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Heterogeneous nuclear ribonucleoprotein K (hnRNP-K) is
one of a family of 20 proteins that are involved in tran-
scription and post-transcriptional messenger RNA metab-
olism. The mechanisms that underlie regulation of
hnRNP-K activities remain largely unknown. Here we show
that cytoplasmic accumulation of hnRNP-K is phosphory-
lation-dependent. Mitogen-activated protein
kinase/extracellular-signal-regulated kinase (MIAPK/ERK)
efficiently phosphorylates hnRNP-K both in vitro and in
vivo at serines 284 and 353. Serum stimulation or con-
stitutive activation of ERK kinase (MEK1) results in phos-
phorylation and cytoplasmic accumulation of hnRNP-K.
Mutation at ERK phosphoacceptor sites in hnRNP-K abol-
ishes the ability to accumulate in the cytoplasm and ren-
ders the protein incapable of regulating translation of
mRNAs that have a differentiation-control element (DICE)
in the 3' untranslated region (UTR). Similarly, treatment
with a pharmacological inhibitor of the ERK pathway abol-
ishes cytoplasmic accumulation of hnRNP-K and attenu-
ates inhibition of mRNA translation. Our results establish
the role of MAPK/ERK in phosphorylation-dependent cel-
lular localization of hnRNP-K, which is required for its abil-
ity to silence mRNA translation.

dominantly nuclear RNA-binding proteins that function in a

wide array of cellular activities, ranging from transcription
and pre-mRNA processing in the nucleus to cytoplasmic mRNA
translation and turnover'~. In human cells, hnRNPs consist of a set
of 20 principal proteins, which are formally defined as proteins that
bind to hnRNA in vivo but are not stable components of other
classes of RNP complexes'. Along with histones, hnRNPs are the
most abundant nuclear proteins in higher eukaryotes.

The hnRNP-K (K) protein has been implicated in diverse
molecular and cellular functions, including nuclear—cytoplasmic
shuttling and RNA transcription and translation®. The K-homolo-
gy (KH) motifs, which were originally identified in hnRNP-K, are
almost completely conserved between Xenopus laevis and mammals
and have been implicated in RNA binding*’. Import and export of
K protein have been shown to be mediated through the hnRNP-K
nuclear-shuttling (KNS) domain (amino acids 323-390), which
confers bidirectional transport across the nuclear envelope and rep-
resents a new shuttling pathway®.

The mammalian®>"~'° and Drosophila melanogaster'' homologues
of K protein have been implicated in transcription. Transactivation
by K protein involves an increase in transcription of c-Myc’ and of
Spl and Sp3 (ref. 8). Interconversion of double- and single-stranded

| |eterogene0us nuclear ribonucleoproteins (hnRNPs) are pre-
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DNA'? and association with C/EBP[ are among the mechanisms
that may explain the effect of K protein on transcription.

K protein has also been shown to regulate translation in the
cytoplasm. Together with hnRNP-E1, it binds to a C/U-rich DICE
in the 3" UTR of 15-lipoxygenase (LOX) mRNA and silences its
translation in immature erythroid precursor cells'>'. Inhibition of
mRNA translation by K protein could be mediated through differ-
ent DICE elements found in alternative forms of LOX RNAs" and
has also been reported for human papillomavirus type 16 L2
mRNA'S,

We do not yet understand the mechanism(s) underlying regula-
tion of K-protein activities. The carboxy terminus of K protein
consists of the SH3-binding cluster, which is required for binding
to Vav'’. K protein has also been shown to associate with c-Src!”'%.
Src, as well as protein kinase Cd and an interleukin-1-responsive K-
protein kinase, has been shown to phosphorylate hnRNP-K,
although the significance of this phosphorylation is not known'2".

In searching for possible new substrates of Jun amino-terminal
kinase (JNK), we modified JNK by mutating it within the ATP-
acceptor site, allowing selective use of a modified form of ATP**.
Microsequencing analysis of proteins that were phosphorylated by
JNK in vitro led to the identification of hnRNP-K. hnRNP-K (K
protein) was efficiently phosphorylated in vitro by JNK and ERK,
but not by p38. To identify the JNK/ERK phosphoacceptor sites in
K protein, we mutated the proline-driven serines at amino acids
116, 216, 284 and 353. Of the four resulting mutants, S284A and
S353A were identified as the phosphoacceptor sites for ERK phos-
phorylation (data not shown).

