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Eukaryotic translation initiation factor 4F (eIF4F), comprising the cap-binding protein eIF4E, the helicase eIF4A, and the central
scaffold eIF4G, is a convergence node for a complex signaling network that controls protein synthesis. Together with eIF3 and
eIF4A/4B, eIF4G recruits ribosomal subunits to mRNAs and facilitates 5= untranslated region unwinding. Mammalian eIF4G
contains three HEAT domains and unstructured regions involved in protein-protein interactions. Despite detailed eIF4G struc-
ture data, the mechanisms controlling initiation scaffold formation remain obscure. We found a new, highly regulated eIF4B/-3
binding site within the HEAT-1/-2 interdomain linker, harboring two phosphorylation sites that we identified as substrates for
Erk1/2 and casein kinase 2. Phorbol ester-induced sequential phosphorylation of both sites detached HEAT-2 from the complex
with eIF4A/-4B/-3 and stimulated the association of HEAT-3 with the mitogen-activated protein kinase signal integrating kinase
Mnk1. Our results provide a mechanistic link between intracellular signal transduction and dynamic initiation complex forma-
tion coordinated by flexible eIF4G structure.

In eukaryotes, translation initiation is rate-limiting for protein
synthesis and requires eukaryotic translation initiation factors

(eIFs) for recruiting ribosomal subunits to mRNAs. The hetero-
trimeric complex eIF4F, comprised of the m7GTP cap-binding
protein eIF4E, the ATP-dependent helicase eIF4A, and the scaf-
fold eIF4G, recruits ribosomal subunits via eIF3 for mRNA scan-
ning (1). The DEAD box helicase eIF4A is indispensable for un-
winding/scanning during initiation at mammalian mRNAs with
at least moderate 5= untranslated region (5=UTR) structural com-
plexity (reviewed in reference 2). It has two domains, both of
which are involved in binding RNA and ATP cooperatively (3). A
poor ATPase/helicase on its own, eIF4A is potently stimulated in a
complex with its cofactor(s) eIF4B and eIF4G (4).

Mammalian eIF4G consists of three HEAT (Huntingtin/EF3/
protein phosphatase 2A/Tor1) domains separated by flexible re-
gions (5, 6) (Fig. 1A). eIF4A association with HEAT-1 and
HEAT-2 (5, 7) and the N-terminal portion of the linker separating
them (8) (Fig. 1A) sustains a conformational arrangement that
favors eIF4A-RNA binding (9). In higher eukaryotes, eIF4G’s C-
terminal portion comprising HEAT-2 and HEAT-3 (Fig. 1A) in-
teracts with eIF4A and the mitogen-activated protein kinase
(MAPK)-signal integrating kinases Mnk1/2 (5) (Fig. 1A). Muta-
tions in HEAT-2 decreased 48S preinitiation complex (PIC) for-
mation ca. 3- to 4-fold, whereas mutations in HEAT-1 abolished it
(10). Thus, HEAT-2 and HEAT-3 likely serve modulatory roles in
translation and are dispensable for initiation (10); in fact, yeast
eIF4G evolved with a loss of the C-terminal part of the interdo-
main linker, HEAT-2 and -3 (8).

Topological and mechanistic studies of the eIF4A/-4G/-4B he-
licase complex and the regulation of ATP/ADP binding to eIF4A
in vitro suggest a “dynamic network of multiple weak, but specific
interactions” (8) that may direct mRNA unwinding. eIF4F assem-
bly, recruitment of accessory factors, and their interactions with
mRNAs in vivo is influenced by major mitogenic signaling path-
ways converging on translation machinery. Unraveling the role of
mitogenic signals in eIF4F assembly, template unwinding, and/or

scanning is impeded by a lack of information on eIF4G, the main
signal integration module of the translation initiation apparatus.
The interdomain linker (IDL) of eIF4G, which separates HEAT-1
and -2, harbors seven major confirmed phosphorylation sites (all
of which are lost in yeast) (Fig. 1A). Due to its strategic placement
between HEAT-1 and -2 eIF4A binding sites, the IDL may mod-
ulate dynamic protein-protein interactions in eIF4G’s core.

We used eIF4G1 (referred to as eIF4G from here on) trunca-
tion variants, site-directed eIF4G mutagenesis, phosphopro-
teomic analysis, and other biochemical assays to investigate the
regulation of dynamic eIF4G HEAT-2/-3 domain interactions
with eIF4A/-4B and Mnk1a (referred to as Mnk1 from here on) by
protein kinase C (Pkc)/Ras/Erk mitogenic signal transduction.
Detailed mapping studies revealed a new, highly regulated binding
site for eIF4B/eIF3 located at the IDL/HEAT-2 junction. Binding
of eIF4A with eIF4G HEAT-2 is ATP/ADP dependent (8), whereas
interactions of eIF4B/eIF3 with the newly identified binding site
are not. The binding area contains two phosphorylation sites,
S1232 and S1239, which were previously identified in vivo (11, 12).
Our studies show that S1232 is an Erk1/2 substrate, whereas S1239
may be phosphorylated by casein kinase 2-� (Ck2-�). S1232
phosphorylation is partly controlled by the S1239 phospho-status
and a conformational arrangement limiting Erk1/2-eIF4G bind-
ing. Pkc/Ras/Erk stimulation results in rapid dissociation of eIF4G
HEAT-2 from the complex with eIF4A/-4B/-3, whereas HEAT-1

Received 24 October 2012 Returned for modification 21 November 2012
Accepted 14 December 2012

Published ahead of print 21 December 2012

Address correspondence to Matthias Gromeier, grome001@mc.duke.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/MCB.01441-12.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MCB.01441-12

March 2013 Volume 33 Number 5 Molecular and Cellular Biology p. 937–946 mcb.asm.org 937

http://dx.doi.org/10.1128/MCB.01441-12
http://dx.doi.org/10.1128/MCB.01441-12
http://dx.doi.org/10.1128/MCB.01441-12
http://mcb.asm.org


