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1Department of Biological Sciences, School of Pharmaceutical Sciences, UNESP - Univ. Estadual 
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3Molecular and Cellular Biology Department, University of California, Davis, CA, USA, 95616

Abstract

The translation elongation factor eIF5A is conserved through evolution and is necessary to rescue 

the ribosome during translation elongation of polyproline-containing proteins. Although the site of 

eIF5A binding to the ribosome is known, no systematic analysis has been performed so far to 

determine the important residues on the surface of eIF5A required for ribosome binding. In this 

study, we used clustered charged-to-alanine mutagenesis and structural modeling to address this 

question. We generated four new mutants of yeast eIF5A: tif51A-4, tif51A-6, tif51A-7 and 

tif51A-11, and complementation analysis revealed that tif51A-4 and tif51A-7 could not sustain 

cell growth in a strain lacking wild-type eIF5A. Moreover, the allele tif51A-4 also displayed 

negative dominance over wild-type eIF5A. Both in vivo GST-pulldowns and in vitro fluorescence 

anisotropy demonstrated that eIF5A from mutant tif51A-7 exhibited an importantly reduced 

affinity for the ribosome, implicating the charged residues in cluster 7 as determinant features on 

the eIF5A surface for contacting the ribosome. Notably, modified eIF5A from mutant tif51A-4, 

despite exhibiting the most severe growth phenotype, did not abolish ribosome interactions as with 

mutant tif51A-7. Taking into account the modeling eIF5A+80S+P-tRNA complex, our data 

suggest that interactions of eIF5A with ribosomal protein L1 are more important to stabilize the 

interaction with the ribosome as a whole than the contacts with P-tRNA. Finally, the ability of 

eIF5A from tif51A-4 to bind to the ribosome while potentially blocking physical interaction with 

P-tRNA could explain its dominant negative phenotype.
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INTRODUCTION

The main aspects of protein synthesis are highly conserved throughout evolution, and many 

steps and factors involved in translation are very similar across all kingdoms of life. 

Concerning the translation factors, the elongation step of translation is most conserved 

(Dever and Green 2012; Rodnina and Wintermeyer 2009), and the homologous factors 

bacterial EF-P and archaeal/eukaryotic eIF5A are examples of such conservation (Rossi et 

al. 2014).

The former eukaryotic translation initiation factor 5A (eIF5A) is an essential translation 

factor that was originally purified from ribosomal salt wash of rabbit reticulocytes and 

initially classified as an initiation factor because of its ability to stimulate methionyl-

puromycin synthesis. Notably, elongation factor P (EF-P) is not essential in some bacteria, 

such as Escherichia coli, but was also initially identified as a stimulatory factor for 

methionyl-puromycin synthesis in an in vitro reconstituted translation assay. Although both 

eIF5A and EF-P have been previously related to different aspects of protein synthesis and 

other cellular functions, both have been demonstrated to be necessary to rescue the ribosome 

during the translation elongation of polyproline-containing proteins (Rossi et al. 2014).

eIF5A is an approximately 15–17 kDa protein (depending on the species) composed of two 

predominantly β-barrel domains. The N-terminal domain is an SH3-like domain, 

predominantly positively charged and more conserved than the rest of the protein. The C-

terminal domain consists of an OB fold found in nucleic acid-binding proteins and is much 

more negatively charged. Notably, EF-P contains three domains, instead of two, which gives 

it a molecular mass of approximately 21 kDa. Domains I and II of EF-P contain the same 

folds as the N-terminal and C-terminal domains of eIF5A, and domain III of EF-P appears to 

be a duplication of domain II.

An interesting structural aspect of both eIF5A and EF-P is their unique posttranslational 

modifications they undergo that are necessary for their functions during the elongation of 

polyproline proteins. These modifications occur on a specific lysine (in all eIF5A and in EF-

P of some species) or arginine (in EF-P of other species) that reside at the tip of the N-

terminal long loop (Lassak et al. 2016). The site of the modification in eIF5A, called 

hypusination, is shown in Fig 1.

In eIF5A, this essential modification comprises the conversion of a lysine to a hypusine and 

is essential for all archaea and eukaryotes tested so far. Hypusine formation occurs in two 

steps: first, the enzyme deoxyhypusine synthase (Dys1 in S. cerevisiae) transfers a 4-

aminobutyl moiety from the polyamine spermidine to the ε-amino group of the specific 

lysine side chain to form deoxyhypusine; then, the second carbon of the deoxyhypusine 

residue is hydroxylated by deoxyhypusine hydroxylase (Lia1 in S. cerevisiae).
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Although all archaea and eukaryotes undergo hypusination of eIF5A, modifications on EF-P 

vary depending on the species. Co-occurrence of EF-P containing lysine or arginine and the 

corresponding modification pathways (described below) are present only in approximately 

35% of the known bacterial genomes, suggesting that either modification of EF-P in other 

species is not necessary, or there are other types of EF-P modifications yet to be discovered 

(Lassak et al. 2016). So far, three different posttranslational modifications have been 

described for EF-P: β-lysinylation of EF-P containing a lysine at the tip of its N-terminal 

long loop (e.g. in E. coli and Salmonella enterica); rhamnosylation of EF-P harboring an 

arginine at the same position (e.g. in Shewanella oneidensis and Pseudomonas aeruginosa); 

and 5-amino-pentanolylation of EF-P containing a lysine also at the same position in 

Bacillus subtilis (Rossi et al. 2014).

