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Properties of the ternary complex 
formed by yeast eIF4E, p20 and 
mRNA
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Michael Altmann1

Yeast p20 is a small, acidic protein that binds eIF4E, the cap-binding protein. It has been proposed 
to affect mRNA translation and degradation, however p20′s function as an eIF4E-binding protein 
(4E-BP) and its physiological significance has not been clearly established. In this paper we present 
data demonstrating that p20 is capable of binding directly to mRNA due to electrostatic interaction 
of a stretch of arginine and histidine residues in the protein with negatively charged phosphates in 
the mRNA backbone. This interaction contributes to formation of a ternary eIF4E/p20/capped mRNA 
complex that is more stable than complexes composed of capped mRNA bound to eIF4E in the absence 
of p20. eIF4E/p20 complex was found to have a more pronounced stimulatory effect on capped mRNA 
translation than purified eIF4E alone. Addition of peptides containing the eIF4E-binding domains 
present in p20 (motif  YTIDELF), in eIF4G (motif  YGPTFLL) or Eap1 (motif  YSMNELY) completely 
inhibited eIF4E-dependent capped mRNA translation (in vitro), but had a greatly reduced inhibitory 
effect when eIF4E/p20 complex was present. We propose that the eIF4E/p20/mRNA complex serves as 
a stable depository of mRNAs existing in a dynamic equilibrium with other complexes such as eIF4E/
eIF4G (required for translation) and eIF4E/Eap1 (required for mRNA degradation).

Four different proteins have been shown to interact with the mRNA cap-binding protein eIF4E (eukaryotic trans-
lation initiation factor 4E) in Saccharomyces cerevisiae. These eIF4E binding proteins (BPs) are Eap11, p202, and 
two isoforms of translation initiation factor eIF4G, eIF4G1 and eIF4G23. The small acidic p20 protein (encoded by 
the non-essential CAF20 gene) co-purifies with yeast eIF4E on m7GDP-Sepharose and was initially described as a 
repressor of cap-dependent translation2,4. Deletion of p20 was shown to alleviate slow-growth and cold-sensitivity 
phenotypes caused by mutations in translation initiation factors such as eIF4B, eIF4E or eIF4G1, while its overex-
pression had the opposite effect of enhancing these phenotypes5. p20 also appears to play a role in mRNA decay as 
evidenced by the finding that its deletion suppresses phenotypes caused by deletion of genes encoding two factors 
involved in mRNA degradation, the decapping factor Pat1p and the DEAD box helicase Dhh1p6.

Biochemical, structural and in silico analyses of 4E-BPs and eIF4Gs from various metazoan sources identi-
fied a conserved eIF4E-binding motif consisting of Tyr (X)4 Leu-ϕ, with X being any amino acid and ϕ being a 
hydrophobic amino acid. This sequence folds into an alpha-helical conformation and binds to the dorsal sur-
face of eIF4E, distal to the mRNA cap-binding site7,8. This interaction enhances the affinity of eIF4E for the 
cap-structure9,10. Recently, metazoan 4E-BP and eIF4G and plant eIF4G peptide crystal structures revealed addi-
tional non-canonical binding motifs that consist of hydrophobic amino acids and interact with the lateral surface 
of eIF4E at sites flanking the canonical binding site11–15. 4E-BPs seem to have a competitive advantage over eIF4G 
due to higher stability of the complexes they form with eIF4E attributed to a less flexible linker region positioned 
between canonical and non-canonical binding motifs14. Binding of metazoan 4E-BPs to eIF4E is regulated by 
ordered phosphorylation at several sites16–18. Hypophosphorylated 4E-BP binds tightly to eIF4E which prevents 
translation initiation. Phosphorylation of two threonine residues upstream of the canonical eIF4E binding motif 
(Thr37 and Thr46) in 4E-BP’s linker region leads to a conformational change that serves as a priming event allow-
ing for further phosphorylation of serine and threonine residues followed by displacement of 4E-BP from eIF4E 
complexes by eIF4G13,17,18.
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p20 only exists in yeast species of the subphylum Saccharomycotina19. While it is similar to metazoan 4E-BPs 
in terms of size and presence of a canonical eIF4E-binding motif, yeast p20 does not share any primary sequence 
homology with metazoan 4E-BPs. Since p20 is subject to phosphorylation in yeast, it has been assumed to be reg-
ulated similarly to mammalian 4E-BPs20. However, non-phosphorylatable p20 mutants do not display any pheno-
typic differences compared to cells with wild type p20 (our unpublished data; not shown). The yeast proteins p20, 
eIF4G1/2 and Eap1 all contain the canonical binding motif and compete for binding to eIF4E. Unlike metazoan 
4E-BPs, the binding motif in p20 is located at its N-terminus, not in the middle of the protein (see Supplemental 
Fig. S1a,b). Structural “embracing” of eIF4E by metazoan and plant 4E-BPs has been described10,15,21. Whether a 
second, non-canonical eIF4E-binding motif22–26 is present in p20 remains unknown since a crystal structure of 
yeast p20 bound to eIF4E has not been reported to date.

Microarray analysis of polysome-associated mRNAs obtained from a p20 knockout yeast strain revealed both 
translational up- and down-regulation of hundreds of genes, thus suggesting that p20 is not a general repressor 
of translation, but rather has a more complex regulatory role22. Analysis of these data suggested that yeast 4E-BPs 
bind directly to mRNAs, with particularly high affinity for those possessing long 5′UTRs with pronounced sec-
ondary structures and higher negative charge density due to helical organization of negatively charged phosphate 
residues23.

The current study was undertaken to gain further insight into the details of how p20 interacts with eIF4E 
and mRNA in order to clarify its role in regulating translation. Using MicroScale ThermophoresisTM (MST) and 
Electrophoretic Mobility Shift Assays (EMSA), purified recombinant proteins, and/or synthetic and in vitro tran-
scribed RNAs, we determined dissociation constants for binding of capped or uncapped RNAs to eIF4E alone 
or complexed with p20. Our results show that p20 interacts directly with mRNA and define a positively charged 
region of the protein that mediates this interaction, yet is dispensable for binding of p20 to eIF4E. Furthermore, 
we found that eIF4E/p20 complex binds more strongly to capped mRNA than eIF4E alone and has a greater stim-
ulatory effect on in vitro translation of capped mRNAs. In contrast, eIF4E/p20 complex inhibited translation of 
uncapped mRNAs. Peptides containing eIF4E-binding domains from yeast p20, eIF4G or Eap1 strongly inhibited 
eIF4E-dependent translation of capped mRNAs, but had a greatly reduced effect in the presence of eIF4E/p20 
complex. Taken together, these data argue against p20 acting exclusively as an inhibitor of translation. Rather, the 
protein plays a dual role, inhibiting translation of uncapped RNAs while enhancing translation of capped RNAs 
through formation of a stable eIF4E/p20/mRNA ternary complex.

Results
p20 binds directly to RNA. In order to investigate interactions between yeast eIF4E, p20 and RNA, we used 
purified recombinant His-tagged proteins produced in E. coli. Codon usage for the two proteins was optimized 
for expression in E. coli using a reverse gene optimization approach developed earlier24,25 (see Supplemental 
Fig. S1c,d). When expressed alone in E. coli, p20 was produced at high levels but could not be efficiently purified 
via its N-terminal His6x-tag due to rapid degradation of the protein (not shown). However, it was possible to 
efficiently purify the yeast eIF4E/p20 complex from E. coli cells co-expressing untagged eIF4E and His-tagged 
p20, with yields of 1–2 mg of highly purified complex per 1 L culture (Supplemental Fig. S2a). This suggests that 
co-expression of eIF4E and p20 contributes to proper folding and intracellular stability of p20.

