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Eukaryotic ribosomes host PKC activity
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PKC isoform bII modulates translation and can be recruited on ribosomes via its scaffold RACK1 (receptor
for activated protein kinase C 1), which resides on the 40S ribosomal subunit. However, whether a PKC
activity exists on the ribosome is not yet demonstrated. We purified native ribosomes by two different
techniques, which avoid stripping of initiation factors and other associated proteins. In both cases, puri-
fied ribosomes are able to phosphorylate a specific PKC substrate, MARCKS (Myristoylated Alanine-Rich
C-Kinase Substrate). MARCKS phosphorylation is switched on by treatment with PKC agonist PMA (Phor-
bol 12-Myristate 13-Acetate). Consistently, the broad PKC inhibitor BMI (Bisindolyl Maleimide I) abro-
gates MARCKS phosphorylation. These data show that native ribosomes host active PKC and hence
allow the phosphorylation of ribosome-associated substrates like initiation factors and mRNA binding
proteins.

� 2008 Elsevier Inc. All rights reserved.
The protein kinase C (PKC) superfamily entails 11 isoforms in- [9]. These data suggested that RACK1 may function as a PKC adap-

volved in most cellular processes [1]. PKCs are divided into three
groups: classical or conventional PKCs (cPKCs), novel PKCs (nPKCs),
and atypical PKCs (aPKCs) [2]. Conventional PKCs (PKCa, PKCbI/II,
PKCc) require both diacylglycerol (DAG) and Ca2+ for activation.
They can also be activated by phorbol esthers, such as Phorbol
12-Myristate 13-Acetate (PMA), in a Ca2+-dependent manner. No-
vel PKCs (PKCd, PKCe, PKCg, PKCh, PKCr) are DAG/PMA sensitive,
but do not respond to Ca2+, whereas atypical PKCs (PKCf and
PKCi/k) are unresponsive both to DAG and Ca2+ [3]. It has been pro-
posed that each PKC isoform has its specific scaffold protein,
namely Receptor for Activated C Kinase or RACK [4]. RACK1 is an
anchoring proteins for PKCbII [5]. Interestingly, RACK1 is present
on 40S ribosomes [6], and on mRNPs particles [7]. RACK1 binds
also eukaryotic initiation factor 6 (eIF6), and in vitro mediates its
release from the 60S ribosome in the presence of PKC [8]. A cryo-
EM map of the eukaryotic ribosome showed that RACK1 is located
in proximity of the mRNA exit channel, in close contact with the
binding surface of eIF3 complex, next to mRNA binding proteins
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tor protein on the ribosomal subunit [10]. Indeed, we recently re-
ported that PKCbII isoform can be translocated to RACK1
containing ribosomes and increase the rate of translation [11].
However, this study left unanswered the question on whether ac-
tive PKC can be actually present on ribosomes.

In this study, by means of two different techniques, we purified
ribosomes in native conditions in order to preserve also loosely
associated factors. We found that in both cases, these ribosomes
exhibited a PKC-like activity, being able to phosphorylate MARCKS,
a specific PKC substrate. This is the first evidence showing an active
kinase associated with ribosomes.

Materials and methods

Cell lines and reagents. HEK293 and HeLa cells were cultured in
DMEM medium (Gibco) supplemented with 10% FBS (Gibco), gluta-
mine, and antibiotics, according to standard procedures. Transfec-
tions were carried out using either calcium phosphate standard
protocol [12] or Gene Porter Transfection Reagent (GTS) according
to manufacturer instruction. PKCbII plasmid was from A. Newton
lab (University of California at San Diego, La Jolla, California,
USA) [13]. GST-MARCKS was a kind gift of J.-W. Soh (Inha Univer-
sity, Incheon, Korea) [14]. Constructs GFP-S18 and GFP-L5 were
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Fig. 1. Ribosomes host a PKC activity. (A) HEK293 cells extract (TOT Ext) was
ultracentrifuged on sucrose cushion to pellet ribosomes. The resuspended ribo-
somal pellet (Input) was further separated on sucrose gradient. 40S, 60S, and 80S
are observed. Fractions were collected, TCA concentrated and analyzed by SDS–
PAGE. Proteins were probed for rpS6, rpL28, RACK1, and eIF6. (B) Ribosomes were
prepared as in (A) from untreated or PMA stimulated HEK293 cells and incubated
with the PKC substrate GST-MARCKS in presence of c-32P-ATP. Broad PKC inhibitor
BMI was used where indicated. Proteins were separated by SDS–PAGE and
phospho-proteins were revealed by autoradiography. Anti-GST shows equal loading
of kinase substrate. The arrow points to the specific MARCKS band.
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prepared by subcloning full length rpS18 and rpL5 ribosomal pro-
teins in pEGFP-N2 upstream of Enhanced GFP (Clontech). Autofluo-
rescence of cells expressing GFP fusion proteins were acquired
with a Zeiss Axiophot equipped with 63X immersion lenses. PMA
(phorbol 12-myristate 13-acetate), cycloheximide, and proteases
inhibitor cocktail were from Sigma. The PKC inhibitor BMI (bisind-
olyl maleimide I) and BSA (bovine serum albumin) were from Cal-
biochem. RNasin� was from Promega. Cells were stimulated with
50 nM PMA for 30 min, or pre-treated with 100 nM BMI, 30 min
before stimulation.