The crystal structure of unmodified Thermus thermophilus EF-P bound to the 70S ribosome 

and initiator formyl-methionyl-tRNAi has been determined, revealing a binding site between 

the P and E sites of the ribosome, contacting ribosomal protein L1, rRNA close to the 

peptidyl transferase center (PTC) and the peptidyl site tRNA (P-tRNA) (Blaha et al. 2009). 

More recently, the structure of Saccharomyces cerevisiae modified eIF5A in complex with 

the ribosome and P-tRNA was determined by cryo-electron microscopy (Schmidt et al. 

2015) and crystallography (Melnikov et al. 2016). In addition to this eukaryotic complex 

exhibiting similar aspects as the EF-P+ribosome+P-tRNA, the hypusine directly interacts 

with the CCA-end of the P-tRNA. These data suggest that the essential role of hypusine in 

eIF5A is to stabilize the correct positioning of the CCA-end of the P-tRNA to assist peptide 

bond formation by the PTC.

Nonetheless, no systematic analysis has been performed so far to determine the important 

residues on the surface of eIF5A that are required for the binding to ribosomal complexes. In 

this study, we used clustered charged-to-alanine mutagenesis and modeling of the eIF5A

+ribosome+P-tRNA complex to better understand the structural requirements of eIF5A for 

ribosome binding.

MATERIALS AND METHODS

Generation of plasmids encoding eIF5A site-directed mutants from alanine scanning

To generate the new eIF5A mutants described herein, the plasmid pYGEX-TIF51A (Cano et 

al. 2008; Koepp et al. 1996) was used as the template for mutagenesis by the QuickChange 

Site-direct Mutagenesis Kit (Stratagene), according to the manufacturer’s instructions. The 

complete open reading frame was sequenced to validate the intended mutations.

Molecular modeling and complex structural analysis

The eIF5A structure was previously obtained by crystallography and deposited on Protein 

Data Bank PDB 3ER0. This structure presents a monomer chain at 3.35-Å resolution but 

missing some N-terminal, C-terminal and hypusination loop residues. Because of these 

missing residues, molecular modeling was performed to obtain a complete model of eIF5A. 

The sequence GI: 215794766 was submitted to I-TASSER (Yang et al. 2015) using itself as 

a template (PDB ID 3ER0:A).
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S. cerevisiae ribosome structure PDB 4V7R (Ben-Shem et al. 2010) was used for eIF5A-

ribosome complex analysis performed by structural alignment using Pymol, Version 1.3 

(Schrodinger, LLC) based on crystallographic and cryo-EM structures of the ribosome in 

complex with tRNAs at the Peptidyl and Exit sites (abbreviated as P and E, respectively).

Initially, the cryo-EM structure from the Plasmodium falciparum 80S ribosome bound to 

P/E-tRNA, PDB 3JBO, (Sun et al. 2015) was used to coordinate references and align the 

80S in complex with P-tRNA (PDB 3JBN). Next, the structure of the 40S ribosome from 

Thermus thermophilus bound to EF-P, PDB 4V6A (Blaha et al. 2009), was three-

dimensionally aligned using the tRNA at the P-site as the coordinates reference.

Then, then 80S ribosome from yeast was aligned to the previously superposed structures to 

hide other structures and retain only EF-P and tRNA at the P-site (PDB 4V6A) for 

subsequent analyses.

Finally, the eIF5A model was aligned to the EF-P structure resulting in the 80S S. cerevisiae 
ribosome in complex with tRNA at the P-site and eIF5A. The analysis of cleavage sites was 

performed using a 25S RNA sequence (PDB 3O58) based on regions previously described 

(Gutierrez et al. 2013), and the human eIF5A crystallographic structure, PDB 3CPF (Tong et 

al. 2009), was aligned to eIF5A to corroborate the structure analyses.

Cell growth assay and complementation analyses in yeast

The eIF5A mutants were generated in pYGEX-TIF51A under the GAL1 promoter 

(galactose inducible). The strain VZL1074 (MATa ura3 leu2 his3 kanMX4-tetOpr-TIF51A 
ura3::CMV-tTA), with endogenous eIF5A expression controlled by a tetracycline repressible 

promoter, was transformed with plasmids containing the new eIF5A mutants (pSV1373, 

pSV1476, pSV1479 and pSV1482) and used for the growth analyses. Briefly, liquid cultures 

were grown in 5 mL of medium SC-ura containing raffinose to suppress the plasmid 

expression until the exponential phase (DO600nm = 0.6 – 0.8). A sample of the culture was 

centrifuged at 600 x g for 7 min, and the pellet was suspended in 50% glycerol to a final 

concentration of 2.5x108 cells/mL. Ten-fold serial dilutions were plated onto media SC-ura 

containing tetracycline and glucose (in the absence of eIF5A) or galactose (expressing 

heterologous eIF5A). The plates were incubated at 25 °C for 3–4 days.

