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ABSTRACT Maintenance of lasting synaptic efficacy
changes requires protein synthesis. We report here a mecha-
nism that might inf luence translation control at the level of
the single synapse. Stimulation of metabotropic glutamate
receptors in hippocampal slices induces a rapid protein kinase
C-dependent translocation of multifunction kinase p90rsk to
polyribosomes; concomitantly, there is enhanced phosphory-
lation of at least six polyribosome binding proteins. Among the
polyribosome bound proteins are the p90rsk-activating kinase
ERK-2 and a known p90rsk substrate, glycogen synthase
kinase 3b, which regulates translation efficiency via eukary-
otic initiation factor 2B. Thus metabotropic glutamate recep-
tor stimulation could induce synaptic activity-dependent
translation via translocation of p90rsk to ribosomes.

Synaptic regulation of local protein synthesis is attractive from
the viewpoints of developmental plasticity and adult memory
(1). The long-term maintenance of induced changes in synaptic
efficacy requires protein synthesis; resulting localized alter-
ations in protein composition could restrict modifications to
activated synapses, without affecting inactive synapses of the
same neuron. One mechanism proposed for this is ‘‘synaptic
tagging,’’ in which locally activated kinases or phosphoproteins
sequester relevant proteins synthesized in the cell body (2). A
more direct mechanism is locally regulated protein synthesis at
the synapse; in fact, protein synthesis has been observed in
distal dendritic processes (3, 4) and in response to neurotrans-
mitter administration in hippocampal slices (5). Local postsyn-
aptic synthesis of proteins is supported by (i) the postsynaptic
presence of polyribosomes (6–8), (ii) dendritically localized
mRNAs (9–11), (iii) postsynaptic presence of components for
translation (11); and (iv) the translation of transfected report-
er-tagged mRNA in dendrites (12).

Protein translation is controlled by various translation fac-
tors (reviewed in refs. 13 and 14) and by other proteins that are
tightly associated with polyribosomal aggregates. Many of
them are phosphoproteins, and the state of their phosphory-
lation determines their effect on protein synthesis (15). The
effects of phosphorylation of some translation factors have
been described under in vitro conditions and in various non-
neuronal cultured cells. Thus, the kinase p70S6K up-regulates
translation of 59 target of puromycin mRNAs upon mitogenic
stimulation (16). Rapid stimulation of translation in PC12 and
some other cell lines, in response to insulin or growth factors,
is mediated by the phosphorylation state of eukaryotic initi-
ation factor (eIF) 2B and the availability of free eIF4E,
controlled by the phosphorylation degree of eIF4E-binding
proteins (PHAS-1 and PHAS-2) (17–20). However, in neuro-
nal tissue no receptor-mediated mechanism that up-regulates

localized postsynaptic translation has been described. A re-
ceptor-mediated inhibition of protein synthesis in neurons has
been described that involves N-methyl-D-aspartate-induced
phosphorylation of eukaryotic elongation factor 2 (eEF-2) by
activation of calciumycalmodulin-dependent protein kinase III
(EF-2 kinase) (21, 22).

We previously have described polyribosomal formation and
protein synthesis in response to group I metabotropic gluta-
mate receptor (mGluR) agonist administration to a synapto-
neurosome preparation and have shown this to require recep-
tor-coupled phospholipase C activation of protein kinase C
(PKC) (23–25). We report here specific mechanisms that
appear to link PKC activation to polyribosomal formation and
protein synthesis.