FIG 1 Regulation of Mnk1 and eIF3A/-4A/-4B binding with C-terminal eIF4G fragments by IDL length. (A) eIF4G domain organization. The interaction sites
with other proteins, HEAT domains 1 to 3, and the IDL are indicated. (B) Structure of eIF4G truncation fragments used in the present study. All fragments are
N-terminally (myc) and C-terminally (Flag) tagged. Major confirmed IDL phosphorylation sites are indicated. (C) myc-eIF4G expression and TPA-dependent
activation of Pkc-�/Erk1/2 in HEK293 cells (top) and Mnk1-binding/phosphorylation of myc-eIF4G fragments (bottom). The eIF4G fragments are identified by
their N-terminal amino acid number at the top. HEK293 cells were transfected (16 h), serum starved (24 h), and treated with either DMSO (0 min) or 200 nM
TPA (30 min). Cell lysates were subjected to immunoblotting (top) or anti-Flag IP, followed by immunoblotting (bottom) with the indicated antibodies. The
experiment was repeated four times; the results of a representative assay are shown. (D) Binding of eIF4G-IDL truncation variants with Mnk1 and initiation
factors eIF4A/-4B in nonstimulated HEK293 cells. HEK293 cells were transfected with the indicated fragments (16 h) and serum starved (24 h), and the cell lysates
were subjected to Flag-IP, followed by immunoblotting as indicated. Quantitative chemiluminescence measurements of the Mnk1 signal after Flag coimmuno-
precipitation are shown in the lower panel. This experiment was repeated three times with consistent results; average binding values are shown. The relative
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remains bound to the helicase complex under these conditions.
The results presented here provide basic insight into molecular
mechanisms of dynamic translation initiation control via signal
transduction to eIF4G.

MATERIALS AND METHODS
Cell lines, DNA transfections, and eIF4G truncation variants. HEK293
cells (American Type Culture Collection) were maintained in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum
(FBS) and nonessential amino acids, and were transfected with 16 �g of
plasmid DNA using 40 �l of Lipofectamine 2000 (Invitrogen) per 15-cm
petri dish. At 16 h posttransfection, the medium was changed to starva-
tion medium (without FBS). After 24 h of serum starvation, the cells were
treated with kinase inhibitors and/or activators, harvested, and lysed as
described below. Construction of myc- and Flag-tagged eIF4G expression
plasmids has been described previously (13). The eIF4G truncation vari-
ants used in the present study were generated by PCR amplification of
corresponding fragments with the primers shown in Table S1 in the sup-
plemental material. Single/double-site amino acid mutations were intro-
duced by overlapping PCR as described earlier (13). The generation of
stable HEK293 cell lines with tetracycline (Tet)-inducible expression of
myc/Flag-tagged eIF4G has been described previously (14).

Kinase inhibitors and activators. Inhibitors of Mek1 (UO126; Cell
Signaling), Ck2-� (CX4945; Synkinase), and the protein kinase C (Pkc)
activator 12-O-tetradecanoyl-phorbol-13-acetate (TPA; Sigma) were dis-
solved in dimethyl sulfoxide (DMSO) and used at the concentrations
indicated. ADP, ATP, and adenosine 5=-[�,�-imido]triphosphate
(pNppA) (all Sigma) were dissolved in water to achieve the appropriate
concentrations (see Fig. 7).

Immunoprecipitation, immunoblotting, and antibodies. Cell ly-
sates were prepared using polysomal lysis buffer (PLB; 10 mM HEPES
[pH 7.4], 100 mM KCI, 5 mM MgCI2, 0.5% Igepal CA-630 [Sigma], 3 mM
dithiothreitol [DTT]). Prior to immunoprecipitation (IP), anti-Flag M2-
agarose beads (Sigma) were washed twice by NT-2 solution (50 mM Tris-
HCI [pH 7.5], 150 mM NaCl, 1 mM MgCI2, 0.05% Igepal CA-630) and
blocked with 1% bovine serum albumin (BSA) in the same buffer for 1 h
at 4°C. The blocking solution was removed, and 35 �l of agarose beads was
incubated overnight at 4°C with cell lysates containing 6.5 mg of total
protein in 1 ml of PLB. Then, the beads were washed five times with 0.9 ml
of NT-2 solution, and 75 �l of NuPAGE 2� LDS loading buffer (Invitro-
gen) was added to each sample. Proteins were subjected to SDS-PAGE and
immunoblot analyses as described previously (13). Membranes were
blocked with 5% BSA in phosphate-buffered saline–Tween 20 (PBST)
solution and probed with phospho-specific antibodies against p-Pkc-
�(T638), p-Erk1/2(T202/Y204), p-eIF4G(S1148), p-eIF4B(S406), p-rpS6
(SS235/6), and p-(S)-Pkc-substrate (all from Cell Signaling Technology)
and p-eIF4G(S1232) (Novus Biologicals) or antibodies against c-myc
(Sigma), mTorC1, Erk1/2, Mnk1, rpS6, eIF3A, eIF4A, eIF4B, and eIF4G1
(all from Cell Signaling Technology). Immunoblots were developed using
SuperSignal West Pico- or Femto ECL kits (Thermo Scientific). For quan-
tification, immunoblot signals were analyzed by chemiluminescence with
a FluorChem FC2 imaging system (Cell Biosciences) and the AlphaEase
FC program.

In vitro phosphorylation assays and phosphoproteomic analyses.
To determine the specific activity of recombinant human glutathione S-
transferase (GST)–Erk2 (SignalChem) in the phosphorylation of eIF4G,
40 �l of lysate from HEK293 cells that were serum starved (24 h) and