To confirm that in vivo phosphorylation of K protein is carried
out by MAPK/ERK, we carried out orthophosphate labelling of
cells that had been co-transfected with hnRNP-K and a constitu-
tively active form of MEK (MEK-EL) and then treated them with
PD98059, a pharmacological inhibitor of ERK. Efficient phospho-
rylation of K protein upon expression of MEK-EL in vivo was
inhibited in a dose-dependent manner by the ERK inhibitor (Fig.
la). Whereas ultraviolet irradiation also induced phosphorylation
of K protein, a constitutively active form of JNK elicited weak acti-
vation (data not shown). In light of the substantially greater phos-
phorylation by ERK as compared with JNK, we further character-
ized K-protein phosphorylation by focusing on ERK kinases.

One of the primary specific functions attributed to the K pro-
tein relates to its ability to inhibit translation of mRNAs bearing
DICEs within their 3" UTRs'. To assay for this function, we used
the 3" UTR DICE element linked to a luciferase reporter gene
(Luc-2R) and its mutant counterpart (Luc—2Rmut). Forced
expression of K protein led to 55% inhibition of luciferase activity
mediated from Luc—2R sequences in a DICE-dependent manner
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Figure 1 In vivo phosphorylation of HA-hnRNP-K by ERK is required for
translational inhibition of Luc-2R. a, Hela cells were co-transfected with hnRNP-
K and MEK-EL, and subjected 24 h later to in vivo labeling with [*2Plorthophosphate
for 2 h before protein extraction, in the presence or absence of PD98059 at the
indicated concentrations. HA-hnRNP-K labelled with 32P was immunoprecipitated
and washed extensively before separation by SDS-PAGE, transfer to nitrocellulose
membrane and subsequent analysis using autoradiography (upper panel). Western
blotting with anti-HA antibodies (lower panel) was used to confirm equal loading.
Arrows show the positions of K protein, immunoglobulin G (IgG) and a non-specific
HA-crossreacting band (ns). b, HeLa cells were transfected using the calcium phos-
phate method with Luc—2R or Luc—-2Rmut (5 pg) forms of DICE-bearing LOX 3" UTR
sequences, together with SV-40--gal (5 pg) and wild-type hnRNPK (5 or 10 pg) in
the presence or absence of MEK-EL or JNKK2(CAA) as indicated. Proteins were pre-
pared 30 h after transfection and were analysed for luciferase and B-gal activities.

(Fig. 1b). Forced expression of MEK-EL in the presence of small
quantities of the K-protein construct, which were not themselves
capable of inhibiting DICE-Luc activity, led to >60% inhibition of
the wild-type DICE element, as compared with 4% inhibition of
the mutant DICE form (Fig. 1b). These findings indicate that inhi-
bition of Luc—2R translation by K protein may depend on its phos-
phorylation by ERK.

Contrary to the inhibition of Luc—2R activity by wild-type K
protein, forced expression of the S/A phosphomutants of K pro-
tein (K284/353) increased Luc—2R activity (Fig. 1c). Furthermore,
forced expression of K-protein phosphomutants attenuated the
ability of MEK-EL to inhibit Luc—2R activity (Fig. 1c). These
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Values are normalized to show relative increase in luciferase activity (%). ¢, Luc—2R
or Luc-2Rmut was co-transfected with 5 pg of wild-type (K), phosphomutant
(K284/353) or constitutively active mutant (K284D/353D) hnRNP-K in the presence
or absence of MEKEL. Luciferase activities were determined as in b. d, Reporter
genes were co-transfected with 5 pg of wild-type or mutant (K284,/353) hnRNP-K in
the presence or absence of MEK-EL. After 16 h the transfection medium was
replaced with low-serum medium (0.2%) for 20 h before fresh medium containing
10% FBS was added for 4 h. Where indicated, 50 uM PD98059 (PD) was added to
the medium 2 h before addition of fresh medium, and was present in the fresh
medium. Open and thick diagonally hatched columns represent data obtained with-
out serum stimulation. e, HelLa cells were co-transfected with reporter genes and
either empty pCDNA3 or phosphomutant hnRNP-K to examine the effect on transla-
tion inhibition mediated by endogenous hnRNP-K.

