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Abstract 

Protein synthesis is linked to cell proliferation and its deregulation contributes to cancer. 

eIF1A plays a key role in scanning and AUG selection and differentially affects translation of 

distinct mRNAs. Its unstructured N-terminal-tail (NTT) is frequently mutated in several 

malignancies. Here we report that eIF1A is essential for cell proliferation and cell-cycle 

progression. Ribosome-profiling of eIF1A knockdown cells revealed a substantial enrichment 

of cell-cycle mRNAs among the downregulated genes, which are predominantly characterized 

by lengthy 5’UTR. Conversely, eIF1A depletion caused a broad stimulation of 5’UTRs initiation 

at near-cognate AUG, unveiling a prominent role of eIF1A in suppressing 5’UTR translation. In 

addition, the AUG-context dependent auto-regulation of eIF1 is disrupted by eIF1A depletion 

suggesting for their cooperation in AUG-context discrimination and scanning. Importantly, 

cancer-associated eIF1A-NTT mutants augment eIF1A positive effect on long 5’UTR while 

hardly affecting AUG selection. Mechanistically, these mutations diminish eIF1A interaction 

with Rps3 and Rps10 implicated in scanning-arrest. Our findings suggest that reduced binding 

of eIF1A NTT mutants to the ribosome retains its open state and facilitate scanning of long 

5’UTR-containing cell cycle genes.  
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Introduction 

The process of protein synthesis is one of the most energy consuming cellular processes and 

is therefore under tight regulation by nutrients availability and various signal transduction 

pathways related to stress and cell proliferation (1). Both, cell proliferation and mRNA 

translation are dependent upon the same mitogenic signaling and are therefore strongly 

linked. Within the eukaryotic translation machinery, the cap-binding eIF4E protein is the 

major target for these signaling events. The contribution of other initiation factors to the 

control of cellular growth is largely unknown.  

Translation of mRNA requires a complex apparatus consisting of mRNA, ribosomes, 

tRNAs and protein factors. mRNA translation is a cyclic process which can be divided into 

initiation, elongation, termination and recycling. Within this framework the initiation stage is 

considered a major regulatory target. This stage involves different initiation factors (eIFs) and 

different mRNA features, all of which play important roles in translational control. The 

predominant form of eukaryotic translation initiation depends on the m7G cap structure, 

present at the 5’end of the mRNA. In addition, the translation process involves 43S Pre-

Initiation Complex (PIC) consisting of 40S ribosome + associated factors, attachment of the 

PIC to the mRNA, ribosomal scanning, start codon selection and subunit joining (2, 3).  

The scanning process which is critical to translation initiation, is promoted by eIF1 and 

eIF1A (3, 4). Biochemical, genetic, and structural analyses established that eIF1 and eIF1A 

bind the 40S subunit near the P and A sites, respectively, and promote an open 40S 

conformation which is scanning competent (3). The open conformation is supported by the 

C-terminal tail (CTT) of eIF1A. Base pairing of Met-tRNAi with an AUG triplet promotes 

dissociation of eIF1 from the 40S subunit, rearrangement to a closed conformation and 

scanning arrest. The ‘closed’ arrested conformation of the 40S is facilitated by the N-terminal 
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tail (NTT) of eIF1A. Thus, the two tails of eIF1A play opposing roles in scanning and AUG 

selection. We have recently shown that the interaction of eIF1A with the 43S is partly 

mediated by Rps3 and Rps10, ribosomal proteins located at the A site, which undergo 

conformational change during transition of the 43S to 80S (5). How these interactions 

contribute to the initiation process is presently unknown.  

eIF1A is a small 17 KD initiation factor that is highly conserved among all eukaryotes.  

Most of our knowledge on eIF1A function and structure was gained from genetic and 

biochemical studies in yeast. Interestingly, somatic mutations in eIF1A, especially in the NTT, 

were recently found to be associated with uveal, thyroid and ovarian cancers (6-9). 

Combination of eIF1A and Ras mutations has been reported in different types of epithelial 

cancer (Thyroid Carcinoma) and melanomas (7, 8). Presently very little is known about the 

biological function of eIF1A in mammalian cells and how perturbations of this function 

contribute to cancer.  

In the present study we used mammalian cells to investigate the physiological and 

molecular functions of eIF1A and how eIF1A-NTT cancer-associated mutants alter these 

activities. We report that eIF1A has a critical role in maintaining cell proliferation and cell cycle 

progression by supporting the G2/M phase of the cell cycle. Using ribosome profiling to 

explore the translational landscape of cells depleted of the two eIF1A paralogs, we find 2 

major subsets of eIF1A-regulated mRNAs, both of which are related to the function of eIF1A-

CTT. The downregulated gene set is enriched with cell cycle genes and predominantly 

characterized by lengthy 5’UTR thus dependent on the scanning promoting activity of eIF1A-

CTT. The other gene class display dramatic stimulation of initiation in 5’UTRs at near-cognate 

AUG codons which is unexpectedly linked to translation upregulation, most likely via 

reinitiation. This observation uncovers those mRNAs that are targeted by eIF1A for 
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suppression of inappropriate initiation. We further demonstrate that the cancer-associated 

NTT mutants elevate the scanning promoting activity eIF1A on long 5’UTR but have little 

effect on AUG selection. At the molecular level, these mutations diminish eIF1A interaction 

with A-site ribosomal proteins Rps3 and Rps10 which are involved in scanning arrest. Our 

findings provide a mechanistic basis for promotion of cell proliferation by eIF1A-NTT mutants 

which involves scanning enhancement of long 5’UTR-containing cell cycle genes.  
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Results 

eIF1A is essential for cell proliferation and cell cycle progression  

To address the function of eIF1A we initially attempted to knockout the two paralogs of eIF1A 

encoded by chromosomes 18 [eIF1A(18)] and X (eIF1AX) that are expressed in mouse 

embryonic fibroblasts (MEFs) using CRISPR-Cas9 system. However, we could not obtain stable 

double knockout of these paralogs. We therefore used siRNA against the two eIF1A encoding 

genes which resulted in efficient downregulation of eIF1A mRNAs and protein (Fig. 1A).  eIF1A 

KD caused a visible effect on cell number (Fig. 1B) which was validated by live-cell counting 

(Fig. 1C) and a luminescent cell proliferation assay (Fig. 1D), suggesting that it is required to 

maintain cell proliferation.  