treated with 20 �M UO126 (2 h) was mixed with 10 �l of kinase assay
buffer (25 mM morpholinepropanesulfonic acid [pH 7.2], 12.5 mM
�-glycerol phosphate, 25 mM MgCl2, 5 mM EGTA, 2 mM EDTA, 0.25
mM DTT) and incubated with 1 �l of recombinant GST-Erk2 (0.1 �g/�l)
in the presence of 2 mM ATP for 0, 15, 30, or 60 min at 20°C. Reactions
(10-�l aliquots) were stopped by adding 10 �l of 4� loading buffer, fol-
lowed by heating for 1 min at 95°C. In vitro phosphorylation of recombi-
nant GST-eIF4G(Ct) (13) by recombinant GST-Erk2 was performed in 50
�l of a mixture containing 150 nM recombinant GST-Ct in kinase assay
buffer, 2 mM ATP, and 2� Halt phosphatase inhibitor cocktail (Thermo
Scientific). The reaction mixture was incubated at 20°C with 1 �l of 0.1 �g
of GST-Erk2/�l for various intervals. Aliquots (10 �l) taken at 0, 30, 60, or
120 min were mixed with 10 �l of 4� loading buffer and heated for 1 min
at 95°C to stop the enzymatic reaction. Samples were subjected to SDS-
PAGE, followed by immunoblotting with p-eIF4G(Ser1232) antibodies.
Large-scale in vitro phosphorylation for phosphoproteomic analysis was
performed with 50 �g of recombinant GST-Ct per sample. Four reaction
mixtures in kinase assay buffer were phosphorylated by 1 �g of GST–
Ck1-�, GST–CK1-�, or GST–Ck2-� (SignalChem) or incubated with 2
mM ATP without kinase for 4 h at room temperature. Phosphorylated
GST-Ct was purified by GST pulldown by incubation with 150 �l of glu-
tathione-Sepharose 4B (GE Healthcare) at 4°C (2 h). Sepharose beads
were washed twice with 1 ml of NT-2 solution containing 1.5� Halt
phosphatase inhibitor cocktail and twice with 1 ml of 50 mM NH4HCO3

and subjected to phosphoproteomics. Identification of the eIF4G residues
phosphorylated in vitro was performed by liquid chromatography-tan-
dem mass spectrometry at the Duke University Proteomics Core Facility.

RESULTS
The eIF4G IDL assumes autoinhibitory conformations that
block Mnk1 binding. Earlier, we showed that the interdomain
linker (IDL) in eIF4G controls Mnk1-eIF4G binding (13). Based
on these findings, we systematically evaluated the IDL’s role in
coordinating protein-protein interactions in the C-terminal part
of eIF4G. To this end, we constructed various IDL truncation
variants (Fig. 1B; named by the N-terminal amino acid number
according to GenBank accession no. EAW78266). The longest
variant, 1085, features the seven major confirmed IDL phosphor-
ylation sites; the shortest fragment, 1245, lacks the IDL entirely
(and 10 N-terminal amino acids of HEAT-2) (Fig. 1B). To enable
biochemical assays, all eIF4G-IDL truncations were N-terminally
(myc) and C-terminally (Flag) tagged.

To investigate Mnk1-binding and phosphorylation of eIF4G-
IDL fragments after Pkc/Ras/Erk stimulation with the phorbol
ester TPA, total lysates and Flag-IPs from cells transfected with
specific IDL truncations were probed by immunoblot (Fig. 1C).
The tagged fragments were expressed at similar levels and TPA
stimulation for 30 min induced Erk1/2 and Pkc-� phosphoryla-
tion (Fig. 1C, top panel). Flag-IP revealed eIF4G phosphorylation
on S1148, S1186, and S1232 according to their inclusion in the
IDL truncations (Fig. 1C, bottom panel). Phosphorylation of
S1148 was not detected in the 1146 fragment, presumably due to
truncation of the substrate context. In accordance with previous
data (13), the phosphorylation of S1148 did not respond to TPA
(Fig. 1C, lanes 2 and 3). In contrast, phosphorylation of S1186 (by

binding efficiencies were normalized to Mnk1 binding to the 1085 IDL fragment. (E) Binding of eIF4A/-4B/-3A with diverse eIF4G IDL fragments indicates a role
for the IDL in modulating protein-protein interactions with the C-terminal part of eIF4G. Flag-IP of the indicated IDL fragments containing HEAT-2/-3
domains and variable parts of the IDL. HEK293 cells were treated as described previously (see panel D). (F) Proposed model for intramolecular interactions
governing eIF4A/-4B binding to the IDL/HEAT-2. (Left) The IDL (in the range of aa 1177 to 1192) establishes contacts with HEAT-3 (13) that prevent eIF4B
association but favor eIF4A–HEAT-2 interactions. (Middle) Truncation of the IDL to 1222/1235 abolishes interactions with HEAT-3, enables eIF4B binding to
eIF4G, and displaces eIF4A from HEAT-2. (Right) Without the IDL, eIF4B binding is abolished, and HEAT-2/eIF4A binding is unencumbered.
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Pkc-� [13]) and S1232 were TPA responsive in all fragments con-
taining these sites (Fig. 1C, bottom panel).

In accordance with previous findings (13), Mnk1 binding to
eIF4G was strongly enhanced upon IDL truncation, suggesting
that the IDL in the range of aa 1085 to 1245 inherently restricts the
association of eIF4G with Mnk1 (Fig. 1C). Mapping of this inter-
action with serial IDL truncations indicated two inhibitory re-
gions spanning aa 1146 to 1177 (Fig. 1C, lanes 4 and 5) and aa 1222
to 1245 (Fig. 1C, lanes 10 and 11). The differences in Mnk1 bind-
ing may be explained by specific sequences in these regions, by the
phosphorylation state of corresponding fragments, or by the su-
perposition of both. To discriminate between these possibilities,
we first investigated Mnk1-eIF4G binding with fragments in
transfected, nonstimulated cells (Fig. 1D). For a better under-
standing of the inhibitory properties of the IDL, we added two IDL
truncations: fragment 1162 (to narrow the upstream inhibitory
region in aa 1146 to 1177 to 15 aa) and fragment 1431, containing
only the HEAT-3 domain (including the Mnk1 binding site), to
reveal possible inhibitory properties of HEAT-2 for Mnk1 bind-
ing. Quantitative assessment of Mnk1 binding with all indicated
IDL fragments confirmed and extended earlier findings (Fig. 1D,
bottom panel).

Mnk1 binding to fragments 1431 (HEAT-3 domain alone) and
1245 (lacking the IDL) was similar, suggesting that restrictive
Mnk1-eIF4G interaction is not due to HEAT-2 (Fig. 1D). Relative
to 1431, Mnk1 binding to the 1177 fragment dropped �8-fold,
whereas binding to the 1085 fragment was reduced �180-fold
(Fig. 1D). Since, apart from the Mnks, the C-terminal part of
eIF4G establishes critical interactions with eIF4A, we tested
whether the IDL truncations affected eIF4G’s scaffolding func-
tions more broadly. We found that eIF4A interactions with its
known binding site in HEAT-2 (Fig. 1A) covary with Mnk1 bind-
ing, whereas eIF4B and -3A showed an obverse interaction pattern
(Fig. 1D and E). Consistent with our results, it was recently shown
that HEAT-2 directly interacts with eIF4A and that an IDL frag-
ment (aa 994 to 1138) binds eIF3 and eIF4H (a truncated eIF4B
homolog) (8).