findings indicate that expression of phosphomutant K protein may
be sufficient to override the ability of endogenous K protein and to
attenuate the translational inhibition mediated by K protein that
has been phosphorylated by ERK. Expression of dominant negative
MEK (dnMEK) led to a marked increase in Luc—2R activity, which
was further increased upon co-expression of phosphomutant K
protein (Fig. 1c). Expression of K protein that was mutated to have
constitutive charge at phosphoacceptor sites (5284D/S353D), led to
inhibition of Luc—2R translation (Fig. 1¢); this inhibition was not
affected by PD98059 (data not shown), which further supports the
idea that K protein has an ERK-phosphorylation-dependent effect
on RNA translation.
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Figure 2 Association of LOX mRNA with K protein and inhibition of its transla-
tion in vitro is not phosphorylation-dependent. a, RNA-protein complex analysis
was carried out as a gel-shift assay for hnRNP-K binding, using an mRNA probe that
was synthesized from three repeats of the LOX 3' UTR DICE. Lysates (25 pg) from
293T cells that were co-transfected with hnRNP-K in the presence or absence of MEK-
EL (P-K) was incubated with 32P-labelled (0.1 ng) sense (specific) or antisense (non-
specific) probe and were then separated on 6% polyacrylamide gel with 0.5 x
Tris/boric acid/EDTA buffer. b, HA-hnRNP K (20 ng) that was immunopurified on an
HA-affinity column from cells that were cotransfected with HA-hnRNP-K and MEK-EL
or with control pCDNA3 was bound to labelled RNA (see a), after which complexes
were separated by PAGE and visualized using autoradiography. ¢, Luc mRNA bearing

Analysis of Luc—2R translation in serum-stimulated cells
revealed a 50% reduction in Luc—2R activity (Fig. 1d) . Such inhi-
bition was reversed upon treatment of cells with PD98059.
Moreover, addition of PD98059 to the culture medium 2 h before
serum stimulation efficiently increased Luc—2R activity (more than
fivefold; Fig. 1d). These observations indicate that endogenous K
protein may extensively inhibit translation of sequences bearing
LOX 3" UTRs, and that this inhibition may be ERK-dependent. The
idea that ERK phosphorylation is important for inhibition of RNA
translation by K protein is further supported by the observation
that forced expression of phosphomutant K protein elicited a three-
fold increase in RNA translation, which was further increased (six-
fold) upon treatment with PD98059 (Fig. 1d). Thus, through inhi-
bition of endogenous ERK activity, PD98059 has an effect that is
additive to that mediated by exogenously expressed phosphomu-
tant K protein.

Treatment with PD98059 was sufficient to increase Luc—2R
activity in serum-stimulated cells, which was mediated by endoge-
nous K protein (Fig. le). Forced expression of phosphomutant K
protein in PD98059-treated and serum-stimulated cells efficiently
increased Luc—2R activity (more than fivefold); this increase was
greater (sevenfold) upon inhibition of ERK with PD98059 (Fig. le).
These observations provide direct support for a role of ERK in the
ability of K protein to inhibit translation through the 3" UTR DICE.
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the 15-LOX 3" UTR regulatory region (Luc—10R) or the non-regulatory region (Luc-NR)
and chloramphenicol acetyltransferase (CAT) mRNA (as a control) were in vitro tran-
scribed before incubation with immunopurified hnRNP-K and subsequent in vitro trans-
lation. K protein was purified from MEK-EL-expressing cells in parallel to its purification
from cells expressing control vector (unphosphorylated conditions); complexes were
separated by PAGE and visualized by autoradiography. Arrows show the positions of
Luc and CAT products. d, Analysis was carried out as in b; proteins purified from
MEK-EL-expressing cells include the wild-type and phosphomutant (K284,/353) forms
of hnRNP-K. K proteins were purified on an HA-affinity column before incubation with
Luc-10R or Luc-NR mRNA that was transcribed and purified in vitro; the mixture was
then subjected to an in vitro translation reaction and was analysed by autoradiography