Ribosomes purification and polysomal profiles. HEK293 cells were
treated 10 min with 100 lg/ml cycloheximide, washed in PBS, and
then lysed in buffer A [50 mM Tris–HCl, pH 7.4, 100 mM NaCl,
30 mM MgCl2, 0.1% Igepal, 100 lg/ml cycloheximide, 40 U/ml RNa-
sin�, protease inhibitor cocktail]. Whole cell extracts were clarified
at 4 �C, 10 min at 15,000g. Extracts were loaded on a 30% sucrose
cushion in 50 mM Tris–acetate, pH 7.5, 50 mM NH4Cl, 12 mM
MgCl2, and 1 mM DTT and ultracentrifuged overnight in a SW41Ti
Beckman rotor at 39,000 rpm. The ribosomal pellet was resus-
pended in buffer B [50 mM HEPES–NaOH, pH 7.35, 100 mM MgCl2,
10 mM CaCl2, 1 mM DTT, 2 mM EGTA, 1 mM NaF, 10 mM b-glycer-
ophosphate]. Polysomal profiles were performed as previously de-
scribed [11].

Western blot analysis and antibodies. Proteins were separated on
SDS–PAGE, transferred to Immobilon-P membranes (Millipore),
and probed with appropriate antibodies. The following antibodies
were used: rabbit polyclonal anti-rpS6 (Cell Signaling); goat anti
rpL28 (A-16) (Santa Cruz); mouse monoclonals anti-RACK1, anti-
PKCb, anti-PKCi, anti-PKCe (BD Transduction Laboratories); rabbit
polyclonal isoform-specific anti-PKCbII (C-18) (Santa Cruz); mouse
monoclonal anti-GFP (Roche). Rabbit polyclonal anti-eIF6 (p27BBP)
was previously described [15]. Rabbit polyclonal anti-GST was a
kind gift of Dr. Massimilano Pagani (Primm s.r.l., Milano, Italy).

Kinase assay. Recombinant GST-MARCKS protein expression was
induced in Escherichia coli strain BL21 and purified using Glutathi-
one Sepharose 4B (Pharmacia Biotech) according to standard
procedures.

The kinase assay from ribosomes purified by ultracentrifugation
was performed as follows. Thirty absorbance units at 254 nm of
ribosomes from HEK293 cells resuspended in buffer B were added
to 10 lg GST-MARCKS and 10 lCi c-32P-ATP. The reaction was run
at 30 �C for 30 min and terminated by adding one volume of sam-
ple buffer. The samples were boiled 5 min, separated by SDS–PAGE
and stained with Coomassie brilliant blue R-250. Autoradiography
was performed on dried gel.

The kinase assay from GFP-pulldown ribosomes was performed
as described [14], with little modifications. HeLa cells were trans-
fected with the indicated expression plasmids and immunoprecip-
itation was performed as described below. The
immunoprecipitates were added to the kinase assay with 10 lg
GST-MARCKS substrate and 5 lCi of c-32P-ATP. The reaction was
performed at 30 �C for 1 h and terminated by adding one volume
of sample buffer. The samples were boiled 5 min and separated
by SDS–PAGE and stained with Coomassie brilliant blue R-250.
Autoradiography was performed on dried gel.

