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ABSTRACT The receptor for activated C kinase (RACK1), a conserved constituent of eu-
karyotic ribosomes, mediates phosphorylation of eukaryotic initiation factor 4G1(S1093)
[eIF4G1(S1093)] and eIF3a(S1364) by protein kinase C �II (PKC�II) (M. I. Dobrikov, E. Y.
Dobrikova, and M. Gromeier, Mol Cell Biol 38:e00304-18, 2018, https://doi.org/10.1128/MCB
.00304-18). RACK1:PKC�II activation drives a phorbol ester-induced surge of global
protein synthesis and template-specific translation induction of PKC–Raf– extracellular
signal-regulated kinase 1/2 (ERK1/2)-responsive genes. For unraveling mechanisms of
RACK1:PKC�II-mediated translation stimulation, we used sequentially truncated eIF4G1
in coimmunoprecipitation analyses to delineate a set of autoinhibitory elements in the
N-terminal unstructured region (surrounding the eIF4E-binding motif) and the inter-
domain linker (within the eIF3-binding site) of eIF4G1. Computer-based predictions of
secondary structure, mutational analyses, and fluorescent titration with the �-sheet dye
thioflavin T suggest that eIF4G1(S1093) modulates a 4-stranded �-sheet composed of
antiparallel �-hairpins formed by the autoinhibitory elements in eIF4G1’s unstructured
regions. The intact �-sheet “locks” the eIF4G configuration, preventing assembly with
eIF3/40S ribosomal subunits. Upon PKC stimulation, activated RACK1:PKC�II phospho-
rylates eIF4G(S1093) in the tight 48S initiation complex, possibly facilitating dissocia-
tion/recycling of eIF4F.

KEYWORDS translation, eIF4G, RACK1, ribosome, PKC�II, eIF3, eIF4E

Phosphorylation is an important mechanism for modulating intramolecular interactions
between intrinsically disordered protein regions. For example, disorder-to-order tran-

sitions occur upon phosphorylation of smooth-muscle myosin (1, 2) or phosphorylation of
S65 in eIF4E-binding protein 1, which controls interactions with eIF4E (3). eIF4G contains
two large disordered segments, the N-terminal unstructured region and the interdomain
linker (IDL) separating HEAT (Huntingtin/EF3/PP2A/Tor1) domains 1 and 2 (4) (Fig. 1A). Both
disordered regions harbor fundamental, essential functions of the eIF4G translation initia-
tion scaffold: binding to the m7G cap-binding protein eIF4E (in the N-terminal unstructured
region) and eIF3/40S ribosomal subunit (in the IDL). Adaptive regulation of the flexible,
disordered regions of eIF4G is poorly understood. A presence of autoinhibitory conforma-
tions involving these regions, which are modulated by interactions with eIF4G binding
partners, has been stipulated before (5).

In a companion paper to the present report, we showed that RACK1:PKC�II phos-
phorylates eIF4G1 (referred to as eIF4G from here on) IDL at S1093 (within the
eIF3e-binding motif) and that phorbol ester-induced PKC–Raf– extracellular signal-
regulated kinase 1/2 (ERK1/2) signaling stimulates global and 12-O-tetradecanoyl-
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phorbol-13-acetate (TPA)-responsive template-specific translation in an eIF4G-, PKC�-,
and RACK1-dependent manner (4). We showed anomalous TPA-inducible eIF3 binding
to nonphospho (S1093A) or phosphomimic (S1093E) variants of eIF4G, indicating that
reversible S1093 phosphorylation regulates eIF4G’s assembly with eIF3 and 40S ribo-
somal subunits (4).

In this companion study, we deciphered the molecular mechanisms of RACK1:
PKC�II-induced translation adaptation. Coimmunoprecipitation (co-IP) studies with
serial eIF4G truncation fragments suggested the presence of autoinhibitory features in
the N-terminal unstructured region and the IDL of eIF4G, which control interactions
with eIF4E and eIF3/RACK1/40S ribosomal subunits. Computational analyses of primary
eIF4G sequences, coimmunoprecipitation studies with mutant eIF4G fragments, and
fluorescence titration with thioflavin T (ThT) (6–9) suggest that the unstructured regions