To assess whether phosphorylation alters the association of K
protein with RNA, we incubated *?P-labelled LOX 3’ UTR RNA, in
its sense or antisense form, with cellular extracts prepared from
cells that were transfected with K protein in the presence or absence
of MEK-EL. K protein—RNA complexes were detected with sense,
but not with antisense, forms of sequences bearing LOX 3" UTR
elements, and were not affected by expression of MEK-EL (Fig. 2a).
Incubation of **P-labelled DICE sequences, in sense or antisense
forms, with K protein immunopurified from MEK-EL (phospho-
rylated) or control (unphosphorylated) transfected cells revealed
that the sense, but not the antisense, form of LOX 3" UTR RNA
bound to K protein, and that such association was not altered upon
phosphorylation of K protein (Fig. 2b). Association of K protein
with labelled DICE RNA was inhibited by the sense, but not by the
antisense, form of this RNA fragment, which demonstrates the
specificity of this association (data not shown). Together, these
findings indicate that binding of K protein to DICE:s is not affected
by ERK phosphorylation.

We monitored inhibition of RNA translation in vitro using in
vitro-synthesized luciferase reporter RNA bearing DICEs, which we
assayed for in vitro translation in the presence of K protein. K pro-
tein efficiently elicited dose-dependent inhibition of RNA transla-
tion from the LOX regulatory region (10R), but not from a non-reg-
ulatory region (data not shown). Such inhibition was not affected
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Figure 3 Cytoplasmic accumulation of hnRNP-K upon ERK phosphorylation
and serum stimulation. a, Hela cells cultured on glass coverslips were transfect-
ed with wild-type or phosphomutant (K284,/353) HA-hnRNP-K in the presence or
absence of constitutively active forms of upstream MAP kinases (MEK-EL,
JNKK2(CAA), AMEKK1). HA-hnRNP K was visualized 24 h later after cell fixation fol-
lowed by immunostaining with anti-HA monoclonal antibody (left panels). Right pan-
els show control DAPI staining. b, HelLa cells grown on coverslips were transfected
with wild-type or mutant (K284,/353D) forms of K protein in which S284 and S353

Wild type

K284D/353D

upon ERK phosphorylation of K protein (Fig. 2c). Wild-type and
phosphomutant K protein, immunopurified from MEK-express-
ing cells, inhibited in vitro RNA translation to equal extents (Fig.
2d). These observations indicate that phosphorylation of K pro-
tein does not affect the rate of RNA translation per se.

Whereas exogenous K protein is primarily localized within the
nucleus, wild-type, but not phosphomutant, K protein was also
present within the cytoplasmic compartment when MEK-EL was
expressed (Fig. 3a). The constitutively active form of the upstream
kinase MEKK1 (AMEKK1) was capable of eliciting even more effi-
cient accumulation of K protein within the cytoplasm (Fig. 3a).
Conversely, JNK did not affect cytoplasmic accumulation of K
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were mutated to aspartic acid D. Cells were fixed and stained with anti-HA antibody
24 h after transfection. ¢, HelLa cells grown on coverslips were transfected with
wild-type or phosphomutant HA-hnRNP-K and were then incubated in low-serum
medium for 16 h; medium containing 10% FBS was then added for the indicated
time periods. Where indicated, PD98059 was added to the medium 2 h before and
during serum stimulation. Panels labelled ‘dnMEK’ show the effect of dominant neg-
ative MEK on cytoplasmic accumulation of K protein after serum stimulation.

protein (Fig. 3a).