Detection of hypusine-containing eIF5A

To analyze the presence of hypusine-containing eIF5A, cultures of the yeast strain VZL1074 

transformed with plasmids containing the new eIF5A mutants were grown overnight at 

25 °C in 5 mL of SC-ura media with raffinose, and then the cells were transferred into SC-

ura media containing tetracycline and galactose to express the eIF5A mutants. After 6 hours 

of induction, samples were lysed in protein lysis buffer A (50 mM Tris-HCl pH 7.5; 50 mM 

dithiothreitol; 5 mM EDTA; 5% SDS; 5% glycerol; 2x Protease Inhibitor Cocktail), and 15 

μg of whole cell extracts (WCE) were resolved by SDS-PAGE and transferred to a 

nitrocellulose membrane. We proceeded to perform immunoblot analysis using a rabbit 

polyclonal anti-eIF5A (yeast) antibody at a 1:15,000 dilution (Valentini et al. 2002), a rabbit 

polyclonal anti-hypusine antibody (Millipore) at a 1:1,500 dilution (Mandal et al. 2015) and 
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a rabbit polyclonal anti-RPL5 (yeast) antibody at a 1:15,000 dilution with an enhanced 

chemiluminescence detection system on a Li-Cor C-Digit Blot Scanner.

Glutathione-S-transferase (GST) pulldown assay

The yeast strains VZL1074 expressing GST (pSV20), GST-wild-type eIF5A (pSV36) or 

GST-eIF5A mutants (pVZ1476, pVZ1479, pVZ1482) were grown in SC-ura + 2% galactose 

until DO600nm = 0.8. Then, cells were disrupted in lysis buffer B (20 mM Tris-HCl pH 7.5; 

KOAc 50 mM; MgCl2 10 mM; DTT 1 mM and 1 mM Protease Inhibitor Cocktail) by 

agitation in Fast Prep equipment (three 25 second agitations) with glass beads. The cells 

were clarified by centrifugation at 20,000 xg for 15 min at 4 °C, and the lysates subjected to 

GST-pulldown as previously published (Zanelli et al. 2006). Briefly, clarified lysates (2 mg) 

were adjusted to same volume and incubated with 100 μL of glutathione–Sepharose beads 

(50% slurry) for 1 h, at 4 °C. Beads were collected, washed five times with cold buffer B, 

and resuspended in 30 μL of SDS–PAGE loading buffer. Immunoblot analysis of WCE and 

bound fractions from GST-eIF5A and GST alone was performed using the rabbit polyclonal 

antibodies anti-eIF5A (1:10,000) and anti-RPL5 (1:15,000). Both anti-eIF5A and anti-RPL5 

were raised in rabbit against GST-fusion proteins purified from bacteria, so they also 

recognize GST.

Expression and purification of eIF5A protein versions

The yeast hypusine-containing eIF5A (eIF5A-Hyp) and non hypusine-containing eIF5A 

(eIF5A-Lys) were expressed and purified according to a modified protocol (Park et al. 

2011). Briefly, 2 L of BL21(DE3)groES (Takara Bio) cells containing a polycistronic vector 

co-expressing the yeast genes of the hypusination modifying enzymes (DYS1 and LIA1) and 

pET28a-eIF5A versions (which yields 6xHis-eIF5A) were harvested after 16 h of induction 

at 18 °C. Cells were then lysed by sonication in ice-cold Buffer C (50 mμ Tris-Cl pH 7.0; 0.1 

mM EDTA; 300 mM KCl; 1 mM DTT; 20 mM imidazole). The lysate was mixed with 5 mL 

of equilibrated NiNTA resin (Qiagen), and proteins were eluted in Buffer D (Buffer C 

containing 250 mM imidazole). The eluate was dialyzed against Buffer E (50 mM Tris-Cl 

pH 7.0; 0.1 mM EDTA; 1 mM DTT), and cationic chromatography in SP column was 

performed onto equilibrated 5 mL HiTrap-SP column (GE Healthcare) to separate eIF5A-

Hyp and eIF5A-Lys (Park et al. 2011). Proteins were eluted from the HiTrap-SP column in a 

gradient of 0–60% of Buffer F (50 mM Tris-Cl pH 7.0; 0.1 mM EDTA; 10% glycerol; 1 M 

KCl; 1 mM DTT), and the fractions containing eIF5A-Lys (pI lower and first peak) and 

eIF5A-Hyp (pI higher and second peak) were collected and analyzed by SDS-PAGE. 

Purified proteins were then concentrated using Amicon Ultra 3 kDa (Merck Millipore), 

immediately frozen in liquid nitrogen and maintained at −80 °C.