FIG 1 Time course of eIF4G(S1093) phosphorylation. (A) Context of the N-terminal and IDL unstructured regions of eIF4G (pink boxes), the 609- and 454-1133
fragments with binding sites for eIF4E and eIF3e, the position of S1093 (with the PKC�II consensus context in red), and a cluster of adjacent phosphosites (bold
black). (B) HEK293 cells were transfected (16 h) for expression of the indicated tagged eIF4G fragments, serum starved (24 h), and treated with DMSO (0) or
0.2 �M TPA for the indicated periods. Nt, nontransfected. Cell lysates were tested by immunoblotting with the indicated antibodies. The assay was repeated
three times with consistent results; results of a representative test are shown. (C) Regulation of eIF4G(S1093) phosphorylation and of eIF4E, eIF3, eIF4A, and
RACK1 interactions with eIF4G in response to TPA stimulation in HEK293 cells treated as described for panel B. Cell lysates were subjected to anti-Flag
IP/immunoblotting with the indicated antibodies (top panel). Relative eIF4G binding and eIF4G(S1093) phosphorylation were quantified and averaged between
3 tests (bottom panel). Quantifications were normalized by setting the value of 0-min TPA (609-1133 fragment) to 1; error bars represent standard errors of the
means (SEM), and the asterisks represent Student t test results (P � 0.05). (D) Mutational analysis of the phosphoserine cluster in the eIF3e-binding motif. 3S3E
is the triple phosphomimic S1077E/S1080E/S1093E. HEK293 cells were transfected (16 h) for expression of tagged wt or mutant 454-1133 fragments, serum
starved (24 h), and treated with TPA (�). Cell lysates were tested by immunoblotting with the indicated antibodies (top panel) or subjected to anti-Flag
IP/immunoblotting with the indicated antibodies (middle panel). Relative binding of eIF3a and eIF4E was quantified and averaged between 3 assays (bottom
panel). Error bars represent SEM; asterisks represent Student t test results (P � 0.05).
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of eIF4G participate in a putative 4-stranded �-sheet structure. This structure is formed
by two antiparallel �-hairpins located in the N-terminal unstructured region and the
IDL, respectively. The IDL �-hairpin contains S1093. Upon S1093 phosphorylation by
RACK1:PKC�II, altered electrostatic charges stabilize the IDL �-hairpin, which impedes
eIF3 binding.

Our investigations revealed complex intramolecular autoinhibitory features in eIF4G,
involving flexible disordered regions that are controlled by their posttranslational
modifications and dynamic interactions with translation initiation factors. RACK1:PKC�II
can phosphorylate eIF4G(S1093) only when the 40S ribosomal subunit is assembled
with eIF4G. We hypothesize that ribosomal RACK1:PKC�II-mediated eIF4G(S1093) phos-
phorylation drives eIF4G dissociation from the 48S initiation complex after completion
of scanning/recognition of the initiation codon.

RESULTS
Time course of eIF4G(S1093) phosphorylation. The newly identified RACK1:

PKC�II substrate eIF4G(S1093) (4) is located in the eIF3e-binding domain (10) as a part
of the S1077/S1080/S1093 cluster (Fig. 1A), which is phosphorylated in mitosis (11). We
analyzed the time course of TPA-dependent eIF4G(S1093) phosphorylation, eIF4E
binding, and ribosome recruitment of two Myc-eIF4G-Flag-tagged fragments (609-1133
and 454-1133) (Fig. 1A), with distinct truncations of the N-terminal unstructured region
(Fig. 1A). The fragments were expressed in serum-starved and TPA-stimulated HEK293
cells. TPA induced PKC�II (Fig. 1B) and eIF4G(S1093) (Fig. 1C) phosphorylation within 15
min. Flag IP revealed equal binding of both fragments with eIF4A but sharply diverging
associations with eIF4E and eIF3/RACK1/rpS6 (Fig. 1C). The 609-1133 fragment showed
near-constitutive, TPA-independent eIF4E binding and eIF3/RACK1/rpS6 recruitment
(Fig. 1C). Interactions of 454-1133 with eIF4E/eIF3a/rpS6/RACK1, however, were much
weaker and TPA responsive; S1093 phosphorylation in this fragment was less efficient,
suggesting that eIF4G assembly with the 40S ribosomal subunit is a requisite for
eIF4G(S1093) phosphorylation (Fig. 1C).

