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Abstract The unusual basic amino acid, hypusine [N°-(4-
amino-2-hydroxybutyl)-lysine], is a modified lysine with
the addition of the 4-aminobutyl moiety from the poly-
amine spermidine. This naturally occurring amino acid is a
product of a unique posttranslational modification that
occurs in only one cellular protein, eukaryotic translation
initiation factor SA (elF5SA, elF-5A). Hypusine is synthe-
sized exclusively in this protein by two sequential enzy-
matic steps involving deoxyhypusine synthase (DHS) and
deoxyhypusine hydroxylase (DOHH). The deoxyhypusine/
hypusine synthetic pathway has evolved in archaea and
eukaryotes, and elF5A, DHS and DOHH are highly con-
served suggesting a vital cellular function of eI[F5SA. Gene
disruption and mutation studies in yeast and higher
eukaryotes have provided valuable information on the
essential nature of eIF5A and the deoxyhypusine/hypusine
modification in cell growth and in protein synthesis. In
view of the extraordinary specificity and functional sig-
nificance of hypusine-containing eIF5A in mammalian cell
proliferation, eIF5A and the hypusine biosynthetic
enzymes are novel potential targets for intervention in
aberrant cell proliferation.
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Abbreviations

alF5A Archaeal initiation factor SA

EF-P Elongation factor P

elF5A Eukaryotic translation initiation factor SA

elF5A-1 Primary isoform of e[F5A

elF5A-2 Secondary isoform of eIFSA

elFSA(Lys) elIF5A precursor

elFSA(Dhp) eIF5A intermediate containing
deoxyhypusine

elF5A(Hpu) elIF5A active form containing hypusine

UBRS5SA Ubiquitin arginine-fusion yeast eukaryotic
initiation factor SA

DHS Deoxyhypusine synthase

DOHH Deoxyhypusine hydroxylase

GC7 N'-guanyl-1,7-diaminoheptane

A site Aminoacyl-tRNA site

P site Peptidyl-tRNA site

E site Exiting tRNA site

Introduction

Polyamines, i.e., putrescine, spermidine, and spermine, are
ubiquitous in living cells and are essential for cell growth.
These polyamines exist as protonated polycations at physi-
ological pH in cells and interact with nucleic acids, DNA and
RNA, acidic proteins, and phospholipids. Polyamines
regulate a vast array of cellular activities at the level of
replication, transcription, translation, posttranslational
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modification, protein activation, membrane stability, and
ion channeling. The role of polyamines in translational
regulation may be most important, in that a majority of
polyamines are bound to RNA (Igarashi and Kashiwagi
2009) and in that the polyamine spermidine is required for
activation of the eukaryotic initiation factor SA (eIF5A).
Thus, polyamines regulate cell growth, proliferation, dif-
ferentiation, transformation, and apoptosis and their cellu-
lar levels are tightly regulated at the level of biosynthesis,
metabolism, and transport. The structural requirement for
polyamines for the polycationic functions is not strict and a
variety of polyamine analogs or derivatives can substitute
for the natural polyamines in cells. In eukaryotic organ-
isms, the polyamine spermidine has an independent and
specific function as the source of the 4-aminobutyl portion
of hypusine [N°~(4-amino-2-hydroxybutyl)-lysine] in the
essential cellular protein eIF5A. Since the structural
requirement for spermidine in the synthesis of hypusine is
quite strict, this function can only be fulfilled by spermi-
dine or by few close structural analogs. Thus, hypusine
synthesis defines an absolute requirement for the poly-
amine spermidine in eukaryotes (Byers et al. 1994;
Chattopadhyay et al. 2003, 2008).

Hypusine was discovered by Shiba et al. (1971) from
bovine brain extract and is a natural amino acid occurring in a
single cellular protein, e[FSA (see reviews, Chen and Liu
1997; Park 2006; Wolff et al. 2007; Zanelli and Valentini
2007). Hypusine is formed by a unique posttranslational