Binding of eIF4A/-4B with eIF4G HEAT-2 is coordinated by
the IDL. To explain the inhibitory properties of the IDL for Mnk1
binding, we previously proposed that the linker region surround-
ing the Pkc-� phosphorylation site (S1186) interacts with the AA-
box 1 in HEAT-3 (Fig. 1F, left panel) (13). To evaluate whether
such IDL interactions may exert control over binding of
eIF4A/-4B with eIF4G, we compared eIF4A coimmunoprecipita-
tion with eIF4G fragments containing variable portions of the IDL
and HEAT-2/-3 domains (Fig. 1E). Fragments 1177 and 1192
bound to eIF4A almost as strongly as the 1245 construct (Fig. 1E,
lanes 3, 4, and 7). Such binding, however, was abolished with the
1085, 1222, and 1235 fragments (Fig. 1E, lanes 2, 5, and 6). Trun-
cation of the IDL to fragments 1222 and 1235 not only abolished
eIF4A binding to HEAT-2/-3 but also enabled binding of eIF4B,
which did not interact with any of the other fragments tested (Fig.
1E, lanes 2, 5, and 6). Coimmunoprecipitation with the 1222 frag-
ment, but not the 1235 fragment, also yielded eIF3A, suggesting
that eIF3 associates with the distal IDL in eIF4G indirectly through
eIF4B (Fig. 1E).

Our results suggest a model, wherein interactions of the IDL
(in the aa 1177 to 1192 range) with HEAT-3 favor eIF4A binding
to HEAT-2 (Fig. 1F, left panel). Upon IDL truncation to 1222, an
eIF4B-binding site within the IDL becomes accessible and eIF4B-

IDL binding displaces eIF4A from HEAT-2 (Fig. 1F, middle
panel). Elimination of the IDL prevents eIF4B binding by deleting
the eIF4B binding site in the distal IDL and enables unencum-
bered HEAT-2-eIF4A interactions (Fig. 1F, right panel). This sug-
gests an influence of intra/intermolecular interactions (i) between
the IDL and HEAT-3 and (ii) between eIF4B/-3 and a new eIF4B-
binding site within aa 1222 to 1245 of eIF4G, on assembly of
eIF4G/-4A/-4B helicase complexes with HEAT-2 and on Mnk1
binding to HEAT-3.

eIF4G(S1232) is phosphorylated by Erk1/2 upon TPA stimu-
lation. The very C-terminal part of the IDL (aa 1222 to 1235) and
the adjacent HEAT-2 domain (aa 1236 to 1245) mediate autoin-
hibitory functions for Mnk1 binding to HEAT-3 (Fig. 1C and D)
and eIF4A binding to HEAT-2 (Fig. 1D and E) and contain an
eIF4B binding site (Fig. 1E). Since these interactions were charac-
terized based on artificial IDL truncations, we sought to determine
what features of natural eIF4G may coordinate dynamic protein-
protein interactions in this region of eIF4G. Within the aa 1222 to
1245 span, there are two major, confirmed phosphorylation sites
at S1232 and S1239 (Fig. 1B and 2A). HEAT-2 contains a putative
Erk1/2 binding motif (Fig. 2A) and S1232 is in optimal context for
Erk1/2 MAPKs (Fig. 2B). Therefore, we sought to confirm earlier
indications that eIF4G(S1232) phosphorylation, which is sensitive
to the Mek1 inhibitor UO126, is phosphorylated by Erk1/2 (13).
We tested whether recombinant Erk2 induces eIF4G(S1232)
phosphorylation by incubating lysates from serum-starved,
UO126-treated HEK293 cells with GST-Erk2 (Fig. 2C). Recombi-
nant Erk2 was used in these assays because Erk2 coimmunopre-
cipitated with eIF4G to a greater extent than Erk1 (Fig. 2F) and
because Erk1 and -2 possess identical substrate specificity in
vitro. Endogenous eIF4G(S1232) phosphorylation was abol-
ished in UO126-treated HEK293 cell lysates (Fig. 2C). None of
the endogenous kinases present in UO126-treated cells were
able to phosphorylate S1232 (evident from incubation of cell
lysates with 2 mM ATP alone) (Fig. 2C). Only the addition of
recombinant GST-Erk2 restored efficient eIF4G(S1232) phos-
phorylation (Fig. 2C). This was confirmed by in vitro phos-
phorylation of a recombinant C-terminal fragment of eIF4G
(GST-Ct; aa 683 to 1600) upon incubation with GST-Erk2 in
the presence of ATP (Fig. 2D).

Next, we analyzed the role of a putative Erk1/2 binding domain
in eIF4G (aa 1245 to 1257) (Fig. 2A) in S1232 phosphorylation.
Consensus Erk1/2 docking motifs contain two adjacent positively
charged aa (Fig. 2A, ��) and two hydrophobic amino acids sep-
arated by one amino acid (Fig. 2A, L.L). To test a role of this
sequence in Erk1/2 binding to eIF4G and in S1232 phosphoryla-
tion, we compared 1222 IDL fragments to the wild-type (wt) se-
quence or with KK1245/6EE or LL1255/7AA substitutions during
TPA stimulation (Fig. 2E). Immunoblot of lysates revealed intact
phosphorylation of endogenous eIF4G(S1232), Erk1/2, and rpS6
after TPA treatment (Fig. 2E). Flag-IP of the ectopic, Flag-tagged
eIF4G fragments, however, indicated substantially diminished
Erk1/2-eIF4G binding and S1232 phosphorylation with both mu-
tant isoforms (Fig. 2F). Interestingly, phosphorylation of S1232 in
the wt fragment inhibited the interaction of eIF4G with eIF3A and
-4B; both double mutations in the Erk1/2 docking motif abolished
this effect (Fig. 2F). Our findings suggest that a properly config-
ured binding motif controls Erk1/2 positioning relative to its sub-
strate site at eIF4G(S1232).
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eIF4G(S1239) is phosphorylated by casein kinase 2 in vitro.
Prior analyses confirmed that eIF4G(S1239) is phosphorylated in
vivo (11). Since S1239 is in direct proximity to S1232 and the
Erk1/2 binding site in HEAT-2 (Fig. 2A), may influence S1232
phosphorylation by Erk1/2, and/or may participate in coordina-
tion of protein-protein interactions with the IDL/HEAT-2, we
sought to identify the kinase(s) responsible for eIF4G(S1239)
phosphorylation. Downstream sequences of S1239 contain
several acidic and no basic residues, suggesting that it may be a
substrate for acidophylic casein kinases. Indeed, alignment
with the optimal substrate consensus for the casein kinases
Ck1-� (15), Ck1-� (16), and Ck2-� (17) revealed similarities
with the eIF4G(S1239) context (Fig. 3A).