Mutational analysis of the eIF4G(S1093) context. To investigate the role of cluster
phosphorylation in eIF4G interactions with its binding partners, we created single
S1093E and triple S1077E/S1080E/S1093E (3S3E) phosphomimic substitutions in the
tagged 454-1133 eIF4G fragment (Fig. 1D). HEK293 cells were transfected with wild-
type (wt) 609-1133 or wt/mutant 454-1133 fragments, serum starved, and TPA stimu-
lated (Fig. 1D). Flag IP showed that S1093E substitution inhibited interactions with eIF3
but had no substantive effect on eIF4E binding (Fig. 1D). The 3S3E substitution
exacerbated the effects on eIF3 binding and enhanced TPA-inducible eIF4E association
(Fig. 1D). As observed before (Fig. 1C), the wt 609-1133 fragment exhibited strong,
near-constitutive eIF3 and eIF4E binding (Fig. 1D).

Our data suggest that the N-terminal unstructured region in the range of amino
acids (aa) 454 to 609 inhibits eIF4G’s interactions with eIF4E and eIF3/40S ribosomal
subunit. This is in agreement with prior work that showed eIF4G’s unstructured
N-terminal region (adjacent to the eIF4E-binding site) to harbor an autoinhibitory
domain for eIF4A helicase activity (5). eIF4E:eIF4G binding overcame the inhibition and
stimulated eIF4A helicase activity. Since eIF4A:HEAT1 binding itself was unaffected (5),
the N-terminal autoinhibitory domain may influence eIF4A activity via interactions with
the unstructured IDL, e.g., in the region of the newly identified S1093 phosphosite. To
investigate this, we created a panel of Myc/Flag-tagged eIF4G fragments with sequen-
tially truncated N termini or IDLs (Fig. 2A).

Long-range intramolecular contacts involving eIF4G’s unstructured regions. To
define the autoinhibitory domain in eIF4G’s N-terminal unstructured region, we used
the 454-1133 fragment and compared it to successive N-terminal truncations at aa 557,
580, 597, and 609 (Fig. 2A and B); all of these fragments contained the intact eIF4E-
binding motif. For consistency, HEK293 cells expressing these fragments were synchro-
nized by thymidine (Th) block (this was employed in all assays without serum starva-
tion). Flag IP of lysates revealed similar expression of fragments with even binding to
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FIG 2 Autoinhibitory regions within eIF4G’s N-terminal unstructured region and the IDL regulate interactions with eIF4E/eIF3, and a putative �-sheet is formed
by discontinuous nonstructured domains of eIF4G. (A) eIF4G(454-1133) and a panel of Myc/Flag-tagged fragments that were investigated. (B to D) HEK293 cells
were transfected for expression of the indicated N-terminal (B and C) or C-terminal (D) truncation fragments (16 h) and synchronized by Th block (24 h). Cell
lysates were subjected to immunoblotting (C and D, top panels) or anti-Flag IP/immunoblotting with the indicated antibodies (C and D, bottom and middle
panels, respectively). (B and D) Relative binding of eIF3a, eIF4A, and eIF4E was quantified and averaged between 3 assays. Error bars represent SEM; asterisks
represent Student t test results (P � 0.05). (E) Computational approaches for �-structure predictions in eIF4G. Sequences of N-terminal (aa 586 to 624) and
C-terminal (aa 1008 to 1034 and 1082 and 1104) portions of eIF4G harboring elements putatively engaged in �-structures are shown. Numbers above the amino
acid sequence represent Chou-Fasman conditional probability for �-structure formation (values should be �100). Numbers below the amino acid sequence
represent GOR probability for �-structure formation (values should be negative). Elements predicted to participate in �-structures are shown in red letters, and
pink boxes represent selected pentapeptides involved in putative �-structures. (F) A proposed 4-stranded �-sheet in eIF4G. ●●, strongly favorable hydrophobic
and electrostatic interactions between �-strands; ●, favorable interactions for �-sheet formation. (G) Depiction of putative �-structures for eIF4G truncation
fragments analyzed for eIF4G:eIF4E/eIF3 assembly in co-IP studies shown in panels B and D; see the text for a detailed explanation.

