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The cap-binding translation initiation factor eukaryotic initiation factor 4E (eIF4E) is phosphorylated in
vivo at Ser209 in response to a variety of stimuli. In this paper, we show that the mitogen-activated protein
kinase (MAPK) signal-integrating kinase Mnk2 phosphorylates eIF4E at this residue. Mnk2 binds to the
scaffolding protein eIF4G, and overexpression of Mnk2 results in increased phosphorylation of endogenous
elF4E, showing that it can act as an eIF4E kinase in vivo. We have identified eight phosphorylation sites in
Mnk2, of which at least three potential MAPK sites are likely to be essential for Mnk2 activity. In contrast to
that of Mnk1, the activity of overexpressed Mnk2 is high under control conditions and could only be reduced
substantially by a combination of PD98059 and SB203580, while the activity of endogenous Mnk2 in Swiss 3T3
cells was hardly affected upon treatment with these inhibitors. These compounds did not abolish phosphory-
lation of eIF4E, implying that Mnk2 may mediate phosphorylation of eIF4E in Swiss 3T3 cells. In vitro
phosphorylation studies show that Mnk2 is a significantly better substrate than Mnkl for extracellular
signal-regulated kinase 2 (ERK2), p38MAPKa, and p3SMAPK(. Therefore, the high levels of activity of Mnk2
under several conditions may be explained by efficient activation of Mnk2 by low levels of activity of the
upstream kinases. Interestingly, we found that the association of both Mnk1 and Mnk2 with eIF4G increased
upon inhibition of the MAPK pathways while activation of ERK resulted in decreased binding to eIF4G. This
might reflect a mechanism to ensure rapid, but transient, phosphorylation of eIF4E upon stimulation of the

MAPK pathways.

All eukaryotic cellular cytoplasmic mRNAs contain an
m’GpppG cap structure at the 5’ end that is specifically bound
by eukaryotic initiation factor 4E (eIF4E). Subsequent binding
of eIF4G and eIF4A to this factor leads to the formation of the
elF4F complex. The N terminus of eIF4G harbors the binding
sites for eIF4E and the poly(A)-binding protein (12, 19), while
the C terminus binds to eIF3, eIF4A, and Mnkl (discussed
below) (19, 33). Association of all of these factors and the
small ribosomal subunit brings together the components of the
48S preinitiation complex.

The importance of tight regulation of the activity of factors
involved in cap binding has been shown by experiments with
cells overexpressing such factors (4, 7, 21, 22). Over expression
of eIF4E led to malignant transformation of cells and con-
ferred on them the ability to grow in soft agar. The exact
mechanism by which this occurs remains unclear but is thought
to involve the increased expression of various growth-stimulat-
ing factors. Many such factors are encoded by mRNAs that
have highly structured 5’ untranslated regions (18), and in-
creased levels of eIF4E activity are thought to enhance espe-
cially the translation of such mRNAs (17, 24). It is particularly
significant that a rapidly growing amount of literature indicates
a role for increased levels of eIF4E in naturally occurring
human cancers (3, 15, 23, 30, 31).

elF4E undergoes phosphorylation at Ser209, but the exact
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role of this phosphorylation is still unclear. In 48S preinitiation
complexes, most of the eIF4E is phosphorylated, implying that
the phosphorylation step is required for ongoing initiation (14,
20). Based on the crystal structure, it is thought that phosphor-
ylation at Ser209 may lead to an interaction between the neg-
atively charged phosphate group and the positive side chain of
Lys159, on opposite sides of the mRNA-binding cleft in eIF4E
(25). This could stabilize the interaction between the cap struc-
ture and elF4E, but direct evidence for this is lacking. One
report has, indeed, claimed that phosphorylated eIF4E has a
higher affinity for cap structures than does its unphosphory-
lated form (26).

The recently discovered enzyme mitogen-activated protein
kinase (MAPK) signal-integrating kinase 1 (Mnk1) is now con-
sidered to be one of the main kinases that phosphorylate
eIF4E in vivo (recently reviewed in reference 32). Mnk1 phos-
phorylates eIF4E specifically and only at Ser209 (38), the site
that is phosphorylated in vivo (6, 13). Mnkl is activated by both
the classical extracellular signal-regulated kinase (ERK) path-
way and the stress- and cytokine-activated p38MAPK pathway
(8, 38, 40), and the involvement of the ERK and p38MAPK
pathways in the phosphorylation of eIF4E has been demon-
strated in vivo (5, 28, 37). Furthermore, a requirement for
elF4E-eIF4G binding for eIF4E phosphorylation in vivo has
been reported, again strongly supporting the idea that Mnkl1 is
a physiological eIF4E kinase (33).

Mnk2 was cloned simultaneously with Mnk1 (38) but has not
previously been studied in detail. We show here that Mnk2
phosphorylates eIF4E in vitro and in vivo, that it also binds to
elF4G, and that it phosphorylates eIF4E at Ser209. Mnk?2 is
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phosphorylated and activated by ERK and p3SMAPKa and -
in vitro but not by two other forms of p3SMAPK or by JNK.
Several in vitro and in vivo phosphorylation sites in Mnk2 have
been identified, and their importance for the function of Mnk2
was studied by expressing phosphorylation site mutant proteins
in transfected 293 cells. We show that Mnk2 has a high basal
activity in vivo that is unaffected by stimulation of the ERK
pathway with phorbol ester. However, treatment of cells with
inhibitors of the ERK and p38MAPK signaling pathways re-
duced the activity of over expressed Mnk2, showing that these
pathways can affect this kinase in vivo. Mnk2 appears to be an
elF4E kinase with a high basal level of activity that requires
only low levels of ERK or p38MAPK activity to attain this
activity. Binding of eIF4G to Mnkl and Mnk2 was reduced
upon stimulation of cells with phorbol ester. This suggests that
not only the activity of the Mnks but also their interaction with
eIF4G may control the level of phosphorylation of eIF4E.

MATERIALS AND METHODS

Plasmids. pPEBG-Mnk1 has been previously described (38). pPEBG-Mnk2 (a
gift from A. Waskiewicz, Seattle, Wash.), pCS3MT-Mnk2, and pGEX3X-Mnk2
were created by cloning the Mnk2 coding sequence with adjacent BcIT or EcoRI
sites, created by PCR, respectively, into pEBG, pCS3MT, and pGEX3X. The
various mutants were made using the Stratagene Quickchange kit with pCS3MT-
Mnk2 as template DNA. pGEX3X-Mnk2T197A and pGEX3X-Mnk2T202A
were made by replacing the wild-type Mnk2 sequence in pGEX3X-Mnk2 with
the mutated sequence from pCS3MT-Mnk2T197A or T202A as an EcoRI frag-
ment.

Cell culture and transfections. Human embryonic kidney (HEK) 293 and
Swiss 3T3 cells were grown in 10-cm-diameter plates in DMEM; Dulbecco
modified Eagle medium (Gibco BRL) supplemented with 10% fetal bovine
serum (Gibco BRL). Transient transfections were carried out by calcium phos-
phate precipitation of the DNA in HEPES-buffered saline (10). PD98059 and
SB203580 (both from Calbiochem) were used at concentrations of 50 and 10 uM,
respectively.

Cell harvesting. After treatments, cells were washed once with phosphate-
buffered saline and harvested in 400 wl of harvesting buffer (20 mM HEPES -
KOH [pH 7.5], 50 mM B-glycerophosphate, 0.2 mM EDTA, 10% glycerol, 1%
Triton X-100, 1 mM dithiothreitol, 0.5 mM sodium orthovanadate, 1 mM phe-
nylmethylsulfonyl fluoride: 1 mM benzamidine, 1 pg of leupeptin per ml, 1 pg of
antipain per ml, 1 pg of pepstatin per ml). Cell debris and nuclei were spun for
1 min at 12,000 X g, and the supernatant was transferred to new tubes.