To test an involvement of Cks in eIF4G(S1239) phosphoryla-
tion, we performed in vitro phosphorylation of GST-Ct by recom-
binant Ck1-�, Ck1-�, or Ck2-�. Since a specific p-S1239 antibody
is not available, the in vitro-phosphorylated products were sub-
jected to quantitative phosphoproteomic analysis. Major eIF4G
phospho-peptides resulted from the incubation with Ck1-� and
Ck2-� only (Fig. 3B), suggesting that Ck1-� is not an eIF4G ki-
nase. Ck1-� and Ck2-� yielded two and three nonoverlapping
phospho-peptides, respectively (Fig. 3B). eIF4G(S1239) was
phosphorylated specifically by Ck2-�, suggesting that it may be a
substrate for Ck2-� in vivo (Fig. 3C). Interestingly, a major Ck2-�
site may reside in eIF4G(S1597) (Fig. 3C), within the binding
motif for the Mnks, in accordance with the sequence context pref-
erence for Ck2-� (Fig. 3A). This site, and the biological signifi-
cance of Ck2-�-mediated phosphorylation of S1597, is the subject
of a separate study. To investigate the direct interactions between
eIF4G and Ck2-� in vivo, we tested the Flag immunoprecipitates
from Tet-inducible HEK293 cells expressing myc-eIF4G(197-
1600)-Flag (14) (Fig. 3D). This assay confirmed eIF4G-Ck2-�
binding, which was diminished upon TPA stimulation, similar to
Erk1/2 binding to eIF4G (Fig. 3D).

FIG 2 Erk2 phosphorylation of eIF4G(S1232) in vitro and identification of an Erk1/2 binding site in eIF4G. (A) eIF4G sequence surrounding SS1232/9 and a
putative Erk1/2 binding site (boxed). A proposed �1/-2 helix stacking interaction (L1243↔L1270), based on HEAT-2 structure (8), is shown. (B) eIF4G(S1232)
context compared to Erk1/2 substrates in c-myc/c-Jun. Letters in black boxes represent sequences strongly preferred by Erk1/2. (C) Phosphorylation of
endogenous eIF4G(S1232) by recombinant GST-Erk2. Lysates of serum-starved (24 h) and UO126 (20 �M)-treated (2 h) HEK293 cells were incubated with
recombinant GST-Erk2 (65 nM) in the presence of 2 mM ATP for the indicated times. The samples were tested by immunoblot as indicated. (D) In vitro
phosphorylation of recombinant GST-Ct (150 nM; in kinase assay buffer) with GST-Erk2. (E) Mutational analysis of a putative Erk1/2 binding site in eIF4G. The
proposed Erk1/2 docking site and two double mutants used in our studies are shown atop. HEK293 cells were transfected with wt fragment 1222 or the
1222(KK1245/6EE) or 1222(LL1255/7AA) mutant (16 h), serum starved (24 h), and treated with DMSO (	) or TPA (200 nM; �) (30 min). Cell lysates were
subjected to immunoblot with the indicated antibodies (E) or IP/immunoblot (F). The experiment was repeated three times; a representative assay is shown.

FIG 3 In vitro phosphorylation of eIF4G by Ck2-�. (A) Substrate consensus of
Ck1-�, Ck1-�, and Ck2-� compared to eIF4G(S1239) and (S1597). (B) Se-
quences of major in vitro phosphorylated eIF4G peptides determined from
tandem mass spectrometry; “pS” denotes p-Ser residues. Only phosphopep-
tides with 
95% probability of identification and a Mascot ion score of 
25
are presented. (C) Quantitative phosphoproteomic analysis of relative phos-
phorylation intensities of major sites in Ck1-� and Ck2-� in vitro-phosphor-
ylated recombinant eIF4G(Ct). The relative intensity is the intensity ratio of
the phosphopeptide phosphorylated in the presence of recombinant kinase/
ATP to the intensity of the same peptide incubated with ATP alone. (D) Direct
binding of Ck2-� with eIF4G in Tet-induced HEK293 cells expressing eIF4G
after mock or TPA stimulation.
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Phosphorylation of eIF4G(S1232) is influenced by the phos-
pho status of S1239. We investigated whether the rate of Erk1/2
phosphorylation of eIF4G(S1232) is affected by the phosphoryla-
tion state of S1239 (Fig. 4). First, Ck2-� inhibition (with CX4945)
in TPA-stimulated HEK293 cells showed an inhibitory effect on
endogenous eIF4G(S1232) phosphorylation without diminishing
Pkc/Ras downstream signals to Erk1/2 (Fig. 4A). Second, tests
with the 1222 IDL fragments bearing a Ser, Ala, or Glu residue in
position 1239 revealed effects on the efficiency of S1232 phos-
phorylation (Fig. 4B). Serum-starved HEK293 cells transfected
with the S1239, S1239A, or S1239E constructs were stimulated
with TPA for the indicated intervals, and their lysates were ana-
lyzed by Flag-IP and immunoblotting (Fig. 4B). Substitution of
S1239A reduced and delayed TPA-induced S1232 phosphoryla-
tion (4B and C). This effect was partially compensated for by the
S1239 phospho-mimic (Fig. 4B). The degree of S1232 phosphor-
ylation inversely correlated with eIF4B/-3A binding to the 1222
fragment, indicating that the phosphorylation of S1232, likely un-
der the influence of S1239 phosphorylation status, physiologically
controls eIF4B access to its binding site in the distal IDL (Fig. 4B).
Accordingly, eIF4B binding to the wt 1222 IDL was reduced with
increasing S1232 phosphorylation, and eIF4B dissociation was
substantially slowed with the S1232A mutant (Fig. 4B). At 2 h after
TPA addition, all eIF4B/-3A association with the 1222 fragment
had ceased, in correlation with the enhanced S1232 phosphoryla-
tion state of all S1239 variants, even S1239A (Fig. 4B).