To investigate whether the reduced cell number seen upon eIF1A depletion is 

associated with alterations in the cell cycle, we analyzed the partition of cells in G1, S and 

G2/M phases of the cell cycle by flow cytometery following DNA staining with propidium 

iodide. The results revealed that eIF1A KD caused substantial changes in the distribution of 

cells at the different phases of the cell cycle. Specifically, we observed in eIF1A KD 

accumulation of cells in the S phase along with a dramatic decrease in cells of G2/M phase of 

the cell cycle compared with control (Fig. 1E). In addition, there is an increase in the sub-G1 

dead cells in the eIF1A KD cells. These results suggest that the growth defect associated with 

eIF1A depletion can be attributed to a block in S phase or impaired transition from S to G2/M 

along with reduced cell survival. Thus, the two eIF1A genes are most likely essential for cell 

proliferation and survival in MEFs which can explain the unsuccessful attempts to knock them 

out. 
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eIF1A depletion causes extensive changes in translation of cell cycle genes 

To examine the impact of eIF1A on translation, MEFs were transfected with control or 

combination of eIF1AX and eIF1A(18) siRNAs for 72 hours (eIF1A KD) and then lysed and 

subjected to sucrose gradient sedimentation. The polysome profile of eIF1A depleted MEFs 

was dramatically changed compared to control, as the relative amount of 80S monoribosome 

was increased while polysomal fractions were substantially decreased (Fig. S1), indicating for 

inhibition of translation. To study further the changes in translation initiation landscape of 

eIF1A KD cells we applied the ribosome profiling (RP) approach in the presence of 

harringtonine (Hrr) and cycloheximide (CHX) as translational inhibitors as described 

previously (10). We performed deep sequencing of the ribosomal protected RNA fragments 

along with mRNA-seq of control and eIF1A depleted MEFs. Analysis of the length of the 

ribosome-protected fragments revealed the expected 28-31-nucleotide peaks in all samples 

(Fig. 2A) and comparison of the two biological repeats using scatter plot indicate for their high 

similarity (Fig. 2B). Inspection of the read coverage of eIF1AX and eIF1A(18) genes confirmed 

efficient knockdown of the two paralogs at the mRNA and translation levels (Fig. S2). Meta-

gene analysis of the distribution of normalized reads in the coding region (CDS) of 6331 genes 

revealed that the overall coverage of the two eIF1A KD samples is generally lower than that 

of control samples (Fig. 2D, left). Considering the expected general role of eIF1A, it was 

surprising that its depletion resulted in CDS translational down regulation of only 1014 and 

upregulation of 439 genes (Fig. 2C) while the vast majority of mRNAs were unaffected. Meta-

profiles of the downregulated gene set revealed reduced ribosome occupancy, particularly in 

the mRNAs bodies, in the two KD samples compared to their controls (Fig. 2D, right).  This 

finding is consistent with the reduction in the amount of polysomes seen in the polysome 
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profiling following eIF1A KD (Fig. S1) which together suggest that eIF1A depletion causes a 

defect in the transition from initiation to elongation in this subset of genes.  

The translation of TOP-containing mRNAs that include ribosomal proteins and 

translation initiation factors, is known to be effectively downregulated in response to a 

variety of stresses (11, 12).  The RP data revealed that neither ribosomal proteins nor 

translation initiation factors are among the translationally downregulated genes (Table S1). 

We confirmed this observation by analyzing the levels of a subset of these proteins to which 

antibodies were available and found them to be largely unchanged (Fig. S3). Likewise, the 

translation of several mRNAs known to be up-regulated in response to stresses that elevate 

eIF2a serine 51 phosphorylation such as ATF4 and CHOP (DDIT3), were unaffected by eIF1A 

KD (Table S2). These findings rule out the possibility that the translational effect seen upon 

eIF1A depletion is indirectly related to translational stress-response. 

Biological pathway analysis indicate that the most enriched categories associated with 

the downregulated gene set are related to cell cycle and include cell cycle, DNA damage 

response and repair, mitotic cell division and G2/M transition of mitotic cell cycle (Fig. 2E). 

Translational downregulation of these categories can explain the observed cell proliferation 

and cell cycle progression defects associated with eIF1A KD (Fig. 1E). Examples of several 

translationally downregulated cell cycle genes that include Wee1, Tgfb1, Nedd1, Rad21 Usp8 

and Klhl9 can be seen in Fig. 3. The ribosome occupancy in the CDS of all these representative 

genes is substantially reduced. Analysis of several proteins from these pathways by western 

blot confirms that their diminished translation upon eIF1A KD leads to reduced protein levels 

(Fig. 2G). Analysis of the downregulated genes in a disease database revealed enrichment of 

various types of cancers more than any other disease (Fig. 2F), highlighting the importance of 

eIF1A in this pathology.  
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Translational control by eIF1A is largely determined by the 5’UTR length 

Considering the role that eIF1A plays in the stringency of start codon selection (13) we 

compared the context of the start codon of the eIF1A-dependent mRNAs to the AUG flanking 

sequence of the unaffected mRNAs. As can be seen in Fig. 4A the logos of the downregulated, 

upregulated and unaffected gene sets are almost indistinguishable. Thus, the requirement of 

eIF1A for the downregulated mRNAs seems to be largely AUG-context-independent. Next, we 

compared the 5’UTR length between the different gene sets and found that the 

downregulated and upregulated mRNAs are significantly longer and shorter, respectively, 

compared to the unaffected genes (Fig. 4B). To examine whether the 5’UTR length is relevant 

to the eIF1A-dependent cell-cycle genes, which constitute only 8% of all the downregulated 

genes, we specifically analyzed the 5’UTR size and found that they have indeed longer 5’UTR 

compared to the unaffected or upregulated gene sets (Fig. 4B).  

 To investigate further the association of 5’UTR length and eIF1A regulation we used 

two reporter genes which have identical strong AUG context but differ in their 5’UTR length 

as shown schematically in Fig. 4C. MEFs were transfected with control or eIF1AX plus 

eIF1A(18) siRNAs and 48h later transfected again with these siRNAs together with the two 

reporters. The results, which are expressed as the ratio between the long (Renilla) and the 

short (Firefly) luciferase activities, revealed diminished relative activity of the long 5’UTR in 

eIF1A KD cells compared to control (Fig. 4D). The observed effect is not a consequence of 

differential expression of the short and long mRNAs in eIF1A KD cells (Fig. 4E). Thus, the 

ribosomal profiling along with the reporter gene assays suggest that 5’UTR length is the 

primary feature involved in the translational control by eIF1A in mammalian cells. 
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Marked increase in 5’UTR translation initiation in response to eIF1A KD 

We next analyzed relative levels ribosomal occupancies in the 5’UTR and we observed that 

there is an overall increase in 5’UTR ribosomal footprints upon eIF1A KD. Specifically, 1907 

expressed genes, that constitute 28% of all analyzed genes show upregulation of >2-fold in 

their 5’UTR (Fig. 5A). This effect is clearly evident from the meta-gene profile of all genes (Fig. 