GST pulldowns, immunoprecipitation, and m’GTP-Sepharose chromatogra-
phy. For glutathione S-transferase (GST) pulldowns, glutathione-Sepharose
beads (Pharmacia) were washed in wash buffer (harvesting buffer without Triton
X-100). A 15-pl volume of packed beads and cell extracts was incubated at 4°C
for at least 1 h and washed afterward three times with 500 I of wash buffer. For
anti-myc immunoprecipitations, the antibody (9E10 from Sigma) was bound to
protein G beads (20 wl of packed beads per immunoprecipitation). After incu-
bation for 1 h at 4°C in wash buffer, the beads were washed three times in 500 pl
of wash buffer and subsequently added to the cell extracts. Binding of proteins to
the antibodies was carried out for at least 2 h at 4°C. The beads were subse-
quently washed as described for the GST pulldowns. Mnk1 and Mnk2 antibodies
were raised in sheep against the peptides NELAEEQEALAEGLC (Mnkl res-
idues 365 to 379) and DAGQDQPVVIRATSRC (Mnk2 residues 365 to 380).
The antibodies, which do not cross-react, were purified and used for immuno-
precipitation of Mnk1 and Mnk2 from Swiss 3T3 cells. Four milligrams of total
protein was used per immunoprecipitation. Antibodies were bound to protein
G-Sepharose and subsequently incubated with the cell extracts for 2 h at 4°C. The
activity of the bound kinases was tested as described below.

Expression and purification of recombinant proteins. GST fusion proteins of
Mnkl and Mnk2 were expressed from pGEX3X plasmids in Escherichia coli
BL21 DE3 as previously described (38). Human eIF4E was expressed from a
pET11d plasmid in E. coli BL21 DE3 and purified as described previously (36).

Kinase assays. Five-microliter aliquots of the beads with bound GST or myc
fusion proteins, obtained as described above, were incubated in a total volume of
30 ul in 20 mM HEPES - KOH (pH 7.5)-50 mM KCI-2 mM MgCl,-200 pM
ATP-1 pCi of [y-*?P]ATP for 1 h at 30°C. In eIF4E phosphorylation studies, 100
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ng of recombinant eIF4E was added to the assay mixtures. The reaction was
stopped by adding sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer and heating the sample for 5 min at 95°C. Samples
were analyzed by SDS-PAGE and autoradiography.

Isoelectric focusing. Endogenous eIF4E was purified by m’GTP-Sepharose
chromatography, and isoelectric focusing was performed as previously described
(16). Phosphorylated and unphosphorylated forms of eIF4E were detected by
Western blotting.

Phosphorylation site mapping in vitro. GST-Mnk?2 was expressed in E. coli as
already described, and 3 pg of the purified protein was phosphorylated with
activated ERK (30 U/ml against myelin basic protein [MBP]) in the presence of
10 .Ci of [y-**P]ATP in the same kinase buffer as described above. The reaction
was stopped by adding 1% SDS-1% B-mercaptoethanol and heating for 5 min at
95°C. Cysteines were then alkylated with 4-vinylpyridine for 45 min at 30°C, and
the proteins were separated by SDS-PAGE. Radioactively labeled GST-Mnk2
was excised from the gel, and in-gel trypsin (sequencing grade; Roche) digestion
was performed overnight at 30°C in 20 mM ammonium bicarbonate-0.1% n-
octyl glucopyranoside. Gel pieces were removed by using Spin-X columns
(Costar), and the remaining SDS was precipitated with guanidine hydrochloride.
The samples were acidified by adding 3 volumes of 0.1% trifluoroacetic acid
(TFA), and peptides were purified by high-pressure liquid chromatography
(HPLC; Gilson) on a Vydac C g reversed-phase column (250 by 4.6 mm [inside
diameter]) with 0.1% TFA in water as the starting buffer (buffer A) and 0.1%
TFA in acetonitrile as buffer B. Fractions containing radioactivity were collected
and analyzed by matrix-assisted laser desorption ionization—time of flight mass
spectrometry and solid-phase sequencing.

Phosphorylation site mapping in vivo. HEK 293 cells were transfected with
pEBG-Mnk2. After 40 h, the cells were washed once with phosphate-free
DMEM (Gibco BRL) and then grown in phosphate-free DMEM in the presence
of 2 mCi of [*?PJorthophosphate for 4 h. The cells were harvested, and GST-
Mnk?2 was purified on glutathione-Sepharose. After treatment with 4-vinylpyri-
dine, radioactively labeled GST-Mnk2 was subsequently treated as described for
the in vitro site mapping.

RESULTS

Mnk2 phosphorylates eIF4E in vitro at the physiological
phosphorylation site, Ser209. Mnk?2 was identified and cloned
simultaneously with Mnk1, but its function and regulation have
not previously been characterized. In particular, it was not
known whether Mnk2 could phosphorylate eIF4E and how its
activity was controlled. First, to establish which upstream ki-
nases phosphorylate Mnk1l and Mnk2, recombinant and acti-
vated ERK2, JNK, and the four isoforms of p38MAPK were
each tested for the ability to phosphorylate Mnk1 and Mnk2
expressed in E. coli (Fig. 1A). The activated kinases were each
used at the same activity (tested with myelin basic protein as
the substrate). GST-Mnkl and GST-Mnk2 were each phos-
phorylated by activated ERK2 and the o and B forms of
p38MAPK (Fig. 1A, lanes 1, 3, and 4). Shorter exposure times
of the autoradiograms for the phosphorylation of GST-Mnk2
sufficed to get the same intensity of the bands as seen for
phosphorylation of GST-Mnkl1, suggesting that Mnk2 is a bet-
ter substrate for the upstream kinases (see below). This is
probably not due to possible differences in the proper folding
of the recombinant proteins, as the GST-tagged proteins were
expressed and purified simultaneously. Depending on the ex-
periment, a very low and variable efficiency of phosphorylation
of Mnkl or Mnk2 by the SB203580-insensitive forms of
p38MAPK (v and 8) was found (Fig. 1A, lanes 5 and 6, and B,
lane 6). However, in comparison to ERK2 or the o and 3 forms
of p38MAPK, neither these two kinases nor JNK significantly
phosphorylated GST-Mnk1 or GST-Mnk2. The radiolabeled
bands in the top section of Fig. 1A are due to autophosphor-
ylation of the MAPKSs being tested.