modification involving two enzymatic steps (Fig. 1). In the
first step, deoxyhypusine synthase (DHS) catalyzes the for-
mation of an intermediate, deoxyhypusine [N°-(4-amino-
butyl)-lysine] residue, by the transfer of the aminobutyl
moiety of polyamine spermidine to one specific lysine
residue of the eIFSA precursor. This intermediate is subse-
quently hydroxylated by deoxyhypusine hydroxylase
(DOHH; Abbruzzese et al. 1986) to form hypusine-con-
taining, biologically active eIFSA. The two enzymes have
been cloned (Joe et al. 1995; Park et al. 2006) and their
structures and reaction mechanism have been partially
characterized. Neither enzyme modifies free amino acids
(lysine or deoxyhypusine) or short peptides modeled on the
elF5A sequence (Wolff et al. 2007). Results from site-
directed mutagenesis or truncation of eIF5A indicate that
DHS and DOHH require the specific amino acid sequence
surrounding the hypusine modification site and the macro-
molecular structure of the eIFSA substrate for the modifi-
cation reaction (Wolff et al. 2007). Inhibitors of DHS and
DOHH exert anti-proliferative effects in mammalian cells
(Hanauske-Abel et al. 1994; Park et al. 1994), suggesting an
importance of the hypusine modification in cell growth. The
most convincing evidence for the essential nature of eIFSA
and its deoxyhypusine/hypusine modification was obtained
from gene mutation, gene disruption or knock down studies
in the yeast, S. cerevisiae and higher eukaryotes. Further-
more, recent evidence from yeast e[FSA temperature-sen-
sitive mutant strains (Zuk and Jacobson 1998; Valentini et al.
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Fig. 1 Hypusine biosynthesis in eIF5A. The polyamine spermidine,
which is synthesized from putrescine, is the source of the aminobutyl
moiety of hypusine, as indicated by shading. Hypusine synthesis
occurs at one specific lysine residue of the eI[FSA precursor protein,
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elF5A(Lys), by two enzymatic steps, involving deoxyhypusine
synthase (DHS) and deoxyhypusine hydroxylase (DOHH). Modified
from Park 2006
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2002; Zanelli and Valentini 2005; Chatterjee et al. 2006;
Schrader et al. 2006; Gregio et al. 2009; Saini et al. 2009) and
a Drosophila DOHH mutant (Patel et al. 2009) provides new
insights into the mechanism of eIFSA action at the elonga-
tion step of translation (Gregio et al. 2009; Patel et al. 2009;
Saini et al. 2009). In this review, we will address the evo-
lutionary and functional significance of eIFSA and hypusine
modification pathway with an emphasis on genetic studies
targeting eIFSA, DHS or DOHH, including gene disruption,
mutation, or knock down using SiRNA.

Evolution of e[F5A and the hypusine pathway

Unlike most other posttranslational modifications that
occur in a wide variety of substrate proteins, hypusine
synthesis involves only one substrate protein. It is
extraordinary that the two enzymes, DHS and DOHH, have
been designed just for the modification of elF5A. elF5A,
DHS, and DOHH are found in all eukaryotes and are highly
conserved, suggesting a vital function of elF5A and the
deoxyhypusine/hypusine modification. The amino acid
sequence of the exposed hypusine site loop (Lys50 in the
human eIF5A is modified to hypusine; Fig. 2a, b) is strictly
conserved in eukaryotes (Wolff et al. 2007). Deoxyhypu-
sine and hypusine occur in archaea and eukaryotes, but not
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in eubacteria. Yet, eubacteria has an elongation factor P
(EF-P; Figs. 2c, 3), which is a distant ortholog of eIF5A.
EF-P enhances elongation by stimulating the peptidyl
transferase activity of the ribosome and is an essential
protein in bacteria (Glick and Ganoza 1975). Like elF5A,
EF-P promotes methionyl-puromycin synthesis in vitro.
There is a significant amino acid sequence similarity
between EF-P, archaeal IFSA (alF5A), and elF5A (Hana-
wa-Suetsugu et al. 2004). Although EF-P does not contain
deoxyhypusine/hypusine, EF-P from E. coli undergoes a
different posttranslational modification that adds a mass of
144 at K34, the site corresponding to the hypusine modi-
fication site of eIFSA (Aoki et al. 2008). Crystal structures
have been determined for yeast and human eIF5A (PDB
3er0, 3cpf) four alF5A proteins (PDB leif, 2eif, 1iz6,
1bkb) and two Leishmania proteins (PDB 1x60, 1xtd), and
they exhibit only minor differences (Tong et al. 2009). The
eukaryotic proteins have an alpha-helix in the C-terminal
domain, not present in alFSA. These proteins consist of
two domains: a basic N-terminal domain containing the
hypusine modification site in an exposed loop and an acidic
C-terminal domain resembling an oligonucleotide-binding
fold (Fig. 2b). The structure of alF5A is superimposable on
that of the first two domains of EF-P (Fig. 2c¢) (Hanawa-
Suetsugu et al. 2004). These structural similarities suggest
that there may be a certain functional conservation among
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strictly conserved