The RNA-binding properties of the purified eIF4E/p20 complex and purified eIF4E were compared using two 
different procedures: MicroScale ThermophoresisTM (MST) and Electrophoretic Mobility Shift Assays (EMSA). 
We analyzed binding to (i) a synthetic 3′fluorescent-labeled uncapped RNA corresponding to 40 nucleotides of 
the 5′UTR of SSA1 and (ii) to an in vitro transcribed 64 nucleotide long capped RNA consisting of 24 synthetic 
nucleotides and the same 40 nucleotides of the SSA1 5′UTR (Supplemental Fig. S1e). We found that eIF4E bound 
quite efficiently to capped RNA (Fig. 1a,b, Table 1), with an approximate Kd value of 227 nM (MST) to 275 nM 
(EMSA) which is comparable to the Kd of around 100 nM determined for yeast eIF4E by fluorescence-based 
gel-shift assays26 and for human eIF4E by stopped-flow fluorescence27. Interestingly, the eIF4E/p20 complex 
showed 4- to 5-fold greater affinity for capped RNA, with Kd values of 45 nM (MST; Fig. 1a) to 65 nM (EMSA; 
Fig. 1b, Table 1). This clearly indicates that the affinity of eIF4E for capped mRNAs is considerably enhanced by 
the presence of its partner p20. Of note, the Kd values that we measured for eIF4E/p20/capped mRNA complexes 
are one order of magnitude higher than those obtained by surface plasmon resonance for human 4E-BP1 or 
4E-BP2 bound to m7GTP/eIF4E (Kd = 2–7 nM)28,29.

We next tested binding to the 40 nt uncapped SSA1 RNA and, as expected, found that eIF4E alone did not bind 
at all to the RNA (Fig. 1c for MST, Fig. 1d last lane for EMSA). In contrast, the eIF4E/p20 complex did bind to the 
uncapped RNA, albeit with rather low affinity [Kd = 6.3 µM by MST (Fig. 1c), 8.8 µM by EMSA (Fig. 1d)]. Thus, 
binding of the complex to uncapped RNA was ~125-150-fold less efficient than to capped RNA. Nevertheless, 
for both capped and uncapped RNA, eIF4E/p20 RNA-binding was stronger than that of eIF4E alone. Similar 
experiments could not be performed with p20 alone due to the problems with its purification mentioned above.

We also used EMSA and MST to determine dissociation constants for interaction between eIF4E or eIF4E/
p20 complex and the cap-analog m7GpppG. This showed no binding preference for either eIF4E or eIF4E/p20 
(Kd = 420–425 nM for both; Fig. 1e, Table 1). Thus, interaction with the cap- structure appears to be solely due to 
contacts with eIF4E (presence of p20 does not have any effect), while stabilization of eIF4E/p20/capped mRNA 
ternary complexes requires longer nucleotide stretches.

Based on these results, we conclude that the eIF4E/p20 complex binds capped mRNA to form a stable ternary 
complex via interaction of eIF4E with the cap-structure and interaction of p20 with the RNA.

The impact of RNA length and/or sequence on the enhanced RNA-binding properties of the eIF4E/p20 com-
plex (such as the reported preferential binding of yeast eIF4G to RNAs with oligo(U) stretches30) remains unclear 
at this point and will require further investigation.

Nick Arndt
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The positively charged 3R/3H motif in p20 contributes to its RNA-binding capacity. As men-
tioned in the Introduction, it has been suggested that the similar arrangements of negatively and positively 
charged amino acids present in yeast eIF4E-binding proteins such as eIF4G1/2, Eap1 and p20 contribute to 
their RNA-binding capacity23. In the case of p20, a motif consisting of three arginines (R55-57) and three his-
tidines (H60-62) separated by two serines (S58, 59; see Supplemental Fig. S1a) might determine the protein’s 
RNA-binding properties. To test this, we produced mutant recombinant p20 proteins in which either the 3 
arginines or all 6 positively charged residues (3 arginines and 3 histidines) were replaced by leucine residues 
(referred to as “R55-57L” or “3×” and “R55-57, H60-62L” or “6×” mutants, respectively). These mutations had 

Figure 1. Determination of dissociation constants (Kd) for eIF4E/p20 complex or eIF4E bound to capped or 
uncapped RNA by MicroScale Thermophoresis (MST) and Electrophoretic Mobility Shift Assay (EMSA). (a) 
MST: 50 nM RED fluorescence dye-labeled His6x-eIF4E (green) or eIF4E/His6x-p20 complex (red) with serially 
diluted m7GpppG-capped 64 nt long RNA (40 nt of SSA1 5′UTR), starting at 1 µM. Error bars indicate s.d. 
(n = 3). (b) EMSA: 600–0 nM His6x-eIF4E or 600–0 nM eIF4E/His6x-p20 complex with 0.25 µM m7GpppG-
capped 64 nt long RNA (40 nt of SSA1 5′UTR) probe. SYBR Gold Nucleic Acid Gel Stain. GST (Glutathione-S 
Transferase) serves as a negative control. (c) MST: Serially diluted His6x-eIF4E (green) or eIF4E/His6x-p20 
complex (red), starting at 96 µM, with 50 nM 3′FAM-labeled uncapped 40 nt long 5′UTR of SSA1 RNA. Error 
bars indicate s.d. (n = 3). (d) EMSA: 96–0 µM eIF4E/His6x-p20 complex with 1 µM 3′FAM-labeled uncapped 
40 nt long RNA probe (5′UTR of SSA1). (e) MST: 50 nM RED fluorescence dye-labeled His6x-eIF4E (green) 
or eIF4E/His6x-p20 complex (red) with serial dilutions of m7GpppG starting at 5 µM. Error bars indicate s.d. 
(n = 3).

Capped mRNA Uncapped mRNA Cap-analog

MST EMSA MST EMSA MST

eIF4E 226.5 274.7 — — 424.7

eIF4E/p20 44.9 64.9 6,242 8,800 419.8

eIF4E/p20 6× 423.9 285.1 35,481 — n.d.

Table 1. Summary of all measured Kds (nM).
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no effect on interaction of p20 with eIF4E (Fig. 2d) and the mutant proteins were efficiently purified from E. coli 
similarly to wild type (WT) p20 (Supplemental Fig. S2a).

When tested in MST and EMSA experiments, the eIF4E/p20 6× mutant complex displayed 9- to 10-fold 
lower binding affinity for capped RNA compared to the eIF4E/p20 WT complex (Fig. 2a,b). Not surprisingly, 
the Kd values for binding of capped RNA to the eIF4E/p20 6× mutant (Kd = 285 nM; Fig. 2b) and to eIF4E alone 
(Kd = 275 nM; Fig. 1b, Table 1) were similar. Together, these results indicate that the presence of the 3 arginine 
and 3 histidine residues in p20 are important for its RNA-binding capacity. Consistent with this conclusion, anal-
ysis of binding to uncapped RNA also showed significantly lower affinity of the eIF4E/p20 6× mutant complex 
(Kd = 35.5 µM) compared to the eIF4E/p20 WT complex (Kd = 6.2 µM; Fig. 2c). These results support the hypoth-
esis that binding of p20 to mRNA is mediated by electrostatic interaction of positively charged amino acids in p20 
with negatively charged phosphates in the mRNA23.