Further support for the importance of phosphorylation at
amino acids 284 and 353 for cytoplasmic accumulation of K pro-
tein comes from the use of K-protein mutants in which these
residues are replaced with acidic residues, thereby generating a neg-
ative charge that mimics the phosphorylated form of the protein.
Expression of $284D/S353D-mutant K protein led to cytoplasmic
accumulation without the need for external stimuli (Fig. 3b). We
monitored further the changes in K-protein localization that occur
in response to serum stimulation. Rapid accumulation of haemag-
glutinin (HA)-tagged wild-type, but not phosphomutant, K pro-
tein in the cytoplasm was observed within 5 min of addition of
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Figure 4 Cytoplasmic accumulation of ERK-phosphorylated endogenous
hnRNP-K upon serum stimulation. a, Nuclear and cytoplasmic proteins were
prepared from Hela cells 5 min after serum stimulation (cells were maintained in
serum for 20 h at 1% FBS). Where indicated, PD98059 was added 2 h before
serum stimulation. Western blotting was carried out using monoclonal antibodies
(12G4) against K protein, which allowed the levels of endogenous K protein in the
respective cellular compartments to be monitored (upper panel). Analysis using
antibodies against histone 4 (lower panel) reveals the separation of nuclear and
cytoplasmic proteins. Arrows indicate the positions of the K and J members of
hnRNP protein family recognized by these antibodies. b, HelLa cells were main-
tained in low-serum (1% FBS) medium for 20 h before addition of serum (10% FBS)
and [32P]orthophosphate (1 mCi per 100-mm plate) for 30 min. Nuclear and cyto-
plasmic proteins were prepared 30 min after serum stimulation (three plates per
experimental condition) and were subjected to immunoprecipitation (1 mg cytosolic
and 0.3 mg nuclear extract per immunoprecipitation) using the monoclonal 12G4
antibody against endogenous K protein. Immunoprecipitated material was washed
extensively, separated by SDS-PAGE and electrotransferred onto nitrocellulose
membrane. Upper panel shows a representative autoradiograph; phosphorimager
analysis allowed the respective signals to be quantified. Lower panel shows a west-
ern blot of the same membrane probed with 12G4 antibody. ¢, HelLa cells grown
on coverslips were serum-starved (20 h at 1% serum) and then serum-stimulated
(10% FBS). Cells were fixed for immunostaining 5 min after serum stimulation.
PD98059 was added to the medium 2 h before (and was present during) serum
stimulation. Immunostaining was carried out using monoclonal anti-hnRNP-K (12G4)
antibody (left panels). Right panels show DAPI staining.

serum to starved cells (Fig. 3¢). Cytoplasmic accumulation of K
protein after serum stimulation was blocked both in cells that were
also treated with PD98059 and in cells that were forced to express
a dominant negative form of MEK (Fig.3c). These findings
demonstrate the requirement for ERK phosphorylation to allow
cytoplasmic accumulation of K protein under physiological
growth conditions.
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Immunoblotting revealed an increase in the amount of endoge-
nous K protein in the cytoplasmic fraction prepared after serum
stimulation. Such an increase was no longer observed when cells
were pretreated with PD98059 (Fig. 4a). These findings indicate
that ERK phosphorylation of endogenous K protein may con-
tribute to its cytoplasmic accumulation. Pulse—chase analysis of K
protein after serum stimulation revealed no significant change in
the half-life of K protein (data not shown), indicating that the
ERK-mediated increase in amount of K protein in the cytoplasm
could be attributed either to nuclear export or to cytoplasmic accu-
mulation.

Orthophosphate labelling of cells showed that a relatively small
fraction of overall K protein was phosphorylated and was selective-
ly localized within the nuclear compartment of normal growing
cells (Fig. 4b). In response to serum stimulation, there was a
marked increase (fivefold) in the amount of phosphorylated K pro-
tein within the nuclear compartment. Phosphorylated K protein
was detected in the cytoplasmic fraction of cells only after serum
stimulation (Fig. 4b). Addition of PD98059 before serum stimula-
tion attenuated K-protein phosphorylation in the nuclear compart-
ment and abolished K-protein phosphorylation in the cytoplasm
(Fig. 4b). These results support the idea that ERK phosphorylates
endogenous K protein and indicate that such phosphorylation may
occur primarily in the nucleus, after which phosphorylated K pro-
tein would be translocated to the cytoplasm. These data also shown
that only a fraction of overall K protein is phosphorylated, and that
external stimulation, such as the serum stimulation used here, effi-
ciently increases phosphorylation of endogenous K protein. As west-
ern blotting may not always reflect the actual subcellular protein dis-
tribution, we assessed further the effect of ERK phosphorylation on
cellular localization of the K protein by immunohistochemistry
analysis. Specific monoclonal antibodies against K protein revealed
the cytoplasmic accumulation of endogenous K protein in response
to serum stimulation (Fig. 4c). Furthermore, treatment with
PD98059 efficiently blocked this cytoplasmic accumulation after
serum stimulation (Fig. 4c). These data confirm that ERK affects
cytoplasmic accumulation of endogenous K protein.