Dobrikov et al. Molecular and Cellular Biology

October 2018 Volume 38 Issue 19 e00306-18 mcb.asm.org 4

https://mcb.asm.org


eIF4A (Fig. 2B). Interactions with eIF3a and eIF4E, however, covaried with the length of
the N terminus (Fig. 2A). Binding of eIF3a and eIF4E was increased with stepwise
N-terminal truncation to reach a maximum of �4-fold (eIF3) or �20-fold (eIF4E) with
the 597-1133 fragment compared to the 454-1133 fragment. The steepest binding
differential occurred in the 580-to-597 range, particularly for eIF4E (Fig. 2B). This
suggests an autoinhibitory feature in eIF4G (aa 580 to 597), which did not affect
eIF4A:HEAT1 interactions, suppressed nearby binding of eIF4E, and impeded eIF3a
binding at a distant site in the IDL. N-terminal truncations beyond 609-1133 (631, 641,
and 683) (Fig. 2A) deleted the eIF4E binding motif. The 631, 641, and 683 fragments lost
interaction with eIF4E, but binding with eIF3 or eIF4A did not change compared to that
for the 597-1133 fragment (Fig. 2C).

Next, to evaluate the IDL’s role in controlling eIF3/eIF4E binding to eIF4G, we
compared Flag IP of eIF4G fragments containing the eIF4E-binding site, HEAT1, and
variable IDL portions (Fig. 2A and D). The shortest fragment (557-989, lacking the IDL
entirely) efficiently bound eIF4E (Fig. 2D). Extending the IDL up to aa 1090 inhibited
eIF4E:eIF4G interactions �7-fold (Fig. 2D). Adding a further 10 aa (including the PKC�II
site, S1093) partially restored binding with eIF4E (Fig. 2D). This implies (i) eIF4E-binding
inhibitory sequences in the eIF4G IDL(989-1020) and (ii) a stimulatory element in the
1090-1100 range (where S1093 is located). eIF4G/IDL interacts with eIF3c/d (aa 1011 to
1051) and eIF3e (aa 1052 to 1104) (10). Accordingly, our data showed co-IP of eIF3a/c
subunits with the longest eIF4G fragments (557-1100 and 557-1133); shorter fragments
lacked eIF3 binding (Fig. 2D). Thus, eIF4G(1090-1100) is critical for stable eIF4G:eIF3
interactions (Fig. 2D).

A putative �-sheet structure formed by elements within eIF4G’s nonstructured
regions. Our findings suggest autoregulatory features in eIF4G(580-597) (Fig. 2B),
eIF4G(989-1020), and eIF4G(1090-1100) (Fig. 2D). We applied two algorithms for pre-
dicting protein secondary structures based on primary sequences. The Chou-Fasman
homology approach (12–14) examines the statistical distribution of amino acids in
�-sheets based on known structures. The Garnier-Osguthorpe-Robson (GOR) algorithm
analyzes both conformational parameters for each amino acid and effects within a
window of 8 aa before and after the position of interest (15). These methods yielded 4
elements predicted by both algorithms to be putatively involved in �-sheet formation:
aa 592 to 597, 616 to 624, 1017 to 1024, and 1084 to 1087 (Fig. 2E, red letters). A fifth
element containing S1093 (aa 1091 to 1094) was identified by the Chou-Fasman
algorithm only (Fig. 2E, red letters).

Based on our analyses, amino acid conformational preferences, and side chain:side
chain interactions in �-hairpins (16, 17), we selected 4 pentapeptides within the
elements possibly involved in �-sheet formation: upstream of (593-KYEYK-597) and
within (615-EFLLG-619) the eIF4E-binding motif and in the eIF3c/d (1017-HIKVQ-1021)-
or eIF3e (1091-RLSWG-1095)-binding domains (Fig. 2E, boxed in pink). For higher
�-sheet stability, alternating charged/hydrophobic amino acid sequences are preferred
(16); this requirement is matched by 593-KYEYK-597. The 593-KYEYK-597 pentapeptide
could form an antiparallel �-hairpin with 615-EFLLG-619 (Fig. 2F). This would account
for eIF4E:eIF4G binding inhibition in eIF4G fragments containing aa 593 to 597 (Fig. 2B,
lanes 1 to 3) and �20-fold increased eIF4E:eIF4G binding upon truncation of the
593-KYEYK-597 pentapeptide (Fig. 2B, lanes 4 and 5).