To examine the effect of mutations in the positively charged 3R/3H motif in vivo, we constructed pseudohy-
phenating yeast strains (derivatives of filamentous strain Σ1278b) expressing the 3× and 6× mutant versions 
of p20 from genomically integrated constructs. Growth of these strains was compared to that of isogenic p20 
knockout or p20 WT strains31. As opposed to non-hyphenating strains used in previous studies (such as BY4741), 

Figure 2. Determination of dissociation constants (Kd) for eIF4E/p20 wild type complex versus eIF4E/p20 
R55-57L, H60-62L (6×) mutant complex bound to capped or uncapped RNA by MicroScale Thermophoresis 
(MST) and Electrophoretic Mobility Shift Assay (EMSA). (a) MST: 50 nM RED fluorescence dye-labeled eIF4E/
His6x-p20 complex (red) or eIF4E/His6x-p20 R55-57L, H60-62L (6×) mutant complex (blue) with serially diluted 
m7GpppG-capped 64 nt long RNA (40 nt of SSA1 5′UTR), starting at 1 µM. Error bars indicate s.d. (n = 3). (b) 
EMSA: 600–0 nM His6x-p20 6× mutant/eIF4E complex with 0.25 µM m7GpppG-capped 64 nt long RNA probe 
(40 nt of SSA1 5′UTR). SYBR Gold Nucleic Acid Gel Stain. GST serves as a negative control. (c) MST: Serially 
diluted 96 µM eIF4E/His6x-p20 complex (green) or His6x-p20 6× mutant/eIF4E complex (blue) with 50 nM 
3′FAM-labeled uncapped 40 nt long 5′UTR of SSA1 RNA. Error bars indicate s.d. (n = 3). (d) Serial dilution of 
yeast cells carrying p20 knockout (RH2585 ∆p20) or expressing p20 wild type, R55-57L (3×) or R55-57L, H60-
62L (6×) mutants. Plates were incubated at 30° or 37 °C for 3 days. Western Blots of whole cells (1/2 OD600), 
“input” extracts used for m7GDP-Sepharose pulldown, and eluates are shown. Full-length blots are presented in 
Supplemental Fig. S3. Blots were stained with polyclonal antibodies against eIF4E or p20 as indicated.
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knockout of p20 in our pseudohyphenating strain results in a discrete ts- (temperature sensitive) phenotype in 
which growth is observed at 30 °C but not at 37 °C. This ts-phenotype was reversed by genomic insertion of the 
gene encoding wild type p20 (Fig. 2d). In contrast, the p20 R55-57L (3×) mutation, and to an even greater extent, 
the p20 R55-57L, H60-62L (6×) mutation inhibited growth at 37 °C similarly to the p20 knockout. While these 
results seem to indicate that the 3R/3H motif is critical for p20′s cellular function, Western blotting with anti-
bodies against p20 showed that the 3× mutant and especially the 6× mutant were expressed at lower levels than 
wild type p20 in the strains used in this study (e.g., protein levels for the 6× mutant were ~30% of p20 WT levels). 
Therefore, although both the 3× and 6× mutant forms of p20 retain the capacity to bind to eIF4E on a m7GDP 
cap-column (Fig. 2d, lowest panel), we cannot exclude the possibility that reduced growth of cells expressing these 
mutants at 37 °C is at least partially caused by lower p20 expression.

The eIF4E/p20 complex enhances translation efficiency in vitro in a factor-dependent lysate.  
Given the ability of p20 to directly bind RNA and mediate formation of stable eIF4E/p20/mRNA complexes, we 
were interested in comparing the effects of eIF4E/p20 complex versus eIF4E alone on translation in a controlled 
in vitro system. For this purpose, we prepared translational extracts from a yeast strain carrying an eIF4E ts4-2 
mutation combined with a p20 knockout. As previously described, this mutant has a ts-phenotype (no growth 
at 37 °C) due to the eIF4E ts4-2 mutation32. We compared translation of capped Renilla luciferase mRNA con-
structs carrying different 5′UTRs (for more details see Supplemental Fig. S1e): (i) an “average” synthetic 5′UTR 
(pRLuc, 41 nt long, predicted ∆G = −14.3 kcal mol−1), (ii) the long and structured 5′UTR of PMA1 (289 nt 
long, predicted ∆G = −36 kcal mol−1), (iii) the 5′UTR of GRE1 (77 nt long, predicted ∆G = −10.6 kcal mol−1), 
and (iv) the 5′UTR of SSA1 (69 nt long, predicted ∆G = −5.9 kcal mol−1). All four mRNAs contained polyA 
tails. Addition of purified eIF4E to in vitro translation reactions stimulated translation of capped Renilla lucif-
erase mRNAs in a dose-dependent manner regardless of which of the four tested 5′UTR sequences was present 
(Fig. 3a). Surprisingly, addition of eIF4E/p20 complex resulted in even greater enhancement of translation than 
addition of eIF4E alone (Fig. 3a). This clearly argues against p20 acting as an inhibitor of translation. Moreover, 
contrary to expectations, addition of eIF4E/p20 6× mutant protein complex enhanced translation almost as well 
as eIF4E/p20 WT complex (Fig. 3a). Thus, disruption of p20′s interaction with mRNA (as shown for the 3× and 
6× mutants above) does not affect its ability to stimulate eIF4E-dependent translation. It should be noted that 
while both eIF4E alone and eIF4E/p20 (6× or WT) complex stimulated translation of all four tested reporter 
mRNAs, the effect was particularly strong for the reporter mRNA containing the GRE1 5′UTR. Whether this 
observation is significant in terms of the impact of 5′UTR sequence or structure on eIF4E/p20 regulated transla-
tion remains unclear at this time.

When the effect of purified eIF4E and p20 on translation of uncapped Renilla luciferase reporter mRNAs 
containing the four different 5′UTRs was evaluated, we found that eIF4E strongly inhibited translation of all four 
mRNAs in a dose-dependent manner (Fig. 3b). This was expected since it is known that translation of uncapped 
mRNA requires active eIF4G which is titered out by increasing amounts of added eIF4E33. Surprisingly, however, 
the inhibitory effect on translation of uncapped mRNAs was even more pronounced when eIF4E/p20 WT or 
eIF4E/p20 6× mutant complexes were added to reactions rather than eIF4E alone (Fig. 3b). This effect was not 
due to reduced mRNA stability during incubation in the translational extract (determined by semiquantitive 
RT-PCR; data not shown). Thus, we conclude that eIF4E/p20 complex – even when p20′s mRNA binding capacity 
is reduced as in the case of the p20 6× mutant – contributes to inhibition of uncapped mRNA translation. We 
speculate that this could represent a physiological mechanism to help impede translation of uncapped mRNAs in 
the process of degradation.

eIF4E-binding peptides inhibit eIF4E-dependent but not eIF4E/p20-dependent translation. In 
previous work, we showed that peptides containing the eIF4E-binding domain of yeast eIF4G were outcompeted 
by p20 for interaction with eIF4E4. Here, we tested whether exogenously added eIF4E or eIF4E/p20 complex could 
be outcompeted during in vitro translation of capped mRNA by peptides containing eIF4E-binding domains of 
eIF4G, Eap1 or p20 (Supplemental Fig. S1b). Indeed, stimulation of capped mRNA translation by addition of 1 
pmol eIF4E was completely abolished by the presence of equimolar amounts of such peptides (GST-eIF4G160–492, 
GST-eIF4G441–492 or GST-Eap1106–273; Fig. 4). However, even excess addition (10×) of 4E-binding peptides did not 
completely inhibit translation (not shown). As a control, we used GST-eIF4G160–492 LL459,460/AA which contains 
two mutations in the canonical eIF4E-binding motif (Supplemental Fig. S1b). This eIF4G mutant was previ-
ously shown to cause a ts-phenotype in yeast due to its weakened interaction with eIF4E33. Addition of 1 pmol 
GST-eIF4G160–492 LL459,460/AA to our in vitro translation system had a less severe impact on eIF4E-dependent 
translation than GST-eIF4G160–492 (Fig. 4).