We have shown, for the first time, that the MAPK signal-trans-
duction pathway can directly control the cellular distribution of
hnRNP-K and consequently influences the ability of K protein to
regulate translation. Our data establish that partitioning of hnRNP-
K between the nucleus and the cytoplasm is subject to modulation
by extracellular signals. The MEK/ERK pathway, which is activated
in response to stress, is both required and sufficient for accumula-
tion of phosphorylated hnRNP-K in the cytoplasm, and therefore
for the ability of this protein to inhibit RNA translation.

Cytoplasmic accumulation of K protein upon ERK phosphory-
lation could be explained either by inhibition of import of K pro-
tein to the nucleus by phosphorylation by ERK, thereby causing it
to accumulate in the cytoplasm, or by export of K protein, which is
predominantly localized in the nucleus, to the cytoplasm upon
phosphorylation by ERK. Although our in vivo phosphorylation
data support the latter possibilty, further experiments are required
to distinguish between these two models. Only a fraction of the
overall amount of K protein expressed in the cell is phosphorylated
in response to serum stimulation, an observation that highlights
the regulatory nature of K-protein phosphorylation.

Earlier reports revealed in vitro phosphorylation hnRNP-K by
PKCd and Src'?, although the significance of this phosphoryla-
tion for the activities of K protein in vivo is not clear. p38, which has
no effect on K protein, has recently been implicated in phosphory-
lation of hnRNP-A1, which consequently affects its alternative
splicing activity”. Although hnRNP-A1 may not be a direct sub-
strate for p38, these findings, together with our observations, indi-
cate the role of MAPK family members in the localization and
activities of hnRNPs. The finding that phosphorylation of the
phosphorylated adaptor for RNA export (PHAX) is essential for
export of U-rich small nuclear RNA provides another example of
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phosphorylation-dependent changes in subcellular localization of
RNA processing factors®.

Phosphorylated K protein may alter the conformation of the
KNS domain, which is crucial to its intracellular shuttling®, to facil-
itate its cytoplasmic accumulation. K-protein phosphorylation may
also affect other members of the hnRNP family, including E1, E2,1
and L, which may contribute to the diverse functions in which K
protein has been implicated*”*.

The inhibition of RNA translation studied here is mediated
through the DICE element within the 3’ UTR of the LOX gene.
Although it has been implicated in erythrocyte differentiation, LOX
is also expressed in response to interleukin treatment of normal
and tumour-derived cells***°. As DICE-related elements are present
within the 3" UTRs of different genes, it is likely that altered phos-
phorylation K protein affects a wide range of genes in different tis-
sue types. L]

Methods

Cells.
Human embryo kidney cells (293T) and HeLa cells were maintained in DMEM supplemented with
10% FBS and antibiotics.

Plasmids.

hnRNP-K complementary DNA was amplified by polymerase chain reaction (PCR) using an HA-
tagged primer and was cloned into pPCDNA3 or pGEX-4T-2. Mutations at serine phosphorylation sites
(S116A, S216A, S284A and S353A) of hnRNP-K and in the ATP pocket of JNK2 (M108G and L168A)
were introduced using the Quick change Site-Directed Mutagenesis Kit (Stratagene) and were con-
firmed by DNA sequencing. Mutated hnRNP-K ¢cDNA was also subcloned into the pGEX-4T-2 plas-
mid. GST-Jun was expressed and purified as described®. pGEX-4T-2-hnRNP-K fusion protein was
expressed in Escherichia coli BL21 and was purified using immobilized glutathione beads (Pierce) in
accordance with standard methods. For the RNA—protein complex assay, 3R DICE oligonucleotides
(5'-GATATCCCCACCCTCTTCCCCAAGCCCCACCCTCTTCCCCAAGCCCCACCCTCTTCCC-
CAAGTCTAGAG), representing three repeat elements of the 10R 3' UTR LOX regulatory region, were
cloned into pBluescript IT SK; constructs (pBluescript IT SK-3R) were confirmed by DNA sequencing.

Microsequencing.