The 593-KYEYK-597 sequence may be involved in similar interactions with an
antiparallel �-hairpin formed by 1017-HIKVQ-1021 and 1091-RLSWG-1095 (Fig. 2F),
keeping eIF4G in a “locked” configuration and inhibiting eIF3:eIF4G interactions. As
such, the presence of distinct �-structures in truncated eIF4G fragments may dictate
interactions with eIF4E/eIF3. Thus, 580-1133 (and extended) eIF4G fragments may
contain a 4-stranded �-sheet (Fig. 2F). Indeed, these fragments showed the lowest
binding affinity for eIF4E and eIF3a (Fig. 2B, lanes 1 to 3). Shorter 597-1133 and
609-1133 fragments, lacking the �-hairpin in the eIF4E-binding site (Fig. 2G, left panel),
efficiently bound eIF4E and eIF3 (Fig. 2B, lanes 4 and 5). The absence of 593-KYEYK-597
in these fragments should disrupt the 4-stranded �-sheet (Fig. 2G, left panel), desta-
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bilizing autoinhibitory secondary structures that suppress eIF4E and eIF3 binding (Fig.
2B, lanes 4 and 5).

eIF4E binding to the 557-989 fragment, which features only the 593-KYEYK-597/
615-EFLLG-619 �-hairpin (Fig. 2G, center left panel), is inhibited by extending the IDL
to aa 1020 (Fig. 2D, lane 3). This is possibly due to formation of a 3-stranded �-sheet
involving the N-terminal �-hairpin and the 1017-HIKVQ-1021 pentapeptide (Fig. 2G,
center right panel). Upon extension of the IDL in the 557-1100 fragment (Fig. 2G, right
panel), the formation of a 4-stranded �-sheet and partial restoration of eIF4E binding
(Fig. 2D, lane 7) suggest that the 4-stranded �-sheet may be in equilibrium with an
arrangement of two separate �-hairpins (Fig. 2G, right panel).

Functional analysis of potentially �-structured segments in eIF4G. Putative
�-structures formed by N-terminal unstructured regions and the IDL in eIF4G involve
eIF4E/eIF3 binding motifs. To investigate an involvement of such structures in regulat-
ing the association of eIF4G with initiation factors, we used mutational analyses (Fig. 3).
Based on the eIF4G(580-1133) fragment containing all autoinhibitory features identified
in this study (see Fig. 2B, lane 3, for interactions with eIF4E and eIF3), we created seven
distinct Myc/Flag-tagged fragments with targeted disruption of all elements predicted
by both the Chou-Fasman and Garnier-Osguthorpe-Robson algorithms to be putatively
involved in �-sheet formation (Fig. 2E). The 593-KGGGK, 615-EGGGG, 621-QGGGA,
1017-HGGGQ, 1021-QGGGA, 1083-NGGGA, and 1091-RGGGG pentapeptides were in-
troduced with central triplets of aromatic/hydrophobic amino acids replaced by gly-
cines to prevent secondary structure formation (Fig. 3A). These mutant fragments were
tested with Flag IP for binding with eIF3/eIF4E (Fig. 3B and C).

Replacing 593-KYEYK-597 with KGGGK should disrupt the core of the proposed
4-stranded �-sheet (Fig. 2F) and abolish inhibitory features relative to binding with
eIF3/eIF4E. This was indeed the case, as eIF4G(580-1133) containing 593-KGGGK-597
displayed �6-fold-increased binding with eIF3 and eIF4E compared to the wild type
(Fig. 3B and C). This agrees with unencumbered eIF4E/eIF3 binding of the 597-1133 and
609-1133 truncation fragments (Fig. 2B, lanes 4 and 5). Substitutions within the
eIF4E-binding motif (615-EGGGG-619 and 621-QGGGA-625) (Fig. 3A), as expected,

FIG 3 Functional analysis of the sequences involved in �-sheet formation. (A) Substitutions in 7 tagged eIF4G(580-1133) fragments. Triplets of aromatic/
hydrophobic/charged amino acids (red letters) involved in putative �-sheet structures were replaced with glycines (green letters). Amino acid numbers in green
represent the first glycine substitution in each mutated fragment. (B) HEK293 cells were transfected for expression of the indicated fragments (16 h) and
synchronized by Th block (24 h). Cell lysates were subjected to immunoblotting or anti-Flag IP/immunoblotting with the indicated antibodies. (C) Binding of
eIF3a and eIF4E with eIF4G fragments was quantified and averaged between 3 tests. Error bars represent SEM; asterisks represent Student t test results (P �
0.05).
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abolished eIF4E binding and retained approximately wild-type levels of eIF3 binding
(Fig. 3B and C). Substitutions 1017-HGGGQ-1021 and 1021-QGGGA-1025 did not sig-
nificantly alter eIF3/eIF4E interactions, indicating minor contributions to the formation
of a 4-stranded �-sheet (Fig. 3B and C). Not surprisingly, the 1083-NGGGA-1087 and
1091-RGGGG-1095 substitutions (within the eIF3e-binding motif in the IDL) abolished
co-IP of eIF3 subunits (Fig. 3B and C). Thus, our mutational analyses of a putative
4-stranded �-sheet confirmed a major role for 593-KYEYK-597 in long-range autoin-
hibitory configurations of the N-terminal structural region and IDL of eIF4G.