In similar experiments performed with addition of eIF4E/p20 complex to in vitro translation reactions, equi-
molar amounts of GST-eIF4G160–492, GST-eIF4G441–492 or GST-Eap1106–273 had a much smaller inhibitory effect 
(Fig. 4). Additionally, GST-eIF4G160–492 LL459,460/AA had a minor competitive effect on translation in the pres-
ence of eIF4E/p20 complex. Based on these data, we propose that eIF4E and p20 form a stable complex that is not 
easily disrupted by competition of eIF4E-binding peptides derived from eIF4G or Eap1.

An N-terminal 18aa p20 peptide inhibits capped mRNA translation but does not affect eIF4E/
capped mRNA interaction. To assess the importance of interaction between p20 and eIF4E for transla-
tion, we further tested a synthetic peptide consisting of the 18 N-terminal amino acids (aa) of p20 carrying the 
eIF4E-binding motif (peptide MIKYTIDELFQLKPSLTL; Supplemental Fig. S1a) in in vitro translation competi-
tion experiments as described above for other eIF4E-binding peptides. As opposed to full length p20 and compa-
rable to the above tested eIF4E-binding peptides (Fig. 4), equimolar amounts of the N-terminal 18aa p20 peptide 
(1 pmol) nearly completely abolished the stimulatory effect of eIF4E on capped mRNA translation (Fig. 5a). Also 
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similar to the other tested eIF4E-binding peptides, the 18aa p20 peptide had a greatly reduced effect on transla-
tion of capped mRNAs in the presence of eIF4E/p20 complex compared to eIF4E alone (even when added at a 5× 
excess; Fig. 5a). This provides further support for the stability of the eIF4E/p20 complex.

To gain additional insight into the mechanism by which the 18aa p20 peptide interferes with eIF4E-depedent 
translation, we assessed whether this peptide might act as an allosteric inhibitor of interaction between 
eIF4E and capped mRNA. We found, as indicated by MST experiments, that the affinity of eIF4E for capped 
RNA (Kd = 229.5 nM) is only slightly reduced in the presence of equimolar amounts of the 18aa p20 peptide 
(Kd = 210.7 nM) (Fig. 5b). This result indicates that the increased interaction of eIF4E/p20 complex with capped 
mRNA compared to that of eIF4E alone (Kd = 46.9 nM; Fig. 2a) is not solely due to interaction of eIF4E with the 

Figure 3. In vitro translation assays performed with 10 ng/assay capped or uncapped “average synthetic” RLuc, 
PMA1, GRE1 or SSA1 5′UTRs fused to Renilla Luciferase ORF and increasing amounts of His6x-eIF4E alone 
(green), eIF4E/His6x-p20 complex (red) or eIF4E/His6x-p20 6× mutant complex (blue). Data presented are 
the mean luminescence activity in relative light units (RLU ± s.e.m.; n = 3). The calculated free energy (kcal/
mol) of each 5′UTR is shown above each panel in (a). (a) In vitro translation assays of capped RNAs. (b) In vitro 
translation assays of uncapped RNAs.
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p20 N-terminal eIF4E-binding domain. This result is not unexpected, as capped mRNA and eIF4E-binding pro-
teins are known to bind to very different domains on eIF4E34.

It would have been of interest to compare the binding affinity of eIF4E for the 18aa p20 peptide vs. full-length 
p20. Unfortunately, we could not compare the stability of such complexes since full-length recombinant p20 could 
not be efficiently purified from E. coli. We assume, however, that interaction of eIF4E with p20 is likely much 
stronger than with the 18aa p20 peptide, and that the canonical eIF4E-binding domain is necessary but not suffi-
cient to explain the stability of the complex. Based on what has been reported for other eIF4E/4E-BP complexes 
of metazoan or plant origin (see Introduction), it is likely that other domains of p20 contribute to the stability of 
eIF4E/p20 complex.

Discussion
In this paper, we describe enhanced binding of capped mRNAs by the yeast eIF4E/p20 complex as compared 
to eIF4E by itself. While eIF4E does not bind to uncapped mRNAs, we found that the eIF4E/p20 complex does, 
albeit with much lower affinity than for capped mRNAs. Our in vitro experiments showed dose-dependent 
enhancement of capped mRNA translation and inhibition of uncapped mRNA translation when either eIF4E 
or eIF4E/p20 complex were added to our eIF4E/p20-dependent cell-free translation lysate. The observed in vitro 
effects of exogenously added eIF4E or eIF4E/p20 on translation of capped and uncapped mRNAs were similar 
for all of reporter mRNAs used in this work, despite differences in the length and complexity of their 5′UTR 
sequences. Both enhancement of capped mRNA translation and inhibition of uncapped mRNA translation were 
stronger with addition of eIF4E/p20 complex compared to eIF4E alone, consistent with the observed increases 
in mRNA binding affinity in the presence of p20. The enhanced effects of purified eIF4E/p20 complex relative 
to eIF4E alone are likely due at least in part to the direct interaction of p20 with RNA identified in our work. 
We found that this involves a stretch of positively charged amino acids that does not affect p20-eIF4E bind-
ing and is similar to non-specific mRNA-binding sites in other proteins, including yeast eIF4G35. These pos-
itively charged regions presumably participate in electrostatic interactions with negatively charged phosphate 

Figure 4. Inhibition of eIF4E-dependent in vitro translation by 4E-binding peptides. 1 pmol eIF4E (green) 
or 1 pmol eIF4E/p20 (red) was added to in vitro translation reactions containing 5 ng capped GRE1-Luc 
mRNA. Additionally, 1 pmol of the following purified GST-fusion proteins were added: GST-Eap1106–273, GST-
eIF4G441–492, GST-eIF4G160–492 and GST-eIF4G160–492 LL457,458/AA. 1 pmol GST alone had no stimulatory 
effect on translation. Data presented are the mean luminescence activity in relative light units (RLU ± s.e.m.; 
n = 3).

Figure 5. Effect of the N-terminal 18aa p20 peptide on translation and eIF4E binding of capped RNA. (a) 
Increasing amounts of the 18aa N-terminal p20 peptide (up to 5 pmol) were added to in vitro translational 
assays in the presence of 1 pmol eIF4E (green) or 1 pmol eIF4E/p20 (red). Translational assays were performed 
as described for Fig. 4. (b) MST: 50 nM RED fluorescence dye-labeled His6x-eIF4E in the absence (green) or 
presence of equimolar amounts of the 18aa N-terminal p20 peptide (yellow) with serially diluted m7GpppG-
capped 64 nt long RNA (40 nt of SSA1 5′UTR), starting at 1 µM. Error bars indicate s.d. (n = 3).
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residues in the mRNA23. The residues identified as important for p20-mRNA interaction have a similar location 
as one of the three mRNA-binding sites in eIF4G, lying about 50 to 100 amino acids downstream of the canonical 
eIF4E-binding motif23 (Supplemental Fig. S1b).