Yeast ribosomes were prepared based on previous protocols (Ben-Shem et al. 2010; Fraser et 

al. 2007) with some modifications. Approximately 30–40 g of cells from early saturated 

culture of 1–2 OD were immediately frozen in liquid nitrogen and lysed in 40 mL of lysis 

Buffer F (20 mM Hepes pH 7.5; 100 mM KCl, 5 mM Mg(OAc)2, 1 mM DTT, Protease 

Inhibitors). Cells were split into 3–4 round-bottom tubes containing 20 g of glass beads and 

vortexed for 6 cycles of 1 min ON - 1 min OFF at 4 °C. Twenty-five mL of clarified lysate 

were loaded on the top of a 20% sucrose cushion (20 mM Hepes pH 7,5; 100 mM KCl; 5 

Barbosa et al. Page 5

Amino Acids. Author manuscript; available in PMC 2018 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mM Mg(OAc)2; 1 mM DTT) in a Beckman Ti45 tube. The purification of ribosomes and the 

separation of 40S and 60S subunits were performed as previously described (Fraser et al. 

2007).

Protein labeling with fluorescein

The purified single-cysteine version of human eIF5A, eIF5AC22A,C38A,C73A,C129A,T142C 

(eIF5AT142C), was labeled with fluorescein-5-maleimide (Thermo Scientific), following 

published protocols (Sokabe and Fraser 2014). After labeling, eIF5A-fluorescein was 

purified from the free dye by spinning in a 2 mL size exclusion column of 6 kDa (BioRad). 

The amounts of dye and protein were evaluated by 495 nM absorbance and quantitative dot 

blots using wild-type eIF5A as a standard. Only the preparation with more than 95% of 

labeling was used for fluorescence anisotropy assays.

Fluorescence Anisotropy

Competition assays with fluorescein-labeled eIF5A (eIF5A-fluorescein) were conducted 

using a VICTOR X5 Multilabel Plate Reader (Perkin Elmer) and a previously published 

protocol (Rossi et al. 2016). Inhibition constants (Ki) of non-labeled wild-type and mutant 

eIF5A versions were determined using a in vivo pre-assembled 80S ribosome 

(heterogeneous mixture of yeast 80S) in complex with eIF5A-fluorescein, in which the 

concentration of the ribosome and eIF5A-fluorescein was held constant at 30 nM and 5 nM, 

respectively, and the starting concentration of the eIF5A competitors was 5 μM. The addition 

of higher concentrations of the competitor did not change the equilibrium inhibition constant 

values, indicating that the reaction was prepared in saturating conditions. Anisotropy 

binding reactions were set up in 22 μL final volume in reaction buffer (20 mM Hepes pH 

7.5; 100 mM KOAc; 2.5 mM Mg(OAc)2; 1 mM DTT; 15 μM BSA), and increasing 

concentrations of competitors were added, as indicated in the legend of Fig 6. Twenty μL of 

each reaction was transferred to a 384-well plate and incubated at 30 ºC for 30 min to reach 

equilibrium. Fluorescence Polarized (FP) light and total fluorescence were measured, and 

the anisotropy change (r) was converted into the fraction of eIF5A-fluorescein bound to the 

ribosome and fitted to the solution of a quadratic equation describing an equilibrium reaction 

(Sokabe and Fraser 2014). The values presented in Table 1 were obtained from the average 

of three independent replicates, and the errors provided are standard deviations (SD) of the 

data. All data are expressed as mean values ±SD and analyzed by two-tailed Student’s 

unpaired t-test. In all tests differences were considered significant at p<0.05.

RESULTS AND DISCUSSION

eIF5A contains four clusters of charged residues potentially important for interaction with 
ribosomal components

To search for residues on the surface of eIF5A that are important for binding to the 

ribosome, we combined the clustered-charged to alanine scanning mutagenesis strategy and 

molecular modeling of the eIF5A-ribosome complex. The cluster-charged to alanine 

scanning mutagenesis is based on the replacement of clustered-charged amino acid residues 

(E, D, K, R and H), which are possible sites of protein-protein or protein-RNA interactions, 

by alanine across all protein sequence.
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In this work, we searched for clusters of five amino acid residues present in the eIF5A 

primary sequence containing at least two charged residues and substituted the charged 

residues with alanine (Fig 1a). We excluded from our analysis only the charged clusters 

inside the hypusine loop of eIF5A (from residues 45 to 60) because they are already known 

to be necessary for hypusine formation, which in turn is necessary for ribosome binding 

(Cano et al. 2008; Dias et al. 2008). We also excluded the N-terminus (from residues 1 to 

16) and C-terminus (from residues 151 to 157) because they are not present in the crystal 

structure of eIF5A (PDB 3ER0). In this way, we designed 11 new eIF5A mutants, localized 

in different regions of the surface of eIF5A (Fig 1b).

The eIF5A location on 80S was modeled similarly as reported previously using data from 

tRNA and rRNA hydroxyl radical cleavage (Gutierrez et al. 2013). We performed the 

molecular modeling and complex structural analysis to investigate the distances of eIF5A 

residues from the ribosome and tRNA. The Fig 2a shows the binding region of eIF5A 

(yellow) in the large subunit of the ribosome (gray), located between the P and E sites and 

the modification loop (cyan) near the peptidyl transferase center of the ribosome. The Fig 2b 

is a magnified view of the crystal structure of eIF5A bound to Ribosomal 60S subunit 

protein L1 (L1) (green) and the P site tRNA (blue). The location of eIF5A on 80S 

corroborates with the location of its structural homologue in bacteria, EF-P on the 70S 

ribosome (Blaha et al. 2009), and our model is consistent with the previously obtained 

model (Gutierrez et al. 2013). We then used this model to analyze the 11 charged clusters of 

the eIF5A surface, and clusters 4, 6, 7 and 11 were selected for further analysis because they 

not only harbor residues predicted to physically contact the rRNA to some extent but also 

show more evidence for binding to the L1 protein (clusters 6, 7 and 11) or the P-site tRNA 

(cluster 4) (Fig 2c and data not shown).