Tandem nanoflow electrospray mass spectrometry, using a PE Sciex QSTAR instrument, was used to
determine the sequences of peptides obtained by tryptic digestion of three silver-stained spots, each of
which share 100% identity with hnRNP-K.

In vitro transcription.

Uncapped, **P-labelled RNA or unlabelled competitor RNA was transcribed from pBluescript IT SK-3R
using T7 RNA polymerase (sense-specific) or T3 RNA polymerase (antisense nonspecific) using the
RiboProbe in vitro transcription system (Promega). For in vitro translation, m’G-capped RNA was
transcribed from linearized pSG5-Luc—10R or pSG5-Luc—NR constructs as described'.

RNA-protein binding assay.

RNA transcripts (0.1 ng; 10,000 c.p.m.) labelled with **P were mixed with protein extract (20 pg) from
293T cells or with HA-affinity-column-purified HA-hnRNP-K (20 ng) and BSA (2 pg) in the presence
of binding buffer (10 mM HEPES pH 7.4, 3 mM MgCl,, 5% glycerol, 1 mM dithiothreitol and 50 ng
ml™" yeast transfer RNA) and incubated at room temperature for 15 min. Heparin (5 mg ml™') was
added for 10 min at room temperature. For competition reactions, a 100-fold excess of cold specific or
nonspecific probe was pre-incubated with purified proteins. The complex was separated in 5% poly-
acrylamide gel with 0.5 x Tris/boric acid/EDTA buffer .

In vitro translation.

Capped, non-polyadenylated mRNA from pSG5-Luc—10R or pSG5-Luc—NR was pre-incubated with
purified HA-hnRNP-K for 10 min on ice before addition of TNT rabbit reticulocyte lysate, TNT reac-
tion buffer, amino-acid mixture (methionine minus), [**S]methionine and RNasin for 1 hr at 30 °C as
described*.

Purification of HA-hnRNP-K.
Cells (293T cells on 50 x 150-mm plates) were co-transfected with pPCDNA3-HA-hnRNP-K and
pCDNA3-MEK-EL or pCDNA3. HA-hnRNP-K proteins were immunopurified using mouse
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monoclonal antibodies (HA-11; Babco) that were immobilized on an affinity column. The purity of
HA-hnRNP-K was confirmed by western blotting and silver staining.

In vivo translational analyses.

Translational-inhibition experiments were carried out in vivo as described'’. SV-40-B-gal was co-trans-
fected with Luc—2R or Luc—2Rmut (for normalization, as these constructs contain the same SV-40 pro-
moter). As pPCDNA3-HA-hnRNP-K contains a cytomegalovirus promoter, the total amounts of DNA
used for transfection were controlled by using empty pCDNA3 vector.

In vivo orthophosphate labelling.

Cells were cultured in serum-free medium overnight and then in phosphate/serum-free medium for 1
h before addition of [**P]orthophosphate (1 mCi per plate) for 30 min. Endogenous K proteins were
immunoprecipitated with mouse monoclonal antibody (12G4), whereas exogenously expressed K was
immunoprecipiated with anti-HA antibodies.

Immunofluorescence microscopy.

HeLa cells grown on glass coverslips were fixed with 3% p-formaldehyde and 2% sucrose in PBS for 20
min at room temperature, and were then incubated for 5 min in permeabilization buffer (0.3% Triton
X-100, 3 mM MgCl, and 6.8% sucrose). Exogenously expressed hnRNP-K was detected using a 1:1,000
dilution of anti-HA monoclonal antibodies in 3% BSA and PBS. Cells were then washed three times
with PBS and incubated at room temperature with a 1:500 dilution of fluorescein-conjugated goat
anti-mouse immunoglobulin G, after which they were stained with DAPI for 2 min. After further
washes, coverslips were inverted and mounted on glass microscope slides.

RECEIVED 31 AUGUST 2000; REVISED 3 NOVEMBER 2000; ACCEPTED 1 DECEMBER 2000;
PUBLISHED 16 FEBRUARY 2001.

1. Weighardt, F., Biamonti, G. & Riva, S. Bioessays 18, 747-756 (1996).

. Krecic, A. & Swanson, M. Curr. Opin. Cell Biol. 11, 363-371 (1999).

. Nakielny, S. & Dreyfuss, G. Cell 99, 677-690 (1999).

