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eIF5A dimerizes not only in vitro but also in vivo
and its molecular envelope is similar to the EF-P monomer
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Abstract The protein eukaryotic initiation factor 5A

(eIF5A) is highly conserved among archaea and eukary-

otes, but not in bacteria. Bacteria have the elongation factor

P (EF-P), which is structurally and functionally related to

eIF5A. eIF5A is essential for cell viability and the only

protein known to contain the amino acid residue hypusine,

formed by post-translational modification of a specific

lysine residue. Although eIF5A was initially identified as a

translation initiation factor, recent studies strongly support

a function for eIF5A in the elongation step of translation.

However, the mode of action of eIF5A is still unknown.

Here, we analyzed the oligomeric state of yeast eIF5A.

First, by using size-exclusion chromatography, we showed

that this protein exists as a dimer in vitro, independent of

the hypusine residue or electrostatic interactions. Protein–

protein interaction assays demonstrated that eIF5A can

form oligomers in vitro and in vivo, in an RNA-dependent

manner, but independent of the hypusine residue or the

ribosome. Finally, small-angle X-ray scattering (SAXS)

experiments confirmed that eIF5A behaves as a stable

dimer in solution. Moreover, the molecular envelope

determined from the SAXS data shows that the eIF5A

dimer is L-shaped and superimposable on the tRNAPhe

tertiary structure, analogously to the EF-P monomer.
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Introduction

The putative eukaryotic translation initiation factor 5A

(eIF5A) is a small (17 kDa) acidic protein, highly con-

served and essential among archaea and eukaryotes, but not

in bacteria (Schnier et al. 1991; Chen and Liu 1997; Park

et al. 1997). Alternatively, bacteria have an eIF5A ortho-

log, elongation factor P (EF-P), which shares important

structural features with eIF5A (Park et al. 2010).

eIF5A is activated by a unique post-translational mod-

ification, in which a specific lysine (K51 in yeast) is con-

verted into the unusual amino acid residue hypusine by the

enzymes deoxyhypusine synthase and deoxyhypusine

hydroxylase (Park et al. 2010). The hypusine modification

is essential for the eIF5A function and hypusine and/or

deoxyhypusine have been identified in all analyzed archaea

and eukaryotes, but not in bacteria (Park et al. 2010).

EF-P does not contain the hypusine residue. However, in

a subset of bacterial species, the enzymes lysyl-tRNA

synthetase (YjeA) and lysine-2,3-aminomutase (YjeK)

modify EF-P post-translationally with the addition of a

b-lysine at its lysine 34, the residue corresponding to the

hypusine modification site of eIF5A (Navarre et al. 2010;

Yanagisawa et al. 2010; Bailly and de Crécy-Lagard 2010;

Roy et al. 2011; Park et al. 2012). This EF-P modification,

called b-lysylation, is analogous to the hypusine modifi-

cation of eIF5A and essential for the EF-P function and cell

growth of E. coli (Yanagisawa et al. 2010; Park et al.

2012).
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The eIF5A protein was initially characterized as a

translation initiation factor, based on its activity in stimu-

lating the formation of methionyl-puromycin in vitro

(Kemper et al. 1976; Benne and Hershey 1978; Hershey

et al. 1990). Since eIF5A depletion in yeast caused a partial

decrease in cell protein synthesis (30 %) and an increase in

the number of G1-arrested cells (Kang and Hershey 1994),

it was hypothesized that eIF5A was important for the

translation of mRNAs encoding specific proteins such as

those required for cell cycle progression (Kang and Her-

shey 1994; Park et al. 1993). In support of this idea, eIF5A

function is essential for polarized growth, a process nec-

essary for the G1/S transition in budding yeast (Zanelli and

Valentini 2005). Furthermore, synthetic lethality was

revealed between mutants of eIF5A and of Ypt1, which is a

protein essential for vesicular trafficking and also for

proper polarized growth in yeast (Frigieri et al. 2007,

2008). However, the mechanism triggered by eIF5A to

accomplish this cell cycle function is still unknown.

More recently, it has been demonstrated that eIF5A

interacts physically with the 80S ribosome as well as with

the translation elongation factors eEF1A and eEF2 (Jao and

Chen 2006; Zanelli et al. 2006). eIF5A was shown to co-

fractionate with monosomes in a translation-dependent

manner. Moreover, eIF5A mutant strains show accumula-

tion of polysomes instead of polysome run-off and an

increase in the average time necessary for ribosomes to

transit along mRNAs (Gregio et al. 2009; Saini et al. 2009).

In addition, it was demonstrated that eIF5A interacts

functionally with the elongation factor eEF2 (Dias et al.

2012). These results strongly support a function for eIF5A

in the elongation step of translation rather than the initia-

tion, although it is still not known whether eIF5A affects the

translation of all mRNAs or a subset of specific mRNAs.

The three-dimensional structures of eIF5A proteins from

archaea (PDB IDs 1eif, 2eif, 1iz6, 1bkb), Leishmania

species (PDB IDs 1x6o, 1xtd), yeast (PDB ID 3er0) and

human (PDB ID 3cpf) exhibit only minor differences

(Tong et al. 2009). The analysis of these structures shows

that eIF5A is composed of two predominantly b-sheet

domains. The N-terminal domain bears the hypusine resi-

due in an exposed loop. This domain is folded in an SH3-

like barrel found in other proteins related to translation and

harbors a KOW motif proposed to mediate RNA binding

(http://supfam.org/SUPERFAMILY; Gough et al. 2001).

The C-terminal domain forms an OB-fold, which is

also present in other translational machinery components

(e.g., eIF1A, eIF2a and several ribosomal proteins) and

belongs to the nucleic acid-binding protein superfamily

(http://scop.mrc-lmb.cam.ac.uk/scop; Tong et al. 2009).

Interestingly, not only are the primary sequences of

eIF5A and EF-P related, but the tertiary structures of EF-P

domains I and II are superimposable on the structures of

the N-terminal and C-terminal domains of eIF5A, respec-

tively (Hanawa-Suetsugu et al. 2004; Tong et al. 2009).