MATERIALS AND METHODS

In Situ Phosphorylation of Polyribosome-Binding Proteins
(PRBPs). Ten transverse hippocampal slices from single 12-
day-old Long-Evans rats were prepared and incubated in an
interface chamber in a medium containing 134 mM NaCl, 6.24
mM KCl, 1.3 mM MgSO4, 2 mM CaCl2, 16 mM NaHCO3, and
10 mM glucose (pH 7.4, 32°C). The medium was aerated with
carbogen (95% O2, 5% CO2) throughout the experiment.
After 60 min of preincubation, 200 mCi 33Pi (final concentra-
tion in the medium 100 mCiyml, Amersham) was added, and
the slices were labeled for 90 min. After removing the control
slices, the remaining slices were stimulated for 10 min either
with 0.1 mM 3,5-dihydroxyphenylglycine (DHPG) or 1 mM
phorbol 12,13-dibutyrate (PDBu). Inhibitors were applied 10
min before stimulation. Immediately after incubation the slices
were homogenized in ice-cold buffer A (125 mM NaCly100
mM sucrosey50 mM Hepesy2 mM potassium acetatey2 mM
DTTy1 mM okadaic acid, pH 7.5), treated with Triton X-100
(final concentration 1.2%), and centrifuged for 10 min at
10,000 g. The supernatants were centrifuged through 1 M
sucrose at 400,000 g for 11 min, and the resulting pellet
(polysomes) was washed in a buffer containing 50 mM
TriszHCl (pH 7.5), 1 mgyml of heparin, 20 mM EDTA, 2 mM
EGTA, 0.1 mM sodium orthovanadate, 20 mgyml of aprotinin,
10 mgyml of leupeptin, and 0.1 mgyml of phenylmethylsulfonyl
f luoride. The PRBPs then were released by a buffer containing
50 mM TriszHCl (pH 7.5), 0.5 M potassium acetate, 100 mM
NaF, 10 mM Na4P2O7, and the same protease inhibitors. The
eluates were precipitated by 30% trichloroacetic acid, and the
resulting pellet was washed with ethanol and dissolved in 60 ml
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of SDS-sample buffer (250 mM Trisy50 mM DTTy3 mM
EDTAy4% SDSy20% glycerol, pH 8.0).

SDSyPAGE Analysis. From the resulting sample 30 ml was
used for electrophoretic separation using a 5–20% gradient
polyacrylamide SDS gel. The gel was dried, and the phospho-
proteins were detected by phosphoimaging using the Bio-
Imaging Analyzer BAS1000 (FUJIX, Tokyo). The phosphor-
ylation degree of different proteins was quantified by scanning
densitometry (FUJIX system software); stimulus-induced ef-
fects were calculated by measuring the appropriate peak areas
and expressed as percent of the unstimulated sample.

In Vitro Phosphorylation Assays. Synaptoneurosomes were
prepared as described (24). PRBPs were prepared as above,
and for each phosphorylation assay 10 mg of protein was used.
The assay (65 ml) for determination of endogenous kinase
activity included 24 mM TriszHCl (pH 7.5), 12 mM MgCl2, and
8% glycerol (volyvol). The protein kinase C assay (65 ml)
included 24 mM TriszHCl (pH 7.5), 12 mM MgCl2, 10 ng PKC
(Upstate Biotechnology, Lake Placid, NY), alternatively 0.6
mM CaCl2 or 0.5 mM EGTA and 7.5 mM 3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonate (CHAPS)y
Tris, pH 7.5 (1.2:1.2) or phosphatidylserine (100 mgyml)y
dioleoyl-sn-glycerol (20 mgyml). The p90rsk-2 phosphorylation
assay (65 ml) included 24 mM TriszHCl (pH 7.5), 12 mM
MgCl2, 8% glycerol (volyvol), and 1 unit of p90rsk-2 (Upstate
Biotechnology). The protein kinase A (PKA) assay (100 ml)
included 50 mM TriszHCl (pH 7.4), 10 mM MgSO4, 1 mM
EGTA, 1 mM DTT, and 0.1 pmolar units of PKA (Sigma) and
alternatively, 0.02 mM cAMP. The tubes were preincubated
for 1 min at 30°C, and the reaction was started by addition of
33g-ATP (50 mM, 1 mCi, Amersham). The reaction was ter-
minated after 5 min by addition of 1 ml of ice-cold 30%
trichloroacetic acid. After 60 min on ice the tubes were
centrifuged for 15 min at 17,000 g, and the resulting pellet was
washed twice with 500 ml of ethanol and dissolved in 60 ml of
sample buffer. Samples of 25 ml were used for gel electro-
phoresis followed by autoradiography.