. Bomsztyk, K., Seuningen, I, Suzuki, H., Denisenko, O. & Ostrowski, J. FEBS Lett. 403, 113-115
(1997).

5. Hobert, O., Jallal, B., Schlessinger, J. & Ullrich, A. J. Biol. Chem. 269, 20225-20228 (1994).

6. Michael, W., Eder, P. & Dreyfuss, G. EMBO J. 16, 3587-3598 (1997).

7. Lee, M-H., Mori, S. & Raychaudhuri, P. J. Biol. Chem. 271, 3420-3427 (1996).

8.

9.

[T

. Du, Q., Melnikova, I. & Gardner, P. J. Biol. Chem. 273, 1987719888 (1998).
. Miau, L-H., Chang, C-J., Shen, B-]., Tsai, W-H. & Lee, S-C. J. Biol. Chem. 273, 10784-10791 (1998).
10. Tomonaga, T. & Levens, D. J. Biol. Chem. 270, 4875—4881 (1995).
11. Hovemann, B., Reim, I, Werner, S., Katz, S. & Saumweber, H. Gene 245, 127-137 (2000).
12. Tomonaga, T. & Levens, D. Proc. Natl Acad. Sci. USA 93, 5830-5835 (1996).
13. Ostareck-Lederer, A., Ostareck, D., Standart, N. & Thiele, B. EMBO J. 13, 1476-1481 (1994).
14. Ostareck, D. et al. Cell 89, 597-606 (1997).
15. Thiele, B. et al. Nucleic Acids Res. 27, 1828—18 (1999).
16. Collier, B., Goobar-Larsson, L., Sokolowski, M. & Schwartz, S. J. Biol. Chem. 273, 2264822656
(1998).
17. Bstelo, X., Suen, K-L., Michael, W., Dreyfuss, G. & Barbacid, M. Mol. Cell. Biol. 15, 1324-1332
(1995).
18. Taylor, S. & Shalloway, D. Nature 368, 867-874 (1994).
19. Weng Z. et al. Mol. Cell. Biol. 14, 45094521 (1994).
20. Seuningen, L., Ostrowski, J., Bustelo, X., Sleath, P. & Bomsztyk, K. J. Biol. Chem. 270, 26976-26985
(1995).
. Schullery, D. et al. J. Biol. Chem. 274, 15101-15109 (1999).
22. Shah, K., Liu, Y., Deirmengian, C. & Shokat, K. M. Proc. Natl Acad. Sci. USA 94, 3565-3570 (1997).
23. Liu, Y., Shah, K., Yang, F., Witucki, L. & Shokat, K. M. Chem. Biol. 5, 91-102 (1998).
24. Gillespie, P. G., Gillespie, S. K., Mercer, J. A., Shah, K. & Shokat, K. M. J. Biol. Chem. 29,
31373-31381 (1999).
25. van der Houven van Oordt, W. et al. J. Cell. Biol. 149, 307-316 (2000).
26. Ohno, M., Segref, A., Bachi, A., Wilm, M. & Mattaj, I. W. Cell 101, 187-198 (2000).
27. Kim, J., Hahm, B., Kim, Y., Choi, M. & Jang, S. J. Mol. Biol. 298, 395-405 (2000).
28. Ostareck-Lederer, A., Ostareck, D. H. & Hentze, M. W. Trends Biochem. Sci. 11, 409—411 (1998).
29. Jayawickreme, S., Gray, T., Nettesheim, P. & Eling, T. Am. J. Physiol. 276, 596-603 (1999).
30. Brinckmann, R. et al. Biochem. J. 318, 305-312 (1996).

N

®

ACKNOWLEDGEMENTS

We thank D. Morgan and J. Blethrow for advice, M. Karin for JNKK2(CAA), S. Aaronson for MEK-EL
constructs, and G. Dreyfuss for monoclonal antibodies against K protein. We also thank S. Phinol-
Roma and members of the Ronai laboratory for advice and comments on the manuscript. This work
was supported by grants from the National Institutes of Health.

Correspondence and requests for materials should be addressed to Z.R.

#2© 2001 Macmillan MagaZifes i CELL BIOLOGY [VOL 3|MARCH 2001 | http://cellbio.nature.com