Similarly to eIF5A, EF-P stimulates the formation of a

peptide bond between the initiator tRNA and puromycin in

vitro, but has no effect on the rate of poly (U)-dependent

poly(Phe) synthesis (Benne and Hershey 1978; Glick et al.

1979). EF-P is L-shaped and resembles a tRNA in structure

and size (Hanawa-Suetsugu et al. 2004). Recently, the

structure of EF-P bound to the 70S ribosome was reported

revealing that EF-P binds to a site located between the

binding sites for the peptidyl tRNA (P site) and the exiting

tRNA (E site) (Blaha et al. 2009). It was proposed that EF-

P facilitates the proper positioning of the fMet-tRNAfMet
i

for the formation of the first peptide bond during transla-

tion initiation (Blaha et al. 2009). As we do not know

where eIF5A binds to the ribosome, it remains to be elu-

cidated whether eIF5A functionally mimics EF-P on

ribosomes.

Early studies suggested that human eIF5A purified from

erythrocytes exists as a dimer in solution and is able to

form higher oligomers (Chung et al. 1991). Recently,

another group supported the idea that yeast eIF5A is a

dimer in vitro and that the dimerization depends on the

presence of the hypusine residue and RNA (Gentz et al.

2009). To confirm the ability of the hypusine residue to

promote eIF5A oligomerization in vitro, we produced

recombinant yeast eIF5A proteins, containing the hypusine

residue or not, and performed size-exclusion molecular

chromatography under various conditions. We found that

eIF5A is a dimer in vitro, independently of the hypusine

residue or electrostatic interactions. Moreover, we dem-

onstrated that eIF5A is able to form oligomers in cell

extracts and may exist as a dimer in vivo, in a manner that

depends on RNA, but not on assembled 80S ribosome or

the hypusine residue. Interestingly, the molecular envelope

of the eIF5A dimer, analyzed by small-angle X-ray scat-

tering (SAXS), is L-shaped and resembles the tRNAPhe in

structure and size, analogously to the EF-P monomer.

Materials and methods

All yeast strains and plasmids used in this study are listed

in Online Resource Tables 1 and 2, respectively. All

chemicals used in this study were of analytical grade.

Purification of the recombinant yeast protein eIF5A

from bacteria

The DNA fragments containing the gene encoding eIF5A

(TIF51A), Dys1 (DYS1) and Lia1 (LIA1) were PCR-

amplified from the S. cerevisiae genome and cloned into
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the expression plasmid pST39 as described by Park et al.

(2011). For protein purification of eIF5AHyp, E. coli

BL21(DE3)pLysS cells transformed with pST39-TIF51A/

DYS1/LIA1 (pVZ1088) were harvested after 4 h of induc-

tion with 1 mM isopropyl-b-D-thiogalactopyranoside

(IPTG) at 37 �C. The cell pellets from 6 L of culture (20 g)

were resuspended in 100 mL of ice-cold lysis buffer

(50 mM Tris acetate, 0.1 mM EDTA, 1 mM DTT, con-

taining protease inhibitor cocktail—Roche, adjusted to pH

7.0) and lysed by sonication. The cell lysate was centri-

fuged at 25,0009g for 30 min and the clarified lysate was

subjected to a sequence of ion exchange chromatography to

obtain eIF5AHyp, as previously described by Park et al.

(2011).

To produce 6xHis-eIF5ALys, the gene TIF51A was

amplified from the S. cerevisiae genome and cloned into

the expression plasmid pQE-30 (Qiagen). The E. coli strain

M15 was transformed with pQE-TIF51A (pSV727) and the

recombinant yeast protein 6xHis-eIF5ALys was overex-

pressed upon exposure to 0.4 mM IPTG for 4 h at 37 �C.

The cell pellet from 2 L of culture was washed twice in

cold PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,

1.8 mM KH2PO4, adjusted to pH 7.4) and suspended in

20 mL of ice-cold lysis buffer (20 mM NaH2PO4, 300 mM

NaCl, 20 mM imidazole, 2 mM DTT, 2 mM PMSF, 5 lg/mL

of pepstatin, leupeptin, aprotinin and chymostatin, adjusted

to pH 8.0). The 6xHis-eIF5ALys fusion protein was purified

by affinity chromatography on Ni–NTA resin, as recom-

mended by the manufacturer (Qiagen). Clones encoding

6xHis-eIF5AG50A, 6xHis-eIF5AK51R, 6xHis-eIF5AK56A

and 6xHis-eIF5AK56D were constructed using a site-direc-

ted mutagenesis kit, as recommended by the manufacturer

(Stratagene), and the recombinant proteins without the

hypusine residue were purified by the same method used to

purify 6xHis-eIF5ALys.

Purification of the recombinant yeast proteins

6xHis-eIF5A and 6xHis-eIF5AK51R from yeast

The same DNA fragment encoding yeast eIF5A was cloned

into the expression plasmid pYES2 (Invitrogen). The

plasmid pYES-6xHis-eIF5A (pVZ975) was then subjected

to site-directed mutagenesis to obtain a plasmid encoding

6xHis-eIF5AK51R (pVZ976). The clones were introduced

into the SVL55 yeast strain to overproduce yeast 6xHis-

eIF5AHyp (containing the hypusine residue) or 6xHis-

eIF5AK51R (not containing the hypusine residue) in yeast.

The resulting strains were grown at 30 �C until they

reached an optical density of 0.4 at 600 nm, when the

production of recombinant fusion protein was induced by

adding 2 % galactose and waiting for 15 h. Cells were

collected, washed twice in 20 mL of cold PBS and sus-

pended in 40 mL of cold buffer (20 mM NaH2PO4,

300 mM NaCl, 20 mM imidazole, 2 mM DTT, 2 mM

PMSF, 5 lg/mL of pepstatin, leupeptin, aprotinin and

chymostatin, adjusted to pH 8.0). After lysis in a French

press, the cell lysate was centrifuged and the fusion protein

purified by affinity chromatography on Ni–NTA resin, as

recommended by the manufacturer (Qiagen).

