosphorylation motifs
(S/TP), suggesting the possibility that PSD-93 might be phos-
phorylated by a proline-directed kinase. In an effort to identify
PSD-93-associated kinases, Guo et al. [20] indeed have found
that recombinant ERK2 but not JNK directly bound to PSD-
93 in vitro. In rat striatal neurons, native ERK from synapto-
somal fractions was associated with PSD-93. Active ERK2
phosphorylated PSD-93 at a serine site (S323). This phosphor-
ylation is believed to be constitutively active. These results
indicate that synaptic PSD-93 is likely a substrate of local
ERK. Thus, synaptic ERK can regulate synaptic transmission
via PSD-93 in addition to PSD-95.

Cadherin-Associated Proteins

d-catenin (i.e., d-2-catenin) is a member of a cadherin-
associated protein family. It is expressed specifically in neu-
rons where it is important for cadherin-mediated cell-to-cell
adhesion related to synaptic plasticity, learning and memory,
and normal cognitive function [21, 22]. A mass spectrometry
study has identified -catenin as one of possible substrates of
MAPKSs in the rat brain PSD [14]. In the same study, -catenin
was then individually investigated for its regulation by
MAPKS. In details, in in vitro assays, ERK2 and JNK1 both
strongly phosphorylated the immunoprecipitated d-catenin
proteins. In real neurons from rat brains, endogenous 6-
catenin was phosphorylated at a proline-directed site (S447)
as detected by a phospho- and site-specific antibody against
S447-phosphorylated d-catenin. The S447-phosphorylated 8-
catenin was enriched in the PSD fraction under normal con-
ditions and was reduced by the JNK inhibitor (SP600125) but
not the MEK/ERK inhibitor (PD98059). Thus, JNK is the
main mediator of basal S447 phosphorylation. Of note, 8-
catenin S447 phosphorylation was subjected to the activity-
dependent regulation. Enhancing activity of cultured neurons
with the GABA 4 receptor antagonist bicuculline dephosphor-
ylated S447, while silencing activity with the sodium channel
blocker tetrodotoxin increased S447 phosphorylation. This
JNK-mediated increase in S447 phosphorylation targeted &-
catenin for proteasomal degradation, leading to reduction of
total d-catenin levels. Furthermore, mutation of S447 to ala-
nine increased dendritic branching in hippocampal cultures,
indicating the role of S447 phosphorylation in the dendrite
branching function. Perhaps, reducing S447 phosphorylation
limits JNK-mediated degradation of d-catenin and thereby
enhances the dendritic branching.

Plakophilin 4 (PKP4) is another cadherin-associated pro-
tein containing multiple proline-directed phosphorylation
sites. It was phosphorylated by ERK2 and JNKI1 in vitro
[14]. Thus, PKP4 could be a putative MAPK substrate in the
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PSD location. Cadherin-mediated adhesion and/or signaling
are critical for morphological and functional plasticity of syn-
apses [23]. It is thus conceivable that synaptic MAPKs
through phosphorylating and regulating cadherin-associated
proteins participate in the modulation of synaptic structures
and activities.

Kv4.2 K Channels

The Kv4.2 K* channel encodes a transient A-type K* current
in the dendrites of hippocampal CA1 pyramidal and other
neurons. These currents exert a profound influence over syn-
aptic network activity and plasticity [24]. Kv4.2 is densely
localized to distal dendrites [25], placing the channel as a
potential target of local ERK. Indeed, pharmacological studies
show that (1) the MEK inhibitors (PD98059 and U0126) en-
hanced Kv4.2 currents recorded in hippocampal and spinal
dorsal horn neurons, indicating a basal inhibition of Kv4.2
channels by ERK, and (2) ERK linked protein kinase A
(PKA) and protein kinase C (PKC) to Kv4.2, resulting in the
inhibition of Kv4.2 currents [26, 27]. Complementary to these
pharmacological results, biochemical studies reveal that
Kwv4.2 was phosphorylated by ERK [28, 29]. The phosphory-
lation occurred in the cytoplasmic C-terminus (CT) of the
pore-forming o-subunit at three residues (T602, T607, and
S616). Site-directed mutagenesis studies discovered that
ERK phosphorylation at these residues significantly altered
biophysical properties and channel function. In details, ERK
elicited the electrophysiological changes in neurons: a right-
ward shift of the activation curve and an overall reduction in
the Kv4.2-mediated outward K* current, which is mimicked
by the site-directed mutation at T607, changing the threonine
to aspartate (T607D) to mimic phosphorylation. Thus, direct
phosphorylation of Kv4.2 at T607 mediates the ERK inhibi-
tion of the channel. This regulation is believed to result from
changes in gating kinetics of Kv4.2 currents since ERK phos-
phorylation had no effect on protein expression or surface
membrane localization. Interestingly, the ERK phosphoryla-
tion sites in Kv4.2 do not always have a similar effect. The
S616D mutation induced an effect opposite to that seen in the
T607D mutation. This dual regulation underscores the com-
plex of the Kv4.2 regulation by ERK. Alternatively, these
ERK-sensitive phosphorylation sites may also be sensitive to
other MAPKs. Multiple MAPKSs can work in concert to pre-
cisely control the response of the channel to a given stimulus.