Since two independent structures of eIF5A in complex with the ribosome were published 

(Schmidt et al. 2015; Melnikov et al. 2016) while we prepared this work, we also considered 

their results. Although both structures are in general agreement with our model 

(Supplementary figures S1) only the coordinates for the cryo-electron microscopy (Schmidt 

et al. 2015) have been released so far. Comparing more specifically the clusters 4, 6, 7 and 

11, only cluster 11 does not demonstrate residues interacting with the ribosome, as predicted 

in our model. That is, in the cryo-EM structure, cluster 4 also shows interaction with the P-

site tRNA and clusters 4, 6 and 7 also physically contact L1 protein (Supplementary Figure 

S2).

Clustered-charged to alanine mutants tif51A-4 and tif51A-7 of eIF5A exhibit important 
growth defects not related to decreased eIF5A protein or hypusine levels

To assess the functional effects of changing the charged residues present in clusters 4, 6, 7 

and 11, we tested their abilities to complement a yeast strain depleted of eIF5A. The 

mutations to substitute charged residues for alanine were constructed in the plasmid 

pYGEX-TIF51A (Cano et al. 2008; Koepp et al. 1996), which is under the control of 

galactose for expression, and introduced in the strain VZL1074 (tetOpr-TIF51A), which has 

eIF5A production turned off in the presence of tetracycline. These new alleles of eIF5A, 

containing charge-clustered to alanine mutations, were named after their cluster names: 
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tif51A-4, tif51A-6, tif51A-7 and tif51A-11. Fig 3 illustrates the results of complementation 

of these eIF5A mutants, with negative (empty vector pYGEX), positive (pYGEX-TIF51A) 

and the non-hypusinatable mutant eIF5AK51R (pYGEX-tif51AK51R) as controls (Schnier et 

al. 1991). As observed in Fig 3, the mutants tif51A-6 and tif51A-11 could complement the 

absence of wild-type eIF5A, whereas the mutants tif51A-4 and tif51A-7 exhibited an 

important reduction in their abilities to promote growth in these conditions. Although the 

mutants tif51A-4 and tif51A-7 could maintain some growth in the absence of wild-type 

eIF5A compared with the empty vector and tif51AK51R mutant, their growth phenotypes 

clearly demonstrated that the substitutions of the clustered-charged residues to alanine in 

these mutants impaired eIF5A function. In addition to complementation, this assay could 

also evaluate the negative dominance of these mutants when there was simultaneous 

expression of wild-type and mutant eIF5A (tetracycline-free medium containing galactose). 

Curiously, the mutant tif51A-4 showed a dominant negative phenotype, since a growth 

defect was observed even in the presence of the wild-type gene (SC-ura + galactose). The 

finding of a dominant negative mutant of eIF5A is quite interesting because there is no 

eIF5A dominant negative mutant described so far. This dominant negative can be useful in 

future genetic screenings in the presence of endogenous eIF5A.

Because the impairment of growth in mutants tif51A-4 and tif51A-7 may be a result of a 

decrease in total eIF5A protein levels, we tested mutant eIF5A levels compared to the wild-

type eIF5A levels. As observed in the left panel of Fig 4 (total eIF5A) and the WCE lanes of 

Fig 5a, both mutants tif51A-4 and tif51A-7 produced levels of modified eIF5A protein 

similar to the wild-type, indicating that their inability to complement is caused by the lack of 

eIF5A function, rather than by the loss of the mutant protein.

Additionally, because hypusine modification is essential for eIF5A activity (Park 2006), we 

examined whether the growth defects of the eIF5A mutants could be related to decreased 

hypusination levels. To determine if the eIF5A mutants were hypusinated in vivo, we 

performed an immunoblot assay using an antibody that specifically recognizes hypusinated 

eIF5A and compared these results with total eIF5A. Wild-type eIF5A and the non-

hypusinatable eIF5AK51R mutant (Schnier et al. 1991) were used as controls. The 

hypusination levels of eIF5A and the mutants were similar in this assay, and this information 

further support the idea that the defective growth phenotype of the tif51A-4 and tif51A-7 
mutants is not related to their hypusination levels (Fig 4).