Thus, our data allow us to propose a novel mechanism whereby yeast eIF4E binding to capped mRNA is pro-
moted by p20, resulting in a stable ternary complex. The combination of eIF4E binding to the cap-structure and 
p20 electrostatic interaction with adjacent nucleotides in the 5′UTR of capped mRNAs results in complexes that 
may act as a stable depository of capped mRNAs. The stability of the eIF4E/p20/mRNA complex is supported by 
our finding that inhibition of in vitro eIF4E-dependent translation of capped mRNA by equimolar amounts of 
4E-binding peptides derived from eIF4G, Eap1 or p20 is much less pronounced when eIF4E is present in a com-
plex with p20 rather than alone. We propose that the ternary eIF4E/p20/capped mRNA complex may exist in a 
dynamic equilibrium with other complexes comprised of yeast eIF4E and eIF4G or Eap1, and that various phys-
iological conditions (e.g., nutrient deprivation, heat, drought and/or other forms of stress) might cause this equi-
librium to shift towards translation initiation, mRNA degradation, and/or some other yet to be identified cellular 
processes involving mRNAs (e.g., nuclear transport as shown in mammalian cells36). Since p20 is a non-essential 
protein, the eIF4E/p20/mRNA ternary complex must not be essential either, at least under favorable physiological 
conditions. This could be different under stress conditions such as high temperature (37 °C or higher). Indeed, 
the p20 knockout yeast strain used in this work (RH2585 ∆p20) shows a temperature-sensitive phenotype (see 
Fig. 2d). It is possible that under natural (non-laboratory) conditions, survival in the face of common simultane-
ous stresses could depend upon mRNAs which would rely on p20 for translation.

Both eIF4E and p20 are rather abundant proteins, reported to be present in approximately equimolar amounts 
in the cell (~10,000–35,000 molecules/cell37,38). These protein levels correspond well with the estimated number 
of mRNAs in the cytoplasm of a yeast cell (~15,000–27,000 mRNA transcripts/cell39–41). Under physiological 
conditions, factors promoting either translation initiation (mediated by eIF4E-eIF4G interaction) or mRNA deg-
radation (mediated by eIF4E-Eap1p interaction) could displace p20 from its complex with eIF4E and mRNA. 
However, both eIF4G and Eap1p have been determined to be present in lower amounts than p20 in yeast cells37,38. 
It is well accepted that eIF4G displaces p20 and other 4E-BPs to allow for efficient capped mRNA translation. As 
for the regulation of mRNA stability, while Eap1p has been shown to be involved in accelerated decay of specific 
capped mRNAs42,43, there is also clear evidence that p20 can influence mRNA decay. For example, p20 activity 
modulates phenotypes associated with the helicase Dhh1p and the RNA-binding protein Pat1p, which both inter-
act with the 3′UTR of mRNAs slated for degradation and accelerate deadenylation-dependent decapping44. Thus, 
knockout of p20 alleviates the cold-sensitive phenotype of dhh1 knockout and overexpression of p20 inhibits 
growth of both ∆dhh1 and ∆pat1 yeast strains6. Additionally, our data suggests that the eIF4E-p20 complex may 
translationally silence uncapped mRNAs during the process of degradation (see Fig. 3b).

We anticipate that as for mammalian 4E-BPs, interaction of eIF4E and p20 may be regulated through post-
translational modifications such as phosphorylation of one or both proteins. However, while yeast p20 and eIF4E 
are both phosphoproteins, such modifications have not been shown to have an overall effect on translation to 
date20. Thus, further investigation into the mechanisms controlling p20 protein levels and binding capacity for 
eIF4E and mRNA is warranted.

In summary, our study proposes a more complex role of p20 function in yeast cells, acting not only as a general 
repressor of translation, but rather as both negative and positive regulator of protein synthesis.

Methods
Protein expression and purification. DNA sequences encoding codon-optimized N-terminally His6x-
tagged eIF4E (plasmid His6x-eIF4E-pet3a) or p20 (plasmid His6x-p20-pet3a) were cloned into pET3a vector 
digested with NdeI and BamHI. For co-expression of both proteins, a plasmid directing expression of untagged 
eIF4E was generated via PCR amplification using plasmid His6x-eIF4E-pet3a as a template. The resulting DNA 
fragment with a NcoI restriction site at its 5′end followed by the entire open reading frame of eIF4E and a BamHI 
restriction site was ligated into NcoI-BamHI double-restricted pet28a vector to yield plasmid eIF4E-pet28a. p20 
mutants R55-57L (3×) and R55-57L + H60-62L (6×) were obtained by site-directed mutagenesis (QuikChange 
Site-Directed Mutagenesis Kit, Agilent). Competent E. coli BL21 Rosetta 2 (DE3) cells (Novagen) were trans-
formed either with plasmid His6x-eIF4E-pet3a (for expression of eIF4E alone) or with plasmids His6x-p20-pet3a 
(wild type or mutant) and eIF4E-pet28a (for expression of eIF4E/p20 complex).

eIF4E and eIF4E/p20 were expressed in E. coli BL21 Rosetta 2 (DE3) cells grown in LB medium. Expression 
was induced with 0.5 mM IPTG overnight at 18 °C. Cells were harvested by centrifugation (3000 × g, 6 min, 4 °C) 
and the pellet was suspended in lysis buffer (50 mM Tris.HCl pH 8, 500 mM NaCl, 20% Glycerol, 1% Tween 
20, 10 mM Imidazole, 20 mM beta-Mercaptoethanol) supplemented with DNaseI (5 mg/mL), lysozyme (1 mg/
mL) and Complete Protease Inhibitor Cocktail (Roche). The cell suspension was incubated for 20 min on ice 
and sonicated at 50% amplitude for 30 s on/off for several cycles. Cell debris was removed by ultracentrifugation 
(120,000 × g, 30 min, 4 °C) and the resulting lysate was then incubated with Ni-NTA Agarose (Invitrogen) for 
60 min at 4 °C with gentle rotation. After washing the resin three times with wash buffer (50 mM Tris.HCl pH 
8, 500 mM NaCl, 20 mM Imidazole, 10 mM beta-Mercaptoethanol), bound protein was eluted by incubation 
with elution buffer (50 mM Tris.HCl pH 8, 500 mM NaCl, 250 mM Imidazole, 10 mM beta-Mercaptoethanol) for 
30 min at 4 °C with gentle rotation.

Yeast eIF4G peptides aa160-492, aa441-492, mutant LL459,460/AA and Eap1 peptide aa106-273 were expressed 
as GST-fusions from pGEX1 or pGEX3 vectors in E. coli BL21 Rosetta 2 (DE3) cells grown in LB medium. Expression 
was induced with 0.5 mM IPTG for 2 h at 37 °C. Site-directed mutagenesis of the pGEX1 eIF4G aa160-492 plasmid was 
performed by PCR with oligonucleotides designed to simultaneously introduce mutations L459A (TTG to GCG) and 
L460A (CTT to GCT) to obtain mutant LL459,460/AA. GST fusion proteins were purified as described previously4.
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All purified proteins were concentrated using Amicon Ultra-2 Centrifugal Filters (Merck) and dialyzed with 
Slide-A-Lyzer MINI Dialysis Devices (Thermo Scientific) in either buffer A (10 mM Sodiumphosphate pH 7.5, 
100 mM NaCl, 2.5 mM MgCl2, 1 mM DTT, 0.05% NP40) for microscale thermophoresis assay (MST) and elec-
trophoretic mobility shift assay (EMSA) or buffer B (20 mM HEPES.KOH pH 7.5, 50 mM NaCl, 1 mM DTT) for 
in vitro translation assay.