5B, left) and of this gene set (Fig. 5B, right).  As uORF can have important regulatory role on 

translation of the main ORF (14, 15), we compared the 5’UTR up-regulated gene set to the 

genes displaying down and up regulation of translation in their CDS using Venn diagram (Fig. 

5C). Interestingly, there is very little overlap between the genes displaying enhanced 5’UTR 

footprints with the CDS downregulated genes, suggesting that elevated 5’UTR initiation does 

not significantly contribute to the regulation of these gene set by eIF1A.  On the other hand, 

a substantial overlap is seen with the CDS upregulated gene set. Interestingly, the 5’UTR 

length of this specific overlapping set is significantly shorter than the rest of the 5’UTR 

upregulated set (Fig. S4), raising the possibility that increased 5’UTR translation contributes 

to enhanced CDS translation, most likely via re-initiation.  

Translation initiation from the major ORF primarily occurs via AUG while initiation 

from 5’UTR tend to be more flexible and utilize near-cognate AUGs (16). We examined the 

sequence context of the translation initiation site (TIS) in the reads of the 5’UTR in control 

and eIF1A KD samples and found that the most variable nucleotide is the first of the AUG 

triplet (Fig. 5D). We also determined the percentage of all possible combinations of AUG 

single substitutions (Fig. 5E). The results confirm that the first nucleotide is the most diverged, 

but in the case of eIF1A KD 13% of the TISs occur in ACG triplet which is very rare in the control 

sample. Several specific examples that include Jun, Mrps17, Slc35e4 and Atp5g3 can be seen 

in Fig. 5F.  
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The features associated with the enhanced 5’UTR translation suggest that eIF1A 

depletion enhances the frequency of near-cognate AUG utilization in 5’UTRs. To examine this 

notion further, we used a series of luciferase reporter genes in which the initiating triplet is 

either AUG, CUG, GUG and UUG (Fig. 5G, top). Cells were depleted of eIF1AX plus eIF1A(18) 

using siRNAs and 48h later transfected again with these siRNAs together with the NUG 

reporters. The activities of CUG, GUG and UUG, which are expressed as percentage of AUG, 

were significantly enhanced by eIF1As KD (Fig. 5G). These findings provide strong support to 

the idea that eIF1A indeed acts to inhibit 5’UTR translation at near-cognate AUG in 

mammalian cells. 

 

eIF1A is an essential component of eIF1 autoregulatory feedback loop 

eIF1 plays a central role in scanning and AUG selection in an optimal context. eIF1 itself has 

an evolutionarily conserved poor AUG context that is necessary for an autoregulatory 

negative feedback loop in which high eIF1 levels inhibits its own translation and prevents its 

overexpression (17). Considering the overlapping functions of eIF1A-CTT and eIF1 we 

analyzed the effect of eIF1A depletion on eIF1 translation. Remarkably, we found that eIF1 

translation is substantially upregulated (Fig. 6A). Consequently, eIF1 protein levels are 

dramatically elevated in eIF1A KD cells (Fig. 6B), suggesting that the autoregulatory negative 

feedback loop is severely disrupted. The mRNA levels of eIF1 are also increased (Fig. 6C), 

presumably due to the effect of translation on mRNA stability. We noticed that the elevation 

of eIF1 upon eIF1A depletion is associated with the appearance of translation initiation sites 

in the 5’UTR at CUG and ACG codons, which are hardly detected in control cells. Thus, eIF1 

ability to restrict its own translation in the 5’UTR and the main ORF is lost in the absence of 

eIF1A. Considering the strong scanning-promoting activity of eIF1 (see for example (18, 19)), 
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one would expect translation of long 5’UTR mRNAs to be elevated due to this dramatic 

upregulation upon eIF1A KD. Contrary to this expectation long 5’UTR mRNAs are in fact 

downregulated (Fig. 4), suggesting that the scanning promoting activity of eIF1 requires its 

cooperation with eIF1A. 

 

Cancer associated eIF1A NTT mutants primarily enhance translation of long 5’UTR mRNAs 

Several studies revealed a link between somatic mutations in eIF1A, especially in the NTT, and 

cancers of uveal, thyroid and ovaries (6-9). Given the importance of eIF1A for the translational 

control of cell cycle genes via their long 5’UTR and the established role of cell cycle 

dysregulation in tumorigenesis, we set out to examine the function of cancer-associated NTT 

mutations. We used overexpression studies which bear some similarity with cancer cells in 

which eIF1A mutant co-exists with the WT proteins. MEFs were transfected with the long and 

short 5’UTR reporter genes described in Fig. 4C together with WT and mutant eIF1A plasmids 

(Fig. 7A). The results revealed that exogenous eIF1A enhanced the activity of the long 5’UTR 

reporter as compared to the short one (Fig. 7B). Interestingly, the effect of all the NTT mutants 

is significantly greater than that of the WT (Fig. 7B). Analysis of selected mutants in human 

HEK293T cells revealed similar enhancement of the long 5’ UTR translation by NTT mutants 

compared to WT (Fig. 7C), confirming that this effect is not confined to a single cell type. To 

examine further the effect of eIF1A-NTT mutation on short and long 5’UTR mRNA we carried 

a polysomal profiling following a similar transfection experiment with eIF1A WT and G8R/G9R 

mutant together with short and long 5’UTR reporter genes. Both eIF1A variants cause a 

modest increase in the heavy polysomal fractions (Fig. 7D). Comparing the effects on short 

and long 5’ UTR mRNAs revealed a clear differential enhancement of the long 5’UTR by 

G8R/G9R mutant (Fig. 7E and F). We also analyzed the effect of the WT and the NTT mutants 
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on CUG-driven translation but no significant effect was observed (Fig. S5). These findings 

suggest that the effect of these mutations is primarily related to 5’UTR length rather than 

initiation site stringency in mammalian cells.  