Western Blot Assay. For the detection or determination of
the amount of different kinases bound to polyribosomes, equal
amounts of PRBPs (about 30 mg) from unstimulated and
stimulated synaptoneurosomes were loaded on a gel (5–20%
acrylamide). After separation proteins were electrotransferred
onto nitrocellulose (0.45 mm pore size) in a transfer buffer (25
mM Trisy192 mM glyciney0.02% SDSy20% methanol) for 90
min at a constant current (200 mA) by using a tank blotting
system. Additional protein binding sites on the nitrocellulose
were saturated by incubation in 10 mM Tris-buffered saline
with 0.1% Tween 20 (TBST; pH 7.4) containing 5% dry milk
powder for 1 h at room temperature. After a short wash with
TBST, an antibody specific for p90rsk-1 (rabbit polyclonal IgG,
Santa Cruz Biotechnology), p90rsk-2 (goat polyclonal IgG
(Santa Cruz Biotechnology), glycogen synthase kinase 3b
(mAb, Transduction Laboratories, Lexington, KY), ERK-2
(mAb, Santa Cruz Biotechnology), or p70S6K (rabbit poly-
clonal IgG, Santa Cruz Biotechnology) was applied overnight
at 4°C. The nitrocellulose was washed with TBST, and the
immunoreactivity was revealed by using an appropriate per-
oxidase-conjugated anti-mouse IgG (Sigma, 1:10,000), anti-
rabbit (Sigma, 1:7,500), or anti-goat antibody (Sigma 1:5,000)
and the ECL system (Pierce).

RESULTS

Rat hippocampal slices were used to study changes in protein
phosphorylation in brain tissue, under conditions that are
closely related to normal in vivo situations. This use of slice
tissue means that changes detected in protein phosphorylation
represent the involvement of a whole phosphorylation system,
including a given kinase, possible other downstream-activated
kinases, and related phosphatases. To examine links between

PKC activation and protein translation we focused on phos-
phoproteins tightly bound to polyribosomes, which are resis-
tant to removal by heparin-containing buffers but are eluted by
0.5 M potassium acetate.

In untreated hippocampal slices from 12-day-old rats we
detected a basal endogenous phosphorylation of at least six
heparin-resistant PRBPs (19, 22, 33, 48, 85, and 90 kDa),
pointing to an ongoing kinase activity affecting these sub-
strates. This basal substrate phosphorylation was not changed
if PKC inhibitors (calphostin C or GF109203X) were present
in the incubation medium, indicating that some other kinases
must be responsible. Stimulation with 0.1 mM DHPG (a
mGluR1 agonist) for 10 min increased the phosphorylation of
these proteins (Fig. 1, Table 1). Because DHPG can activate
both PKC and PKA, we separated the effects of these two
kinases by activating either PKC alone (with phorbol ester,
PDBu), or PKA (by increasing the intracellular cAMP con-
centration with forskolin, an adenylate cyclase activator).
Although forskolin had no effect, addition of 1 mM PDBu for
10 min increased endogenous PRBP phosphorylation in a
manner similar to that after DHPG stimulation (Fig. 1).
Furthermore, inhibition of PKC activity during DHPG stim-
ulation by 10 mM calphostin C or 10 mM GF109203X blocked
the increase in PRBP phosphorylation, indicating that PKC
plays a crucial role in the increased phosphorylation of PRBP
after mGluR stimulation, in contrast to the basal level that
does not require PKC. Thus, phosphorylation experiments
performed on hippocampal slices point to a certain basal level
of kinase activity, maintaining a steady phosphorylation of at
least six PRBP. After stimulation of mGluR by DHPG,
phosphorylation is increased, either by PKC itself or by
PKC-dependent activation of other kinases.