To study whether phosphorylation by these kinases activated



Vou. 21, 2001 Mnkl AND Mnk2: TWINS BUT NOT IDENTICAL 745

A B
1 2 3 4 5 6 1 2 3 4 5 6

- 7 L8 &5 | o substrate - [ csTwme

- m GST-Mnk1 - o elF4E

Ek2 JNK @« B Y §

had '“. 24 | GsT-Mnk2 D p38 MAPK

1 2 3 4 5 6 7

Ek2 INK @ B ¥ & o _
38 MAPK | Coomassie
c p o= teem e e = - GST-Mnk2
35 1 ——
Phosphorylation of Erk2 —— S | GST-Mnk2
30 - GST-Mnk1/2
25 — — — | €|F4E
2
=;» 20 0 5 10 20 30 60 90 Time (min)
E TR .
g 157 ___|Coomassie
LI o e g oo oo 58 B2\ GSTMNK2
5 1 p38a e —— a— > WP | GST-Mnk2
%
0 == Y
0 25 5 75 10 125 15 175 20 225 —_— — = = |elF4E
kinase (U/ml)
49 E GST- GST-
Phosphorylation of
3.5 elF4E Mnk1 Mnk2
3

arbitrary units
N

0s T T T T T T T \
0 25 5 75 10 125 15 175 20 225
kinase (U/ml)

X X

FIG. 1. In vitro phosphorylation and activation of Mnk2. (A) Mnk1 and Mnk2 are phosphorylated by ERK and the « and 3 forms of p38MAPK.
GST-MnK1 and GST-Mnk2 were expressed in E. coli, purified, and used in the in vitro kinase assays described in Materials and Methods. Bacterially
expressed and in vitro-activated MAPKs were added as indicated below the lanes (all at a concentration of 0.4 U/ml against MBP). Phosphorylation of
the GST fusion proteins was analyzed by SDS-PAGE and autoradiography. For the part showing phosphorylation of GST-Mnk2, a 6-h exposure of the
autoradiogram is shown, while for the two other parts, a 24-h exposure is shown. (B) Phosphorylation of Mnk?2 leads to its activation. Recombinant e[FAE
was included in each incubation described for panel A to assess the activity of the kinase. Samples were analyzed by SDS-PAGE and autoradiography.
(C) Mnk2 is a better substrate for ERK2 and p38MAPK than is Mnk1. Recombinant GST-Mnk1 or GST-Mnk2 was incubated with increasing amounts
of recombinant activated ERK2 (Mnk1, diamonds; Mnk2, triangles) or pP38MAPKR (Mnk1, squares; Mnk2, circles). After 20 min, recombinant eIFAE
was added, the mixture was incubated for an additional 10 min, and the samples were analyzed after SDS-PAGE using a Fuji Phosphor-Imager and
Aida2000 software. The upper graph shows the results for phosphorylation of GST-Mnk1 or GST-Mnk2, and the lower graph represents phosphorylation
of eIF4E. (D) Time course of phosphorylation of Mnk2 and eIF4E. GST-Mnk2 was incubated with activated ERK2 or p38MAPKa as described above.
Aliquots were taken at the indicated time points. Phosphorylation of GST-Mnk2 and eIF4E was subsequently analyzed by SDS-PAGE and autoradiog-
raphy. The top portion of each part shows the Coomassie staining of GST-Mnk2. The middle portion shows the autoradiogram of GST-Mnk2, and the
lowest portion of each part shows the autoradiogram of phosphorylated eIF4E. (E) Mnk2 phosphorylates eIF4E at Ser209. GST-Mnk1 and GST-Mnk2
were purified from transfected HEK 293 cells as described in Materials and Methods (including two extra wash steps with lithium chloride to prevent
copurification of ERK) and used to phosphorylate recombinant eIF4E. Radioactively labeled eIF4E was purified from SDS-polyacrylamide gels and
digested with trypsin. The peptide mixture obtained was purified by HPLC, and the single peak containing radioactivity was analyzed by thin-layer
electrophoresis as described in reference 1 using pH 1.9 buffer as the running buffer. A synthetic peptide containing the sequence SGS(P)TTK (with the
latter P indicating the position of the phosphorylated serine) was applied to the thin-layer chromatography plates and visualized with ninhydrin (indicated
by the circle) as described before (38). The symbol X indicates the origin, and the migration was toward the cathode.
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Mnk?2 and whether Mnk2 could phosphorylate eIF4E, a similar
experiment was performed in the presence of recombinant
elF4E (Fig. 1B). None of the six kinases tested was able to
phosphorylate eIF4E directly (data not shown). When Mnk2
was incubated with ERK2 or p38SMAPKu or -8, phosphoryla-
tion of elF4E was observed. This clearly shows both that phos-
phorylation of Mnk?2 by these kinases leads to its activation and
that Mnk2 can phosphorylate eIF4E in vitro. The low level of
phosphorylation of Mnk2 by JNK and p38MAPKS did not lead
to activation. This is the first time that phosphorylation of
elF4E (or, indeed, any protein) by Mnk2 has been demon-
strated. The findings in Fig. 1A and B are in agreement with
the observed sensitivity of eI[F4E phosphorylation in vivo to the
inhibitors PD98059 and SB203580 (28, 29, 37). These com-
pounds inhibit activation of ERK1 and ERK?2 and the activities
of p38MAPKa and -B, respectively, but do not affect JNK or
the two other isoforms of p38MAPK.

To follow up on the apparent differences between the two
Mnks as observed in Fig. 1A, more-detailed kinetic studies
were performed on the phosphorylation of Mnk1 and Mnk2 by
ERK2 and p38MAPKa and -B. We observed a higher level of
phosphorylation of Mnk2 than of Mnkl for any amount of
upstream kinase used. This demonstrates that Mnk2 is a better
substrate for these kinases than Mnk1 (Fig. 1C, top). Similarly,
we also saw higher levels of phosphorylation of eIF4E, which
are indicative of higher activity of Mnk2 than Mnk1 under each
condition. As indicated by the data in Fig. 1B, p38MAPKp did
not seem to activate Mnk2 to the same extent as ERK2 (Fig.
1C, bottom). Similar conclusions could be drawn from exper-
iments in which phosphorylation of Mnk1 and Mnk2 was mon-
itored over time (data not shown). A time course experiment
of phosphorylation of Mnk2 and its activation, as measured by
phosphorylation of eIF4E, showed that there are no significant
differences in the kinetics by which Mnk2 is phosphorylated
and/or activated by ERK2 and p38MAPKa (Fig. 1D).

To assess whether Mnk2 phosphorylates eIF4E at the phys-
iological site, Ser 209, recombinant eIF4E was phosphorylated
with Mnk2 (and Mnk1 for comparison) and subsequently di-
gested with trypsin. Thin-layer chromatographic analysis of the
resulting phosphopeptides showed that Mnk1 and Mnk?2 phos-
phorylate the same peptide and that this peptide comigrates
with the synthetic peptide SGS(P)TTK, the expected tryptic
peptide containing Ser209 (Fig. 1E). Solid-phase sequencing
data for the purified peptides showed that the third residue in
the peptide (corresponding to Ser209) is the only radiolabeled
amino acid in the purified tryptic peptide (data not shown).
These results prove that Mnk2, like Mnkl, phosphorylates
recombinant eIF4E solely at the physiological site, Ser209.

Phosphorylation sites in Mnk2. In order to understand how
the activity of Mnk2 is regulated, it is important to know which
residues in Mnk2 undergo phosphorylation. Mutation of such
sites to either aspartate or alanine could then be used to create
inactive or constitutively active forms, respectively, of the ki-
nase, which should prove to be useful tools with which to study
the cellular role of Mnk2, as shown before for Mnk1 (39). Two
phosphorylation sites (Thr197 and Thr202) were identified in
Mnkl by a combination of two-dimensional (2D) phospho-
peptide mapping and mutation of expected phosphorylation
sites (39). Initially, we used a similar approach to study
whether the two corresponding residues are phosphorylated in
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Mnk2. Numerous spots were seen on the autoradiograms of
2D peptide maps derived from tryptic digests of recombinant
GST-Mnk?2 labeled with ERK2, indicating the existence of a
number of phosphorylation sites. Among many, one specific
spot was present in the trypsin-GluC (which cuts between T197
and T202) digest from the T197A mutant but not in that from
the T202A mutant. In a similar way, one specific phosphopep-
tide was found in the map for the T202A mutant that was not
present in the T197A map (data not shown). These spots most
likely correspond to the peptides containing Thr197 and
Thr202. Although this suggests that T197 and T202 are phos-
phorylated in Mnk2, we were unable to prove this unambigu-
ously.