 

NTT mutants are defective in A-site Rps10 and Rps3 binding 

In the PIC eIF1A is located near A-site ribosomal proteins Rps3 and Rps10 and the mRNA 

channel (20). Both ribosomal proteins contact AUG downstream nucleotides and implicated 

in scanning arrest of short 5’UTR mRNAs bearing the TISU element (5). In addition, Rps3 and 

Rps10 were shown to interact with eIF1A in a cell-based split-Renilla assay (5). Considering 

the potential role of Rps3 and Rps10 in scanning inhibition we set to determine the impact of 

eIF1A NTT mutations on the binding to these ribosomal proteins. We first determined 

whether these interactions are direct using pull down assays. His-Rps3, His-Rps10 and eIF1A 

(tag-less) were each expressed in E. coli. His-Rps3 and His-Rps10 were incubated with nickel 

agarose beads in the absence or presence of eIF1A (Fig. 8A and B, lanes 3 and 5, respectively). 

As a control eIF1A was incubated with empty nickel beads (Fig. 8A and B, lane 4). The results 

revealed efficient binding of eIF1A to both ribosomal proteins (Fig. 8A and B, lane 5), 

confirming their direct specific interaction. Next, a similar analysis was carried with 3 eIF1A 

NTT mutants G6D, G9D/R13H (double mutant) and K10E (Fig. 8A, lanes 6-18 and Fig. 8B, lanes 

6-16). Quantifying the relative amount of bound protein revealed a marked reduction in the 

amount of bound K10E mutant on RPS3 as compared to WT while the effect of the binding to 

Rps3 by G6D and G9D/R13H mutants was not significant (Fig. 8A&C). With Rps10 all mutants 

G6D, G9D/R13H and K10E bound less efficiently. Thus, it can be concluded that at least part 

of the effect of the eIF1A NTT mutations on translation may be attributed to reduced binding 

to ribosomal proteins. 
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Discussion 

In this study we addressed the biological function of eIF1A and the mechanism underlying the 

translational dysregulation conferred by eIF1A-NTT mutations in mammalian cells. By 

downregulating the two eIF1A paralogs in MEFs we demonstrate a critical role of this factor 

in promoting cell proliferation and cell cycle progression with a particular defect in G2/M 

phase of the cell cycle. Exploring the translation landscape of cells depleted of both eIF1A 

paralogs using ribosome profiling, we uncovered 2 major non-overlapping subsets of eIF1A-

regulated mRNAs, which are related to known molecular attributes of eIF1A. The first includes 

1014 mRNAs displaying translation downregulation of the major ORF. This set is highly 

enriched with cell cycle as well as cancer associated genes indicating that eIF1A plays a critical 

role in driving translation of these mRNAs and highlighting the potential contribution of its 

deregulation to cancer. Considering the importance of this factor in initiation site selection 

based on the stringency of the AUG context (2, 4), it was unexpected to observe that the most 

specific feature characterizing this gene set is lengthy 5’UTR rather than differences in the 

AUG context, a finding that was also validated by reporter gene assay. This observation raises 

the possibility that maintaining the stringency of AUG context in ORFs is fulfilled by other 

initiation factors with similar activity. Thus, in the downregulated gene set the most important 

function conferred by eIF1A is the facilitation of scanning, an activity known to be mediated 

by the scanning enhancer present in eIF1A-CTT. On the other hand, eIF1A-NTT was shown to 

bear a scanning inhibitor (21). As all the 7 cancer-associated eIF1A-NTT mutants analyzed here 

displayed higher scanning promoting activity compared to WT, it can be concluded that these 

mutants are defective in scanning inhibition. Thus, it is likely that cancer cells benefit from 

eIF1A’s ability to enhance scanning to facilitate translation of cell cycle and tumor promoter 

genes such as those identified here.  
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The largest gene collection affected by eIF1A depletion is characterized by elevated 

translation initiation in 5’UTR at near cognate AUG, suggesting for relaxation of start codon 

stringency and higher frequency of scanning-arrest at these sites (ribosomal closed 

confirmation). This is clearly exemplified by the dramatic increase in the utilization of the ACG 

triplet as a start codon in the eIF1A KD samples and the results with the NUG reporter gene 

assay which demonstrate heightened near-cognate AUG initiation upon eIF1A depletion. 

Thus, it appears that eIF1A has a major role in preventing initiation from near cognate AUG 

in the 5’UTRs of mammalian genes, to maintain protein homeostasis and avoid energy 

expenditure. As this inhibitory activity is also attributed to the CTT of eIF1A, it seems that this 

domain is dominant relative to the NTT in mammalian cells. 

Remarkably, 55% of those mRNAs that present elevated translation in the main ORF 

overlap with the mRNAs displaying increased 5’UTR translation (Fig. 5C), suggesting for a 

functional link between these effects. This observation was unexpected as uORF tend to 

diminish translation from a downstream main ORF (14, 15). One possibility that can explain 

this link is the process of translation reinitiation, a mechanism in which an uORF can retain 

the small ribosomal subunit on the mRNA after termination and initiate translation at a 

downstream site as occurs in stress response mRNAs such as the yeast GCN4 and its 

mammalian homolog ATF4 (22-24). Reinitiation efficiency depends on several features and 

factors, of which a major one is the distance of the uORF from the main ORF. A hint that this 

mechanism may indeed be involved in the translation up-regulation here is the fact that this 

set is generally characterized by shorter 5’UTR length and therefore increased likelihood for 

a short distance between the uORF and the main ORF. Thus, inhibition of 5’UTR initiation by 

eIF1A not only serves to prevent wasteful uORF synthesis but also to keep the translation of 
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mRNAs with relatively short 5’UTR under control. Interestingly, in mammalian cells the eIF1A-

NTT mutants do not show enhanced inhibition of near-cognate AUG selection compared to 

WT eIF1A (Fig. S5), whereas these mutations in yeast eIF1A enhance the stringency of 

initiation site selection (25). This finding can be explained by a higher degree of redundancy 

of this activity among mammalian eIFs as well as the fact that both eIF1 and eIF1A are each 

encoded by at least two genes.  

The genes encoding eIF1 in most eukaryotes contain an AUG in a poor context (17, 26) 

and eIF1 itself inhibits translation from AUG context that diverges significantly from the Kozak 

(18, 27). Consequently it was found that mammalian eIF1 negatively autoregulates its own 

translation in a manner that is dependent on the poor context of its start codon (17). Thus, 

eIF1 cannot be overexpressed in cells. Interestingly, our findings revealed that this 

autoregulatory loop is severely disrupted upon loss of eIF1A, as eIF1 translation is 

dramatically elevated and eIF1 protein levels rise substantially. This finding uncovered the 

important role of eIF1A in limiting eIF1 translation and the cooperation of these factors in 

discriminating against poor AUG context. Furthermore, despite the dramatic eIF1 

upregulation upon eIF1A KD, the mRNAs that are downregulated tend to have longer 5’UTR, 

suggesting that eIF1 cannot compensate for eIF1A loss and most likely their ability to promote 

scanning is interconnected.  