We then performed an in vitro phosphorylation assay to
study the phosphorylation of the PRBP by PKC. To enrich for
postsynaptic polyribosomes, we prepared synaptoneurosomes,
synaptically joined intact presynaptic and postsynaptic entities
(24, 26), from 12-day-old rat cerebral cortex, and eluted the
PRBP from these polyribosomes with 0.5 M K1 after a heparin
wash. Surprisingly, in a control sample without exogenous
added PKC, we detected a strong kinase among the eluted
proteins. This kinase activity was not influenced by the addi-
tion of specific inhibitor peptides against PKA, PKC, protein
kinase G, or CaMKII, by 2-aminopurine (nonspecific PKR
inhibitor), or heparin (casein kinase II inhibitor). Therefore
none of these kinases is responsible for the observed phos-
phorylation activity in the PRBP fraction. However, 10 mM
staurosporine (a nonspecific inhibitor of several SeryThr ki-
nases), 50 mM EDTA, or heating the protein (70°C, 5 min)
blocked the kinase activity (Fig. 2).

To identify the unknown polyribosome-bound kinase(s) we
transferred the electrophoretically separated PRBPs to a
poly(vinylidene difluoride) membrane, renatured the proteins
in a renaturation buffer (10 mM TriszHCly140 mM NaCly2
mM EDTAy2 mM DTTy1% BSAy0.1% Nonidet P-40) and
allowed them to autophosphorylate in the presence of added
Mg21 and [g-33P]ATP (27). This assay revealed five autophos-
phorylating kinases among PRBPs, with molecular masses of
180, 95, 90, 85, and 65 kDa (Fig. 3A). In addition to these
kinases, three other kinases with molecular masses of 130, 40,
and 42 kDa could be detected if this kinase assay was per-
formed with a peptide in the gel matrix corresponding to the
phosphorylation site of eIF2B (28, 29). The 85-kDa kinase was
identified as p90rsk-1 by two different antisera to p90rsk-1.
The related kinase p90rsk-2 with a molecular mass of 90 kDa
is also present in this fraction. Furthermore, p70S6K (65 kDa),
glycogen synthase kinase 3b (gsk-3b, 49 kDa), and ERK-2 (42
kDa) could be identified by Western blot assay (Fig. 3A).

To characterize possible substrates of p90rsk-2, PKC, and
PKA, we inhibited endogenous kinase activity in the PRBP
fraction by heating (5 min, 70°C), then added back each kinase
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in commercially available partially purified form. The 19- and
22-kDa proteins were phosphorylated by all three kinases
although to different degrees. The 48-kDa protein was affected
by both PKC and p90rsk-2, and the 33-kDa protein was a good
substrate for p90rsk-2, but a poor substrate for PKC (Fig. 3B).
The addition of exogenous p90rsk-2 alone produced the same
phosphorylation pattern as the native set of proteins (minus
the 85-kDa protein) (Fig. 3C).

We next measured the endogenous phosphorylation of
ribosome-bound proteins in DHPG-treated hippocampal
slices to verify that the in vitro phosphorylation corresponds to
an effect in hippocampal slices. Five of the six phosphoproteins
that showed increased phosphorylation after mGluR stimula-
tion of slices were identical in size to PRBP substrates phos-
phorylated in vitro by p90rsk-2; the remaining 85-kDa band was
possibly the p90rsk-1 kinase itself (Fig. 3 A and C).