Because of the complexity of the 2D maps and the apparent
existence of several phosphorylation sites, we decided to iden-
tify phosphorylation sites in Mnk2 using techniques that in-
volve their direct identification rather than by making muta-
tions at possible sites of phosphorylation. To determine which
sites are phosphorylated in Mnk2 in vivo, HEK 293 cells were
transfected with a construct expressing GST-Mnk2 and labeled
with *2P-orthophosphate.

The HPLC profiles of the trypsin-digested proteins from
either in vitro-phosphorylated GST-Mnk2 (Fig. 2A, left part)
or in vivo-labeled GST-Mnk2 (Fig. 2B, left part) revealed 10
peaks of radioactivity. The phosphopeptides in the peak frac-
tions of the HPLC were subsequently identified by mass spec-
trometry (data not shown), and the phosphorylated residues
within these peptides were subsequently located by solid-phase
sequencing (Fig. 2, right part). For example, analysis of the
peptide in peak III from the in vivo analysis showed that it
corresponds to residues 24 to 31 and the solid-phase sequenc-
ing data showed release of radioactive phosphate in the fourth
cycle, corresponding to phosphorylation of Ser27. In the same
way, we identified the other phosphorylated residues, as indi-
cated in Fig. 3A. In this particular in vitro labeling experiment,
only a very small amount of radioactive peptide was found in
peak III, but results from other experiments showed that Ser27
is also phosphorylated in vitro (data not shown). In some in
vivo labeling experiments, a very small amount of radioactivity
was found in peak VIII, indicating that Thr332 is probably also
phosphorylated in vivo. However, we have been unable to
recover enough of this peptide to allow identification by mass
spectrometry. The peptide in peak II was found in vivo and in
vitro and showed a release of labeled phosphate at cycle 2
upon solid-phase sequencing. However, we have been unable
to identify the phosphopeptide in this peak.

A peak of apparently undigested or partially digested
material was routinely found in peak X. This material most
likely also contains the tryptic peptide containing Thr197
and Thr202, as we could not detect this particular peptide in
any of the other fractions. Furthermore, the expected size of
this peptide is relatively large (reducing its mobility on the
reversed-phase column). Analyses by mass spectrometry of
smaller peptides generated by cleaving this undigested ma-
terial with the protease GluC or AspN were unsuccessful.

The mass spectrometry data showed that several peptides
were derived from incomplete tryptic digestion. Especially the
C-terminal tryptic peptide appears in multiple forms. A singly
phosphorylated form that was not cleaved at R397 was found
in peak V, and a triply phosphorylated form that was not
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FIG. 2. Identification of phosphorylated residues in Mnk2. (A) Identification of phosphorylation sites in vitro. Recombinant GST-Mnk2 was
phosphorylated by ERK2 and purified and digested as described in Materials and Methods. Radioactive peptides were subsequently purified by
HPLC (left part). A gradient of 0 to 30% acetonitrile over 90 min and 30 to 70% over the final 30 min was employed to elute peptides from the
column, as indicated by the dotted line. Each fraction was analyzed by Cerenkov counting (solid line). The main peaks are indicated by Roman
numerals. Purified peptides from the HPLC runs were analyzed by matrix-assisted laser desorption ionization—time of flight mass spectrometry and
solid-phase sequencing as previously described (2). The bar graphs on the right show the release of radioactive phosphate at successive cycles of
the Edman degradation for each peptide (as indicated by the peak number). Solid-phase sequencing results similar to those obtained for the
corresponding peaks of the in vivo labeling were obtained for peaks II and IV (shown in panel B). (B) Identification of phosphorylation sites in
vivo. GST-Mnk2 from radiolabeled transfected cells was purified on glutathione-Sepharose and SDS-PAGE and digested as described in Materials
and Methods. Peptides were separated by HPLC using the same gradient as used for panel A (left part). Phosphorylated residues were identified

as mentioned above (right part).

cleaved at R411 was present in peak VII. Finally a third form,
apparently doubly phosphorylated, was found in peak VI to-
gether with the phosphopeptide containing Ser173. Another
example is the phosphopeptide in peak IX. This peak con-
tained the peptide corresponding to amino acids 24 to 49, and
solid-phase sequencing yielded results similar to those ob-
tained for peak III, again identifying Ser27 as a phosphoryla-
tion site.

In vitro phosphorylation of recombinant GST-Mnk2 with
activated recombinant p3SMAPKa and subsequent tryptic di-
gestion and analysis by HPLC yielded a profile that was almost
identical to that shown in Fig. 3A (data not shown). Thus, ERK
and p38MAPKa appear to phosphorylate the same sites in
Mnk2.

Alignment of human, mouse, and Xenopus Mnk sequences
shows that, except for the most C-terminal phosphorylation
sites (Ser399, Ser401, and Thr403), the identified phosphory-
lation sites are conserved between Mnk1 and Mnk2 (Fig. 3B).
This is consistent with the idea that they are important for the
activity or regulation of the kinases.

Residues at positions 197, 202, and 332 are directly involved
in modulating Mnk2 activity. To test the importance of some

of the possible MAPK sites for the activity and regulation
of Mnk2, a number of mutants were created: Mnk2T197A,
Mnk2T202A, Mnk2 T332A, Mnk2T332D, Mnk2T403A, and
Mnk2T403D. The reasoning behind this choice is as follows.
Although we could not directly identify Thr197 and Thr202 as
phosphorylation sites, these residues are in the activation do-
main of the kinase and corresponding mutations in Mnk1 re-
sulted in loss of activity. It has been reported that in Mnkl,
although Thr332 does not appear to be a phosphorylation site,
mutation of this residue to aspartate renders the kinase con-
stitutively active while mutation to alanine did not inhibit its
activity or even slightly stimulated it (39). Therefore, T332A
and T332D mutants were also made for Mnk2 to study the
importance of this residue in the regulation of Mnk2 activity.
Thr-to-Ala or -Asp Mutants with a change at position 403 were
also created, for three reasons. (i) This amino acid resides in
the extreme C terminus of the kinase, a region that is often
involved in regulating the activity of protein kinases. (ii)
Thr403 is situated close to a region that has been proposed to
allow the binding of ERK and p38MAPK (9, 35). (iii) This is
the only canonical MAPK site that is not conserved between
Mnkl and Mnk2 and might therefore be important for the
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Fraction Peptide Site(s) Sequence Peptide Site(s) Sequence