Immunoprecipitation. Adherent, subconfluent HeLa cells were
lysed in buffer C [50 mM HEPES pH 7.5, 150 mM NaCl, 0.1% Tween
20, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol, 1 mM NaF, 0.1 mM
Na3VO4, 10 mM b-glycerophosphate, proteases inhibitor cocktail].
The whole cell extract was clarified at 4 �C, 15,000g, 10 min. The
amount of protein recovered was quantified by the BiCinchonic
Acid (BCA) protein assay (Pierce). For immunoprecipitation, 3 mg
total proteins were pre-cleared with protein G beads (Amersham),
and then incubated for 2 h at 4 �C with 2 lg/ml mouse monoclonal
anti-GFP or with an irrelevant antibody. The kinase assay was per-
formed as above. Protein G beads were added and incubated for 1 h
at 4 �C. The beads were washed four times with lysis buffer and
resuspended in sample buffer. Immunoprecipitates were resolved
on SDS–PAGE, transferred to Immobilon-P membranes (Millipore),
and probed with appropriate antibodies.

Results

Purified ribosomes from HEK293 cells host PKC kinase activity

We have recently shown that PKCbII can associate with mam-
malian ribosomes and may regulate translation upon binding to
the ribosome-associated protein RACK1 [11]. However, PKC activ-
ity has not been detected on ribosomes yet, thus raising the possi-
bility of presence of inactive PKC on ribosomes. We attempted to
address this question.

As a first step, we purified native ribosomes, not stripped by ini-
tiation factors by high salts, to evaluate whether PKC activity could
be detected. Total ribosomes purified from HEK293 cells on a su-
crose cushion were resuspended avoiding salt stripping of loosely
ribosome-associated factors and dissociation of mature translating
subunits. Purified ribosomes correctly had structural protein rpS6
on 40S–80S fractions, and rpL28 on 60S–80S. In these conditions,
the scaffold protein RACK1, which is associated with 40S subunits
and is located close to the mRNA exit channel of mature 80S [9] is
retained on the ribosome and partially cosediments with eIF6
(Fig. 1A) as expected [8].

PMA is widely used to activate classical and novel PKC isoforms.
In order to scout for the presence of PKC activity on the ribosome,
we used PMA treatment to induce kinase activation. Ribosomes
from PMA stimulated or unstimulated cells were purified as above
and mixed in vitro, with c-32P-ATP and Myristoylated Alanine-Rich
C-Kinase Substrate protein (MARCKS) [16]. GST-MARCKS is a well-
defined synthetic PKC substrate [17]. Ribosomes from PMA treated
cells can phosphorylate GST-MARCKS (Fig 1B), suggesting a PMA
dependent, PKC-like activity hosted on purified ribosomes. To
establish whether the phosphorylation of GST-MARCKS is due to
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the copurification of a PKC isoform, we pre-treated cells with PKC
inhibitor BMI (Bisindolyl Maleimide I) [18]. Ribosomes from BMI
treated cells showed reduced phosphorylation of GST-MARCKS,
as compared to PMA stimulated cells (Fig 1B). Thus, PKC activity
copurifies with native ribosomes.
Fig. 2. Ribosomes were purified and separated on sucrose gradient as in Fig. 1A.
Fractions were TCA concentrated and analyzed by SDS–PAGE. Protein cosediment-
ing with ribosomes were probed for the presence of PKC isoforms. PKCbII and PKCi
were found to cosediment with ribosomes. PKCe is present in the purified
ribosomes input, but does not associates with ribosomes.

Fig. 3. Generation of cells with GFP-tagged ribosomes (A) HeLa cells are transfected
observed 48 h after transfection. Scale bar, 20 lm. Nucleolar and cytosolic localization o
was performed. Cellular rate of translation is not impaired by GFP fusion protein. F
cosediments through the sucrose gradient. Ribosome markers rpS6 and rpL28 confirm
expected. (C) Anti-GFP immunoprecipitation is carried either on GFP or GFP-S18 transf
marker for the ribosome. RACK1 is incorporated in GFP-S18 containing ribosomes.
Our previous work has shown that PKCbII can bind RACK1 and
associate with ribosomes, in vivo. Here we analysed which PKC iso-
forms are associated with purified ribosomes. Ribosome suspen-
sion was separated on sucrose gradient and fractions analyzed
for PKC content (Fig. 2 and data not shown). Classical PKC isoform
bII and atypical isoform i were found to cosediment with ribo-
somal subunits. PKCi is a PMA insensitive kinase [1] not involved
in protein synthesis regulation [11], and was not further investi-
gated. Association of PKCbII with ribosomes is specific, since PKCe,
which also binds RACK1 [19], is absent from ribosomal fractions.
We further investigated the activity of PKCbII isoform on
ribosomes.