Based on the proposed helicase complex structure (8), we hy-
pothesized that eIF4G(S1232) phosphorylation may be codeter-
mined by intramolecular �-helix stacking interactions in HEAT-2
(indicated in Fig. 2A). Phosphorylation of the adjacent S1239,
generating a negative charge and electrostatic repulsion of the
neighboring �2-helix (8), may favor Erk1/2 association with its
docking motif in HEAT-2. To test this hypothesis, we analyzed

S1232 phosphorylation of a mutant 1222(L1243G) fragment (Fig.
D). L1243G substitution was implemented to discourage putative
�1-, �2-helix stacking interactions between L1243 (�1) and L1270
(�2) (indicated in Fig. 2A). The 1222(L1243G) variant, but not the
wt fragment, was constitutively phosphorylated in the absence of
TPA stimulation, presumably due to inherent, low Erk1/2 activity
in HEK293 cells (Fig. 4D). Constitutive S1232 phosphorylation in
1222(L1243G) negatively regulates the binding of mutant eIF4G
with eIF4B and -3A (Fig. 4D), in agreement with a role for
eIF4G(S1232) phosphorylation in dissociation of eIF4B from the
distal IDL (Fig. 4B). Taken together, our findings support a pos-
sible conformational arrangement of HEAT-2 that discourages
Erk1/2 binding and S1232 phosphorylation in the S1239 native
state. Upon S1239 phosphorylation, Erk1/2 binding to eIF4G, the
phosphorylation of S1232, and the dissociation of eIF4B/-3A from
the distal IDL are enhanced.

S1232 phosphorylation controls protein-protein interac-
tions in the C-terminal part of eIF4G. Our assays suggest that
eIF4G(S1232) phosphorylation by Erk1/2 controls eIF4B binding
to a newly identified binding site in the distal IDL (Fig. 4B). Since
protein-protein interactions in eIF4G HEAT-2/-3 are determined
by a multitude of inter-relating and dynamic features, we con-
ducted a broad investigation of the effect of S1232 and S1239
phospho status on eIF4G binding with eIF4B, -3A, and -4A and
Mnk1 (Fig. 5). HEK293 cells were transfected with 1222 eIF4G
fragments (either wt, an S1239A mutant, an S1232A mutant or an
SS1232/9AA double mutant [Fig. 5]), and binding with eIF4A,
-4B, and -3A and Mnk1 was analyzed by Flag-IP. The cells were
serum starved (for 24 h), TPA stimulated, and analyzed for dy-
namic protein-protein interactions over a 2-h time interval.

With wt 1222, TPA stimulation gradually enhanced Mnk1-
eIF4G binding to reach �6-fold levels of the uninduced state by 2
h (Fig. 5B, left panel). Simultaneously, binding with eIF4A/-4B

FIG 4 Effect of eIF4G(S1239) phosphorylation on S1232 phosphorylation and binding with eIF3A/-4B. (A) HEK293 cells were mock treated (DMSO) or treated
with 10 �M CX4945 (2 h) and lysed after the indicated intervals of TPA (200 nM) stimulation. (B) Kinetics of TPA-stimulated eIF4G-IDL fragment 1222(S1232)
phosphorylation and binding with eIF3A/-4B. 1222(S1239A) and 1222(S1239E) mutants were compared to the wt 1222 fragment. HEK293 cells were transfected
with the indicated fragments (16 h), serum starved (24 h), and treated with 200 nM TPA as shown. Lysates were subjected to IP/immunoblotting with the
indicated antibodies. The test was repeated three times; the results of a representative assay are shown. (C) Quantitative assessment of S1232 phosphorylation in
the 1222 wt versus 1222(S1239A) fragment. Protein bands were quantified as described in Materials and Methods, adjusted for the loading control (myc-eIF4G),
and plotted as the percent phosphorylation versus the time of TPA stimulation. The data represent average values from three independent experiments and
standard error. (D) Constitutive eIF4G(S1232) phosphorylation upon L1243G substitution. HEK293 cells were transfected (16 h) with the 1222 wt fragment or
a 1222(L1243G) mutant and serum starved (24 h). Lysates were subjected to IP/immunoblotting with the indicated antibodies. The experiment was repeated
three times; the results of a representative assay are shown.
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and eIF3A declined rapidly, and all but disappeared by 2 h (Fig. 5).
TPA-induced Mnk1 binding with the S1239A and SS1232/9AA
eIF4G mutants was less efficient relative to wt eIF4G or the S1232A
mutant, and Mnk1-eIF4G binding was increased in the unin-
duced state with all eIF4G phosphosite mutants (compared to wt;
Fig. 5A).

The S1239A, S1232A, and SS1232/9AA substitutions signifi-
cantly protracted dissociation of eIF4A/-4B and eIF3A from
eIF4G HEAT-2 (Fig. 5). Accordingly, binding of eIF4A/-4B/-3A
with eIF4G HEAT-2 in the uninduced state was substantially en-
hanced, and eIF4A/-4B/-3A dissociation was delayed with the
SS1232/9AA double mutant (Fig. 5). Binding of eIF3A with the
SS1232/9AA eIF4G mutant was much more sensitive to TPA stim-
ulation than the association of eIF4B with the same variant (com-
pare the relative binding slopes in Fig. 5B). We stipulate that this is
due to the changing phosphorylation status of eIF4B and/or eIF3
components upon activation of the Pkc/Ras/Erk cascade. For ex-
ample, it has been shown that phosphorylation of eIF4B(S422) by
the Erk1/2 MAPK-activated protein kinase (Rsk) controls the as-
sociation of eIF4B with eIF3 (18). Our observations indicate that
coordinated phosphorylation of S1239 and S1232 at the IDL-
HEAT-2 junction affects dynamic protein-protein interactions
with eIF4A/-4B/-3A and Mnk1 in the C-terminal portion of
eIF4G.