1l 24-31 Ser27 ATDS*FSGR 24-31 Ser27 ATDS*FSGR

v 380-390 | Ser384, Ser3g87 | CLQLS*PPS*QSK 380-390 Ser384, Ser387 CLQLS*PPS*QSK

\ 396-411 Ser399, Thr403 QRAS*LSAT*PVVLVGDR 398-412 Thr403 ASLSAT*PVVLVGDRA

Vi 159-176 Ser173 DLKPENI.CEHPNQVS*PVK
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FIG. 3. Phosphorylation sites in Mnk2. (A) Phosphorylated tryptic peptides and residues. The results shown in Fig. 2 are summarized. The
HPLC peak numbers are given in the first column, followed by the position within Mnk2 of the peptides that were identified by mass spectrometry,
the phosphorylation sites that were identified by solid-phase sequencing, and the sequences of the tryptic peptides (phosphorylation sites are
indicated by asterisks). (B) Conservation of phosphorylation sites in Mnk1 and Mnk2. The mouse (MMMnk1 and MMMnk2), human (HumMnk1
and HumMnk?2), and Xenopus (XenMnk1) Mnk1 and Mnk2 sequences were aligned using ClustalW software. Amino acids conserved in all five
sequences are black letters on a light grey background, and residues conserved among four of the sequences are in white letters on a dark grey
background. The phosphorylation sites identified in Fig. 2 are in white letters on a black background. The human Mnk2 amino acid sequence was
taken from the EMBL database (accession no. AC007136). This sequence represents the putative human Mnk2 derived from translation of the
genomic DNA sequence. For this alignment, a long N-terminal extension in the putative human Mnk2 sequence was omitted. The human Mnk2
sequence can also be fully assembled from several translated expressed sequence tags (not shown).

differences in the activities of these two kinases (as described in
Fig. 4 to 6). Wild-type Mnk2 and the mutants were expressed
as Myc-tagged fusion proteins in 293 cells, and the subse-
quently purified kinases were tested for the ability to phos-
phorylate eIF4E in vitro (Fig. 4A).

The fusion protein containing wild-type Mnk?2 isolated from
293 cells phosphorylated eIF4E in vitro (Fig. 4A, lane 2), as
found in Fig. 1 for in vitro-activated recombinant GST-Mnk2.
Mnk? activity was completely abrogated by mutation of either
Thr197 or Thr202 to Ala (Fig. 4A, lanes 3 and 4). The single
mutations are each sufficient to abolish the kinase activity of
Mnk2, demonstrating that both residues are required for the
activation of Mnk2. Substitution of Ala for Thr197 in Mnkl
without mutation of Thr202 also inactivates the protein (data
not shown). Thr332 also seems to play a major role in the
activation of Mnk2, as its mutation to Ala almost completely
abolished eIF4E kinase activity. However, in contrast to Mnk1
(39), mutation of Thr332 to Asp did not affect the activity of
Mnk?2 expressed in 293 cells (lane 6). Thus, the T332D muta-
tion failed to enhance the activity of Mnk2 expressed in 293
cells, suggesting that this site is already phosphorylated in vivo.

So, wild-type Mnk2 may already have maximal activity under
these conditions, which is consistent with data discussed below.
Phosphorylation of Thr403 does not seem to be a major de-
terminant of Mnk2 activity, as mutation of this residue to
either Ala or Asp did not affect Mnk?2 activity significantly. To
establish whether wild-type Mnk2 and its mutant forms could
bind to eIF4G and ERK, the anti-Myc-immunoprecipitated
fusion proteins and their binding partners were analyzed by
SDS-PAGE and Western blotting (Fig. 4B). First, all of the
Myc-tagged proteins were expressed at similar levels (Fig. 4B,
middle), indicating that the decreased activity observed for
some of the mutants (Fig. 4A) was not due to differences in
their expression levels. Importantly, Mnk2 binds eIF4GI (Fig.
4B, top), strengthening the idea that Mnk?2 is, indeed, a phys-
iological eIF4E kinase. None of the mutations significantly
affected the binding of eIF4GI (Fig. 4B, top) or ERK (Fig. 4B,
bottom) to Mnk2. The site for interaction of Mnk1 and Mnk2
with elF4G is thought to reside in a stretch of basic residues in
the N terminus of the kinases (39), and therefore, the muta-
tions used in this study were not expected to interfere with this
interaction. The ERK binding data show that neither a threo-
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FIG. 4. Analysis of phosphorylation site mutant forms of Mnk2. (A) eIF4E kinase activity of mutant Mnk2. 293 cells were transfected with
plasmids encoding Myc-tagged Mnk2 proteins as indicated above each lane. After 48 h, the cells were lysed, Myc-tagged proteins were
immunoprecipitated, and aliquots of the purified proteins were used in kinase assays as described in Materials and Methods. Phosphorylation of
elF4E was analyzed by SDS-PAGE and autoradiography. (B) Binding of eIF4G and ERK to Mnk2. The rest of the purified Myc-tagged proteins,
as described above, were analyzed by SDS-PAGE and Western blotting with antibodies against ERK1 and -2 and eIF4GI. (C) eIF4E phosphor-
ylation in transfected cells. Supernatants of the anti-Myc immunoprecipitations, as described for panel A, were used to purify eIF4E by
m’GTP-Sepharose chromatography as described in Materials and Methods. eIF4E phosphorylation was assessed by one-dimensional isoelectric
focusing and Western blotting with antibodies directed against human eIF4E. 4E and 4E-P indicate the positions of the unphosphorylated and
phosphorylated forms of eIF4E. (D) The activity of wild-type Mnk2 or active mutant forms of Mnk2 is not decreased upon serum starvation. 293
cells were transfected with the constructs indicated below the lanes. Cells were grown for 42 h in serum-containing medium (+) or for 26 h in
serum-containing medium, followed by 16 h in serum-free medium (—) as indicated below the lanes. Myc-tagged proteins were immunoprecipi-
tated from cell extracts, and eIF4E kinase activity was determined as described in Materials and Methods. (E) Phosphorylation is required for
Mnk2 activity. GST-Mnk?2 from transfected 293 cells was purified as described in Materials and Methods. The beads were then washed three more
times with 20 mM HEPES - KOH (pH 7.5)-100 mM KCI-1 mM dithiothreitol to remove B-glycerophosphate. After preincubation either in the
absence (lanes 1 to 3) or in the presence (lanes 4 to 6) of the phosphatases PP1y and PP2A for 30 min at 30°C, microcystin was added to block
further phosphatase activity (final concentration, 20 uM). In lane 6, microcystin was included in the preincubation. Subsequently, recombinant
elF4E was added as the substrate together with unlabeled ATP and [y-**P]ATP and the reaction mixtures were incubated for an additional 30 min
at 30°C. Phosphorylation of Mnk2 and eIF4E was analyzed by SDS-PAGE and autoradiography. Lanes 1 to 4 were derived from the same
experiment, but the upper part was exposed to film for 16 h and the lower part was exposed for 4 days. Lanes 5 and 6 were taken from a separate
experiment, and both parts were exposed for 16 h.

nyl residue at position 403 nor phosphorylation of this site
affects ERK binding.

As we routinely obtain transfection efficiencies of 80% or
higher (as determined by transfection of 293 cells with a
control plasmid expressing the green fluorescent protein),
we were able to study the effects of overexpression of Mnk2
and its mutant forms on the phosphorylation of endogenous
elF4E. elF4E was purified from cell extracts by m’GTP-
Sepharose chromatography, and its phosphorylation state
was analyzed by one-dimensional isoelectric focusing (Fig.
4C).