Size-exclusion molecular chromatography of eIF5A

The recombinant yeast proteins, eIF5AHyp and 6xHis-

eIF5ALys (wild-type or mutants), were purified from E. coli

by ion exchange or affinity chromatography, as described

above. SDS-PAGE gels of 6xHis-eIF5ALys and eIF5AHyp

are presented in Online Resource Figs. 1 and 2. After

concentration of the protein to 2 mg/mL in a buffer con-

taining 20 mM Tris–HCl (pH 7.5), 0.1 mL of the protein

solution was separated on a 70 mL Superdex 75 column

(GE Life Science). The molecular mass standard proteins

(GE Life Science) ribonuclease A (13.7 kDa) and ovalbu-

min (43.0 kDa), each at a concentration of 2 mg/mL, were

used to calibrate the column. The elution buffer used was

20 mM Tris–HCl (pH 7.5) with or without 500 mM NaCl

and 10 mM DTT. The proteins 6xHis-eIF5AHyp and 6xHis-

eIF5AK51R were purified from yeast (Online Resource

Fig. 2), as described above, and subjected to size-exclusion

molecular chromatography. The proteins, at 0.5 mg/mL, in

a buffer containing 20 mM Tris–HCl (pH 7.5) and

100 mM NaCl, were separated on a 90 mL Superdex 200

column (G.E. Life Science). Ribonuclease A (13.7 kDa),

chymotrypsinogen A (25 kDa), ovalbumin (43 kDa) and

albumin (67 kDa) were used as mass standard proteins,

each at a concentration of 2 mg/mL (G.E. Life Science).

The void volume of each column was calculated with Blue

Dextran 2000. Eluted eIF5A proteins were collected and

analyzed by SDS-PAGE and Western blot with a poly-

clonal anti-eIF5A antibody.

GST pull-down assay followed by mass spectrometry

analysis

Plasmids expressing GST alone (pSV20) or GST-eIF5A

(pSV36) were introduced into the wild-type strain SVL55.

The resulting strains were used for GST pull-down assays.

Briefly, cells were grown at 30 �C to OD600nm = 0.4 and

production of GST fusion proteins was induced with 2 %

galactose for 3 h. Cells were collected, washed twice in

cold PBS and suspended in cold Buffer A (30 mM HEPES,

100 mM KAc, 2 mM MgAc, 7 mM b-mercaptoethanol,

5 lg/mL of pepstatin, leupeptin, aprotinin and chymosta-

tin, adjusted to pH 7.5). Cells were broken by vortexing

with glass beads for 3 min, and incubating the tubes in an

ice bath for 1 min after each 1 min vortex. Cell lysates

were clarified by centrifugation at 20,0009g for 20 min at
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4 �C, and total protein concentration was determined by

the Bradford method. Clarified lysates (2 mg) were incu-

bated with 100 lL of glutathione Sepharose beads (50 %

slurry) for 1 h, at 4 �C. Beads were collected, washed five

times with cold Buffer A, and the bound proteins eluted in

50 lL of Buffer B (50 mM Tris–HCl, 100 mM NaCl, 3 %

L-glutathione reduced, adjusted to final pH 8.0). After

separation by SDS-PAGE, proteins were visualized by

silver staining. In order to identify the copurified proteins,

the bands of interest were excised and subjected to in-gel

tryptic digestion, as described by William et al. (1997). The

resulting peptide mixtures were extracted and analyzed by

MALD-ToF mass spectrometry.

GST pull-down assay followed by Western blot

analysis

A yeast strain producing ProtA-eIF5A as the sole source of

eIF5A (SVL731) was transformed with the following pairs

of plasmids: pSV36 (GST-eIF5A) ? pSV146 (eIF5A);

pSV40 (GST-eIF5AK51R) ? pSV39 (eIF5AK51R) and

pSV20 (GST) ? pSV146 (eIF5A). The resulting strains

were used for GST pull-down assays. Briefly, cells were

grown at 30 �C until OD600nm = 0.4 and then the pro-

duction of GST fusion proteins was induced by 2 % gal-

actose for 3 h. Cells were collected, washed twice in cold

PBS and suspended in cold Buffer A (described above).

Cells were lysed by vortexing with glass beads for 3 min

and incubating the tubes in an ice bath for 1 min after

every 1 min of vortex. Cell lysates were clarified by cen-

trifugation at 20,0009g for 20 min at 4 �C, and the total

protein concentration was determined by Bradford assay.

Clarified lysates (2 mg of total protein) were incubated

with 100 lL of glutathione-Sepharose beads (50 % slurry)

for 1 h, at 4 �C. Unbound fractions were collected, and the

beads were washed five times with cold Buffer A and

suspended in 30 lL of SDS-PAGE loading buffer. Bound

and unbound fractions were separated by SDS-PAGE

(12 % gel) and analyzed by Western blot, using polyclonal

anti-eIF5A antibody. Where indicated, RNase was added at

300 mg/mL and EDTA at 40 mM.

GST pull-down assay using purified proteins

The same DNA fragment encoding yeast eIF5A was cloned

into the expression plasmid pGEX-4T (G.E. Life Science).

The E. coli strain BL21 was transformed with the plasmids

encoding the proteins GST (pGEX-4T) or GST-eIF5A

(pSV35) and protein production was induced for 3 h at

37 �C with 0.4 mM IPTG. The harvested cell pellet from

2 L of culture was washed twice in cold PBS and suspended

in 20 mL of ice-cold lysis buffer (20 mM Tris–HCl, 5

lg/mL of pepstatin, leupeptin, aprotinin and chymostatin).

GST, GST-eIF5A and eIF5A proteins were purified by

affinity chromatography on glutathione-Sepharose, as rec-

ommended by the resin manufacturer (G.E. Life Science).