Thus the in vitro phosphorylation assays revealed the exis-
tence of kinases that are bound tightly to polyribosomes. PKC,
which is not tightly associated to polyribosomes, can phos-

phorylate some of the phosphoproteins involved, but did not
affect the 85- and 90-kDa proteins and affected the 33-kDa
protein only weakly. Surprisingly, ribosome-bound p90rsk can
phosphorylate all of the substrates that correspond to the
PRBPs prepared from hippocampal slices. Thus, p90rsk may
represent a likely pathway mediating the effects of mGluR
stimulation.

Because PKC activation in hippocampal slices resulted in
increased phosphorylation of all polysome-associated p90rsk
substrates, we asked whether PKC might activate the p90rsk
already bound to ribosomes, or whether it might mediate a
translocation of the kinase to ribosomes. We found no evi-
dence that PKC itself phosphorylates the p90rsk (Fig. 3B, lane
3), and there is no evidence that the specific kinase activity of
p90rsk was changed. However, antibody staining of p90-rsk-1
showed that DHPG stimulation results in increased p90rsk-1
binding to polyribosomes in hippocampal slices (Fig. 4A, Left)
indicating translocation of additional p90rsk-1 to polyribo-
somes. To prove that this effect did not merely reflect the
increased polyribosomal complex formation observed previ-
ously after mGluR stimulation (25), we also used a Western
blot of a synaptoneurosomal preparation to determine the
relative amount of p90rsk in the whole PRBP fraction by
measuring the density of bands stained by anti-p90rsk-1. A
cortical synaptoneurosome preparation was divided into iden-
tical aliquots; stimulation of synaptoneurosomes by 0.1 mM
DHPG (for 1.5 min) increased the relative amount of poly-
ribosome-associated p90rsk-1 by 73.5% (n 5 9, P , 0.05, Fig.
4A, Center). Furthermore, DHPG stimulation in the presence
of 1 mM calphostin C, a specific PKC inhibitor, did not cause
this effect (Fig. 4A), confirming that PKC mediates translo-
cation of p90rsk-1 to polyribosomes. We also found both the
p90-rsk-activating kinase ERK-2 and gsk-3b, a known sub-

Table 1. Changes in the phosphorylation of different PRBPs
isolated from hippocampal slices of 12-day-old rats after 10-min
stimulation with 0.1 mM DHPG

Protein % control SEM N

90 kDa 163.9** 22.9 8
85 kDa 136.2 8.7 5
48 kDa 166.2** 15.1 8
33 kDa 174.1* 11.3 6
22 kDa 144.0* 11.2 8
19 kDa 146.4* 10.6 8

Control 5 100%, **P , 0.01; *P , 0.05, according to Wilcoxon
pair test.

FIG. 1. PhosphorImager record of in situ phosphorylation of PRBPs isolated from hippocampal slices of 12-day-old rats, labeled with 33P. (A)
Stimulation with 0.1 mM DHPG for 10 min increased endogenous phosphorylation of proteins with molecular masses of 90, 85, 48, 33, 22, and
19 kDa (arrows). A comparable effect could be observed after addition of a PKC activator, 1 mM PDBu, but not after stimulation with 50 mM
forskolin. This enhanced phosphorylation elicited by DHPG was not detectable if 10 mM calphostin C, an inhibitor of PKC, or 10 mM GF109203X,
an inhibitor of both PKC and p90rsk, was present during stimulation. (B) Scanning profiles obtained from the shown autoradiographs. Black line:
unstimulated samples; gray line: stimulated samples (DHPG, PDBu, and forskolin). Arrows indicate peaks corresponding to the indicated bands
in the autoradiography.
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strate for p90rsk, among the proteins bound tightly to polyri-
bosomes; however, the amount of both kinases did not change
after receptor stimulation (Figs. 3A and 4B).