The N-terminal 18aa p20 peptide (MIKYTIDELFQLKPSLTL; molecular weight: 2153.59 g/mol, HPLC purity 
98.9%) was synthesized by GenScript USA, Inc. and confirmed to have proper water solubility at a concentration 
of 5 mg/mL.

Synthesis of mRNA transcripts for use in in vitro translation assays. The 5′UTRs of GRE1 (79 nt), 
PMA1 (244 nt) and SSA1 (40 nt) were obtained by PCR amplification from yeast genomic DNA. Due to the pres-
ence of restriction enzyme sites in the PCR primers, the resulting DNA fragments contained a SmaI restriction 
site at the 5′ end followed by the 5′UTR sequence and an NcoI restriction site at the 3′ end. PCR-generated frag-
ments were digested with SmaI and NcoI and then cloned into the 5′UTR of the pRL Renilla Luciferase Reporter 
vector (see Supplemental Fig. S1e).

The pRL-based constructs containing GRE1, PMA1 or SSA1 5′UTRs were linearized with XhoI to produce 
“run off ” transcripts consisting of the inserted 5′UTR sequence (GRE1, PMA1 and SSA1) followed by the Renilla 
Luciferase ORF and a poly(A) tail. Synthesis of capped or uncapped mRNAs from these constructs was accom-
plished using T3 RNA Polymerase (Promega) according to the manufacturer’s instructions. At the end of the tran-
scription reaction, RQ1 RNase-free DNase (Promega) was added to a concentration of 1 U/μg template DNA and 
incubated for 1 h at 37 °C to digest the DNA template. RNA was extracted with citrate-saturated phenol:chloro-
form:isoamyl alcohol (125:24:1, pH 4.7), followed by chloroform:isoamyl alcohol (24:1) and then precipitated 
using sodium acetate/ethanol. ∆G was obtained using http://kinefold.curie.fr/.

mRNA synthesis for MST and EMSA. To obtain short uncapped RNAs (64 nt) for MST or EMSA, the pRL 
Renilla Luciferase Reporter vector containing the SSA1 5′UTR (40 nt) was linearized with NcoI to produce a “run 
off ” transcript. RNA synthesis with T3 RNA Polymerase (Promega) and purification was performed as described 
above. Vaccinia Capping System (NEB) was used according to the manufacturer’s recommendations to add 
the 7-methylguanylate cap-structure to the 5′end of RNAs. Capped RNAs were purified by phenol-chloroform 
extraction and gel filtration (Sephadex G-50, Sigma). Successful capping evidenced by a shift in mass was verified 
by electrophoresis using 20% polyacrylamide gels containing 8 M urea, stained with 2 g/L methylene blue in 0.4 M 
NaAc, pH 4.7 and destained in water.

Microscale thermophoresis assay (MST). All microscale thermophoresis measurements were performed 
at 25 °C using Monolith NT™ standard capillaries and the Monolith NT.115 device (NanoTemper Technologies 
GmbH). Experiments were repeated three times for each measurement. Data analyses were carried out using 
NanoTemper MO.Affinity Analysis software. The affinity between purified eIF4E or eIF4E/p20 complex and syn-
thetic 40 nt uncapped 3′FAM labeled RNAs (Microsynth, Switzerland) was measured at 30% LED and 40% MST 
power with Laser-On time 30 s and Laser-Off time 5 s. Fluorescently labeled nucleic acid samples were diluted in 
buffer A to 50 nM. For each binding analysis, a titration series was prepared with varying concentrations of eIF4E 
or eIF4E/p20 complex in buffer A.

For MST experiments with in vitro transcribed capped RNA, purified eIF4E protein and purified eIF4E/
p20 complex were labeled with the Monolith His-Tag Labeling Kit RED-tris-NTA (NanoTemper Technologies 
GmbH) in buffer B. Measurements were performed with varying concentrations of RNA in buffer A and 50 nM 
of labeled eIF4E or eIF4E/p20 complex at 40% LED and 40% MST power with Laser-On time 30 s and Laser-Off 
time 5 s.

Electrophoretic mobility shift assay (EMSA). A standard reaction (20 µL in buffer A) consisted of 1 µM 
synthetic 40 nt uncapped 3′FAM labeled RNA (Microsynth, Switzerland) or 0.25 µM in vitro transcribed capped 
RNA and varying concentrations of eIF4E or eIF4E/p20 complex. The RNA was heated to 60 °C and allowed to 
cool to room temperature before use. Immediately prior to loading of binding reactions onto gels, 5 µL loading 
buffer (30% (v/v) glycerol, 0.25% (w/v) bromphenol blue) was added to each reaction.

Binding reactions were run on 1.5% agarose gels in 1× TBE buffer for 40 min at 80 V. RNAs were visualized by 
SYBR Gold Nucleic Acid Gel Stain (Invitrogen) or by the fluorescent label (3′Fluorescein, FAM) using a Fusion 
FX SkyLight transilluminator (Vilber Lourmat, France). The fluorescence intensity of unbound RNA was deter-
mined as a function of protein concentration using Fusion FX software and the dissociation constant (Kd) was 
calculated using GraphPad Prism7 (nonlinear regression, one site specific binding).

In vitro translation assay. Preparation of extracts from eIF4E ts4-2 mutant and p20 knockout yeast strains 
was performed as described previously32 with some modifications. 250 mL yeast culture was grown overnight in 
YPD medium at 30 °C to a final OD600 of 2. Cells were harvested, resuspended in buffer ADPM (30 mM HEPES.
KOH pH 7.4, 100 mM KOAc, 2 mM Mg(OAc)2, 2 mM DTT, 0.1 mM PMSF, 8% mannitol), and pipetted into liquid 
nitrogen to form small pellets. Cells were disrupted by cryogenic grinding and the resulting paste was centrifuged 
at 15000 × g for 10 min at 4 °C. The supernatant was recovered and loaded onto a Sephadex G25 (fine) column 
equilibrated with buffer ADP (ADPM without mannitol) in order to remove low-molecular-weight components. 
Fractions were collected, the OD260 was measured and main fractions (OD260 > 100) were pooled and frozen 
(−75 °C) in aliquots.

For in vitro translation reactions, the following components were incubated for 60 min at 25 °C: 1.5 µL extract, 
1.04 µL 6xAA cocktail (132 nM HEPES.KOH pH 7.4, 720 mM K-Acetate, 9 mM Mg-Acetate, 4.5 mM ATP, 0.6 mM 

http://kinefold.curie.fr/
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GTP, 150 mM Creatine Phosphate, 0.24 mM 20 amino acid mixture, 10.2 mM DTT), 0.15 µL RNasin Ribonuclease 
Inhibitor 40 U/µL (Promega), 10 ng mRNA, 1 µL protein in ADP buffer. In vitro synthesized products were 
quantitated with the Renilla Luciferase Assay System (Promega) and a GloMax 20/20 Luminometer (Promega). 
Measurements were obtained from three independent experiments.