The cryo-EM structure of the 48S in the presence of eIF1 and eIF1A suggest that eIF1A 

is located near the A-site and the mRNA channel around +4 and +5 positions and is also in 

proximity to the 18S rRNA, RPS3 and RPS10 (20). Here we show that eIF1A interacts directly 

with each Rps3 and Rps10 and that both interactions are weakened by several cancer-

associated NTT mutants. The effects of these mutations on binding to mRNA and 18S are yet 
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to be determined. As these mutants also impair the scanning inhibition associated with this 

domain, we infer that eIF1A-Rps3/10 interactions serve to promote scanning arrest and the 

‘closed’ conformation. These findings nicely fit our recent report of the involvement of Rps3 

and Rps10 in the scanning arrest promoted by TISU, a translation regulatory element that 

directs cap-dependent and scanning-free initiation (18, 19, 28). Both Rps3 and Rps10 were 

specifically cross-linked to positions +5 and + 6 of TISU in a dynamic manner (5). In this study 

TISU was also found to be highly dependent on eIF1A. It was therefore unexpected that TISU 

genes were not found to be enriched among the eIF1A affected genes. A possible explanation 

for this may be related to the dramatic upregulation of eIF1 upon eIF1A KD in MEFs. As TISU 

activity is highly eIF1 dependent and eIF1 was shown to compensate for the absence of eIF1A 

in in vitro translation assays (19) it is possible that eIF1 and eIF1A also play redundant 

regulatory role in TISU-mediated translation in MEFs. An alternative explanation may relate 

to the short 5’UTR length of TISU mRNAs which may result in a footprint at the initiation site 

that has shorter length than 28 nt.  

In summary, by combining global translation analysis of cells depleted of the two 

eIF1A paralogs along with complementary studies of the cancer associated mutants of eIF1A, 

we uncovered the most important mRNA features underlying differential regulation of 

distinct mRNAs by eIF1A in mammalian cells. In particular, our findings point to the essential 

function of eIF1A-CTT which has fundamental and non-redundant role in promoting scanning 

of long 5’UTR mRNAs and inhibiting inappropriate 5’UTR translation. Thus eIF1A-CTT emerges 

as a potential target for drugs against cancers with and without eIF1A mutations.  
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Materials and Methods 

eIF1A knockdown experiments 

Mouse embryonic fibroblasts were transfected using RNAimax lipofectamine (Cat no. 

13778075) with either 50 nM control siRNA (Non-targeting Control siRNAs: D-001810-03-20, 

Dharmacon, GE Healthcare life sciences), or siRNAs targeting chromosome 18 eIF1A 

(SMARTpool: D-0625552-01) and si-eIF1AX, (SMARTpool: D-063045-01) both from 

Dharmacon, GE Heathcare life sciences. The SMARTpool consists of 4 distinct siRNAs for each 

gene. 24h later cells were split and after additional 24h were transfected again with the 

siRNAs. 72h after the initial transfection, cells were harvested for the various analyses 

described in the results section.  

 

Cell viability experiments 

MEFs in a 6-well plate were transfected with control or eIF1A siRNAs as described above. 

After 72h, cells were subjected to cell viability measurement using CellTiter-Glo Luminescent 

Assay (Cat no. G7571, Promega). In addition, eIF1A knockdown and control cells were stained 

with trypan blue (cat no. T8154, Sigma) and live cells were counted using Biorad TC20 cell 

counter. 

 

Cell cycle analysis 

MEFs were transfected with control or eIF1A siRNA as described above. eIF1A KD and control 

MEFs were trypsinized and washed twice with ice cold PBS. Subsequently, cells were fixed 

overnight in 70% ethanol and washed twice with ice cold PBS and resuspended in staining 

buffer (0.1% triton X-100, 2mg RNase A and 4% propidium iodide), and incubated at 370C for 
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15 minutes. Cells were monitored by BC LSRII flow cytometer and data was analyzed using 

Modfit Lt Software.  

 

Ribosome profiling 

Ribosomal footprinting were generated essentially as described in MEFs (10). Briefly, MEFs in 

10 cm plates were transfected with control or eIF1A siRNA as described above. 72h later cells 

were incubated with 2µg/ml harringtonin (HR) (LKT Laboratories, cat.no. H0169) for 2 minutes 

followed by addition of 100µg/ml cyclohexamide (CHX). Cells were lysed and were used for 

ribosomal footprinting and library preparation as described (10) and for total RNA 

preparation. The resulting ribosome profiling libraries were sequenced on HiSeq2500 High-

Output instrument (Illumina) to yield 60 bp single-end reads. RNA-seq was performed using 

derivation of MARS-seq as described (29). The final mRNA libraries were sequenced using 

high-throughput 75 bp kit (Illumina FC404-2005) on NEXTseq 500 instrument to yield 75 bp 

paired end reads. 

 

Data analysis of the ribosome profiling  

Preprocessing and alignment - The number of input RP reads per sample was in the range of 

52M -62M single end of length 61 bases.  Initial analysis steps are similar to described in 

Ingolia et al. (10) and consisted of preprocessing sequences by removing first base and 

adapter and filtering for sequences of length 20 to 50 with cutadapt 

(http://journal.embnet.org/index.php/embnetjournal/article/view/200/479; parameters : -a 

CTGTAGGCACCATCAATAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC --discard-untrimmed 

--times 1 -u 1 -m 20 -M 50) in other words keeping sequences that had adapter (not trimming 

by quality of bases).  rRNA was removed by running bowtie (30) against a database of rRNA 
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downloaded from http://genome.ucsc.edu/cgi-bin/hgTables  and making a fastq file of non-

rRNA sequences (bowtie  parameters: -norc –un). The number of reads remaining was in the 

range 24M-30M. Next, sequences were aligned to refSeq mm10 transcripts (downloaded 

from iGenomes) using bowtie (parameters --norc -S -l 25 -n 2 -m 100 --best –strata). 

Proportion plots of aligned reads to length of reads was done using riboSeqR package 

(Bioconductor) after converting the sam file to bam with samtools (31). For gene 

quantification and RP summit detection, reads of length 28-33 were selected using cutadapt 

(parameters: -m 28 -M 33) and aligned to  mm10 mouse   genome using TopHat2(32) 

(parameters : --no-novel-juncs --library-type fr-firststrand). Bam files were converted to tdf 

files using igvtools count, in order to view with IGV(33). Number of reads aligned were in the 

range 3.5M-5M, out of them more than half aligned uniquely.  