Human elF5A Structure

C-terminal N-terminal

Fig. 2 Conservation of the amino acid sequence of eIF5A in
eukaryotes (a), crystal structure of human elF5A(Lys) (b) and
comparison of crystal structures of alFSA with EF-P(c). a The
numbers on top of the bar indicate the amino acid residue number for
human eIF5A. One lysine (Lys50) is converted to hypusine residue
and the sequence surrounding this modification site is highly
conserved. b crystal structure of truncated human eIF5SA(Lys)
(aal5-151) protein (PDB:3cpf; Tong et al. 2009), eIFSA consists of

B "conservative" replarement

two domains, N- and C-terminal domains of f-sheet structure. The
hypusine modification site (K50) is located at the tip of an exposed
loop in the N-terminal domain. ¢ comparison of bacterial EF-P and
alF5A structure, Thermus thermophilus EF-P consists of three
domains (I, II, and III). The alF5A structure (yellow) is superimpos-
able on the first two domains of EF-P (blue). Modified from (Park
2006)
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Fig. 3 Evolution of eIF5A and . Higher
its hypusine modification Eubacteria Archaea Yeast 9
eukaryotes
pathway. eIF5A orthologs are
found in eubacteria and archaea E E E E
and are essential genes in each 5A
organism. The DHS gene exists homolo
in archaea, and in all 9 Lysine Deoxypypusine Hypusine Hypusine
eukaryotes, but not in Hypusine
eubacteria. DOHH gene is
found only in eukaryotes. E
indicates essential gene, and NE DHS E E E
indicates non-essential gene homolog DHS DHS DHS
NE
DOHH
homolog !

the eubacterial, archaeal, and eukaryotic proteins in their
role in protein synthesis.

The requirement for eIF5A and for the hypusine modifi-
cation enzymes in cell viability and growth shows an inter-
esting progression in the course of evolution (Fig. 3). DHS is
not found in most commonly studied bacteria. However,
several bacterial species contain DHS cognate genes that
might have been transferred from archaea by horizontal gene
transfer (Brochier et al. 2004). It is not known whether EF-P
undergoes deoxyhypusine modification in those bacteria that
contain a DHS cognate (Brochier et al. 2004). Only alF5A
and DHS homolog genes but no DOHH homolog genes have
been identified in the genome of archaea kingdom (Wolff
et al. 2007). It is not clear how hypusine is synthesized in
certain archaea strains reported to contain hypusine (Bartig
et al. 1990). In yeast (and also in plants), eIF5A, DHS, and
DOHH homolog genes have been identified and eIFSA
mainly exists as the hypusine-containing mature form in
cells. Interestingly, however, DOHH is not an essential gene
in yeast, as a DOHH null S. cerevisiae strain is viable and
grows at a rate slightly slower than the wild type strain (Park
et al. 2006) suggesting that deoxyhypusine-containing
elFSA is functional in yeast. In contrast, in multicellular
(higher) eukaryotes such as Caenorhabditis elegans
(C. elegans; Maeda et al. 2001) and Drosophila melano-
gaster (D. melanogaster), (Spradling et al. 1999; Patel et al.
2009) the DOHH gene is essential. Thus, eIF5A and the two
modification enzymes seem to have evolved sequentially to
meet the specialized developmental needs of eukaryotic
organisms and in an independent manner without a
co-evolutionary linkage between them.

Gene disruption studies of eIFS5A isoforms

Two or more elF5A isoforms have been identified in
all eukaryotes, including fungi, plants, vertebrates, and
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mammals (Jenkins et al. 2001). In the yeast, S. cerevisiae,
the two eIF5SA genes, TIF51A and TIF51B, are reciprocally
regulated by oxygen with TIF51A being mainly expressed
under aerobic conditions and TIF51B being expressed only
under anaerobic condition (Schnier et al. 1991; Wohl et al.
1993). The two EIF5A genes seem to be co-expressed in
fish, amphibians, and chicken (Jenkins et al. 2001; Clement
et al. 2003). In contrast, in most mammals, only one iso-
form, eIF5A-1, is constitutively expressed in all tissues,
whereas the eIF5A-2 protein is not. el[FSA-2 mRNA
expression shows tissue specific dependency (Jenkins et al.
2001) suggesting differentiated function of the second
isoform. eIF5A-2 protein is normally too low to be detected
in mammalian cells and tissues (Clement et al. 2003).
However, elF5A-2 is highly expressed in certain human
ovarian cancer tissues and colorectal and ovarian cancer
cell lines in which the EIF5A-2 gene is amplified (Guan
et al. 2001; Clement et al. 2003). Furthermore, overex-
pression of eIF5A-2 in certain mammalian cells caused
cellular transformation. Based on these findings, eIF5A-2
has been proposed as an oncogene (Guan et al. 2001,
2004).