In vivo analyses. For in vivo analyses, yeast strain RH2585 (MATα his3::hisG trp1::hisG ura3-52, derivative 
of Σ1278b) carrying a deletion in the gene encoding p20 (caf20::NatR) or isogenic yeast strains with integrated 
plasmids directing expression of p20 wild-type, R55-57L (3×) or R55-57L, H60-62L (6×) mutants were spot-
ted on YPD medium in serial 10-fold dilutions starting with 10,000 cells/μL. Plates were photographed after 
incubation at 30° or 37 °C for 3 days. Samples (½ OD600) of the same yeasts were collected from liquid cul-
tures at midlog growth phase (30° or 37 °C) and loaded directly onto SDS-PAGE gels. Total cell extracts were 
prepared from liquid cultures at midlog growth phase (30° or 37 °C) harvested at OD600 = 20. Yeast cells were 
washed once with and resuspended in buffer ADP (30 mM Hepes.KOH pH 7.4, 100 mM KOAc, 2 mM Mg(OAc)2, 
2 mM DTT, 0.1 mM PMSF) then lysed by vortexing with glass beads. m7GDP-Sepharose was washed twice with 
buffer ADP and 300 µg of total extract was then added to the resin and incubated at 4 °C for 1 hour on a rotating 
wheel. The supernatant containing unbound proteins was removed and the resin was washed three times with 
buffer ADP then incubated for 15 min at 4 °C with 1 mM m7GDP (in ADP) to elute bound proteins. 10 µg of 
extract or the complete eluate from each binding reaction was boiled in 2× SDS sample buffer and loaded onto a 
17.5% SDS-PAGE gel. For Western blotting, proteins were transferred from the gel to a nitrocellulose membrane 
(BioRad) which was stained first with polyclonal rat anti-eIF4E antibody (1:1000 dilution) followed by polyclonal 
rabbit anti-rat IgG-HRP (1:3000 dilution; Dako, Denmark), and then by polyclonal rat anti-p20 (dilution) fol-
lowed by polyclonal rabbit anti-rat IgG-HRP. The primary antibodies were raised against full-length p20 and yeast 
eIF4E expressed and purified from E. coli. Protein signals were detected using WesternBrightTM ECL (Advansta, 
USA) and FusionFX (Vilber Lourmat, France) reagents. Signals strengths were calculated using ImageJ software 
(https://imagej.nih.gov/ij/).

Data availability statement. There are no restrictions to availability of materials and data presented in 
this work. All requests for information and materials should be sent to MA (michael.altmann@ibmm.unibe.ch).

References
 1. Cosentino, G. P. et al. Eap1p, a novel eukaryotic translation initiation factor 4E-associated protein in Saccharomyces cerevisiae. Mol. 

Cell. Biol. 20, 4604–13 (2000).
 2. Altmann, M., Krieger, M. & Trachsel, H. Nucleotide sequence of the gene encoding a 20 kDa protein associated with the cap binding 

protein elF4E from Saccharomyces cerevisiae. Nucleic Acid Res. 17, 7520 (1989).
 3. Goyer, C. et al. TIF4631 and TIF4632: two yeast genes encoding the high-molecular-weight subunits of the cap-binding protein 

complex (eukaryotic initiation factor 4F) contain an RNA recognition motif-like sequence and carry out an essential function. Mol. 
Cell. Biol. 13, 4860–4874 (1993).

 4. Altmann, M., Schmitz, N., Berset, C. & Trachsel, H. A novel inhibitor of cap-dependent translation initiation in yeast: p20 competes 
with eIF4G for binding to eIF4E. EMBO J. 16, 1114–1121 (1997).

 5. de la Cruz, J., Iost, I., Kressler, D. & Linder, P. The p20 and Ded1 proteins have antagonistic roles in eIF4E-dependent translation in 
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 94, 5201–5206 (1997).

 6. Coller, J. M., Tucker, M., Sheth, U., Valencia-Sanchez, M. A. & Parker, R. The DEAD box helicase, Dhh1p, functions in mRNA 
decapping and interacts with both the decapping and deadenylase complexes. RNA 7, 1717–27 (2001).

 7. Mader, S., Lee, H., Pause, A. & Sonenberg, N. The translation initiation factor eIF-4E binds to a common motif shared by the 
translation factor eIF-4 gamma and the translational repressors 4E-binding proteins. Mol. Cell. Biol. 15, 4990–4997 (1995).

 8. Marcotrigiano, J., Gingras, A.-C., Sonenberg, N. & Burley, S. K. Cap-dependent translation initiation in eukaryotes is regulated by a 
molecular mimic of elF4G. Mol. Cell 3, 707–716 (1999).

 9. Ptushkina, M. et al. Repressor binding to a dorsal regulatory site traps human eIF4E in a high cap-affinity state. EMBO J. 18, 
4068–4075 (1999).

 10. Gross, J. D. et al. Ribosome loading onto the mRNA cap is driven by conformational coupling between eIF4G and eIF4E. Cell 115, 
739–750 (2003).

 11. Kinkelin, K., Veith, K., Grunwald, M. & Bono, F. Crystal structure of a minimal eIF4E-Cup complex reveals a general mechanism of 
eIF4E regulation in translational repression. Rna 18, 1624–1634 (2012).

 12. Igreja, C., Peter, D., Weiler, C. & Izaurralde, E. 4E-BPs require non-canonical 4E-binding motifs and a lateral surface of eIF4E to 
repress translation. Nat. Commun. 5, 1–14 (2014).

 13. Peter, D. et al. Molecular Architecture of 4E-BP Translational Inhibitors Bound to eIF4E. Mol. Cell 57, 1074–1087 (2015).
 14. Grüner, S. et al. The Structures of eIF4E-eIF4G Complexes Reveal an Extended Interface to Regulate Translation Initiation. Mol. Cell 

64, 467–479 (2016).
 15. Miras, M. et al. Structure of eIF4E in Complex with an eIF4G Peptide Supports a Universal Bipartite Binding Mode for Protein 

Translation. Plant Physiol. 174, 1476–1491 (2017).
 16. Pause, A. et al. Insulin-dependent stimulation of protein synthesis by phosphorylation of a regulator of 5′-cap function. Nature 371, 

762–767 (1994).
 17. Gingras, A.-C. et al. Regulation of 4E-BP1 phosphorylation: a novel two-step mechanism. 1422–1437 (1999).
 18. Gingras, A.-C. et al. Hierarchical phosphorylation of the translation inhibitor 4E-BP1. Genes Dev. 15, 2852–2864 (2001).
 19. Ross, D. & Altmann, M. eIF4Es and Their Interactors from Yeast Species. Hernández G., Jagus R. Evol. Protein Synth. Mach. Its Regul. 

Springer, Cham (2016).
 20. Zanchin, N. I. T. & McCarthy, J. E. G. Characterization of the in Vivo Phosphorylation Sites of the mRNAbulletCap-binding 

Complex Proteins Eukaryotic Initiation Factor-4E and p20 in Saccharomyces cerevisiae. J. Biol. Chem. 270, 26505–26510 (1995).
 21. Gosselin, P. et al. The translational repressor 4E-BP called to order by eIF4E: New structural insights by SAXS. Nucleic Acids Res. 39, 

3496–3503 (2011).
 22. Cridge, A. G. et al. Identifying eIF4E-binding protein translationally-controlled transcripts reveals links to mRNAs bound by 

specific PUF proteins. Nucleic Acids Res. 38, 8039–8050 (2010).
 23. Cawley, A. & Warwicker, J. EIF4E-binding protein regulation of mRNAs with differential 5′-UTR secondary structure: A 

polyelectrostatic model for a component of protein-mRNA interactions. Nucleic Acids Res. 40, 7666–7675 (2012).
 24. Buhr, F. et al. Synonymous Codons Direct Cotranslational Folding toward Different Protein Conformations. Mol. Cell 61, 341–351 

(2016).

https://imagej.nih.gov/ij/


www.nature.com/scientificreports/

1 1SCientifiC RePoRts |  (2018) 8:6707  | DOI:10.1038/s41598-018-25273-3

 25. Komar, A. A. The Art of Gene Redesign and Recombinant Protein Production: Approaches and Perspectives. in Protein Therapeutics 
(eds Sauna, Z. E. & Kimchi-Sarfaty, C.)161–177, https://doi.org/10.1007/7355_2016_2 (Springer International Publishing, 2017).