DISCUSSION

We demonstrate that p90rsk-1, p90rsk-2, gsk-3b, ERK-2, and
p70S6K kinases are components of the protein translation
complex. The only kinases previously described from the
ribosomal fraction are a heparin-sensitive, casein kinase II-
related kinase (30, 31), and protein kinase R (PKR or double-
stranded RNA-activated protein kinase; ref. 32). We could not
detect a heparin-sensitive kinase in our fraction, even with a
high concentration of this inhibitor; possibly it was removed or
inhibited by pretreatment of the polyribosomal pellet with the
heparinyEDTA buffer. PKR binds primarily to 40 and 60 S
ribosome subunits; it is thought to be activated by double-
stranded RNA during viral infection and to inhibit protein

translation by phosphorylation of eIF2a (33). There is no
evidence for a basal activity of ribosome-bound PKR in our
assay because the addition of 2-aminopurine, an inhibitor of
this kinase, had no effect.

The multifunction kinase p90rsk is a member of a family of
at least three different serine-threonine kinases (rsk 1–3) with

FIG. 2. Detection of polyribosome-bound kinase activity. In vitro
phosphorylation assay of PRBP (10 mg per lane) prepared from
cerebral cortical synaptoneurosomes from 12-day-old rats (24). This
fraction includes ribosome-bound kinases as well as substrates. Incor-
porated 33P was detected by PhosphorImaging. The activity of the
polyribosome-bound kinases was not blocked by addition of specific
inhibitor peptides against PKC (fragment 19–36, Sigma), PKA (PKI,
Sigma), PKG (Arg-Lys-Arg-Ala-Arg-Lys-Glu, Sigma), or CaMKII
(fragment 290–309, Sigma), each 2 mg per assay, or inhibitors against
protein kinase R (100 mM 2-aminopurine 5 2-AP), casein kinase II
(increasing concentrations of heparin), PKC (10 mM calphostin C).
GF109203X (10 mM), an inhibitor of PKC and p90rsk, had a small
inhibitory effect. The kinase activities could be blocked completely by
capturing divalent cations (Mg21, Ca21) with 50 mM EDTA or heating
the fraction to 70°C for 5 min and inhibited almost completely by 10
mM staurosporine, a nonspecific inhibitor of SeryThr kinases.

FIG. 3. A group of kinases is bound to polyribosomal complexes
prepared from synaptoneurosomes. (A) Detection of autophosphor-
ylation activity in kinases from the 0.5 M K1 fraction. Lane 1, PRBPs
(25 mg) were prepared as described (15, 16) and after electrophoretic
separation blotted to a poly(vinylidene difluoride) membrane. The
proteins were renatured, and the presence of kinases was detected by
autophosphorylation in the presence of [g-33P]-ATP according to the
method of Ferrell (27). This procedure revealed five kinases with
molecular masses of about 65, 85, 90, 95, and 180 kDa. Identification
of different kinases among PRBP by Western blot assay. Lane 2,
p90rsk-1. Lane 3, p90rsk-2, the antiserum to p90rsk-2 crossreacts with
two unknown additional proteins with molecular masses of about 100
and 115 kDa. Lane 4, gsk-3b. Lane 5, ribosomal S6 kinase p70S6K. Lane
6, ERK-2 (p42MAPK). Lane 7, an amido black protein staining of
PRBPs on nitrocellulose. (B) In vitro phosphorylation of PRBPs by
added kinases after blocking the activity of all endogenous kinases by
heating the fraction to 70°C for 5 min. Lane 1, autophosphorylated
form of PKC alone; lane 2, PRBP and PKC without activators; lane 3,
PRBP and PKC with activators; lane 4, autophosphorylated p90rsk-2;
lane 5, PRBP and p90rsk-2 (* indicates the position of proteins that are
also phosphorylated in situ); lane 6, autophosphorylated PKA; lane 7,
PRBP and PKA; lane 8, PRBP, PKA, and cAMP; lane 9, PRBP. Note
that the specific activities of the kinases are not equal, because
p90rsk-2 is only partially purified. (C) Phosphorylation pattern of
PRBP under different conditions. Lanes 1–2, all polyribosome-bound
kinases (lane 1 with 10 mM GF109203X and lane 2 without inhibitor).
Lanes 3–6, effect of p90rsk-2 (lane 3, heated PRBP; lane 4, p90rsk-2
alone, lane 5 and 6 p90rsk-2 with heated PRBP). Lanes 7–8, phos-
phorylation pattern of PRBP under in situ conditions. All endogenous
phosphorylated proteins (arrows on right) are in vitro substrates for
p90rsk-2. The 85- and 90-kDa protein phosphorylated under in situ
conditions might be p90rsk-1 and p90rsk-2 itself.