Disruption of the anaerobic gene TIF51B showed no
growth defects under aerobic or anaerobic condition, since
Tif51a protein (eIFSA-1) is produced under aerobic and to
a much lesser extent under anaerobic conditions. However,
gene inactivation of TIF51A alone (W&hl et al. 1993) or
both genes TIF51A and TIF5IB (Schnier et al. 1991) ren-
dered S. cerevisiae nonviable under aerobic conditions,
indicating the essential nature of eIF5SA in yeast survival.
Expression of either isoform from plasmid-borne TIF51A
or TIF5IB under the GALI promoter supported yeast
growth under aerobic and anaerobic conditions, indicating
the functional identity of the two isoforms in yeast
(Schwelberger et al. 1993; Magdolen et al. 1994). Fur-
thermore, heterologous eIFSA proteins from other
eukaryotic species, slime mold, or alfalfa, and the two
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human eIF5A isoforms were hypusine-modified by the
yeast enzymes and could substitute for the yeast eIFSA in
supporting growth (Magdolen et al. 1994; Clement et al.
2003), suggesting that they are functionally interchange-
able in yeast. In contrast, the archaeal homolog, alF5A,
was neither modified in yeast nor did it support growth of
the yeast tif51a null strain (Magdolen et al. 1994).

Whereas the eIFSA isoforms are indistinguishable in
their growth supporting activity of yeast, they seem to have
differentiated functions in higher multi-cellular eukaryotic
organisms. C. elegans contains two eIF5A isoforms, IFF-2
(eIF5A-1) and IFF-1 (eIF5A-2; Hanazawa et al. 2004).
IFF-2 (elF5A-1) is expressed in all tissues throughout
development and iff-2 mutation causes somatic defects,
including slow larval growth, and some structural abnor-
malities. Iff-2 mutants either were arrested during the larval
stages or grew very slowly to become sterile adults. In con-
trast to IFF-2, another isoform, IFF-1 (e[F5A-2) is mainly
expressed in the gonad. The loss of IFF-1 activity resulted in
impaired mitotic proliferation of germ cells, inhibition of
gametogenesis, and sterility. Furthermore, localization of the
P-granules (large complex of RNA-binding proteins and
RNA) was disrupted in the iff-/ mutant. Thus, the two
C. elegans eIF5SA homologs appear to have distinct functions
and tissue localizations. IFF-2 is required in soma for
somatic tissue growth and organization. On the other hand,
IFF-1 is required in the germline for germ cell proliferation,
gametogenesis, and for proper localization of P-granules.

The role of mammalian eIF5A isoforms is also being
investigated in mice (K. Nishimura and M. H. Park,
unpublished results). Mouse contains two genes, EifSal
and Eif5a2, encoding elF5A-1 and eiF5A-2, respectively.
We performed gene targeting of mouse Eif5al in mice
by using the Eif5al gene-trapped ES cell line RRE174
(BayGenomics) and heterozygous mice (Eif5al+/—) were
generated. The Eif5al+/— mice appeared to be normal and
did not show any growth defects or phenotypes. However,
when the heterozygous male and female mice were cros-
sed, no pups with the genotype of Eif5al—/— homozygous
deletion were born indicating that e[F5A-1 is essential for
embryonic development and that eIF5A-2 does not sub-
stitute for eIF5A-1 in the mouse.