 26. O’Leary, S. E., Petrov, A., Chen, J. & Puglisi, J. D. Dynamic recognition of the mRNA cap by Saccharomyces cerevisiae eIF4E. 
Structure 21, 2197–2207 (2013).

 27. Slepenkov, S. V., Darzynkiewicz, E. & Rhoads, R. E. Stopped-flow kinetic analysis of eIF4E and phosphorylated eIF4E binding to cap 
analogs and capped oligoribonucleotides: Evidence for a one-step binding mechanism. J. Biol. Chem. 281, 14927–14938 (2006).

 28. Youtani, T., Tomoo, K., Ishida, T., Miyoshi, H. & Miura, K. Regulation of human eIF4E by 4E-BP1: binding analysis using surface 
plasmon resonance. IUBMB Life 49, 27–31 (2000).

 29. Paku, K. S. et al. A conserved motif within the flexible C-terminus of the translational regulator 4E-BP is required for tight binding 
to the mRNA cap-binding protein eIF4E. Biochem. J. 441, 237–245 (2012).

 30. Zinshteyn, B., Rojas Duran, M. F. & Gilbert, W. V. Translation initiation factor eIF4G1 preferentially binds yeast transcript leaders 
containing conserved oligo-uridine motifs. RNA 1365–1375, https://doi.org/10.1261/rna.062059.117 (2017).

 31. Ross, D., Saxena, M. & Altmann, M. eIF4E Is an Important Determinant of Adhesion and Pseudohyphal Growth of the Yeast S. 
cerevisiae. PLoS One 7, 1–8 (2012).

 32. Altmann, M., Sonenberg, N. & Trachsel, H. Translation in Saccharomyces cerevisiae: initiation factor 4E-dependent cell-free system. 
Mol. Cell. Biol. 9, 4467–4472 (1989).

 33. Tarun, S. Z. & Sachs, A. B. Binding of eukaryotic translation initiation factor 4E (eIF4E) to eIF4G represses translation of uncapped 
mRNA. Mol. Cell. Biol. 17, 6876–86 (1997).

 34. Matsuo, H. et al. Structure of translation factor eIF4E bound to m7GDP and interaction with 4E-binding protein. Nature 4, 686–689 
(1997).

 35. Berset, C., Zurbriggen, A., Djafarzadeh, S., Altmann, M. & Trachsel, H. RNA-binding activity of translation initiation factor eIF4G1 
from Saccharomyces cerevisiae. RNA 9, 871–80 (2003).

 36. Lejbkowicz, F. et al. A fraction of the mRNA 5′cap-binding protein, eukaryotic initiation factor 4E, localizes to the nucleus. Proc. 
Natl. Acad. Sci. USA 89, 12–16 (1992).

 37. Ghaemmaghami, S. et al. Global analysis of protein expression in yeast. Nature 425, 737–741 (2003).
 38. Kulak, N. A., Pichler, G., Paron, I., Nagaraj, N. & Mann, M. Minimal, encapsulated proteomic-sample processing applied to copy-

number estimation in eukaryotic cells. Nat. Methods 11, 319–324 (2014).
 39. Hereford, L. M. & Rosbash, M. Number and distribution of polyadenylated RNA sequences in yeast. Cell 10, 453–462 (1977).
 40. Haar, V. D. T. A quantitative estimation of the global translational activity in logarithmically growing yeast cells. BMC Syst. Biol. 2, 

87 (2008).
 41. Miura, F. et al. Absolute quantification of the budding yeast transcriptome by means of competitive PCR between genomic and 

complementary DNAs. BMC Genomics 9, 574 (2008).
 42. Blewett, N. H. & Goldstrohm, A. C. A Eukaryotic Translation Initiation Factor 4E-Binding Protein Promotes mRNA Decapping and 

Is Required for PUF Repression. Mol. Cell. Biol. 32, 4181–4194 (2012).
 43. Rendl, L. M., Bieman, M. A., Vari, H. K. & Smibert, C. A. The eIF4E-Binding Protein Eap1p Functions in Vts1p-Mediated Transcript 

Decay. PLoS One 7, 1–8 (2012).
 44. Coller, J. M. & Parker, R. General Translational Repression by Activators of mRNA Decapping. Cell 122, 875–886 (2005).

Acknowledgements
We thank the anonymous reviewers of this manuscript for their valuable comments. We also thank Dr. Patricia 
Stanhope Baker for help with manuscript preparation. This work was supported by Swiss National Foundation 
grant 31003A_146722/1 (to MA) and in part by NIH grant HL121779 (AAK).

Author Contributions
M.A. conceived and designed the study, M.A. and A.A.K. supervised the research, and N.A., D.R.-K. and A.K. 
performed the research. N.A., D.R.-K., A.K., A.A.K. and M.A. analyzed the data. N.A., D.R.-K. and M.A. wrote 
the manuscript and all authors contributed to the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-25273-3.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1007/7355_2016_2
http://dx.doi.org/10.1261/rna.062059.117
http://dx.doi.org/10.1038/s41598-018-25273-3
http://creativecommons.org/licenses/by/4.0/

	Properties of the ternary complex formed by yeast eIF4E, p20 and mRNA
	Results
	p20 binds directly to RNA. 
	The positively charged 3R/3H motif in p20 contributes to its RNA-binding capacity. 
	The eIF4E/p20 complex enhances translation efficiency in vitro in a factor-dependent lysate. 
	eIF4E-binding peptides inhibit eIF4E-dependent but not eIF4E/p20-dependent translation. 
	An N-terminal 18aa p20 peptide inhibits capped mRNA translation but does not affect eIF4E/capped mRNA interaction. 

	Discussion
	Methods
	Protein expression and purification. 
	Synthesis of mRNA transcripts for use in in vitro translation assays. 
	mRNA synthesis for MST and EMSA. 
	Microscale thermophoresis assay (MST). 
	Electrophoretic mobility shift assay (EMSA). 
	In vitro translation assay. 
	In vivo analyses. 
	Data availability statement. 

	Acknowledgements
	Figure 1 Determination of dissociation constants (Kd) for eIF4E/p20 complex or eIF4E bound to capped or uncapped RNA by MicroScale Thermophoresis (MST) and Electrophoretic Mobility Shift Assay (EMSA).
	Figure 2 Determination of dissociation constants (Kd) for eIF4E/p20 wild type complex versus eIF4E/p20 R55-57L, H60-62L (6×) mutant complex bound to capped or uncapped RNA by MicroScale Thermophoresis (MST) and Electrophoretic Mobility Shift Assay (EMSA).
	Figure 3 In vitro translation assays performed with 10 ng/assay capped or uncapped “average synthetic” RLuc, PMA1, GRE1 or SSA1 5′UTRs fused to Renilla Luciferase ORF and increasing amounts of His6x-eIF4E alone (green), eIF4E/His6x-p20 complex (red) or eI
	Figure 4 Inhibition of eIF4E-dependent in vitro translation by 4E-binding peptides.
	Figure 5 Effect of the N-terminal 18aa p20 peptide on translation and eIF4E binding of capped RNA.
	Table 1 Summary of all measured Kds (nM).