Neurobiology: Angenstein et al. Proc. Natl. Acad. Sci. USA 95 (1998) 15081



an unusual structure consisting of two nonidentical kinase
domains. The N-terminal domain is chiefly responsible for
substrate phosphorylation; both domains are responsible for
intramolecular autophosphorylation (34–36). P90rsk was de-
scribed originally as a kinase that phosphorylates ribosomal S6
protein in vitro (37), but it subsequently was shown that the
unrelated kinase p70S6K is responsible for in vivo phosphory-
lation of S6 (38–40). No direct association of p90rsk with
ribosomal complexes has been described so far. A broad range
of different stimuli activate this kinase, including growth
factors, insulin, heat shock, and phorbol ester or oncogenic
transformations (41–43); activation requires SeryThr phos-
phorylation. The mitogen-activated protein kinases (MAP)
ERK-1 (p44MAPK) and ERK-2 (p42MAPK) have been impli-
cated as upstream activators and a MAP kinase-dependent
translocation of p90rsk into the nucleus has been observed
(36). Interestingly, ERK-2 is also tightly associated to the
translational complex; however, the amount does not change
upon receptor stimulation, which might indicate that activation
of p90rsk occurs after translocation to polyribosomes. A
number of known substrates for the p90rsk are localized in the
nucleus, such as c-fos, serum response factor, Nur 77, and the
cyclic AMP response element-binding protein CBP (44),
whereas others are cytosolic, e.g., IkBa, SOS, and gsk-3b
(45–48).

In addition to the p90rsk upstream-activating kinase,
ERK-2, the p90rsk-regulated kinase, gsk-3b, also is associated
tightly to polyribosomes. The changed ratio between the two
kinases, p90rsk and gsk-3b, might control the general effi-
ciency of translation. Stimulation by mGluR induced a trans-
location of p90rsk but not gsk-3b to the ribosomes. This
proximity might be important, because gsk-3b is a constitu-
tively active kinase and phosphorylation by p90rsk inhibits its

kinase activity (47). One of the known gsk-3b substrates is the
translation initiation factor eIF2B. Phosphorylation of this
translation initiation factor decreases translation (49, 50).
Thus, inhibition of gsk-3b by p90rsk phosphorylation would
result in a rapid increase in translation.

Because PKC does not directly phosphorylate p90rsk, it
might act by phosphorylation of an anchoring protein. Further
studies are necessary to identify the binding partner that fixes
the kinase to the polyribosomal complex. However, ERK-2 or
gsk-3b are possible binding partners there.

Increased phosphorylation of a set of PRBPs in response to
mGluR stimulation suggests a possible mechanism for a syn-
aptically driven control of protein translation in neurons.
Among these tightly bound proteins are kinases that have not
previously been found to be associated with polyribosomes.
We identified p90rsk-1, p90rsk-2, ERK-2, and gsk-3b as poly-
some-associated proteins. Stimulation of mGluR induced a
PKC-dependent translocation of p90rsk to polyribosomes
within 90 sec. Possibly, the already polyribosome-bound
ERK-2 then might completely activate p90rsk, which, in turn,
could up-regulate translation by phosphorylating and inhibit-
ing gsk-3b. We therefore propose that mGluR activation may
prime protein synthesis via p90rsk translocation to polyribo-
somes and subsequent phosphorylation of gsk-3b.
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