Design of the 4-stranded �-sheet in eIF4G with high-affinity binding to ThT. As
shown in Fig. 1D, the single phosphomimic S1093E and, especially, the triple phos-
phomimic 3S3E substitution in the IDL reduced association with eIF3 compared to that
for the wild-type eIF4G(454-1133) fragment. We propose that S1093E and 3S3E increase
�-hairpin stability with the antiparallel 1017-HIKVQ-1021 pentapeptide (Fig. 2F), due to
strong electrostatic interactions between the positively charged K1019 and negatively
charged E1093, e.g., within the putative 4-stranded �-sheet formation (Fig. 4B, right
panel).

Empirically documenting the 4-stranded �-sheet in eIF4G is not trivial, since this
requires an approach distinguishing this specific formation from any secondary struc-

FIG 4 Design of the 4-stranded �-sheet with a high-affinity ThT binding site and fluorescent titration of eIF4G:eIF4A complexes by ThT. (A and B) Mutations
S1093E, 3S3E and M5 in eIF4G(454-1133) (A). M5 carries a high-affinity ThT site in the putative 4-stranded �-sheet (see the text). Substituted amino acids are
colored green (B). (C) HEK293 cells were transfected for expression of the indicated fragments (16 h) and synchronized by Th block (24 h). Cell lysates were
subjected to immunoblotting (top panel) or anti-Flag IP/immunoblotting (middle panel) with the indicated antibodies. Results from Flag co-IP of eIF3e/eIF4E
were quantified and averaged between 3 tests (bottom panel); error bars represent SEM, and asterisks represent Student t test results (P � 0.05). (D and E)
Fluorescent titration of eIF4G:eIF4A complexes by ThT. HEK293 cells were transfected for expression of 3S3E and M5 fragments (16 h) and synchronized by Th
block (24 h), and Torin2 was added 2 h prior to lysis to block eIF4E:eIF4G binding (D). For isolation of eIF4G:eIF4A complexes, cell lysates were subjected to
sequential anti-Flag IP/Flag-peptide elution and anti-Myc IP/Myc-peptide elution. ThT:eIF4G(454-1133) binding isotherms were obtained by measuring the
increase in dye fluorescence intensity (ΔI) (480 nm) relative to that in buffer (E). Fluorescence titrations were performed in triplicate; error bars represent SEM.
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tural arrangement that may occur. Thus, for empirically demonstrating the 4-stranded
�-sheet in eIF4G, we decided to use the benzathiole dye thioflavin T (ThT) as a
fluorescent marker of �-sheets (6–9). The minimal binding site for ThT has been
determined to be 4-stranded �-sheets containing 4 aromatic cross-strand residues (6).
Binding of ThT to the aromatic or hydrophobic grooves in �-sheets, e.g., in the amyloid
fibril, results in fluorescence enhancement (18, 19). In order to create a high-affinity ThT
binding site in eIF4G, we replaced two hydrophobic residues in the 1018-IKV-1020
triplet with aromatic residues to give 1018-FKF-1020 in the 3S3E eIF4G(580-1133)
fragment (mutant 5 [M5]) (Fig. 4A and B). As a result, M5 contains four aromatic
cross-strand residues: F(616):Y(596):F(1018):W(1094) (Fig. 4B). Anti-Flag IP revealed, as
expected, decreased binding of S1093E and especially the 3S3E mutant fragments with
eIF3 subunits (Fig. 4C), as observed before (Fig. 1D). The aromatic substitution 1018-
FKF-1020 did not alter affinity for eIF3, eIF4E, or eIF4A compared to 3S3E (Fig. 4C).