Expression of wild-type Mnk2 in 293 cells caused a marked
increase in phosphorylation of endogenous eIF4E, showing for
the first time that Mnk2 acts as an eIF4E kinase in vivo
(Fig. 4C, lane 2). Similar results were found for the three
mutant proteins with unaffected kinase activity (lanes 6 to 8).
Transfection of cells with Mnk2T197A, Mnk2T202A, and
Mnk2T332A did not increase eIF4E phosphorylation in vivo
(Fig. 4C, lanes 3 to 5), which is consistent with the lack of
eIF4E kinase activity of these mutants in vitro (Fig. 4A). The
level of eIF4E phosphorylation in the transfected cells thus
closely matches the in vitro kinase activity of the purified Mnk2
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FIG. 5. Regulation of Mnk1l and Mnk2 activity. (A) eIF4E kinase activity of over expressed GST-Mnkl and GST-Mnk2. 293 cells were
transfected with either pPEBG-Mnk1 or pEBG-Mnk?2 for 26 h, followed by 16 h of serum starvation of the cells. The cells were either untreated
(lanes 1 and 9); treated with TPA (500 nM) for 5, 15, or 30 min (lanes 2 to 4 and 10 to 12); or treated with PD98059 and SB203580 (lanes 5 to
8 and 13 to 16) for the indicated times. Cells treated for 4 h with the two inhibitors were either harvested directly (lanes 6 and 14), incubated with
serum-free medium for 30 min after washing out of the inhibitors (as indicated by parentheses) (lanes 7 and 15), or incubated with serum-free
medium in the presence of 500 nM TPA for 30 min after washing out of the inhibitors (lanes 8 and 16). The treatments are indicated below the
lanes and apply also to panel B. The GST fusion proteins were purified from the extracts with glutathione-Sepharose as described in Materials and
Methods, and one-fifth of the sample was used to study the kinase activity against eIF4E. The upper part shows the Coomassie staining of the fusion
proteins, and the lower part shows the autoradiogram representing phosphorylated eIF4E. Radiolabeling was quantified using a Fuji Phosphor-
Imager and Aida2000 software and expressed relative to the control (which was 1.0). (B) Phosphorylation of endogenous eIF4E in transfected cells.
After the GST pulldown, the extracts were incubated with m’GTP-Sepharose to pull down eIF4E from the extracts as described in Materials and
Methods. Unphosphorylated and phosphorylated forms of eIFAE (marked by arrows) were separated by isoelectric focusing and visualized by
Western blotting with antibodies to eIFAE (16). The percentages of eIF4E in the phosphorylated form were determined using NIH Image software
and are indicated below the lanes. (C) Activities of endogenous Mnk1 and Mnk2 from Swiss 3T3 cells. Swiss 3T3 cells were grown in the presence
of serum or starved for serum for 16 h as indicated below the lanes. Prior to harvesting, cells were either untreated, incubated with 500 nM TPA
for 30 min, or treated with 50 pM PD98059 and 10 pM SB203580 (PD/SB) for 4 h and harvested. Endogenous Mnk1 (top) and Mnk2 (bottom)
were immunoprecipitated with specific antibodies, and kinase activity was determined as described in Materials and Methods using eIf4E as the
substrate. In lane pre, the immunoprecipitation was performed with sheep preimmune serum. Lane 1 represents a control in which recombinant
elF4E, as a substrate for the kinase assay, was omitted. (D) Phosphorylation of endogenous eIF4E is hardly affected by MAPK signaling pathway
inhibitors in Swiss 3T3 cells. Swiss 3T3 cells were either untreated (lane 1), treated with 500 nM TPA for 30 min (lane 2), or treated with 50 wM
PD98059 and 10 uM SB203580 (lanes 3) and harvested. eIF4E was purified from the cell extracts by m’GTP-Sepharose chromatography and
analyzed by isoelectric focusing as described in Materials and Methods. The percentages of eIF4E in the phosphorylated form were determined
using NIH Image software and are indicated below the lanes.

proteins. We have obtained similar results for Mnkl, as pre-
sented below (Fig. 5 and 6).

Mnk2 has high basal activity that is only partially affected
by PD98059 or SB203580. As shown in Fig. 4A, the cells were
grown in medium containing serum, and wild-type Mnk2 and
some of the mutant proteins are apparently active under these
conditions. The fact that none of the mutations further in-
creased the activity of Mnk2, as shown for a T332D mutant

form of Mnk1 (39), could reflect a high basal activity of wild-
type Mnk2 that cannot be further enhanced. Therefore, we
tested whether withdrawal of serum from the medium revealed
any differences between wild-type Mnk2 and its mutant forms.
Surprisingly, the activities of all active forms were not affected
by serum starvation (Fig. 4D, compare lanes 3 and 4, 11 and 12,
13 and 14, and 15 and 16).

To study whether the high basal level of activity of GST-
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FIG. 6. Decreased binding of elF4G to Mnkl and Mnk2 upon
stimulation of the ERK pathway. (A) Stimulation or inhibition of
specific MAPK pathways only modestly affects Mnk?2 activity. 293 cells
were transfected with either pEBG-Mnkl1 (lanes 1 to 6) or pEBG-
Mnk2 (lanes 7 to 12), expressing, respectively, wild-type Mnkl or
Mnk2 as GST fusion proteins. After 24 h, the medium was replaced
with serum-free medium and cells were grown for an additional 16 h.
The cells were harvested either without further treatment (lanes 1 and
7) or after treatment with TPA at 500 nM for 30 min (lanes 2 and 8),
PD98059 (lanes 3 and 9), SB203580 (lanes 4 and 10), PD98059 and
SB203580 (lanes 5 and 11), or PD98059 and SB203580 followed by
TPA treatment (500 nM for 30 min) after washing of the cells to
remove the inhibitors (as indicated by parentheses) (lanes 6 and 12).
Treatment with PD98059 or SB203580 lasted 1 h. The different con-
ditions are indicated below panel B. GST fusion proteins were purified,
and their kinase activity against eIF4E was analyzed as described in
Materials and Methods. At the top are the Coomassie-stained gels for
GST-Mnk1 and GST-Mnk2 that were used in the kinase assays. At the
bottom is the autoradiogram of the phosphorylated eIF4E. (B) Bind-
ing of eIF4G to Mnkl and Mnk2 is reduced upon stimulation with
phorbol ester. Aliquots of the samples obtained as shown in panel A
were analyzed by SDS-PAGE and Western blotting with antibodies
against ERK 1 and -2 (bottom) or eIF4GI (top).

Mnk?2 that is expressed in 293 cells is due to its already being
phosphorylated, the purified fusion protein was treated with
protein phosphatases. The resulting (dephosphorylated) Mnk2
was then tested for the ability to phosphorylate eIF4E (Fig.
4E). Mnk2 remained active in the presence of either magne-
sium or manganese, which was used to stimulate the activity of
recombinant PP1vy (Fig. 4E, lanes 2 and 3). Pretreatment of the
purified GST-Mnk2 with PP1y and PP2A caused a shift in the
mobility of GST-Mnk2, which is suggestive of dephosphoryla-
tion (data not shown), and almost completely abolished both
autophosphorylation of Mnk2 and phosphorylation of eIF4E
by Mnk?2 (lanes 4 and 5). As a control to show that the activities
of the phosphatases were indeed blocked by addition of the
phosphatase inhibitor microcystin, this compound was added
during the pretreatment and in this case Mnk2 activity was not
inhibited (lane 6). Thus, Mnk2 activity is dependent on its
phosphorylation and these results suggest that the basal level
of phosphorylation of Mnk2 is high in serum-starved cells.
Next, we tested whether the activity of Mnk2 was altered
upon treatment of cells with agents that affect the ERK
and p38MAPK pathways, i.e., using tetradecanoyl phorbol ace-
tate (TPA) as a stimulus to activate the ERK pathway and
PD98059 and SB203580 as inhibitors of these pathways (Fig. 5
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and 6). In these transfection studies, we also transfected cells
with constructs expressing GST-Mnk1 to allow direct compar-
ison of the regulation of the activities of the two kinases.
GST-Mnkl1 purified from serum-starved cells showed some
elF4E kinase activity (Fig. 5A, bottom, lane 1) but clearly less
than GST-Mnk2 (lane 9). While TPA treatment increased
Mnkl1 activity (lanes 2 to 4), no significant change was seen in
the activity of Mnk2 (lanes 10 to 12). Arsenite or hydrogen
peroxide treatment of serum-starved cells to stimulate the
p38MAPK pathway also failed to raise the activity of Mnk2
(data not shown), in contrast to data obtained earlier for Mnk1
(37). However, inhibition of the ERK and p38MAPK pathways
using a combination of the inhibitors PD98059 and SB203580
reduced the activity of overexpressed Mnk2 approximately
three- to fourfold (lanes 13 and 14). The effect of these two
compounds on Mnk2 activity is somewhat variable, as we
sometimes found a smaller reduction in kinase activity. Subse-
quently, after washing out these inhibitors, we incubated the
cells in serum-free medium (lanes 7 and 15) or stimulated
them with TPA (lanes 8 and 16). Mnk2 activity recovered
substantially after removal of PD98059 and SB203580 without
stimulation of the cells, while Mnk?2 activity was fully restored
in the presence of TPA. The data show that stimulation of the
ERK pathway with TPA does lead to activation of Mnk2 and
suggest a very low requirement by Mnk2 for upstream kinase
activity to attain a high level of activity. The level of phosphor-
ylation of endogenous elF4E in transfected cells closely
matched the activity of either Mnk1 or Mnk?2 (Fig. 5B), and the
increase in Mnk2 activity upon removal of PD98059 and
SB203580 was reflected in an increase in eIF4E phosphoryla-
tion in these cells (lane 15). Preliminary data show that upon
overexpression in 293 cells, the activity of the human homo-
logue Mnk?2 is regulated in a very similar manner (data not
shown).