We also compared the complementation results obtained for the new eIF5A mutants to a 

previously published systematic mutational analysis of human eIF5A, which also used 

substitution of residues to alanine. However, that study analyzed highly conserved residues 

(Cano et al. 2008), a different criterion than ours. Considering the clusters of five amino acid 

residues shown in Fig. 1a, the study of human eIF5A analyzed the mutants P37A, R86A, 

P115A, E116A, L119A and E144A, overlapping, respectively, with the regions covered by 

cluster 2, cluster 4, cluster 8, cluster 8, cluster 9 and cluster 11. The results for most of the 

single mutants and the clusters are the same, showing no phenotype (Fig 3 and data not 

shown) (Cano et al. 2008). Interestingly, for the mutant R86A, which corresponds exactly to 

the substitution R87A present in tif51A-4 (K86A/R87A/E89A), no growth phenotype was 
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observed, while tif51A-4 is dominant negative, which suggests that the R87A is not 

sufficient or necessary to generate the phenotype observed for tif51A-4.

eIF5A from mutant tif51A-7 exhibits an importantly reduced affinity for the ribosome in 
vivo and in vitro

To evaluate the in vivo physical interactions between the eIF5A mutants and ribosomal 

complexes, we first performed in vivo GST-pulldowns (Fig 5). For this analysis, we chose 

the eIF5A mutants tif51A-4 and tif51A-7 because of their growth phenotypes along with one 

of the mutants that exhibited no growth phenotype, tif51A-6, as a control. Notably, the 

mutants tif51A-4 and tif51A-6 could co-purify the ribosome (detected by L5) in a manner 

similar to the wild-type, whereas the mutant tif51A-7 exhibited a significant reduction of 

ribosome pulled down. These results suggest that the decrease in ribosome binding by 

mutated eIF5A may be the cause of the tif51A-7 growth phenotype and, therefore, that the 

charged residues of cluster 7 are necessary for this physical interaction.

Although the pulldown results for the tif51A-6 allele were consistent with its ability to 

substitute for wild-type eIF5A, the mutant tif51A-4 exhibited the most severe growth 

phenotypes among the mutants studied herein, yet it co-purified with the ribosome. As 

already shown in Fig 1b, according to the modeled eIF5A-ribosome complex, the charged 

residues in cluster 4 (modified to alanine in tif51A-4) contact the P-site tRNA. Accordingly, 

our results suggest that interfering with residues on the surface of eIF5A binding to the P-

site tRNA does not abolish its binding to the ribosome. Moreover, the ability of eIF5A from 

tif51A-4 to bind to the ribosome while potentially blocking physical interaction with P-site 

tRNA could explain its dominant negative growth phenotype.

Then, we performed fluorescence anisotropy, a more quantitative, in vitro assay, to compare 

the affinities between eIF5A isoforms and the ribosome. Fluorescence anisotropy is based on 

the fact that when a protein conjugated to a fluorophore is excited in solution with polarized 

light, it emits fluorescence as polarized light dependent on its mobility (Lakowicz 2006). 

Therefore, free proteins have much higher mobility compared with proteins in a larger 

complex. The affinities of eIF5A-Hyp (Ki ≈ 8 nM) to the 80S revealed that these proteins 

could bind directly and tightly to the 80S. As expected (Jao and Chen 2006; Zanelli et al. 

2006), hypusine was required for a stable eIF5A-ribosome binding because the Ki for 

eIF5A-Lys (Ki ≈ 238 nM) was approximately 30 times lower than eIF5A-Hyp. Table 1 

provides the experimental values and standard deviations (SD) obtained from triplicates for 

minimum anisotropy (rmin), maximum anisotropy (rbound), maximum anisotropy variation 

(Δrmax) and binding constant (Ki). Likewise, all non-modified (non-hypusine) mutant 

proteins (Lys) exhibited Ki values considerably lower than hypusine-containing proteins 

(Hyp) (Table 1). The affinities of eIF5A-Lys from mutants tif51A-6 and tif51A-7 to the 

ribosome were too low to calculate their Ki values. Finally, hypusine-containing eIF5A from 

mutants tif51A-4, tif51A-6 and tif51A-7 were evaluated in the same fluorescence anisotropy 

assay (Fig 6b). All alanine-scanning mutants tested showed a significant decrease in affinity 

to the ribosome, indicating that all charged clusters tested herein somehow affected the 

interaction with the ribosome, although not all of them exhibited growth phenotypes or 

revealed this decrease in affinity in the GST-pulldown. Comparing the mutants among 
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themselves, tif51A-4 (Ki = 170 nM) and tif51A-6 (Ki = 167 nM) exhibited similar binding 

affinities to the ribosome, whereas tif51A-7 exhibited the weakest ribosome binding (Ki > 1 

μM), revealing a dramatic defect in ribosome binding by eIF5A from this mutant.

Notably, although the decrease in binding capacity of eIF5A from mutants tif51A-4 and 

tif51A-6 was not apparent in the GST-pulldown assay, it is possible that this less quantitative 

assay cannot clearly distinguish them from wild-type. Additionally, the mutant tif51A-6 
exhibiting no discernible growth phenotype suggests that an ~10-fold decrease in affinity 

binding of the eIF5A-ribosome complex does not compromise cell growth. This may really 

be the case, since eIF5A is the second most abundant translation factor in S. cerevisiae, 

occurring at an average concentration in the cell of about 10–15,000 nM, roughly the double 

of the ribosome concentration (Firczuk et al. 2013; Jorgensen et al. 2002; Kulak et al. 2014). 