Gene inactivation studies of deoxyhypusine synthase
(DHS)

The importance of the hypusine/deoxyhypusine modifica-
tion in yeast viability was initially indicated by the lack of
growth supporting activity of the e[F5A-1 mutant (K51R)
in an elF5A null S. cerevisiae strain (Schnier et al. 1991).
This mutant eIFSA with substitution of Arg for Lys51 (the
specific lysine that is modified to hypusine in the yeast

elF5A) cannot be modified to the hypusine form. eIF5A
homolog and DHS homolog genes are found in archaea
genomes and deoxyhypusine/hypusine amino acids were
isolated from these organisms. Although gene inactivation
of alF5A or DHS has not been performed in archaea,
growth was arrested in G1 upon treatment with GC7,
a potent inhibitor of DHS (Jansson et al. 2000), indicating
that DHS is also essential in archaea (Fig. 3).

After cloning of deoxyhypusine synthase genes in yeast,
Neurospora, and mammals (Joe et al. 1995; Tao and Chen
1995; Bevec et al. 1996; Sasaki et al. 1996) the role of
deoxyhypusine synthase was directly assessed by gene
disruption in S. cerevisiae. There is only a single DHS gene
in yeast and most eukaryotes. A haploid S. cerevisiae strain
with disruption of the DHS gene was not viable, and could
be rescued only by a plasmid encoding the wild type DHS,
but not by that encoding inactive DHS enzyme (with Arg
substitution at the critical active site lysine K350 of the
yeast enzyme; Sasaki et al. 1996; Park et al. 1998). When
examined under the microscope, a non-viable DHS-dis-
rupted ascus from a tetrad dissection grew several gener-
ations to a colony of 100-200 enlarged cells before growth
arrest, presumably due to depletion of hypusine-containing
elF5A. Similar growth arrest of enlarged cells occurred
upon depletion of eIF5SA in yeast (Kang and Hershey 1994)
suggesting a cell cycle arrest at G1 stage upon depletion of
elFSA(Hpu).

The essential requirement for DHS is also indicated
from the DHS knock-out studies in mice. There is a single
deoxyhypusine synthase gene (Dhps) in the mouse
genome. A Dhps gene-trapped ES cell line, RRM039
(BayGenomics), was used to generate heterozygous mice
(Dhps+/—). The Dhps+/— mice appeared normal and did
not show any growth defects or phenotypes. When, the
heterozygous male and female mice were crossed, no pups
were born with the genotype of Dhps—/— homozygous
deletion (K. Nishimura and M. H. Park, unpublished
results). Taken together, these findings suggest that de-
oxyhypusine modification of eIF5A is vital for the growth
and survival of eukaryotes, from yeast to mammals.

Gene inactivation studies of deoxyhypusine
hydroxylase (DOHH)

Although deoxyhypusine hydroxylase activity could be
detected in mammalian cells and tissues, the identity of this
enzyme remained obscure for many years. The DOHH
gene was initially cloned by Thompson et al. (2003) from
yeast two-hybrid screening in search of eIFSA binding
proteins. Two genes were selected: one encoding DHS and
the second LIA-1 (ligand of eIF5A) with unknown func-
tion. When we cloned the DOHH gene by activity
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screening of the S. cerevisiae arrayed GST-ORF expression
library (Park et al. 2006), it turned out that the DOHH gene
was identical to that of Lia-1. DOHH exists as a product of
a single gene in all eukaryotes and has a unique superhe-
lical structure termed “HEAT-repeat”. This enzyme has a
nonheme diiron active center that activates O, (Vu et al.
2009). Since a number of metal-chelating inhibitors of
DOHH caused growth inhibition and G1 cell cycle arrest in
mammalian cells, DOHH has been assumed to be essential
for cell growth (Hanauske-Abel et al. 1994). Interestingly,
however, the DOHH gene is apparently not essential in the
yeast S. cerevisiae, even though endogenous yeast eIFSA
mostly exists as the fully modified hypusine form. DOHH
seems to be functionally more significant in the fission
yeast, Sacchromyces pombe, since a mutation (E66K) in its
DOHH homolog gene, Mmdl, caused a temperature-
sensitive growth phenotype and altered mitochondrial
morphology and distribution (Weir and Yaffe 2004). Based
on this observation, a role for DOHH, or eIF5A, in micro-
tubule assembly and mitochondrial function was implicated.