The complete inhibition of eIF4E phosphorylation in 293
cells that were untransfected (data not shown) or transfected
with Mnk1 upon treatment with the MAPK signaling inhibitors
implies that in 293 cells, Mnk?2 activity must be virtually absent.

To assess whether the activities of endogenous Mnk1 and
Mnk2 are regulated similarly to the expressed fusion proteins
in transfected cells, endogenous Mnk1 and Mnk2 were immu-
noprecipitated from untransfected cells and tested for kinase
activity (Fig. 5C). Swiss 3T3 cells were used for these immu-
noprecipitation assays, as the antibodies were raised using pep-
tides based on sequences in the C termini of the murine ki-
nases that are not conserved either between Mnk1 and Mnk2
or between humans and mice.

These results show that endogenous Mnkl was regulated
very similarly to the over expressed kinase in the transfected
293 cells. Hardly any Mnk1 activity was found in control cells
(Fig. 5C, top: lanes 2 and 3), while TPA treatment resulted in
rapid activation of endogenous Mnkl (lane 4), as found for
overexpressed GST-Mnkl1 (Fig. SA). Due to the lack of basal
Mnkl activity in the control cells, we could not analyze the
effects of PD98059 and SB203580 on Mnkl activity (lane 5).
The activity of Mnk2 remained almost constant upon TPA
treatment (Fig. 5C, bottom), implying that the endogenous
kinase also has high basal activity. However, the threefold
decrease upon treatment with the inhibitors, as seen in some
experiments for the overexpressed kinase, was not found for
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endogenous Mnk2. Thus, endogenous Mnk2 seems to be less
sensitive to inhibition by PD98059 and SB203580 than the
overexpressed form.

A prediction that can be made based upon the unchanged
activity of endogenous Mnk2 in Swiss 3T3 cells, even upon
treatment with both PD98059 and SB203580, is that eIF4E
should also be relatively insensitive to these inhibitors in these
cells. Therefore, eIF4E was purified from the cell extracts
using m’ GTP-Sepharose and its phosphorylation state was an-
alyzed by iso electric focusing (Fig. SD). Indeed, incubation of
Swiss 3T3 cells with a combination of PD98059 and SB203580
only slightly affected the level of phophorylation of eIF4E.
These results strongly indicate, in contrast to the results ob-
tained with 293 cells, where eIF4E phosphorylation is com-
pletely abolished by treatment with PD98059 and SB203580,
that in Swiss 3T3 cells, Mnk2 can act as a physiological kinase
and thus determine the level of eIF4E phosphorylation.

The differences between the activities of Mnk1l and Mnk2
under these various conditions might be explained by differ-
ences in their binding to eIF4G or ERK. For example, Mnk2
may be bound to elF4G and members of the MAPK family
constitutively while binding of these factors to Mnk1 might be
subject to regulation and change, depending on the condition.
Therefore, experiments similar to those described in Fig. 5
were performed and used to study the binding of ERK and
eIF4G to either Mnk1 or Mnk2 under various conditions (Fig.
6). The kinase assay data again showed that Mnk2 activity was
only reduced by a combination of PD98059 and SB203580 (Fig.
6A, compare lanes 7 and 9 to 11), while Mnk1 activity was
reduced by each inhibitor on its own (lanes 1 and 3 to 5).

ERK1 or -2 binding to Mnkl or Mnk2 was not affected
either by stimulation of the ERK pathway (by TPA) or by
inhibition of the ERK and p38MAPK pathways (by treatment
with PD98059 and SB203580) (Fig. 6B, bottom). However, we
consistently found that TPA treatment of cells resulted in
decreased association of Mnk1 with eIF4G (Fig. 6B, top, lanes
2 and 6). In this particular experiment, the dissociation of
Mnk2 from elF4G in TPA-treated cells is not evident, but in
similar experiments we have seen a small reduction in binding.
Treatment with the two inhibitors increased the binding of
elF4G to either Mnk (lanes 3 to 5 and 9 to 11). There seem to
be no major differences in the binding of Mnk1 and Mnk?2 to
either ERK1 or -2 or eIF4G. Other possible mechanisms un-
derlying the differences between Mnk1 and Mnk2 in the reg-
ulation of their activities will be discussed below.

DISCUSSION

In this paper, we show for the first time that Mnk2 is an
elF4E kinase, based on three complementary lines of evi-
dence: (i) Mnk2 phosphorylates eIFAE at Ser209 in vitro, (ii)
overexpression of Mnk2 in HEK 293 cells leads to increased
phosphorylation of eIF4E in vivo, and (iii) Mnk2 binds to
elF4G. It shares these characteristics with Mnk1, but the basal
activities of the two enzymes are quite different in vivo.

The signaling pathways involved in the regulation of Mnkl
and Mnk?2 seem to be very similar. Like Mnk1, Mnk2 is phos-
phorylated and activated by both ERK2 and p38MAPKa and
-B in vitro (Fig. 1), but Mnk2 was a better substrate for the
various upstream kinases than Mnkl1. Waskiewiez et al. (37)
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reported that Mnk?2 is phosphorylated efficiently by p3SMAPK,
even though it did not show stable binding to Mnk2. Mnk2
activity was decreased upon treatment of cells with both
PD98059 and SB203580 (Fig. 5), but over expressed Mnk2,
especially endogenous Mnk2, seems to be less sensitive to
agents that alter signaling through the MAPK pathways than
Mnkl. Taken together with the fact that washing out the in-
hibitors PD98059 and SB203580 without further adding any
stimulus results in almost complete reactivation of Mnk2 but
not of Mnkl (Fig. 5), these data indicate that the high basal
activity of Mnk2 can be maintained by low levels of activity of
the upstream kinases. Consistent with these findings, the
HPLC profiles of radiolabeled peptides from trypsin-digested
Mnk?2 purified from [*?P]orthophosphate-labeled transfected
cells that had been treated with TPA, PD98059, SB203580, or
a combination of these two inhibitors (data not shown) were
almost indistinguishable from the one shown for untreated
cells (Fig. 2).