Therefore, the in vivo eIF5A-ribosome binding conditions are highly saturating and the 

results from GST-pulldown would better correlate with the results obtained for the highest 

eIF5A concentration points of Fig 6b than with the resulting Ki values themselves. From this 

analysis, we can conclude that: mutants tif51A-4 and tif51A-6 are not different from the 

wild type at the highest concentrations of eIF5A (10,000 nM and 5,000 nM); and mutant 

tif51A-4 is already not different from the wild type at 2,500 nM considering 95% or 99% 

confidence intervals (Supplementary Table). Thus, the results from GST-pulldown and 

fluorescence anisotropy are not really conflicting and tend to correlate directly at higher 

concentrations of eIF5A.

Additionally, it is possible that other factors in vivo can contribute to alleviate this decrease 

in affinity of eIF5A to the ribosome in mutants tif51A-4 and tif51A-6. For example, our 

recent study demonstrated that eEF2 binding to the ribosome affects the binding of eIF5A in 

a negative manner (Rossi et al. 2016). Other factors in the cell might have a positive effect 

and mask the decrease observed in the fluorescence anisotropy.

Another important consideration is that the complementation and the GST-pulldown assays 

were performed using a galactose inducible promoter, which may induce higher levels of 

eIF5A than those endogenously found in the cell. This over-expression could lead to the 

dominant negative phenotype of mutant tif51A-4 or suppress the reduced ribosome-binding 

capacity of tif51A-6. Nevertheless, the observation that eIF5A from mutants tif51A-4 and 

tif51A-6 showed similar results in the anisotropy fluorescence assay further supports the 

idea that it is not decreased binding to the ribosome that generates the growth phenotypes in 

mutant tif51A-4. Finally, even considering a possible bias due to over-expression, this is still 

not enough to suppress the growth and ribosome binding defects of mutant tif51A-7, giving 

further support to the idea that it carries substitutions in residues central for eIF5A-ribosome 

physical interaction.

Evolutionary conservation of eIF5A charged residues does not predict mutant phenotype

We also investigated how conserved were the clusters mutated in this study and whether 

amino acid residue conservation and resultant mutant phenotype were directly correlated. As 

shown in Fig 7, the multiple alignment of representative eukaryotic eIF5A sequences 

demonstrate the high overall evolutionary conservation of this protein, being the two 

sequences from Leishmania species the most divergent ones. We decided to include these 
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two Leishmania eIF5A due to the fact that they had crystal structures solved. Considering 

the mutants tif51A-4 and tif51A-7 as the ones with the strongest phenotypes and mutants 

tif51A-1 and tif51A-11 the ones displaying no growth phenotypes, there is not a direct 

correlation between the conservation of the modified residues and mutant phenotype. For 

example, the degree of conservation of the charged residues in clusters 4 and 7 are lower 

than in cluster 3, however, the mutant derived from cluster 3 (tif51A-14) complements S. 
cerevisiae, while tif51A-4 and tif51A-7 do not. These results are in agreement with the 

previously published mutational analysis of human eIF5A (Cano et al. 2008) and 

demonstrate the need for the inclusion of more structural aspects of eIF5A for future 

mutational analyses.

Therefore, the structural model of eIF5A+80S+P-site tRNA we generated in this work, 

together with the analysis of possible interactions of clustered charged residues, lead us to 

uncover residues on eIF5A surface important for ribosome binding. One of these mutants, 

the tif51A-7, is unable to support growth and shows an importantly decreased binding 

capacity to the ribosome. The residues substituted in tif51A-7 are predicted to contact 

ribosomal protein L1, which has not been previously involved with eIF5A binding to the 

ribosome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Residues substituted in charge-clustered to alanine mutations
(a) Primary sequence of eIF5A highlighting the mutated clusters, hypusination loop and 

Lys51, where occurs the modification. In gray are the residues not present in the eIF5A 

crystal structure. The red boxes indicate the clusters of five amino acid residues with at least 

two charged amino acids chosen as targets for the alanine scanning strategy. (b) eIF5A 

structure (PDB 3ER0) showing the amino acid residues mutated highlighted in red and the 

hypusination site highlighted in cyan (Gentz et al. 2009).
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Fig. 2. Model of eIF5A binding to 60S-tRNA ribosome complex
(a) Interaction model of surface representation of S. cerevisiae eIF5A (yellow) with 

hypusination site in cyan (PDB 3ER0) and ribbon representation of Met-tRNAi
Met (blue; 

PDB 3JBN) on the ribbon structure of yeast 60S ribosome (grey; PDB 4V7R). The position 

of L1 is indicated in green. (b) Magnified views of docked eIF5A, P site Met-tRNAi
Met and 