CDS and 5’UTR quantification - For quantification UTR and CDS gtf files were created from 

refseq annotation, avoiding regions found in both region types. HTSeq was used for the 

quantification (parameters -s yes -t exon -m intersection-nonempty). The option intersection-

nonempty allows to assign junction reads to either the CDS or UTR, depending where most of 

the read is placed. The number of reads quantified as 5’ UTR range from 107K to 135K and to 

CDS range from 270K to 808K.  

Translation efficiency, 5’UTR length and start codon analyses - Counts for 5’ UTR and CDS 

were unified per sample and the quartile distribution was calculated.  Since 75% of the counts 

were below 26, only genes that had at least 26 counts in one of the samples were used in 

subsequent steps.  Variations in sample sizes were normalized using the DEseq2 statistical R 

language package(34).  Translation efficiency for each sample was calculated from the ratio 

of ribosome profiling counts compared to Mars-seq mRNA levels for 5’ UTR and CDS 

separately.   Thereupon, the ratio between samples and controls was calculated on log 
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transformed data.  Genes were categorized into upregulated or downregulated if the sample 

vs control ratio of translation efficiency was over 1 or under -1 for both samples, respectively, 

or unaffected for all other cases.  The mean 5’ UTR length (for all transcripts defined in the 

iGenomes Illumina mm10 gtf file) per gene distribution was calculated for the 

aforementioned categories.  Differences between gene categories was evaluated using one-

way ANOVA and effect size was estimated using Cohen’s D.  Cell cycle genes, which represent 

a subset of genes that are downregulated in their CDS translation efficiency ratio, were 

separately compared to upregulated or unaffected genes.  Similarly, mean 5’ UTR length 

distribution was also performed for categories in a pairwise fashion after mutually excluding 

genes that belong to both categories (intersection).   

Start codon boundary (±6bp) sequences were retrieved from a fasta file containing all mm10 

mRNA sequences (downloaded from the NBCI nucleotide page search using 

"mouse[organism]" and filtered for mRNA and refseq using the left panel) using the bedtools 

getfasta program.  Thereupon, logos were created using MEME (-minw 6 -maxw 9 -maxsize 

1000000 –rna)(35)  

Finding Ribosome profiling summits in 5’UTR - Regions enriched with RP within 5’UTR were 

identified using macs (36)  (parameters: -g 3e9 --keep-dup all --nomodel --shiftsize=1) with no 

model and no filtering of PCR duplicates. Summit peaks were annotated by intersection 

(intersectBed (37)) with refSeq gtf file, shifted 12 bases and expanded to 3 bases (awk 

commands). Bed files were derived for peaks appearing on both replicates and are within 5-

UTR the region and can be extended to 9 bases within exon 5’- UTR boundaries (IntersectBed 

and a Perl script). These peaks bed files were divided according to gene lists (TE down UTR, 

TE up UTR and TE unaffected) (dedicated perl script) and their sequence was extracted to 
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fasta files (bedtools getfasta). Motif enrichment search within 5’ UTR ribosome profiling 

extended summit sequences was done with MEME (35) (parameters: -minw 6 -maxw 9 -rna). 

5’UTR and CDS body coverage plots - Used RSeQC (38) geneBody_coverage.py script to plot 

the coverage using the Tophat bam and  5’-UTR and CDS regions bed12 format (long bed) 

files. A perl script was used to create bed files for the specific gene lists (need to match 

transcript name to gene and extract the relevant genes bed file). 

 

Plasmids 

To generate eIF1A expression plasmids the eIF1AX cDNA was isolated by RT-PCR from 

HEK293T RNA and then cloned in pCDNA3 via BamHI and XhoI sites. The seven eIF1A mutants 

(G6D, G9D, G9R, G8RG9R, K10E, R13H and G15D) were generated by site directed 

mutagenesis using Q5® Site-Directed Mutagenesis Kit from New England BioLabs. The NUG 

firefly luciferase and Renilla luciferase plasmids were kindly provided by Prof. Kastura Asano 

(Kansas State University). The short and the long 5’ UTRs of the firefly and Renilla luciferase 

are derived from SV40. 

 

Binding Assay  

eIF1A-WT and mutants (G6D, G9D/R13H and K10E), His tagged Rps3 and His tagged Rps10 

were each cloned in pRSFDuet-1 vector. The respective protein was expressed using BL-21 

expression system. Binding assay was performed using Ni-NTA His-bind Resins (Novagen) 

followed by western blot. Western blots were quantified using Image studio lite ver 5.2. 
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Figure legends 

Figure 1: eIF1A is an essential for cell proliferation and cell cycle progression. A. Mouse 

embryonic fibroblasts (MEFs) were double transfected with Si-Control (non-targeting) or Si-

eIF1A(18) plus Si-eIF1AX and 72h after the first transfection, RNA and protein lysates were 

prepared and subjected to real-time PCR western blot for measuring knockdown efficiency. 

The graph in the top panel shows the levels of eIF1A(18) and eIF1AX mRNAs normalized to 

GAPDH and the lower panel is immunoblot with eIF1A and tubulin antibodies as indicated. 

NC denotes negative control. B. Phase contrast microscope images showing cells transfected 

with Si-Control (left) and Si-eIF1A(18) plus Si-eIF1AX (right). The pictures were taken 72h after 

transfection. C and D represent cell viability of eIF1A KD and control MEFs was analyzed by 

trypan blue method and Luminescent Cell Viability Assay, respectively. E. Flow cytometric 

analysis of cell cycle using with propidium iodide DNA staining dye, of siControl MEFs (left) 

and si-eIF1A MEFs (right). The percentage of cells in the different phases of the cell cycle are 

indicated. 

 

 Figure 2: Ribosomal profiling of eIF1A KD cells reveals translation downregulation of cell 

cycle and cancer associated genes. A. Ribosome-protected fragment length (in nucleotides) 

in control and eIF1A KD samples (n=2 per sample category). B. Scatter plot shows the RPKM 

correlations (R2>0.9) between the 2 independent replicate experiments of Control and eIF1A 

KD MEFs. C. A table summarizing the number of genes whose ribosomal occupancy was 

affected (fold change ≥ 2 or -2) or unaffected in coding regions (CDS) is response to eIF1A KD. 

D. Meta-gene analysis of the distribution of normalized reads in the coding region (CDS) of all 

analyzed gene (6331, left) and the downregulated genes (1014, right). E. Gene enrichment 

analysis of the biological processes associated with the CDS downregulated genes. The 
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number of genes in each category and the p-value are indicated. F. Gene enrichment analysis 

of diseases associated with the CDS downregulated gene. The number of genes in each 

category and the p-value are indicated. G. Western blot analysis of genes from the cell cycle 

and DNA repair categories that were translationally downregulated upon eIF1A KD. The levels 

of eIF1A and GAPDH (a control for unaffected gene) are also shown.    