Binding of eIF4A/-4B and eIF3 with intact eIF4G compared
to HEAT-1. The eIF4G/-4A/-4B helicase complex can assemble
with eIF4G HEAT-1 or, alternatively, with HEAT-2/the distal IDL
alone. To investigate the relative influence of HEAT-2 on eIF4G
helicase complex assembly upon Pkc/Ras/Erk activation, we tested

binding of full-size eIF4G with eIF4A/-4B compared to HEAT-1
alone. HEK293 cell lines with Tet-inducible expression of myc-
eIF4G(197-1600)-Flag (13) (Fig. 6A) or tagged eIF4G(682-1132),
corresponding to HEAT-1 (Fig. 6B) were TPA stimulated, and the
association of eIF4G with eIF4A, eIF4B, eIF3A, rpS6, and Mnk1
was assessed (Fig. 6). As expected, intact eIF4G exhibited S1232
phosphorylation in a TPA-dependent manner (Fig. 6A), whereas
HEAT-1, lacking S1232, did not (Fig. 6B). In accordance with
previously published data (13), Mnk1 and p-rpS6 coimmunopre-
cipitation with eIF4G was significantly enhanced by TPA stimula-
tion (Fig. 6A). We observed modest, but reproducible, dissocia-
tion of eIF4B from full-length eIF4G by �4-h TPA stimulation
(Fig. 6A). This did not occur with coimmunoprecipitation of the
HEAT-1 fragment, suggesting that eIF4A/-4B associations with
HEAT-1/the proximal IDL (8) are not influenced by TPA-induced
signals. Thus, the differences in eIF4B coimmunoprecipitation
with full-length eIF4G versus HEAT-1 upon TPA induction may
be due to Pkc/Ras/Erk-mediated signals to eIF4G(S1232) result-
ing in eIF4B detachment from distal IDL/HEAT-2 (Fig. 6B). To
test our hypothesis that eIF4A/-4B/-3A complex formation with
eIF4G is codetermined by Erk/Rsk signal transduction to eIF4B
(see above) (Fig. 5B), we compared coimmunoprecipitation of
total eIF4B and p-eIF4B(S406) to eIF4G(682-1132) (Fig. 6B). De-
spite equal binding of total eIF4B with or without TPA stimula-
tion, the proportion of p-eIF4B(S406) that coimmunoprecipi-
tated with eIF4G(682-1132) increased with prolonged TPA
stimulation (Fig. 6B). This suggests that multiple, coordinated
translation factor phosphorylation events control the formation

FIG 5 Time course of TPA-induced binding of eIF4A, eIF4B, eIF3A, and Mnk1 with wt and mutant 1222 eIF4G fragments. HEK293 cells were transfected with
the indicated 1222 fragments (16 h), serum starved (24 h), and treated with 200 nM TPA for the intervals shown. Lysates were subjected to IP/immunoblotting
with the indicated antibodies. The experiments were repeated three times, and the results of a representative series are shown. (A) TPA-induced binding of eIF4A,
-4B, and -3A to wt 1222, 1222(S1239A), 1222(S1232A), or 1222(SS1239/2AA). Due to very weak binding of the 1222 fragment with eIF4A (Fig. 1D and E), we
exposed filters for extended intervals for detection of signal. (B) Quantitative chemiluminescence detection of the immunoblot signals for wt and double mutant
1222 fragments. Average values of the relative binding are shown; standard errors were �12% from the average values for 0 and 15 min of TPA stimulation and
�15% for the 45- and 120-min time points.
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of the eIF4G/-4A/-4B helicase complex and its association with
eIF3.

ATP/ADP binding negatively regulates eIF4A–HEAT-2 in-
teractions, whereas eIF4B binding to the distal IDL is nucleotide
independent. eIF4A interactions with eIF4G HEAT-1/-2 (and
other accessory proteins) are continuously rearranged during the
ATP-binding/hydrolysis cycle of the helicase in vitro (8). To inves-
tigate possible effects of nucleotides on eIF4A/-4B association
with IDL-HEAT-2 in vivo, we transfected HEK293 cells with
eIF4G fragment 1222 (to test the binding of eIF4B to the distal
IDL/HEAT-2) or fragments 1192 and 1245 (to probe for eIF4A
binding to HEAT-2). Cell lysates were subjected to Flag-IP over-
night. For the last hour of incubation, the IP reactions were treated
with 0.3 to 1 mM ADP/ATP or a 1 mM concentration of the
nonhydrolyzable ATP analog adenosine 5=-[�,�-imido]triphos-
phate (pNppA) and probed for HEAT-2-eIF4A/-4B and HEAT-
3-Mnk1 associations (Fig. 7). Both ADP and ATP significantly
decreased the affinity of eIF4A for HEAT-2 in a concentration-
dependent manner (ATP) but failed to influence Mnk1 binding to
HEAT-3 (Fig. 7A). The eIF4A helicase possesses ATPase activity,
and the moderate decrease in binding to the eIF4G(1245) frag-
ment may be due to hydrolysis of ATP to ADP. To control for this
possibility, we use the nonhydrolyzable ATP analog pNppA in our
assay (Fig. 7B). As observed before, ADP (1 mM) treatment had
the strongest inhibitory effect on eIF4A/-4G binding. ATP or pN-
ppA (both at 1 mM) had similar, moderate effects in comparison
(Fig. 7B). These findings suggest that ATP hydrolysis is not a sig-
nificant factor in controlling the association of eIF4A with eIF4G
in our assay.

The 1245 fragment has no affinity for eIF4B (Fig. 1D and E).
Therefore, to analyze the nucleotide dependence of eIF4B-bind-
ing to IDL/HEAT-2, we compared the 1222 wt fragment with a
1222(SS1232/9AA) double mutation that exhibited substantially
increased binding affinity to eIF4A/-4B/-3A (Fig. 5B). IP of lysates
from transfected HEK293 cells, followed by incubation with ADP
or ATP, revealed that ATP/ADP prevented the binding of eIF4A,
but not of eIF4B, with the distal IDL-HEAT-2 in eIF4G (Fig. 7C).