The fractions containing the protein were collected and

concentrated with an Amicon filter (Millipore). A total of

5 lg of GST or GST-fused protein was bound to glutathi-

one-Sepharose beads in PBS for 30 min at 25 �C. After

three washes with 1 mL PBS, 1 lg eIF5A protein was

added in a volume of 1 mL Buffer X (20 mM Tris–HCl (pH

8.0), 0.5 % Triton X-100) and the reaction mixtures were

incubated for 1 h at 4 �C. Unbound fractions were collected

and the beads washed three times with 1 mL of Buffer X

containing 300 mM NaCl. Bound and unbound fractions

were incubated with SDS-PAGE loading buffer for 5 min at

95 �C and separated on a 12 % SDS-polyacrylamide gel by

electrophoresis, followed by Western blot with polyclonal

anti-eIF5A and anti-GST (Sigma) antibodies.

Small-angle X-ray scattering (SAXS) experiments

The recombinant yeast protein 6xHis-eIF5AHyp (containing

the hypusine residue), purified from yeast as described

above, was subjected to SAXS experiments at the con-

centrations of 2 and 6 mg/mL, in 25 mM Tris–HCl (pH

7.8) containing 20 mM NaCl. The measurements were

carried out at the LNLS (National Synchrotron Light

Laboratory, Campinas, Brazil) synchrotron SAXS beam-

line (Kellermann et al. 1997). The 6xHis-eIF5AHyp sam-

ples (250 lL) were centrifuged for 15 min at 14,0009g (at

4 �C) prior to the measurements, to remove aggregates or

particles, and then placed on ice. The samples were then

loaded into cells made of two thin parallel mica windows

and kept at room temperature during the measurements.

Two successive frames of 300 s each were recorded for

each sample to monitor radiation damage and beam sta-

bility. The wavelength of the incoming monochromatic

X-ray beam was set to k = 0.148 nm. The X-ray patterns

were recorded with a two-dimensional CCD detector

(MarResearch, USA). The sample–detector distance

(1031.5 mm) was adjusted to record the scattering intensity

over a range of q (scattering vector) values from 0.1 to

3.5 nm-1, where q = 4p sin(h)/k and h is half the scat-

tering angle. Buffer scattering was recorded before each

sample scattering. The parasitic scattering from air and

beamline windows was subtracted from the total measured

intensities. The integration of SAXS patterns was per-

formed with the Fit2D software (Hammerley 1997) and the

curves were scaled by protein concentration.

SAXS data analysis

The radius of gyration (Rg) of the molecule was deter-

mined by two independent procedures: by the Guinier
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equation (Guinier 1955) (I(q) = I(0).exp[(-q2 9 Rg2)/3],

q \ 1.3/Rg) and by the indirect Fourier transform method,

using the Gnom package (Svergun et al. 1988; Svergun

1999). The distance distribution function P(r) was also

evaluated with Gnom software and the maximum diameter

(Dmax) was obtained. Molecular weights (MW) were esti-

mated by two methods: (2) by determining the absolute

scattering intensity using water scattering (primary stan-

dard) (Orthaber et al. 2000) and (2) using a novel procedure

implemented as a web tool SAXS MoW (www.ifsc.

usp.br/*saxs/saxsmow.html; Fischer et al. 2010). The

latter procedure does not require the measurement of

SAXS intensity on an absolute scale and does not involve a

comparison with another SAXS curve determined from a

known standard protein. To calculate the forward scattering

I(0) on the absolute scale, the known scattering of water,

1.632 9 10-2 cm-1 at 288 K, was used (Orthaber et al.

2000).

SAXS ab initio modeling

Dummy atom models (DAMs) were calculated from the

experimental SAXS by ab initio procedures implemented

in both the Dammin (Svergun 1999; Petoukhov and Sver-

gun 2003) and Gasbor packages (Svergun and Petoukhov

2001). Several runs of ab initio shape determination with

different starting conditions led to consistent results as

judged by structural similarity of the output model, yield-

ing nearly identical scattering patterns and fitting statistics

in a stable and self-consistent process. The resolution was

determined from the equation q = 2p/qmax. The Crysol

package was used to generate simulated scattering curves

from the DAMs (Svergun 1992). Rg and Dmax were

determined with the same package.

Simulated scattering curves and rigid-body modeling

The three-dimensional crystallographic structures of eIF5A

from Saccharomyces cerevisiae (PDB ID 3er0), human

(PDB ID 3cpf), Pyrococcus horikoshii (PDB ID 1iz6),

Leishmania braziliensis (PDB ID 1x6o), L. mexicana (PDB

ID 1xtd), Methanococcus jannaschii (PDB IDs 1eif, 2eif)

and Pyrobaculum aerophilum (PDB ID 1bkb) were used by

Crysol package (Svergun 1992) to generate the simulated

scattering curves and to determine Rg and Dmax. The

simulated scattering curves were them compared with the

experimental SAXS data. Computed scattering curves

based on the crystallographic structures of EF-P from

Thermus thermophilus (PDB ID 1ueb) and tRNAPhe from

Saccharomyces cerevisiae (PDB ID 4tna) were also gen-

erated by Crysol. Rigid-body modeling of the dimer eIF5A

from S. cerevisiae was performed with the Sasref pack-

age (Konarev 2006). The two monomers from the

crystallographic structure of this dimer (PDB ID 3er0) were

separated and their relative position and orientation were

optimized. Crysol was used to generate the simulated

scattering curves from the rigid-body model. The 3-D

crystallographic structures and ab initio DAMS were

superimposed with the Supcomb package (Kozin and

Svergun 2001). Superposition figures were generated by

the PyMOL program (Delano 2002).

Results and discussion

eIF5A exists as a dimer, not only in vitro but also in

vivo, independently of the presence of the hypusine

residue or the ribosome, but dependently on RNA

Initially, to analyze the oligomeric state of eIF5A in vitro,

we carried out size-exclusion molecular chromatography

on the recombinant eIF5A protein in minimal buffer con-

taining 20 mM Tris–HCl (pH 7.5), using a Superdex 75

column of 70 mL. Figure 1a shows the chromatogram

obtained with the molecular mass standard protein analysis.