L1 protein. (c) Magnified views of docked eIF5A, P site Met-tRNAi
Met and L1 protein, with 

the amino acid residues mutated highlighted in red, corresponding to the indicated cluster.
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Fig. 3. Growth analysis of S. cerevisiae expressing eIF5A mutants from alanine scanning
Serial dilutions of VZL1074 strain (tetOpr-TIF51A) containing pSV20 (vector pYGEX – 

negative control), pSV36 (pYGEX-TIF51A – positive control), pSV41 (pYGEX-tif51K51R – 

non-hypusinatable control) or mutants tif51A-4, tif51A-6, tif51A-7 and tif51A-11 were 

inoculated in SC-ura supplemented with or without 20 μg/ml tetracycline, containing 2% 

glucose or galactose, and incubated at 25 °C for 3 days.
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Fig. 4. Charged-clustered to alanine tif51A-4 and tif51A-7 mutants exhibited no decrease in total 
eIF5A or hypusination levels
The levels of total eIF5A and hypusine-containing eIF5A was tested for the eIF5A produced 

by mutants tif51A-4 and tif51A-7 using an eIF5A antibody that recognizes all eIF5A forms 

or the hypusine-specific eIF5A antibody. An anti-RPL5 was used as loading control. It is 

indicated on the top of each lane the allele producing the eIF5A analyzed. The tif51A-K51R 
allele generates a non-hypusinatable eIF5A (Schnier et al. 1991).
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Fig. 5. GST-pulldown of clustered-charged to alanine mutants of eIF5A
(a) Yeast whole cell extracts (WCE) derived from cells expressing either GST alone or GST-

eIF5A (from wild-type TIF51A, or from mutants tif51A-4, tif51A-6 and tif51A-7) were 

incubated with glutathione–Sepharose beads, washed, and proteins bound to the beads 

(bound) were denatured and fractionated by SDS-PAGE. Equal amounts of WCE and bound 

samples were loaded in the indicated lanes. Western blot analysis from fractions of whole 

cell extract (WCE) and bound was performed using specific polyclonal antibodies against 

ribosomal protein L5 (anti-L5) and anti-eIF5A. Both anti-eIF5A and anti-RPL5 were raised 

in rabbit against GST-fusion proteins purified from bacteria, so they also recognize GST. (b) 
GST-pulldown analysis of the same cells was carried out and the quantification of bands 

were performed to show the levels of ribosome pulled-down. The error bars represent the 

standard deviation of the experimental values for three independent replicates and the data 

are expressed as mean values ±SD. In all tests differences were considered significant at 

p<0.05 using the wild-type as control.
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Fig. 6. Binding assays of eIF5A mutants with yeast 80S ribosome
The curves in the graphs indicate the fraction of wild-type eIF5A-fluorescein bound to the 

yeast 80S in competition with: (a) wild-type eIF5A both containing hypusine (eIF5A-Hyp) 

or not (unmodified - eIF5A-Lys) or (b) hypusine-containing eIF5A from wild-type 

(TIF51A) or mutants tif51A-4, tif51A-6 and tif51A-7. All data were obtained in independent 

experimental triplicates are expressed as mean values ±SD and analyzed by two-tailed 

Student’s unpaired t-test. In all tests differences were considered significant at p<0.05. The 

mean of Ki values is shown in parenthesis. The values of equilibrium binding constants and 

anisotropy changes are provided in Table 1.

Barbosa et al. Page 19

Amino Acids. Author manuscript; available in PMC 2018 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 7. Multiple alignment of eIF5A among different organisms
Multiple alignments of the amino acid sequences of eIF5A from the eukaryotes 

Saccharomyces cerevisiae (Sce), Schizosaccharomyces pombe (Spo), Drosophila 
melanogaster (Dme), Mus musculus (Mmu), Homo sapiens (Hsa - isoforms I and II), 

Leishmania mexicana (Lme), Leishmania braziliensis (Lbr) and Caenorhabditis elegans 
(Cel), respectively. The asterisk indicates the lysine residue converted to hypusine. The 

horizontal arrows for β-strands and coils for helices shown above the alignments indicate the 

secondary structure from S. cerevisiae eIF5A structure (PDB ID 3ER0). The degree of 

conservation among the residues is represented by different colors, as indicated by the 

number inside the colored boxes. The vertical arrows mark the charged residues substituted 

by alanine.
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Table 1

Values of mean and standard deviation of the anisotropy change and equilibrium binding constants Ki

Protein-Fl + 80S Ki
a (nM) rfree or rmin

b rbound
c Δrmax

d

TIF51A - Hyp 9±1.1 0.177±0.01 0.245±0.005 0.068±0.006

tif51A-4 - Hyp 171±14 0.191±0.003 0.261±0.010 0.070±0.013

tif51A-6 - Hyp 167±54 0.211±0.007 0.252±0.011 0.0413±0.008

tif51A-7 - Hyp 1148±508 0.175±0.015 0.255±0.004 0.080±0.018

TIF51A - Lys 238±43 0.201±0.005 0.244±0.001 0.043±0.004

tif51A-4 - Lys 388±71 0.201±0.020 0.256±0.006 0.054±0.004

tif51A-6 - Lys nd 0.206±0.026 0.243±0.009 0.037±0.035

tif51A-7 - Lys nd 0.229±0.004 0.236±0.004 0.007±0.001

a
Equilibrium binding constant obtained by titrating eIF5A as a competitor into fixed amount of ribosome+eIF5A-fluorescein;

b
Anisotropy values for the free eIF5A-fluorescein or the minimum anisotropy detected for the competition assays;

c
Anisotropy of the eIF5A-fluorescein bound to the ribosomal complex in the absence of competitors;

d
Maximum anisotropy change obtained by the difference between rfree or rmin and rbound;

nd = not determined measurements;
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