 

Figure 3: Consequences of eIF1A depletion on several cell cycle mRNAs. Tracks showing the 

ribosome profiling reads along various cell cycle mRNAs for replicate samples of each Control 

(green) and eIF1A KD (red). Blue bar denotes the actual translated coding sequence based 

upon ribosome profiling. Red arrow indicates direction of translation.  

 

Figure 4. Translational control by eIF1A is predominantly determined by 5’UTR length. A.  

Analysis of the nucleotide context, using the MEME program, of the translation start site of 

the CDS unaffected, down and up gene sets. B. Box plot showing the relation between the 

5’UTR length and translation efficiency of the CDS unaffected, down and up genes as well as 

the cell-cycle gene subset of the downregulated genes as indicated. The * denote statistically 

significant differences. C. Schematic diagram of the reporter gene constructs used to examine 

the role of eIF1A on 5’UTR length. The Renilla luciferase is preceded by a 5’UTR length of 311 

nucleotides (upper) and the 5’UTR length of firefly luciferase is 111 nucleotides (lower). D. 

MEFs were transfected with control or eIF1AX plus eIF1A(18) siRNA and 48h later cells were 

co-transfected again with the siRNA pool together with the reporter genes described in C. 

Cells were harvested 24h after the second transfection and analyzed for Renilla and firefly 

luciferase activities. The graph presents the Renilla and firefly ratio of 6 independent 

experiments (average ± SE). The * denote statistically significant differences, p<0.05. E. The 
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effect of eIF1As KD on the mRNA levels of co-transfected reporter genes described in section 

C analyzed by RT-qPCR.   

 

Figure 5. Broad elevation of 5’UTR initiation upon eIF1A depletion. A. The number of genes 

with the indicated alteration in 5’UTR translation upon eIF1A KD. B. Meta-gene analysis of the 

distribution of normalized reads in the 5’UTR region of all analyzed gene (6331, left) and 

upregulated genes (1907, right). C. Venn diagram showing overlap between CDS up, CDS 

down and 5’UTR up genes. D. Comparison of the nucleotide context of 5’UTR translation 

initiation site (TIS) in unaffected and upregulated genes. E. A pie chart showing the frequency 

(%) of start codon in the ribosome footprints in 5’UTR in the unaffected (right) and 

upregulated (left) gene sets. F. Tracks showing the ribosome profiling reads along various 

mRNAs with upregulation in ribosome density in 5’UTR for replicate samples of each Control 

(green) and eIF1A KD (red) samples. G. MEFs were transfected with control or eIF1AX plus 

eIF1A(18) siRNA and 48h later cells were co-transfected again with the siRNA pool together 

with a firefly luciferase reporter gene driven by AUG, CUG, GUG and UUG as a translation 

initiation codon as shown schematically on the top. Renilla reporter gene was also co-

transfected and served as normalizing control. The activities of the NUG in control and eIF1A 

KD are presented as % of AUG of the indicated number of independent experiments (average 

± SE). The * denote statistically significant differences, p<0.05.  

 

Figure 6. eIF1A is a central player in eIF1 auto-regulatory feedback loop. A. Tracks showing 

the ribosome profiling reads along eIF1 mRNA for replicate samples of each Control (green) 

and eIF1A KD (red). B. eIF1 protein levels in control and eIF1A KD MEFs were analyzed by 

western blot along with eIF1A and GAPDH. This image is a representative of 3 independent 
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experiments with similar results. C. eIF1 mRNA levels in control and eIF1A KD MEFs derived 

from the RNA-seq data. 

 

Figure 7. eIF1A NTT mutants primarily enhance translation of long 5’UTR mRNAs. A. 

Schematic view of eIF1A showing hotspot of NTT mutation reported in various carcinomas. B. 

Several of the eIF1A cancer-associated mutation were introduced in eIF1A expression 

plasmid. MEFs were transfected with the reporter genes described in Fig. 4C together with 

control or eIF1A WT and mutant expression plasmids. Cells were harvested 24h after 

transfection and analyzed for Renilla and firefly luciferase activities. The graph presents the 

Renilla (long 5’UTR) and firefly (short 5’UTR) luciferase activity ratio of the indicated number 

of experiments (average ± SE). The * denote statistically significant differences, p<0.05. C. The 

same experiment as in B with the indicated mutants was done in HEK293T cells. D. HEK293T 

were transfected with control, WT eIF1A and eIF1A G8R/G9R mutant plasmids together with 

the short and long 5’UTR reporter plasmids that are described in Fig. 4C. 48 hours after 

transfection cell lysates were subjected to sucrose gradient sedimentation and fraction 

collection to obtain the polysome profiles shown. E. Real-Time qPCR analysis of the indicated 

long (Renilla) and short (firefly) luciferase reporter mRNAs in the free, light and heavy 

polysomal fractions of the gradient of control, WT and mutant eIF1A expressing cells. F. The 

change in the polysomal to free ratio of the long and short mRNAs upon eIF1A WT and mutant 

expression calculated from the data of section E.   

 

Figure 8. NTT mutants binding to Rps10 and Rps3 is defective. A&B. In vitro binding assays 

of eIF1A WT and mutants with Rps3 and Rps10. His tagged RPS3 (A) and His tagged RPS 10 (B) 

were coupled to Ni-agarose beads and incubated with un-tagged eIF1A WT or mutant as 
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indicated. As a control eIF1A was incubated with the Ni-agarose beads without Rps3/10. The 

pulled-down complexes were washed and then run on SDS-PAGE followed by western blot 

with the indicated antibodies. In all the experiments the input represents 2% of the amount 

of lysate used for the binding. C. Quantitation of the bound protein relative to the input. The 

graph represents the average ± standard error (SE) binding level of 3 experiments. * denotes 

statistically significant difference (p<0.05). 
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Supplementary	figure	legends	

Figure	S1:	eIF1A	depletion	dramatically	affects	the	global	translation.	Cell	lysates	of	

MEFs	treated	with	siControl	(black)	or	si-eIF1A	(red)	cells	were	subjected	to	sucrose	

gradient	sedimentation	and	fraction	collection	to	obtain	polysome	profiles.	

	

Figure	S2:	Validation	of	eIF1A	knockdown	in	the	ribosome	profile.	Tracks	showing	

the	ribosome	profiling	reads	along	eIF1A	(18)	and	eIF1AX	mRNAs	for	replicate	

samples	of	each	Control	(green)	and	eIF1A	KD	(red).	