The proteins ovalbumin (43.0 kDa) and ribonuclease A

(13.7 kDa) eluted in 26.9 mL and 52.9 mL, respectively.

Figure 1b shows that 6xHis-eIF5ALys (not containing the

hypusine residue) or eIF5AHyp (containing the hypusine

residue), both purified from bacteria and at a final con-

centration of 2 mg/mL, eluted in fractions corresponding to

a 40 kDa protein, approximately the size expected for the

eIF5A dimer, which suggests that eIF5A is a dimer in vitro,

independently of the hypusine residue. The same result was

observed in the size-exclusion molecular chromatography

of 6xHis-eIF5ALys at 5 mg/mL or 10 mg/mL, using a

Superdex 75 column of 25 mL (data not shown), suggest-

ing that the dissociation constant of eIF5A is low and

eIF5A is a dimer in the range of protein concentration used

in these experiments. Although these results show clearly

that dimerization of eIF5A does not depend on the hypu-

sine residue, they are not in agreement with the results

published by Gentz et al. (2009), which suggested that the

hypusine residue is necessary for eIF5A dimerization in

vitro. However, this discrepancy may be due to different

experimental conditions.

To investigate the nature of the interactions involved in

eIF5A dimerization, we tested whether ionic interactions or

cysteine residues are necessary. The same protein sample

used in the experiment shown in Fig. 1b (6xHis-eIF5ALys)

was subjected to size-exclusion chromatography in mini-

mal buffer containing 500 mM of NaCl, which prevents

ionic interactions, and 10 mM of dithiothreitol (DTT),

which is a reducing agent that breaks down the disulfide

bridges between cysteine residues. No difference was

observed between the elution profile of the 6xHis-eIF5ALys
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under these conditions (Fig. 1c, lower Western blot panel)

and that in the first conditions (Fig. 1c, upper Western blot

panel), indicating that the oligomeric state of eIF5A does

not depend on electrostatic interactions and disulfide

bridges in vitro, in agreement with previous studies (Chung

et al. 1991; Gentz et al. 2009).

Since the spectroscopic reading at 260 nm of the

purified protein showed that 6xHis-eIF5ALys and

eIF5AHyp were contaminated with RNA from bacteria

(Online Resource Fig. 3a, b), we carried out size-exclu-

sion molecular chromatography on 6xHis-eIF5ALys (2

mg/mL), after its treatment with RNase A (300 mg/mL

final concentration), at room temperature for 30 min. As

shown in Fig. 1d, lower Western blot panel, 6xHis-

eIF5ALys treated with RNase is eluted in a volume cor-

responding to a 20 kDa protein, approximately the size

expected for the eIF5A monomer, indicating that the

eIF5A oligomer in vitro is dependent on RNA. These

findings are consistent with previous published data

showing the disruption of the eIF5A dimer in vitro in the

presence of RNase (Gentz et al. 2009). However, our data

suggest that the RNA necessary for dimerization of eIF5A

is not specific.

As structural differences may exist between recombi-

nant proteins purified from bacteria and yeast (Prinz et al.

2004), we also analyzed by size-exclusion chromatography

the recombinant protein 6xHis-eIF5AHyp (containing the

hypusine residue) and its mutant 6xHis-eIF5AK51R (not

containing the hypusine residue), purified from S. cerevi-

siae (Fig. 2). Figure 2a shows the chromatogram obtained

with the molecular mass standard protein analysis

employing a Superdex 200 column of 90 mL. The proteins,

ovalbumin (43.0 kDa) and ribonuclease A (13.7 kDa), are

eluted at 81 and 95.7 mL, respectively. Western blot

analysis of the chromatographic protein fractions showed

that both 6xHis-eIF5AHyp and 6xHis-eIF5AK51R were

eluted in a column volume corresponding to a 40 kDa

protein (Fig. 2b), the size expected for the eIF5A dimer.

These findings are consistent with the result observed in

Fig. 1b and confirm that eIF5A dimerization in vitro is

independent of the hypusine residue.

The hypusine loop is strictly conserved throughout

eukaryotic evolution and contains either positively charged

residues or only uncharged residues. Amino acid substitu-

tions in the hypusine loop cause a total or a severe

impairment of deoxyhypusine/hypusine modification and
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Fig. 1 Effect of the hypusine

residue, electrostatic

interactions and RNA on

dimerization of eIF5A. a Size-

exclusion chromatography of

molecular mass standard

proteins ovalbumin (43 kDa)

and ribonuclease A (13.7 kDa),

using a Superdex 75 column of

70 mL and minimal buffer

containing 20 mM Tris–HCl at

pH 7.5. b Size-exclusion

chromatography of 6xHis-

eIF5ALys and 6xHis-eIF5AHyp

in minimal buffer. c Size-

exclusion chromatography of

6xHis-eIF5ALys in minimal

buffer or with 500 mM NaCl

and 10 mM DTT. d Size-

exclusion chromatograph of

6xHis-eIF5ALys in minimal

buffer, after protein treatment

with RNase. All the

chromatographic fractions were

analyzed by Western blot with

eIF5A antibody and are shown

beside each chromatogram
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thereby in eIF5A function, especially when the substitution

involves insertion of a negatively charged residue (Dias

et al. 2008). In order to investigate whether other amino

acids in the hypusine loop are necessary to form the eIF5A

dimer, size-exclusion molecular chromatography was done

with recombinant yeast proteins in which individual amino

acids close to the hypusine site have been exchanged

(6xHis-eIF5AG50A, 6xHis-eIF5AK51R, 6xHis-eIF5AK56A,

6xHis-eIF5AK56D). For this, we used a Superdex 75 col-

umn of 25 mL and the elution volume of these proteins was

consistent with the dimeric species observed with the

wild-type protein (data not shown), suggesting that the

individual amino acid residues around the hypusine site

analyzed do not interfere with the oligomeric state of

eIF5A either.