Group I mGluRs
Group I mGluRs (mGIuR1/5) are G protein-coupled receptors

(GPCR). These receptors activate phospholipase C31 to en-
hance phosphoinositide hydrolysis, which yields
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diacylglycerol and inositol-1,4,5-triphosphate (IP3) to trigger
Ca** and PKC signaling pathways, respectively [30]. Group I
mGluRs are expressed in broad brain regions and are vigor-
ously involved in the regulation of neuronal activities and
excitatory synaptic transmission [30]. As opposed to other
groups of mGluRs, group I mGluRs are mostly peri- and post-
synaptic [31, 32] and act as key regulators in the PSD micro-
domain. Moreover, the postsynaptic localization provides
mGluR 1/5 with the spatial opportunity to interact with synap-
tic protein kinases, including MAPKs.

Indeed, mGluR 1/5 have recently been found to be targets
of ERK. mGIuR1/5, as typical GPCRs, have an intracellular
CT. The long-form splice variants (mGluR1a, mGluR5a, and
mGluR5b) are characterized by particularly long CT tails.
Through the CT domain, mGluR1/5 are readily accessible to
various submembranous interacting partners [33—35]. Protein
kinases, e.g., PKC and Ca**/calmodulin-dependent protein
kinase II, are among mGluR 1/5-associated regulators. These
kinases interact with and phosphorylate mGluR1/5 CT and
thereby regulate subcellular distribution of mGIluR1/5 and
their functions [36-39]. The proline-directed kinase joins the
mGluR1/5-associated kinase family given the existence of
multiple S/TP phosphorylation motifs in the distal CT region
of these receptors. Indeed, both cyclin-dependent kinase 5 and
ERK were found to phosphorylate a common serine site with-
in the homer-binding domain (—PPSPF-) conserved in
mGluR1a (S1154) and mGIuRS5 (S1126) [40, 41]. This phos-
phorylation seemed to enhance the mGIuRS interaction with
the homer EVHI1 domain [40] in an activity-dependent man-
ner [41]. In cultured cortical neurons, the serine phosphoryla-
tion of immunoprecipitated mGluR5 was reduced by U0126,
indicating the existence of basal and ERK-dependent phos-
phorylation of mGluR5 [41]. In a remarkable model recently
discovered by Park et al. [42], the dopamine D1 receptor ag-
onist or brain-derived neurotrophic factor (BDNF) activated
ERK1/2, leading to inducible and reversible phosphorylation
of mGIluRS5 at S1126 in striatal neurons as detected by a
phospho- and site-specific antibody (Fig. 2). This dopamine-
and BDNF-induced mGIuRS phosphorylation was sensitive
to the MEK/ERK inhibitor U0126 [42].

mGIuR5 S1126 phosphorylation seems to be an essential
element in enduring mGIluRS5 and behavioral plasticity in re-
sponse to chronic psychostimulant exposure. Administration
of the psychostimulant cocaine increased mGIluRS5 S1126
phosphorylation in the striatum of adult mice [42]. This
cocaine-sensitive phosphorylation of mGIluRS S1126 is im-
portant for behavioral plasticity, i.e., behavioral sensitization
to cocaine, based on the finding that motor sensitization to
cocaine was markedly reduced in mice that express mutant
mGIuR5 which could not be phosphorylated at S1126 [42].
Mechanistic studies show that the ERK-mediated mGluR5
S1126 phosphorylation facilitated Pin1-mediated prolyl-isom-
erization of mGIluR5. This led to potentiation of mGluRS
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Fig. 2 ERK links dopamine and BDNF signals to mGIuRS5. Stimulation
of dopamine D1 receptors (D1R) or BDNF stimulation of TrkB activates
ERK in cultured striatal neurons. Active ERK then phosphorylates a
serine residue (S1126) on C-terminal tails of mGIluR5. This forms an
ERK-sensitive heterologous signaling pathway to activity-dependently
modulate mGIuRS function

activity in triggering NMDA receptor-mediated currents,
which underlies synaptic plasticity and cocaine-evoked motor
sensitization [42].