GFP-tagged ribosomes copurify PKC kinase activity

We previously showed that transfection of exogenous PKCbII in
HeLa cells led to association of this kinase with ribosomes, and an
increase in translation [11]. In order to gather independent evi-
dence on the association of PKCbII to ribosomes we turned to HeLa
cells. We also switched to a different technique of purification,
which is immunoprecipitation of GFP-tagged ribosomes.

Two constructs carrying the EGFP cassette fused to the C-termi-
nus of rpS18 and rpL5 were developed, GFP-S18 and GFP-L5
with either GFP-S18 or GFP-L5 or GFP expression constructs. Autofluorescence is
f GFP fusion proteins is observed. (B) Polysomal profile of GFP-S18 transfected cells
actions were collected, TCA concentrated and separated by SDS–PAGE. GFP-S18
ribosome localization. PKCbII, the scaffold protein RACK1 and eIF6 cosediment as

ected cells. Pull-downs were probed with either anti-GFP or with anti-RACK1 as a



Fig. 4. GFP-ribosomes pull-down PKC activity. (A) HeLa cells are co-transfected
with either GFP-S18, or GFP-L5 or GFP alone together with PKCbII as indicated. 48 h
after transfection, cells are PMA stimulated and lysed. Anti-GFP immunoprecipi-
tation is performed in order to pull-down GFP-ribosomes. Immunopurified
ribosomes are incubated with GST-MARCKS in presence of c-32P-ATP. Proteins are
separated on SDS–PAGE and stained with Coomassie Blue. Autoradiography is
performed on dried gel. PKCbII immunoprecipitate is a positive control for GST-
MARCKS phosphorylation. (B) GFP-S18 transfected cells were immunoprecipitated
with anti-GFP or with irrelevant antibody as a control. Kinase assay on GST-
MARCKS was performed as above. PKC activity is specifically purified by immuno-
precipitation. (C) Cells were treated with PMA to induce PKCbII activation or left
unstimulated. Immunoprecipitation of PKCbII was used in kinase assays to
phosphorylate the substrate as above. GST-MARCKS phosphorylation is PMA
dependent.
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(Fig. 3). HeLa cells were transfected with either GFP-S18 or GFP-L5
or control GFP protein alone. GFP-S18 accumulated in the nucleo-
lus, where ribosomes are assembled, and in the cytosol; similar re-
sults were obtained for GFP-L5, but not for GFP alone, which never
targeted to nucleoli (Fig. 3A).

To confirm incorporation of GFP-fusion protein into the trans-
lating machinery, ribosomes were separated on sucrose gradient
and fractions were analyzed by immunoblotting. Polysomal profile
of GFP-S18 transfected cells show defined polysomes, indicating
that the exogenous protein does not impair translation (Fig. 3B
top panel). GFP-S18 is present through the gradient and it cosedi-
ments in fractions containing 40S subunits, 80S mature ribosomes
and translating ribosomes, as indicated by ribosomal markers rpS6
and rpL28 (Fig 3B bottom panels). The difference in the distribution
between endogenous ribosomal rpS6 and transfected GFP-ribo-
somal proteins is likely due to the fact that excess ribosomal pro-
teins not incorporated on ribosomes remain in the soluble phase
or are degraded (see also section Discussion).

RACK1 is present only on cytoplasmic ribosomes [8]. In order to
prove that at least part of GFP-ribosomes were cytosolic, and in-
volved in protein synthesis, we tested whether ribosomes incorpo-
rating GFP-S18 also contained RACK1. HeLa cells were either
transfected with GFP-S18 or were mock transfected. GFP immun-
precipitation resulted in enrichment of GFP-S18 fusion protein.
Immunoprecipitation of GFP-S18 resulted in copurification of
endogenous RACK1 in cells transfected with GFP-S18, whereas
control GFP alone does not coprecipitate with RACK1 (Fig. 3C).
Thus, GFP-S18 is recruited in RACK1 containing ribosomes. Degra-
dation products of GFP-S18 were also observed, but importantly
were not enriched in the immunoprecipitation.