DISCUSSION

The C-terminal part of eIF4G in higher eukaryotes, and its inter-
actions with the eIF4A helicase and with Mnk1, likely serve mod-
ulatory roles in protein synthesis (19). In this report, we show that
Mnk1 binding to eIF4G is strongly regulated by the flexible IDL
and its conformational arrangement within eIF4G. Our studies

FIG 6 eIF4G/-4A/-4B helicase complex formation and/or association with
eIF3 and the 40S ribosomal subunit with full-length eIF4G or with HEAT-1. (A
and B) Dox-inducible HEK293 cells expressing myc-eIF4G(197-1600)-Flag
(A) or HEK293 cells transfected (16 h) with myc-eIF4G(682-1132)-Flag (B)
were serum starved (24 h) and treated for the intervals shown with DMSO or
200 nM TPA. Lysates were subjected to Flag-IP/immunoblotting with the in-
dicated antibodies. The experiments were repeated three times, and the results
of representative assays are shown.

FIG 7 Effect of ADP/ATP/pNppA on eIF4A/-4B binding to the eIF4G distal IDL-HEAT-2. HEK293 cells were transfected with eIF4G fragment 1245 (A) or 1192
(B) or with wt 1222 or 1222(SS1232/9AA) (C) (16 h). Lysates were subjected to Flag-IP, and the indicated concentrations of ADP/ATP/pNppA were added during
the last 60 min of the IP procedure and to the following washes. The IPs were analyzed by immunoblotting with the indicated antibodies. The quantification of
eIF4A relative binding is presented as eIF4A/eIF4G ratio. Each assay was repeated three times; a representative assay is shown.
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revealed two inhibitory regions within the IDL (aa 1162 to 1177
and aa 1222 to 1245) that restrict Mnk1 association with HEAT-3
and eIF4A binding to HEAT-2. The role of the IDL in forming
eIF4G/-4A/-4B helicase complexes and controlling eIF4G-Mnk1
interaction is underlined by the identification of a new eIF4B-
binding site (within the distal inhibitory region of aa 1222 to
1245).

The eIF4G HEAT-2 domain (exemplified by fragment 1245 in
our study) contains a complete eIF4A-binding site, enabling very
efficient eIF4A binding. This association is precluded when add-
ing the distal IDL (aa 1222 to 1245), harboring a binding site for
eIF4B. Extending the IDL further (fragments 1192 and 1177) ex-
posed possible intramolecular interactions between IDL in the
range of aa 1177 to 1192 with the HEAT-3 domain (13). This
“closed” conformation might restrict the access of eIF4B to its
binding site (aa 1222 to 1245), stimulate HEAT-2-eIF4A associa-
tion, and enable Mnk1 binding to HEAT-3. Our assays show that
within the aa 1222 to 1245 segment of the IDL, two phosphoryla-
tion sites at S1232 and S1239 are substrates of Erk1/2 and Ck2-�,
respectively.

Ck2-� is a highly conserved, constitutively active serine/thre-
onine protein kinase that participates in the regulation of multiple
signaling networks including PI3k/Akt (20), Wnt (21) or the
DNA-damage response (22). A unique feature of Ck2-� is that
phosphorylation of its substrates can destabilize �-helices or other
highly structured protein segments (23). Our data suggest that
eIF4G(S1239) phosphorylation by Ck2-� may lead to partial un-
folding of the �1-helix of HEAT-2, exposing an Erk1/2 binding
site at aa 1245 to 1257, enabling Erk1/2 binding to eIF4G and
stimulating phosphorylation of eIF4G(S1232) by Erk1/2. The
functional consequence of phosphorylation of both sites is the
dissociation of eIF4G HEAT-2 from the complex with eIF4A/-
4B/-3 and the enhanced association of HEAT-3 with Mnk1.

The newly identified eIF4B/-3A binding site at the IDL/
HEAT-2 junction (aa 1222 to 1245) of eIF4G could help to explain
a previously proposed in vitro model for mRNA unwinding by the
eIF4G/-4A/-4B(H) helicase complex (8). The HEAT-1 domain in
eIF4G requires the closed, ATP-bound conformation of eIF4A for
optimal binding, whereas HEAT-2 prefers the open, nucleotide-
free conformation (8). Our data confirm those of Marintchev et al.
(8), showing that eIF4A binding with HEAT-2 is also ATP/ADP-
dependent in vivo. In contrast, eIF4B/-3A binding to the distal IDL
is nucleotide and eIF4A independent. Thus, eIF4B/-3A binding to
the aa 1222 to 1245 site in the IDL may facilitate the translocation
of eIF4A from a complex with HEAT-2 to assemble with HEAT-1
during the unwinding cycle (Fig. 8).

The in vitro unwinding model of Marintchev et al. (8) pro-
posed that, in the absence of mRNA, the function of HEAT-2
would be to lower the affinity of eIF4A for ATP and thus suppress
idle ATPase activity in the eIF4G/-4A/-4B helicase complex. Phos-
phorylation of Ser1239 and S1232 occurs upon mitogenic stimu-
lation, where mRNA 5=UTR scanning is active and the helicase
complex is mostly bound with mRNAs and ribosomal subunits.
During active unwinding/scanning, inhibiting the ATPase activity
of eIF4A by sequestering it in a complex with HEAT-2 is no longer
required, and SS1232/9-phosphorylated HEAT-2 dissociates from
the complex with eIF4A/-4B (Fig. 8). This hypothesis is in agree-
ment with the proposed function of another member of the eIF4G
family: Dap5/p97 (with homology to aa 697 to 1600 in eIF4G).
Dap5/p97 binds with eIF4A (24) but exclusively through a HEAT-

1-like domain (25). Due to a lack of HEAT-2, tempering eIF4A
ATPase activity, Dap5/p97 may exhibit constitutively high un-
winding/scanning activities, e.g., required for the stimulation of
translation initiation of specific mRNAs upon growth factor sig-
naling (25) or in mitosis (26).

We recently reported that phorbol ester stimulation of cells
results in phosphorylation of eIF4G(S1186) by Pkc-� and modu-
lation of Mnk1 binding to eIF4G (13). In this report, we extend an
important link between the Pkc/Ras/Erk signal transduction net-
work and initiation of translation. We showed that TPA-depen-
dent phosphorylation of eIF4G at S1232 by Erk1/2 caused disso-
ciation of eIF4G HEAT2 from the complex with eIF4A/-4B/-3A
and stimulated the association of HEAT-3 with Mnk1 (Fig. 8).
Our results provide a mechanistic link between intracellular signal
transduction and dynamic translation initiation complex forma-
tion coordinated by flexible eIF4G structure.
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