In contrast to yeast, inactivation of DOHH is recessively
lethal in multicellular eukaryotes such as C. elegans and D.
melanogaster (Spradling et al. 1999; Maeda et al. 2001;
Patel et al. 2009). The phenotypes resulting from depletion
of DOHH and hypusine-modified eIFSA was extensively
investigated in D. melanogaster (Patel et al. 2009). During
P-element screening that altered bristle number in fruit
flies, two nero mutations (nero1 and neroz) that involve
deletion of 189 and 123 base pairs in the ORF of the
DOHH homolog gene (CG2245) were isolated, and the
mutation was complemented by a CG2245 genomic clone.
Flies carrying homozygous or in heteroallelic combinations
of nero' and nero’® died as second instar (L2) larvae,
indicating an essential requirement of DOHH and eIF5A
hydroxylation for D. melanogaster development. Nero
mutants displayed small size of cells and tissues, and also
decreased level of BrdU incorporation and delay in cell
cycle progression, suggesting a role for DOHH in cell
growth and proliferation. Furthermore, nero (DOHH)
mutant fat bodies displayed autophagic structures, even
when the animals were fed, suggesting that nero mutant
larvae undergo a constitutive starvation response. elF5A
was highly upregulated in nero mutants probably as a
compensatory mechanism to overcome nero (DOHH)
mutation by the mutant larvae. Knockdown of eIF5A using
RNAI also resulted in similar phenotypes as nero (DOHH)
mutations, indicating that the nero phenotype is due to the
defect in eIF5A hydroxylation and that nero functions in
elF5A-mediated translational control. Furthermore, RNAi
knockdown of either Nero or eIF5A resulted in an increase
in polysomes in Drosophila S2 cells (Patel et al. 2009),
suggesting a function of eIFSA at the elongation step of
protein synthesis.

@ Springer

Functional studies of eIF5A using yeast mutants

Implication of eIFSA with mRNA decay and cell cycle:
a secondary role?

Since eIF5A is a highly conserved protein among archaea
and eukaryotes, studies in diverse systems have contributed
to the understanding of the functional relevance of this
protein in both unicellular and more complex organisms
(Zanelli and Valentini 2007). Of great importance are those
investigations that employed genetic approaches in the
budding yeast S. cerevisiae.

As described above, knockout of eIF5A genes (TIF51A
and TIF51B) in a S. cerevisiae haploid renders the strain
nonviable. Thus, using a double knockout strain, Kang and
Hershey (1994) generated an unstable ubiquitin-Arg-eIF5A
fusion construct (UBRSA), which permitted analysis of
cells during rapid depletion of eIF5A. The elF5A-depleted
cells were enlarged and unbudded, characteristic of a G1
arrest phenotype (Kang and Hershey 1994). This finding is
consistent with the arrest of mammalian cells at G1 upon
blocking eIF5A maturation by inhibitors of DOHH
(Hanauske-Abel et al. 1994). These eIF5A-depleted cells
showed a relatively moderate defect in translation initiation,
when assayed by both protein synthesis rate (reduction by
30%) and polysome profile analyses (Kang and Hershey 1994).

In a screen for mRNA decay factors, another elF5A
mutant (ts//59) was identified (Zuk and Jacobson 1998).
The ¢s1159 mutant strain showed temperature sensitivity due
to the unstable eIF5A5'*°F protein and accumulated different
reporter mRNAs at the restrictive temperature. Curiously,
only a modest decrease in protein synthesis rate (by 30%)
was observed with no significant alterations in polysome
profile in the #s/759 mutant at restrictive temperature, sim-
ilar to that observed for a mutant strain expressing unstable
elF5A fusion protein (UBR5A; Kang and Hershey 1994).
Based on these and additional experiments performed
therein, a direct role of e[F5A in mRNA degradation was
proposed (Zuk and Jacobson 1998). Subsequently, three
other temperature-sensitive eIFSA mutants (tif51A-1,
tif51A-2, and tif51A-3 with P83S, P83L, and C39Y/G118D
substitutions, respectively) were characterized and were
shown to harbor unstable forms of eIF5A at the restrictive
temperature (Valentini et al. 2002). These mutants also
displayed mRNA decay defects, albeit less severe than that
for the 51159 allele. However, there was no causative cor-
relation between mRNA accumulation and cell growth
arrest, disputing a direct role for eIF5A in the degradation of
mRNAs (Valentini et al. 2002). Another temperature-sen-
sitive mutant, expressing a human eIF5A allele (V81G) in
the eIFSA null yeast strain, displayed very severe growth
phenotypes, induction of apoptotic death, accumulation of
NMD-targeted mRNAs and shortened telomeres, leading to
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a suggestion of a direct role of e[F5A in mRNA degradation
(Schrader et al. 2006). However, as presented in the next
section, e[FSA mutants show defects in the elongation step
of translation (Gregio et al. 2009; Saini et al. 2009). The
blockage in translation elongation would cause accumula-
tion of mRNAs in polysomes and thereby result in their
stabilization (Peltz et al. 1992). Thus, the mRNA decay
phenotype in the eI[FSA mutants is likely to be a secondary
effect of inhibition of translation elongation.