Fluorescent titration of an eIF4G:eIF4A complex by ThT. For fluorescent titration
of an eIF4G:eIF4A complex with ThT, we isolated tagged eIF4G(M5) and eIF4G(3S3E)
fragments by consecutive Flag/Myc IP from transfected HEK293 cells. eIF3 and eIF4E
binding to eIF4G likely discourages the formation of the 4-stranded �-sheet. eIF3
binding to the 3S3E and M5 fragments is inherently low (Fig. 1D and 4C). To prevent
eIF4E:eIF4G binding, the cells were treated with the mTOR inhibitor Torin2. This blocked
rpS6(SS240/244) phosphorylation and eIF4E co-IP with 3S3E/M5 (Fig. 4D). For purifica-
tion of fragments, cell lysates were subjected to sequential anti-Flag IP/Flag-peptide
elution followed by anti-Myc IP/Myc-peptide elution. Equal concentrations of eIF4A:
eIF4G(3S3E) and eIF4A:eIF4G(M5) were titrated with increasing concentrations of ThT. In
contrast to the case for eIF4G(3S3E), binding of ThT with the M5 mutant induced a strong
increase in fluorescence intensity (ΔI), in the nanomolar range at 480 nm (Fig. 4E), sug-
gesting that this eIF4G fragment had a high-affinity binding site for ThT.

These observations, combined with comprehensive analyses of eIF4G interac-
tions with its canonical binding partners eIF4A, eIF4E, and eIF3, support the notion
of autoinhibitory secondary structures formed by long-range contacts of eIF4G’s
N-terminal and IDL flexible unstructured segments. RACK1:PKC�II may play an
important role in adaptive regulation of these structures, due to its phosphorylation
site in eIF4G(S1093).

DISCUSSION

We identified eIF4G(S1093) and eIF3a(S1364) as phosphorylation sites for RACK1:
PKC�II, revealing physiological significance of ribosomal RACK1 in the control of
translation initiation (4). In depletion/inhibitor studies, eIF4G, PKC�II, and RACK1 ac-
counted for major contributions to a surge of global and template-specific protein
synthesis upon PKC-Raf-ERK1/2 activation (4). In the present study, we deciphered
RACK1:PKC�II’s influence over translation mechanistically, by delineating their role in
modulating inhibitory intramolecular arrangements within eIF4G that control interac-
tions with eIF4E and eIF3.

We found that a short segment in eIF4G’s N-terminal unstructured region, imme-
diately upstream of the eIF4E-binding motif, strongly inhibits eIF4G:eIF4E and eIF3
association. Truncation or mutation of the 593-KYEYK-597 pentapeptide yielded con-
stitutively high, almost TPA-unresponsive assembly of eIF4E/eIF3 with eIF4G. Compu-
tational and mutational analyses suggest that 593-KYEYK-597 inhibits eIF4E binding by
participating in a �-hairpin involving the eIF4E-binding motif in eIF4G’s N-terminal
unstructured domain (Fig. 5A). The influence of 593-KYEYK-597 on eIF3 binding in the
distant IDL may be explained by its contribution to a 4-stranded �-sheet, composed of
two antiparallel �-hairpins, in the N-terminal unstructured domain and in the IDL
spanning the eIF3-binding region (Fig. 5A). We employed fluorescence titration with
ThT to experimentally demonstrate the formation of this 4-stranded �-sheet. Deleting
593-KYEYK-597 disrupts eIF4G’s “locked” conformation and the 4-stranded �-sheet and
permits constitutive, unimpeded eIF4E and eIF3 assembly with eIF4G (Fig. 5B).

eIF4G(S1093) is located in the center of the putative �-hairpin in the IDL, encom-
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passing the eIF3-binding region (Fig. 5B and C). Thus, phosphorylation of eIF4G(S1093),
by stabilizing the �-hairpin, antagonizes eIF3 binding (Fig. 5C). This explains low eIF3
binding with the eIF4G(S1093E) phosphomimic and high binding with the nonphos-
phorylatable eIF4G(S1093A) mutant (see Fig. 3A in reference 4).