To determine whether eIF5A dimerizes not only in vitro

but also in vivo, we performed glutathione S-transferase

pull-down assay followed by mass spectrometry. GST-

eIF5A fusion protein, whose functionality was confirmed

by suppressing the temperature sensitivity of an eIF5A

mutant (Zanelli et al. 2006), was transiently overexpressed

from an inducible high-copy episomal vector. As a nega-

tive control, we used another strain expressing GST alone.

As shown in Fig. 3a, there is a series of bands corre-

sponding to proteins of different molecular weights that

copurify with GST-eIF5A, but not with GST. Several of the

most prominent bands, as revealed by silver staining, were

identified by mass spectrometry. Ribosomal proteins and

the elongation factor 2 (eEF2), already previously identi-

fied by our group (Zanelli et al. 2006), were identified

again in this study. Interestingly, eIF5A was identified in

the region corresponding to 17 kDa (Fig. 3a), which sug-

gests that eIF5A can bind to GST-eIF5A in vivo. In the

same protein region, 40S ribosomal proteins S17-A

(16 kDa), S19-A (16 kDa), S15 (16 kDa), S18 (17 kDa)

and S26 (14 kDa), and 60S ribosomal protein S20

(17 kDa), but not GST were identified. GST was revealed

only in the excised protein band corresponding to 26 kDa.

To confirm that eIF5A is able to form oligomers in vivo

and, moreover, to check whether the hypusine is important

for this interaction, we performed the glutathione S-trans-

ferase pull-down experiments with yeast lysates from cells

producing GST-eIF5AHyp ? eIF5AHyp (both containing

the hypusine residue), GST-eIF5AK51R ? eIF5AK51R (both

not containing the hypusine residue) or GST ? eIF5AHyp

(negative control) (Fig. 3b). Since eIF5A has been reported

to interact with polysomes (Jao and Chen 2006; Zanelli

et al. 2006), we also performed GST pull-down experi-

ments in the presence of RNase or EDTA, to disassemble

the polysomes. Besides that, the RNase treatment digests

free RNA, allowing us to test whether RNA is necessary

for eIF5A oligomer formation.

As shown in lane 2 of Fig. 3b, GST alone was unable to

interact with eIF5AHyp. On the other hand, the protein

eIF5AHyp was copurified by GST-eIF5AHyp (Fig. 3b, lane

4), which supports the idea that eIF5A is able to form

oligomers in vivo. In addition, the eIF5AK51R was copu-

rified by GST-eIF5AK51R (Fig. 3b, lane 6), confirming that

hypusine modification is not necessary for the oligomeri-

zation of eIF5A. Although this assay does not determine

which oligomeric state eIF5A assumes (dimer or higher

oligomers), the result suggests that eIF5A is an oligomer in

vivo, independently of the presence of the hypusine resi-

due. Therefore, the results presented in Fig. 3b are in

agreement with those in Figs. 1 and 2, and further support

the idea that hypusine modification is not necessary for

eIF5A dimerization.

Interestingly, GST-eIF5AHyp did not pull-down eIF5A-
Hyp in the presence of RNase (Fig. 3b, lane 8), suggesting

that the formation of the eIF5A oligomer in vivo does

depend on RNA, as observed in the eIF5A dimer in vitro

(Fig. 1d). In fact, besides the observation that the structure

of eIF5A contains oligonucleotide/oligosaccharide-

binding fold domains that can bind to DNA and/or RNA

(http://supfam.org/SUPERFAMILY; Tong et al. 2009),

eIF5A has been reported to bind specific RNA

Fig. 2 Effect of hypusine residue on dimerization of 6xHis-eIF5AHyp

and 6xHis-eIF5AK51R purified from yeast. a Size-exclusion chro-

matograph of molecular mass standard proteins albumin (67 kDa),

ovalbumin (43 kDa), chymotrypsinogen A (25 kDa) and ribonuclease

A (13.7 kDa), using a Superdex 200 column of 90 mL and minimal

buffer containing 20 mM Tris–HCl at pH 7.5 and 100 mM NaCl.

b Analysis of size-exclusion chromatograph fractions by Western blot

with eIF5A antibody. Upper panel shows the chromatograph fractions

of 6xHis-eIF5AHyp analyses (containing hypusine residue) and lower
panel shows the chromatograph fractions of 6xHis-eIF5AK51R

analyses (not containing hypusine residue). Both analyses were done

with the same column and conditions used to analyze the standard

proteins
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Fig. 3 Analysis of oligomeric state of eIF5A using GST pull-down

assay. a Oligomeric state of eIF5A in vivo. Yeast whole cell extracts

derived from cells expressing either GST (lane 1) or GST-eIF5A (lane

2) were incubated with glutathione Sepharose beads. After extensive

washing, proteins bound to the beads were eluted, fractionated by

SDS-PAGE and silver stained. Mass spectrometry analysis of excised

protein bands revealed the copurified proteins as eEF2 and eIF5A

(indicated by squares). In the same excised protein band of eIF5A,

40S ribosomal proteins S17-A (16KDa), S19-A (16KDa), S15

(16KDa), S18 (17KDa) and S26 (14KDa), and 60S ribosomal protein

S20 (17KDa) were identified. GST was revealed only in the excised

protein band corresponding to 26 kDa (indicated by square). b Yeast

whole cell extracts derived from cells producing a tagged form of

eIF5A (ProtA-eIF5A) and also expressing GST and eIF5AHyp (lanes 1
and 2), GST-eIF5AHyp and eIF5AHyp (lanes 3 and 4) and GST-

eIF5AK51R and eIF5AK51R (lanes 5 and 6) were incubated with

glutathione-Sepharose beads and subjected to pull-down assay.