Regarding other aspects of eIFSA function, the #if51A-1,
tif51A-2, and tif51A-3 mutant phenotypes were shown to be
suppressed by the osmostabilizer sorbitol. High-copy sup-
pressor screening using the fif5/A-I mutant identified
several components of the Pkcl pathway and factors
important for proper actin organization during G1/S tran-
sition (Valentini et al. 2002; Zanelli and Valentini 2005). In
line with this finding, a striking change in actin dynamics
was observed in a temperature-sensitive elF5A mutant
strain (with L102A substitution) at a restrictive temperature
(Chatterjee et al. 2006). Interestingly, yeast cells deprived
of spermidine, and thereby of hypusinated mature elF5A,
also exhibited defects of actin polarity (Balasundaram et al.
1991). Moreover, mutations in elF5A and Lial (yeast
DOHH) appear to interact genetically with components of
the secretory pathway (Frigieri et al. 2007, 2008), essential
for yeast polarized growth during cell cycle progression.
While these studies do not demonstrate the exact mecha-
nism by which elF5A influences actin polarity during cell
cycle progression, they provide further insights into the
role of eIF5A in cell proliferation (Park et al. 1997).

Evidence for a direct role of eIF5A in translation
elongation

Although eIF5A was initially identified as a translation
initiation factor (Kemper et al. 1976), later studies con-
ducted in yeast suggest that elFSA does not have an
essential role in the translation initiation step (Kang and
Hershey 1994; Zuk and Jacobson 1998). In recent studies
employing yeast two-hybrid screening or co-purification
with tagged eIF5A, eIF5A binding proteins have been
identified, including several components of the transla-
tional machinery such as ribosomal proteins (large and
small subunits) and elongation factors. The specificity of
the physical interaction of eIF5A with the translational
machinery was confirmed by co-sedimentation and co-
purification under different conditions and it was demon-
strated that e[FSA binds only to translating ribosomes
(Zanelli et al. 2006) and in a hypusine-dependent manner
(Jao and Chen 2006; Zanelli et al. 2006).

Moreover, elF5A dysfunction caused sensitivity to
protein synthesis inhibitors and a significant decrease in

protein synthesis (Zanelli et al. 2006; Cano et al. 2008;
Dias et al. 2008; Gregio et al. 2009; Saini et al. 2009). In
recent studies, a rapid decrease in protein synthesis was
observed upon depletion of functional eIF5A, unlike the
moderate inhibition previously reported (Kang and Her-
shey 1994; Zuk and Jacobson 1998). The inhibition of
protein synthesis preceded growth inhibition at the
restrictive condition, strongly suggesting that the growth
arrest was attributable to a prior defect in translation (Cano
et al. 2008; Dias et al. 2008). The dependence of protein
synthesis on elFSA was also demonstrated in in vitro
assays using yeast eIFSA mutant cell extracts, in which the
addition of hypusinated wild type elF5A, but not the
unhypusinated K51R mutant, stimulated translation of
luciferase reporter mRNA (Saini et al. 2009).

Since the polysome profiles of eI[F5A mutant strains from
earlier studies (Kang and Hershey 1994; Zuk and Jacobson
1998) were not consistent with a role of eIF5A at the
translation initiation step, further experiments were per-
formed to address this question. Careful analyses of poly-
some profiles of different temperature-sensitive elF5A
mutants revealed an increase in the ratio of polysomes/
monosome at the restrictive temperature, a pattern expected
in case of a block in translation elongation (Zanelli et al.
2006; Gregio et al. 2009; Saini et al. 2009) (Fig. 4). Indeed,
polysome profiles of e[F5SA mutants were very similar to
that of wild type cells blocked at elongation by treatment
with sordarin, an inhibitor of elongation factor 2 (eEF2)
(Saini et al. 2009) and that of the eEF2 mutant efr27%?K
(Gregio et al. 2009) (Fig. 4). Moreover, a strain harboring
both the eIFSA mutant and a translation initiation (eIF4E)
mutant showed an intermediate polysome profile pheno-
type, further supporting a role for eIFSA at the elongation
step of translation (Gregio et al. 2009). Independent evi-
dence for a role of elFSA in translation elongation was
obtained from measurement of the ribosome transit time
(the time in which a growing nascent polypeptide chain
remains attached to the translating ribosome, i.e., the time
of elongation plus the time of termination). The ribosome
transit was significantly delayed for different eIF5A tem-
perature-sensitive mutants at the restrictive temperature
(Gregio et al. 2009; Saini et al. 2009), supporting the notion
that eIF5A is involved in the elongation step of translation.