During early translation initiation, prior to 40S ribosomal subunit recruitment by
eIF4F, eIF4E and eIF3 binding to eIF4G would prevent the formation of the 4-stranded
�-sheet, akin to the effect of 593-KYEYK-597 deletion (Fig. 5B). Phosphorylation of
eIF4G(S0193) can occur only later in the initiation process, with eIF4G bound to either
the 43S preinitiation complex during scanning or the 48S initiation complex at the
initiation codon, because it requires proximity of eIF4G to ribosomal RACK1. We
hypothesize that TPA-induced eIF4G(S1093) phosphorylation stimulates translation by
spurring eIF4G:4A:4B dissociation from 48S initiation complexes (Fig. 5C), thus recycling
them for new initiation rounds.

MATERIALS AND METHODS
Cell lines, DNA transfections, and eIF4G expression plasmids. HEK293 cells were grown, trans-

fected, synchronized, and treated with kinase inhibitors and/or activators as described earlier (4).
Construction of Myc/Flag-tagged eIF4G expression plasmids has been described previously (4); the eIF4G
fragments used in this study were generated by PCR with the corresponding primers (Table 1), and
mutations were introduced by overlapping PCR as described earlier (4).

Kinase and translation inhibitors and activators. 12-O-Tetradecanoyl-phorbol-13-acetate (TPA)
(Sigma-Aldrich), Torin2 (Tocris) (dissolved in dimethyl sulfoxide [DMSO]), and thioflavin T (Sigma-Aldrich)
(dissolved in water) were used at the concentrations indicated.

IP, immunoblotting, and antibodies. Cell lysate preparation, immunoprecipitation, and immu-
noblotting methods are described elsewhere (4). For isolation of eIF4G:eIF4A complexes, HEK293
cells were transfected with 16 �g of Myc-eIF4G-Flag expression plasmid DNA using 40 �l of

FIG 5 Model for RACK1:PKC�II phosphorylation of eIF4G(S1093) and its role in controlling dynamic eIF4G:eIF3 assembly. (A) Top panel, eIF4G fragments bearing
eIF4E (gold), eIF4A (red), and eIF3 (blue) binding sites; sequences constituting a putative 4-stranded �-sheet are indicated by black stripes. Bottom, fragment
454-1133 contains the intact 4-stranded �-sheet; in unstimulated cells 593-KYEYK-597 anchors an antiparallel �-hairpin with the eIF4E-binding domain. This
�-hairpin in the N-terminal unstructured region stabilizes a more complex �-sheet structure including an antiparallel �-hairpin forming in the IDL. The
4-stranded �-sheet may lock the eIF4G configuration and prevent binding to the 43S preinitiation complex. (B) The 609-1133 eIF4G fragment lacks the core
inhibitory 593-KYEYK-597 pentapeptide. The 4-stranded �-sheet cannot form, allowing eIF4E/eIF3 assembly, mimicking TPA-stimulated conditions. In this tight
complex, during TPA stimulation, activated PKC�II phosphorylates eIF4G(S1093). (C) Phosphorylated 1091-RLpSWG-1095 favors a stable antiparallel �-hairpin
with 1017-HIKVQ-1021 in the eIF3c/d-binding site, thus facilitating dissociation of eIF4G from the initiation complex.
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Lipofectamine 2000 (Invitrogen) per 15-cm petri dish. At 16 h posttransfection, the cells were
synchronized by thymidine (Th) block (24 h); 150 nM Torin2 was added 2 h prior to lysis. Cell lysates
were subjected to sequential IP; the first round was with anti-Flag–agarose beads followed by Flag-
peptide elution, and the second round was with anti-Myc–agarose beads followed by Myc-peptide
elution (all from Sigma). The antibodies used were against c-Myc tag (Sigma), eIF3e and PKC�II (Novus
Biologicals), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), rpS6, eIF3c, eIF3a eIF4A, eIF4E,
RACK1, and ERK1/2 (Cell Signaling), and phospho-specific p-rpS6(S240/4), p-PKC�II(T638/41), p-ERK1/
2(T202/Y204), and p-(S)-PKC-substrate (Cell Signaling). Immunoblots were developed with SuperSignal
West Pico (Thermo Scientific) or Western Bright (BioExpress) enhanced chemiluminescence (ECL) kits.
Immunoblot signals were quantified using the Li-COR Odyssey FC2 imaging system and Image Studio
software.

Fluorescent titration of the 4-stranded �-sheet in the eIF4G:4A complex. Fluorescence of ThT
was measured using a SpectraMax M5 microplate reader (Molecular Devices) in a 96-well clear-bottomed,
black-walled microplate (Greiner Bio-One) with excitation at 380 nm and emission at 480 nm.
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