	

Figure	S3:	Control	and	eIF1A	KD	cells	were	analyzed	by	western	blot	with	antibodies	

against	eIF1A,	GAPDH	and	the	indicated	eIFs	and	ribosomal	proteins.	

	

Figure	S4:	Box	plot	showing	relation	between	the	5’UTR	length	and	translation	

efficiency	in	eIF1A	KD	vs	control	samples	for	5’UTR	UP	genes,	CDS	UP	genes	and	

genes	that	have	both	5’UTR	and	CDS	UP.	

	

Figure	S5:	eIF1A	NTT	mutants	have	minor	effect	on	translation	through	non-cognate	

AUG.	Bar	graph	showing	expression	of	CUG	with	respect	to	AUG	upon	expression	of	

various	eIF1A	mutants	in	MEFs	as	described	in	Fig.	5G.	
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mTOR affected  genes Effect of eIF1A KD on gene 
expression

Rps10 UP
Rps11 UP
Rps12 UP
Rps13 UP
Rps14 UP
Rps15 UP
Rps21 UP
Rps23 UP
Rps24 UNCHANGED
Rps25 UP
Rps26 UP

Rps27a UNCHANGED
Rps27l UNCHANGED
Rps28 UP
Rps29 UP
Rps3 UNCHANGED

Rps3a1 UNCHANGED
Rps5 UP
Rps6 UNCHANGED

Rps6ka1 UNCHANGED
Rps6ka3 DOWN
Rps6ka5 UNCHANGED
Rps6kc1 UNCHANGED

Rps7 UP
Rps8 UP
Rps9 UNCHANGED
Rpsa UP
Rpl10 UP

Rpl10a UP
Rpl11 UNCHANGED
Rpl12 UNCHANGED
Rpl13 UP

Rpl13a UNCHANGED
Rpl14 UP
Rpl15 UP
Rpl17 UNCHANGED
Rpl18 UP

Rpl18a UP
Rpl35a UP
Rpl36 UP

Rpl36a UNCHANGED
Rpl36al UP
Rpl7l1 UNCHANGED
Rpl8 UP
Rpl9 UNCHANGED

Rplp0 UP
Rplp1 UP
Rplp2 UP
Eif1 UNCHANGED

Eif1ad UNCHANGED
Eif1b UNCHANGED

Eif2b1 UNCHANGED
Eif2b3 UNCHANGED
Eif2b4 UNCHANGED
Eif2b5 UNCHANGED
Eif2d UNCHANGED
Eif2s2 UNCHANGED
Eif2s3x UNCHANGED
Eif3a UNCHANGED
Eif3b UNCHANGED
Eif3m UNCHANGED
Eif4a1 UNCHANGED
Eif4a3 UNCHANGED
Eif4b UNCHANGED
Eif4e UNCHANGED

Eif4e2 UNCHANGED
Eif4enif1 UNCHANGED

Eif4h UNCHANGED
Eif5 UNCHANGED

Eif5a UNCHANGED
Eif6 UNCHANGED

Table S1: The effect of eIF1A knockdown on the mTOR-sensitive TOP mRNAs 



eIF2α activated genes
Effect of eIF1A KD on 

gene expression
ATF4 UNCHANGED

ATF5 UNCHANGED

ATF6 UNCHANGED

Impact UNCHANGED

CHOP UNCHANGED

GCN2 Down

GADD34 UP

Table S2: The effect of eIF1A knockdown on translational upregulated mRNAs 
upon eIF2-alpha serine 51 phosphorylation. 



Table S3: primers list

Primer Name Application sequence

GAPDH Forward real-time PCR AGGTCGGTGTGAACGGATTTG

GAPDH Reverse real-time PCR GGGGTCGTTGATGGCAACA

eIF1A (Chr18) 
Forward real-time PCR GTTGCCCTTTCCATCATGCC

eIF1A (Chr18) 
Reverse real-time PCR ACACCGTCAAAGCACATTGC

eIF1AX forward real-time PCR GTGACCAGCCTCTCCTGAGC

eIF1AX Reverse real-time PCR GGAACTGCGGTGACTCCGA

eIF1A G6D forward Site directed mutagenesis CAAGAATAAAGATAAAGGAGGTAAAAAC

eIF1A G6D Reverse Site directed mutagenesis GGCATTTAGATGTCATCAATATC

eIF1A G9D forward Site directed mutagenesis GGTAAAGGAGATAAAAACAGAC

eIF1A G9D Reverse Site directed mutagenesis TTTATTCTTGGGCATTTAG

eIF1A G9R forward Site directed mutagenesis AGGTAAAGGACGTAAAAACAGACG

eIF1A G9R Reverse Site directed mutagenesis TTATTCTTGGGCATTTAGATG

eIF1A G8R_G9R 
forward Site directed mutagenesis TAAAGGTAAACGACGTAAAAACAGACGCAG

eIF1A G8R_G9R 
Reverse Site directed mutagenesis TTCTTGGGCATTTAGATG

eIF1A G15D forward Site directed mutagenesis CAGACGCAGGGATAAGAATGAGA

eIF1A G15D Reverse Site directed mutagenesis TTTTTACCTCCTTTACCTTTATTCTTG

eIF1A K10E forward Site directed mutagenesis TAAAGGAGGTGAAAACAGACGCAG

eIF1A K10E Reverse Site directed mutagenesis CCTTTATTCTTGGGCATTTAG

eIF1A R13H forward Site directed mutagenesis TAAAAACAGACACAGGGGTAAGAATG

eIF1A R13H Reverse Site directed mutagenesis CCTCCTTTACCTTTATTCTTG

eIF1A Forward PCR cloning
CATCACCATCATCACCACAGCCAGGATCCGATGC
CCAAGAATAAAGGTA

eIF1A Reverse PCR cloning
TCGACTTAAGCATTATGCGGCCGCAAGCTTTTAG
ATGTCATCAATATCTTCATC

RPS3 Forward PCR cloning ATGGCAGTGCAAATATCCAAG

RPS3 Forward PCR cloning
TCGACTTAAGCATTATGCGGCCGCAAGCTTTTAT
GCTGTGGGGACTGGCTGGGGCA

RPS10 Forward PCR cloning
CATCACCATCATCACCACAGCCAGGATCCGATGT
TGATGCCTAAGAAGAAC

RPS10 Forward PCR cloning
TCGACTTAAGCATTATGCGGCCGCAAGCTTTTACT
GAGGTGGCTGACCACGTCC