In addition, lack of formation of P-bodies (mRNA-pro-
tein aggregates where mRNA degradation takes place) was
observed upon impairment of eI[F5A function, similar to
that observed for cells treated with cycloheximide, an
inhibitor of translation elongation. This effect on P-bodies
is also consistent with a role for e[F5SA at the translation
elongation step (Parker and Sheth 2007; Gregio et al. 2009).

Finally, an eIF5A mutant #if5/A(D63V) was defective in
+1 ribosomal-programmed frame-shifting, similarly to wild
type cells treated with the eEF2 inhibitor sordarin. This
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Fig. 4 Polysome profiles of

S. cerevisiae strains harboring
wild type, elF4E, eEF2, and
elFSA mutants. Ratios between
polysomes and 80S monosome !
peaks (P/80S) were obtained by I
comparing the respective areas
under the graphs. Modified from
Gregio et al. 2009

WT

;’\
;’ \ P/M = 0.92
|
|
|
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result and the fact that the eIF5A mutant #if51A(D63V) is
sensitive to sordarin led to the suggestion that eIF5A func-
tionally interacts with eEF2 in the ribosome elongation cycle
(Saini et al. 2009). In agreement with this idea, the eIF5A
mutant #if51A-3 displayed synthetic lethality with the eEF2
dominant negative mutant efr2"%*°% (Gregio et al. 2009).

Future prospects for eIFSA research

Several lines of evidence described above provide strong
support for a role for eIFSA at the elongation step of
translation. Although preliminary experimental data sug-
gest genetic, functional, and physical interaction between
elFSA and eEF2, there is little information on the mode
and mechanism of eIF5A action on the ribosome. It is not
known at which site of the eukaryotic ribosome, the ami-
noacyl-tRNA (A) site, peptidyl-tRNA (P) site, or exiting
tRNA (E) site, eIF5A is binding and what role the hypusine
residue and the strictly conserved neighboring amino acids
play in ribosome binding. The relevance of an eIF5A-eEF2
interaction in eukaryotic translational control needs to be
further investigated at the molecular and cellular level.
The mechanism of action and structure of EF-P
(a bacterial ortholog of eIF5A) may shed light on the
elF5A mode of action. The results from a chemical pro-
tection foot-printing study by Aoki et al. (2008) using E.
coli EF-P and ribosomes suggest that this factor binds to
the A-site of the 70S ribosome and thereby may prevent the
initiator tRNA from binding at the A-site. On the other
hand, a recent crystal structure of Thermus thermophilus
EF-P bound to the its 70S ribosome along with the initiator
transfer RNA, N-formyl-methionyl-tRNAi (fMet-tRNAi),
and a short mRNA (Blaha et al. 2009) shows EF-P binding
between the P site and E site of the 70S ribosome. These
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crystal structure data led to the conclusion that EF-P
facilitates the proper positioning of the initiator tRNA to
enhance the formation of only the first peptide bond (Blaha
et al. 2009). The authors also proposed a model in which
elF5A is positioned similarly on the ribosome with the
hypusine side chain extending to the peptidyl transferase
center and a similar role for e[FSA in the first peptide bond
formation.

However, a functional conservation of EF-P and elF5A
cannot be assumed based solely on the similarities in amino
acid sequence and crystal structures. The recent experi-
mental data described above collectively suggest a role for
elF5A as a factor participating in several rounds of peptide
bond formation during translation elongation, rather than
just at the first peptide bond formation. It is likely that the
evolutionary divergence between EF-P and elF5A protein
sequences/structures, including the hypusine modification,
may have contributed to a dissimilar function (or mode of
action) for eIF5A in the translation process in archaea and
eukaryotes. Future studies on the structure of eIF5A bound
to eukaryotic ribosomes and the detailed mechanism of
elF5A in translation elongation will resolve this question.
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