Proteins bound to the beads were eluted, fractionated by SDS-PAGE

and analyzed by Western blot. UB and B refer to fractions unbound

and bound to glutathione resin, respectively. The experiment using

cells expressing GST-eIF5AHyp and eIF5AHyp was repeated in the

presence of RNase (lanes 7 and 8) and EDTA (lanes 9 and 10).

c Oligomeric state of eIF5A in vitro. The experiment described in

(b) was conducted with GST, GST-eIF5ALys and eIF5ALys purified

from E. coli (right panel), without ribosomal proteins, as revealed by

Ponceau S (left panel)
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oligonucleotide sequences (Xu and Chen 2001), and sub-

sequent work identified some potential candidate target

mRNAs (Xu et al. 2004). However, the biological signifi-

cance of this supposed mRNA-binding capacity of eIF5A is

as yet unknown. In addition, the presence of EDTA, which

causes the dissociation of the 40S and 60S ribosomal

subunits, did not affect the interaction between GST-

eIF5AHyp and eIF5AHyp (Fig. 2a, lane 10), which indicates

that the oligomeric state of eIF5A in vivo does not depend

on the presence of assembled ribosomes or polysomes.

To confirm that the oligomeric state of eIF5A is inde-

pendent of the hypusine modification and ribosomes, we

performed an in vitro pull-down assay with purified pro-

teins from E. coli (not containing the hypusine residue). As

shown in Fig. 3c (Ponceau S—stained panel), it is clear

that the proteins used (GST, GST-eIF5ALys and eIF5ALys)

were pure, without any other bacterial proteins. The

immunoblot panel (Fig. 3c) shows that GST-eIF5ALys

interacts with eIF5ALys in this assay. Interestingly, the

spectroscopic reading at 260 nm of the purified proteins

showed that eIF5ALys was contaminated with RNA from

bacteria (Online Resource Fig. 3c), indicating that the

eIF5A oligomer in vitro is dependent on RNA and sug-

gesting that the RNA necessary for dimerization is not

specific. These findings are consistent with the result

observed in Fig. 1d and also with previous published data

showing the disruption of eIF5A dimer in vitro in the

presence of RNase (Gentz et al. 2009).

eIF5A dimer is L-shaped and superimposable

on tRNAPhe, in a similar manner to the bacterial

EF-P protein

Small-angle X-ray scattering (SAXS) is a technique suit-

able for the analysis of the overall shapes, dimensions and

oligomeric states of macromolecules in solution (Svergun

1999; Batista et al. 2010). Therefore, SAXS measurements

were used to probe the molecular shape of 6xHis-eIF5AHyp

oligomers directly in solution. The X-ray scattering curve

obtained for 6xHis-eIF5AHyp is shown in Fig. 4. The

Guinier plot (Fig. 4a, inset) of the data exhibited a linear

profile and the corresponding linear regression correlation

coefficient was 0.997, indicating satisfactory monodisper-

sity of 6xHis-eIF5AHyp. In agreement with other results

presented, the radius of gyration calculated from the Gui-

nier plot was Rg = 3.11 nm (Guinier 1955), which is very

close to the value of 3.07 nm obtained from the integral

analysis of the scattering curve using the method imple-

mented in the Gnom package (Rg = 3.07 nm) (Svergun

et al. 1988; Svergun 1999), both values being consistent

with a dimeric molecule of eIF5A in solution. Ten inde-

pendent ab initio simulations were performed with the

Dammin package (Svergun 1999; Petoukhov and Svergun

2003) without imposing any symmetry restrictions, which

reproduced well both the experimental curve and the pair

distance distribution function P(r). The reconstructed low-

resolution model of 6xHis-eIF5AHyp restored at 2.10 nm

resolution from synchrotron X-ray scattering data showed

an elongated L-shaped molecule (Fig. 4b), with a maxi-

mum diameter of approximately 9.5 nm. This elongated

molecular shape, shown in Fig. 4b, thus explains why size-

exclusion chromatography tends to overestimate slightly

the molecular mass of eIF5A dimer (40 kDa), which the-

oretically should be 34 kDa. The two SAXS-based meth-

ods used to calculate the molecular weight, which include

absolute scattering intensity using water as primary stan-

dard (Orthaber et al. 2000), and the SAXS MoW web tool

(Fischer et al. 2010), consistently reveal dimers of eIF5A in

solution, with molecular weights of 38 and 35 kDa,

respectively. The SAXS data are therefore consistent with a

dimeric particle, supporting our proposal that eIF5A is a

dimer in solution (Figs. 1, 2).

Figure 5 shows the SAXS experimental data and the

computed scattering curves based on the crystallographic

structures of eIF5A trimer from Pyrococcus horikoshii

(PDB 1iz6), eIF5A dimer from S. cerevisiae (PDB ID

3er0), eIF5A dimer from human (PDB ID 3cpf) and eIF5A

monomer from Leishmania braziliensis (PDB ID 1x6o).

The scattering curve computed based on the crystallo-

graphic structure of eIF5A dimer from S. cerevisiae

exhibited the best fit to the experimental data, compared to

the other scattering curves (Fig. 5, black solid line).

However, the eIF5A dimer model needs to be more elon-

gated than the crystallographic structure (PDB ID 3er0) to

fit the experimental SAXS data. The radius of gyration

calculated from the crystallographic structure was 2.50 nm

(Online Resource Table 3), which is smaller than the value

obtained from experimental data (Rg = 3.11 nm). Thus,

we performed rigid-body adjustments of the crystallo-

graphic model, based on our SAXS curve (Figs. 4a, 6). The

two monomers from the crystallographic structure were

separated and the resulting rigid-body model showed a

more elongated dimer. Figure 6 shows the superposition of

the crystallographic structure of eIF5A (PDB ID 3er0) on

the rigid-body model. The rigid-body adjustments of the

eIF5A dimer resulted in a considerably better fit to SAXS

experimental data (Fig. 4a, gray line). Superposition of the

low-resolution model and eIF5A dimer rigid-body model

shows good agreement (Fig. 4b) and it is clear that the

SAXS model of eIF5A is compatible with two eIF5A

molecules. However, by the assays described here, it is not

possible to know if the relative disposition of the two

molecules of eIF5A in the rigid-body model is indeed the

same of the 6xHis-eIF5AHyp dimer in solution. A summary

of the main results described in this study is given in

Online Resource Table 3.
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eIF5A shares sequence and structural similarity with

the first two domains of EF-P. Domain I of EF-P is

topologically the same as the N-terminal domain of

eIF5A. On the other hand, EF-P domains II and III each

share the same topology as that of the eIF5A C-terminal

domain, indicating that domains II and III arose by

duplication (Hanawa-Suetsugu et al. 2004). However, in

contrast to eIF5A, which is a dimer in solution (Figs. 1,

2, 4), EF-P exists as a monomer under physiological

conditions (Hanawa-Suetsugu et al. 2004). To verify

whether the EF-P monomer and eIF5A dimer have

similar overall shapes, we conducted structural alignment

between the crystallographic structures of EF-P monomer

and the SAXS low-resolution model of eIF5A (Fig. 7).