Next, we tested whether ribosomes pulled down with anti-GFP
were able to phosphorylate MARCKS. Cells were transfected with
GFP-S18, GFP-L5 or control GFP alone and PKC was PMA-activated.
The immunoprecipitates were employed to phosphorylate GST-
MARCKS, in vitro, in the presence of c-32P-ATP. Data show that
immunoprecipitation of GFP-S18 and GFP-L5 result in the phosphor-
ylation of GST-MARCKS (Fig. 4A), while control GFP does not copurify
any PKC activity against the specific substrate. Control experiments
showed also that 1- the kinase activity is specifically associated to
GFP immunoprecipitation and not aspecifically purified by agarose
beads (Fig. 4B), 2-phosphorylation of GST-MARCKS is PMA depen-
dent, and does not occur when PKC is inactivated (Fig. 4C).

We conclude that a PKC activity can associate with translating
ribosomes.

Discussion

We collect evidence that a PKC activity resides on the ribosome,
supporting the model of a physical contact between the kinase and
the translational machinery.

In this study, we purified ribosomes in order to measure PKC
activity associated with translational apparatus. Purifying ribo-
somes from mammalian cells in native conditions is demanding,
since the translational machinery is a huge complex of structural
proteins, regulating factors and different RNAs of about 4.2 MDa.
In order to measure kinase activities associated to ribosomes, we
need to maintain both weak and strong associations. Some reports
in literature exist, mostly based on sucrose gradient sedimentation
(see for example [20]). However, these procedures yield ribosomes
stripped from non-structural ribosomal proteins. In the present
study, we attempted to preserve associated factors by using phys-
iological salt concentrations.

To further demonstrate that PKC association with ribosomes
was not due to a purification artifact, we attempted to obtain sim-
ilar results with a completely different technique, based on GFP-
pulldown purification. We searched for ribosomal proteins ex-
posed on the ribosome surface, that could be accessible from the
soluble phase. rpS18 and rpL5 reside on the solvent phase of the
ribosome [21]. GFP fusion constructs were prepared and correct
internalization in translating ribosomes was confirmed (Fig. 3).
Due to competition with endogenous ribosomal proteins, some of
GFP-fusion proteins were degraded. This is expected since ribo-
somal proteins not incorporated into ribosomes are unstable. How-
ever, the purification by GFP immunoprecipitation resulted in the
enrichment of correctly assembled ribosomes containing RACK1.
Ribosomes obtained by GFP immunoprecipitation also exhibited
a PKC activity, which was dependent by PMA.

Another important question to be addressed refers to the phys-
iological substrates of PKC that act on the translational machinery.
The RACK1–PKC complex is able to mediate the release of antiasso-
ciation factor eIF6 (eukaryotic initiation factor 6) from the large
ribosomal subunit, allowing the joining of ribosomes in vitro [8].
Later studies confirmed that a PKC stimulated pathway results in
the phosphorylation of eIF6, coincident with an increase of transla-
tion [22], and eIF6 itself may regulate global translation depending
on the Ser235 PKC consensus site (Gandin et al., in press). How-
ever, eIF6 may be not the only substrate. Other factors associated
to the ribosomal machinery have potential consensus sites for
PKC phosphorylation. In vitro studies have shown that some of
them can be indeed efficiently phosphorylated, like eIF4E, eIF4G
[23], and eEF2 [24], but their physiological relevance is unclear.
eIF4B, a stimulator of eIF4A helicase activity also contains a PKC
consensus site which is phosphorylated in vivo [25,26]. In conclu-
sion, multiple targets, in different cells may be responsible for
the effects of PKC on translation.

In conclusion, the size and structure of the ribosomal complex
may have evolved to dock signaling enzymes. Intriguingly, recent
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work has extended the concept of a ribosomal kinase platform
showing that the large initiation factor complex eIF3 can itself re-
cruit S6K1 and mTOR [27]. Active PKCbII may also act on ribo-
somes, contributing to the ideas that the ribosomal machinery
can act as a local transducer of translation on selected ribosomes.
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