An alternative explanation for the high basal activity of
Mnk?2 could be that an additional kinase or pathway regulates
Mnk?2 activity in vivo, which would explain why Mnk2 retains
significant activity even in the presence of PD98059 and
SB203580 (Fig. 5) and is active in serum-starved cells. How-
ever, inhibitors of phosphatidylinositol 3-kinase, mTOR, and
protein kinase C did not affect Mnk2 activity in vivo (data not
shown), implying that none of these major signaling compo-
nents is involved in the regulation of Mnk2 activity.

Despite the complexity of the phosphorylation site mapping,
we have been able to identify the phosphopeptides in 7 of the
10 major HPLC peaks that were found upon digestion with
trypsin (Fig. 2). By solid-phase sequencing, eight in vitro phos-
phorylation sites in Mnk2 were identified. The similarity be-
tween the HPLC profiles of the tryptic digests of in vitro- and
in vivo-labeled GST-Mnk2 (Fig. 2) suggests that all of these
sites are also phosphorylated in vivo and five of these in vivo
phosphorylation sites were confirmed directly using mass spec-
trometry and solid-phase sequencing.

Several of the phosphorylation sites identified in vivo (i.e.,
Ser384 and Thr403) and in vitro (i.e., Ser173, Thr332, Ser384,
and Thr403) are within TP or SP motifs, and these residues are
thus most likely phosphorylated by ERK and p38MAPK. All of
the major spots that contain an SP or TP site are still present
in the 2D maps of the tryptic digests of the inactive T197A and
T202A mutant proteins that were phosphorylated in vitro (data
not shown), supporting the idea that these sites are indeed
MAPK phosphorylation sites, rather than autophosphorylation
sites. The other residues, which lack the adjacent prolyl resi-
due, are probably autophosphorylation sites, as the MAPKs
are solely proline directed.

Mutation of Thr332 to Ala almost completely abolishes the
activity of Mnk?2 in vivo, while mutation to Asp does not affect
its activity. In contrast, in Mnk1, mutation of Thr332 to Asp
caused it to be constitutively active while a change to Ala did
not affect kinase activity (38). This shows that in both these
kinases, this residue, and most likely its phosphorylation, plays
a key role in regulating their activities. The data from the T332
mutants can be interpreted to suggest that this site is consti-
tutively phosphorylated in Mnk2, rendering it basally active.
The role of the three possible phosphorylation sites in the
C-terminal region of Mnk2 (Ser399, Ser401, and Thr403) is
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unclear. Although these sites are not found in Mnk1 and were
therefore candidates for mediating the differences between
Mnk1 and Mnk2, mutation of Thr403 to either Ala or Asp did
not significantly affect Mnk?2 activity. Whether phosphorylation
of Ser399, Ser401, or any of the other sites identified plays a
role in the high basal activity of Mnk2 awaits further investi-
gation. Preliminary data indicate that phosphorylation at Ser27
is not a prerequisite for Mnk?2 activity (B. van Kollenburg and
G. C. Scheper, data not shown).

Two lines of evidence do indicate that Thr197 and Thr202
are phosphorylation sites in Mnk2: (i) mutation of either res-
idue to alanine abolishes Mnk2 activity (Fig. 4), and (ii) spe-
cific, and different, peptides are missing on trypsin-GluC 2D
maps of the T197A and T202A mutant proteins (data not
shown). In many kinases, phosphorylation of serine or threo-
nine residues in the positions corresponding to T197 and T202
(in the so-called T loop) plays an important role in activating
these enzymes (11). In particular, in Mnk1 (38), phosphoryla-
tion of residues corresponding to Thr197 and Thr202 has been
shown to be essential for activity. A mutant in which both Thr
residues were changed to Asp (which might mimic phospho-
threonine) showed no activity upon expression in 293 cells
(data not shown), perhaps arguing against the notion that
these sites are phosphorylation sites. Despite substantial effort
using HPLC and mass spectrometry techniques, we were un-
able to prove unambiguously that these sites are phosphory-
lated in Mnk2.

It is unclear why mammalian cells should possess two ki-
nases that each phosphorylate eIF4E but show different basal
activities. Our data suggest that changes in the phosphorylation
state of eIF4E in response to growth stimuli and stressful
agents are likely caused by changes in the activity of Mnkl.
Mnk2 might be required to maintain the low level of eIF4E
phosphorylation under conditions where Mnkl1 is (almost) in-
active, such as serum starvation. One could speculate that the
synthesis of certain proteins that are essential for cell survival
must occur under most conditions, and Mnk2 activity would
ensure phosphorylation of eIF4E and thereby the translation
of the mRNAs encoding such proteins. Northern blot analysis
has shown that the RNAs encoding Mnk1 and Mnk?2 are ex-
pressed in a variety of tissues (38), but nothing is known about
the amounts of the (active) proteins in cells. On the one hand,
the very low level of eIF4E phosphorylation in serum-starved
293 cells suggests that these cells possess very little, if any,
Mnk2, while on the other hand, in Swiss 3T3 cells, Mnk2
appears to be involved in maintaining a high level of phosphor-
ylated eIF4E.

Mnk1 and Mnk2 each bind to eIF4G (Fig. 6). The extreme
C terminus of eIF4G and the N-terminal 23 amino acids of
Mnk1 are required for the interaction of Mnk1 and eIF4G (27,
39). Within this region of Mnkl, a stretch of basic residues in
the N terminus of Mnk1 is probably important for binding to
elF4G and this is conserved in Mnk2 (Fig. 3B). Therefore,
Mnk?2 most likely binds to the same region on eIF4G as Mnkl1
and binding of Mnkl and Mnk2 to eIF4G would then be
mutually exclusive, potentially giving an extra level of control
to regulate the level of eIF4E phosphorylation in cells.

The differences between the activities of Mnk1 and Mnk2 do
not seem to be due to changes in their binding to ERK: the
amounts of total ERK1 and ERK2 bound to these kinases were
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very similar under a wide variety of conditions that affect the
MAPK signaling pathways. Also, phosphorylated ERK bound
to both kinases (as detected by using phosphospecific antibod-
ies), and again, no obvious differences were found between the
two Mnks (not shown). We have found that the amount of
eIF4G bound to either Mnk1 or Mnk2 did vary under differing
conditions. Stimulation of the classical ERK pathway with
TPA led to decreased elF4G-Mnk association, while treatment
with PD98059 and SB20380 had the opposite effect. The in-
creased binding of eIF4G to Mnk1 when its activity is very low
or completely inhibited could be a way to ensure rapid phos-
phorylation of eIF4E upon Mnkl activation. Subsequent dis-
sociation may serve to limit—in extent or duration—the con-
sequent phosphorylation of eIF4E. This seems to apply only
partly to Mnk2: increased binding was found upon treatment
with MAPK pathway inhibitors, but the effects of TPA on the
Mnk2-eIF4G association was smaller than that seen for Mnk1.
This may play a role in the observed high basal activity of
Mnk2. It has been reported that phorbol ester treatment of
cells leads to reduced phosphorylation of the residues within
elF4G that can be phosphorylated by Mnk1 (34). The reduc-
tion in phosphorylation at these particular sites might be due
to the decreased binding of Mnkl or Mnk2 to eIF4G, even
though Mnkl is activated under these conditions (as shown in
Fig. 6). It remains to be established whether the phosphoryla-
tion at these sites in e[F4G underlies the reduced association
with Mnkl1 (and possibly Mnk2).
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