Figure 7a shows the SAXS experimental data and the

scattering curves computed based on the crystallographic

structures of EF-P monomer (PDB ID 1ueb) and

tRNAPhe (PDB ID 4tna). Although eIF5A is composed of

approximately 140 amino acid residues and is shorter

than EF-P by approximately 40 residues, we can see, in

Fig. 7b, that the low-resolution model of eIF5A dimer

(maximum dimension of approximately 9.5 nm and

Rg = 3.12 nm) is bigger than the EF-P monomer

(maximum dimension of approximately 8 nm and

Rg = 2.20 nm) (Online Resource Table 3). Interestingly,

the shapes of the eIF5A dimer and EF-P monomer are

superimposable and the angle formed between EF-P

domains I and II is similar to the angle existing in the

eIF5A low-resolution model (Fig. 7b).

The crystal structure of EF-P monomer showed that its

overall shape and dimensions are strikingly similar to

those of tRNAs (Hanawa-Suetsugu et al. 2004; Choi and

Choe 2011). Figure 7c, d shows the crystal structure of

tRNAPhe from S. cerevisiae (PDB ID 4tna) and its

structural alignment with the monomer of the EF-P

crystal structure (PDB ID 1ueb), respectively. Interest-

ingly, we can see in Fig. 7e that the SAXS low-resolution

model of the eIF5A dimer is superimposable on the

tRNAPhe structure (maximum dimension of approximately

8. 85 nm and Rg = 2.34 nm) (Online Resource Table 3),

Fig. 4 Overall shape,

dimensions and oligomeric state

of eIF5A in solution by small-

angle X-ray scattering (SAXS).

a Experimental solution

scattering curve of 6xHis-

eIF5AHyp (ln I versus q) (open
black circles with error bars)

superimposed on the computed

scattering curves based on the

restored low-resolution model

(black solid line) and the rigid-

body model (gray line). Inset
Guinier plot (ln I versus q2). The

radius of gyration obtained from

the Guinier plot is 3.11 nm, just

slightly bigger than 3.07 nm

obtained from the integral

analyses of the scattering curve

by the method implemented in

Gnom. b Molecular envelope of

6xHis-eIF5AHyp in solution was

restored from synchrotron X-ray

scattering data with an ab initio

simulated annealing algorithm

implemented in the Dammin

package. Only the best model is

shown. Two molecules of

6xHis-eIF5AHyp from S.
cerevisiae (rigid-body model)

were aligned with the low-

resolution model generated by

SAXS, using Supcomp 20

software
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as is the EF-P monomer. In fact, many of the translation

factors (initiation, elongation, release and recycling fac-

tors) mimic the shape of tRNA (Nakamura and Ito 2003;

Vestergaard et al. 2001; Lancaster et al. 2002). This

structural similarity, however, does not necessarily indi-

cate that these factors bind to the ribosome in the same

way as tRNAs. EF-P, for example, binds between the

E- and P-sites, which differs from classical tRNA binding

sites (Blaha et al. 2009).

A variety of functions has been proposed for eIF5A,

but its mode of action remains unclear (Henderson and

Hershey 2011). Although the interaction between the

ribosome and eIF5A has been described by several groups

(Jao and Chen 2006; Zanelli et al. 2006; Gregio et al.

2009; Saini et al. 2009), we do not know yet where eIF5A

binds on the ribosome. Here, we have shown strong

evidence that eIF5A may be a dimer in vivo, indepen-

dently of the hypusine residue or whole ribosome, but

dependent on RNA. Furthermore, we showed that eIF5A

dimer is L-shaped and superimposable on tRNAPhe, sim-

ilarly to the EF-P monomer. Additional studies are nec-

essary to know if the eIF5A dimer is functional and

essential for cell growth. However, since eIF5A shows

high structural similarity to EF-P and both enhance the

rate of formation of the first peptide bond, we propose

that two molecules of eIF5A may be necessary in

eukaryotes to perform the same role that one molecule of

EF-P does in bacteria.

Fig. 5 Small-angle X-ray

scattering (SAXS) curves.

Experimental solution scattering

curve of 6xHis-eIF5AHyp (ln I

versus q) (open black circles
with error bars) superimposed

on the computed scattering

curves based on the

crystallographic structures

(high-resolution model) of

eIF5A trimer from Pyrococcus
horikoshii (PDB 1iz6) (dashed
line), eIF5A dimer from

Saccharomyces cerevisiae (PDB

ID 3er0) (black solid line),

eIF5A dimer from human (PDB

ID 3cpf) (gray line) and eIF5A

monomer from Leishmania
braziliensis (PDB ID 1x6o)

(dotted line)

Fig. 6 Rigid-body model. Superposition of the rigid-body model

(gray) on the crystallographic structure (PDB ID 3er0) (black),

showing the modification imposed on the rigid-body model being

more elongated than the crystallographic structure
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(PADC). We also thank FAPESP and CNPq for the fellowship

awarded to Camila A. O. Dias. We would like to thank the staff of the

National Synchrotron Light Laboratory (LNLS, Brazil) for access to

the SAXS beamline and other facilities.

References
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