Other Synaptic Substrates

In addition to the aforementioned substrates, other synaptic
proteins have been found to have a close relationship with
local MAPKs. Among these proteins is the AMPA receptor
which is deemed to be regulated by the Ras family of small
GTPases (Ras, Rapl, and Rap2) and their downstream
MAPKSs [43]. Different MAPK pathways seem to exert differ-
ent impacts on AMPA receptor trafficking and thus differen-
tially regulate distinct forms of synaptic plasticity. The Ras-
dependent ERK enhanced phosphorylation of AMPA recep-
tors with long CT (GluA2L at S841) and drove synaptic de-
livery of GluA2L AMPA receptors during long-term potenti-
ation, whereas the Rapl-dependent p38 MAPK enhanced
phosphorylation of AMPA receptors with only short CT
(GluA2/3) and mediated removal of GluA2/3 AMPA recep-
tors during long-term depression [43-46]. ERK and p38 were
unlikely to directly phosphorylate AMPA receptors. Other ki-
nases downstream to ERK and p38 are thought to link respec-
tive ERK and p38 to AMPA receptors [43]. In addition, the
Rap2-activated JNK mobilized protein phosphatase 2B to de-
phosphorylate AMPA receptors with long CT (GluAl and
GluA2L) and triggered synaptic removal of these receptors.
Of note, Ras and Rap were able to control AMPA receptor

trafficking and synaptic plasticity in individual synapses with-
out affecting different types of synapses spatially separated by
<1 um [47]. Thus, Ras and Rap can precisely control synaptic
plasticity in a synapse-specific manner.

In addition to the postsynaptic zone, the presynaptic end is
another working site for MAPKSs. Visual stimulation rapidly
increased pERK immunoreactivity in axon terminals of visual
cortical neurons, suggesting a role of ERK played at the pre-
synaptic level [8]. The presynaptic substrates of MAPKs have
been less studied. One possible substrate of this kind is
synapsin I, a phosphoprotein that regulates the synaptic vesi-
cle binding to actin cytoskeleton and modulates transmitter
release. MAPKSs stoichiometrically phosphorylated synapsin
I at S62, S67, and S549 [48]. This phosphorylation signifi-
cantly reduced the synapsin I binding to the actin cytoskeleton
system. Thus, MAPKs by affecting synapsin I regulate the
release machinery in the axonal boutons and control transmit-
ter release and presynaptic plasticity [49].

Conclusions

It is certain that MAPKSs act at both nuclear and synaptic sites.
Biochemical and functional studies focusing on the synaptic
pool of MAPKSs have discovered a number of physiologically
relevant substrates of MAPKSs in the local synaptic location.
These substrates are directly or indirectly phosphorylated by
MAPKSs and transmit the MAPK signals to the regulation of
synaptic transmission and plasticity. However, it is noticed
that the number of synaptic substrates identified so far is far
less than the number of ERK-dependent targets in the nucleus
[50, 51]. The total of synaptic substrates known at present is
also much less than the number suggested by mass-
spectrometric analysis [14]. Thus, more synaptic substrates
are expected to be identified in future studies. In addition to
the posttranslational modification, MAPKs may participate in
local protein synthesis. Translation of mRNA residing in den-
drites and synapses occurs and plays a critical role in synaptic
plasticity [52]. Activation of local MAPKs may accommodate
the need of new protein synthesis at potentiated synapses for
structural changes in relation to long-term synaptic plasticity.
In support of this notion, an inducible dendritic protein syn-
thesis was abolished by U0126 [53]. The studies on this topic
are very limited. Future studies will examine the presence of
the MAPK-associated translational machinery within the den-
dritic and synaptic locus and the precise role of MAPKs in
local new protein synthesis and long-lasting synaptic plastic-
ity. Whether synaptic MAPKSs translocate to the nucleus to
exert a remote role is another interesting question. An attrac-
tive scenario is that synaptic MAPKSs, once activated in re-
sponse changing synaptic input, rapidly traffic to the nucleus
to regulate gene expression, which transcription-dependently
modulates synaptic activities. This spatiotemporal model
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defines the activation of MAPKs at the synaptic site as an
initial step that cross-talks with the nucleus and determines
long-term changes in the synapses containing activated
MAPKSs. At present, the available evidence for and against
this model is limited.

The phosphorylation-dependent modulation needs to be
further investigated in many aspects. For instance, changes
in protein ultrastructures derived from phosphorylation need
to be defined and characterized in details. These changes con-
stitute the structural basis for an altered state of the interaction
of phosphorylated proteins with their interacting partners. In
addition, each MAPK subclass possesses the ability to phos-
phorylate multiple synaptic substrates. A single synaptic pro-
tein is often phosphorylated by multiple subclasses of MAPKs
or even by various protein kinases (PKA, PKC, etc.). Intimate
crosstalk is believed to take place among these kinases in
phosphorylating synaptic targets and needs to be investigated
in depth. Similarly, phosphorylation can be studied together
with other types of posttranslational modifications given that
phosphorylation often coexists with other posttranslational
modifications in regulating a same protein target. Finally,
phospho- and site-specific antibodies are a useful tool to as-
sess the regulation of a specific phosphorylation residue by a
kinase in neurons of adult brains in vivo. Transgenic mice
with a site-directed mutation (serine or threonine to alanine
or aspartic acid mutation) are a valuable model to define a site-
specific role of phosphorylation in regulating a phosphopro-
tein. Increased availability of these tools will greatly promote
the studies on phosphorylation biology of synaptic MAPKs.
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