Chapter 10
Role of the Polyamine Spermidine

as a Precursor for Hypusine Modification
in elIFSA

Edith C. Wolff and Myung Hee Park

Abstract Although polyamines exert various effects on nucleic acids and macro-
molecular synthesis as polycations, spermidine is covalently incorporated into a
single protein, eukaryotic initiation factor SA (eIF5A), through a unique posttrans-
lational modification. In this reaction, the aminobutyl moiety of spermidine is con-
jugated to a specific lysine residue of e[FSA to form an unusual amino acid, hypusine
[Ve-(4-amino-2-hydroxybutyl)-lysine]. It occurs by two enzymatic steps catalyzed
by deoxyhypusine synthase (DHS) and deoxyhypusine hydroxylase (DOHH).
Hypusine synthesis occurs exclusively in eIFSA and is essential for eukaryotic cell
proliferation. Although only a small percentage of the total spermidine in cells is
used for hypusine formation, cells cannot survive/grow when hypusinated eI[F5A
falls below a critical level. Inactivation of the e/F5A gene or DHS gene is lethal in
yeast and in mouse, further indicating the vital role of hypusinated eIF5A. eIF5A
has been proposed to promote translation of a subset of cellular mRNAs. Indeed,
recent evidence suggests that eI[FSA facilitates translation at the elongation step,
particularly at multiple strings of proline residues. A model of eIF5A docked in the
ribosome reveals the hypusine directed toward the peptidyl transferase center. Thus,
the hypusine modification defines a link between polyamines and cell growth,
through promotion of translation.
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Abbreviations

DHS Deoxyhypusine synthase

DOHH Deoxyhypusine hydroxylase

EF-P Bacterial elongation factor P

elFSA  Eukaryotic initiation factor SA

GC7 N!-guanyl-1,7-diaminoheptane

SSAT1  Spermidine/spermine acetyltransferase 1

10.1 Introduction

The polyamines, putrescine, spermidine and spermine, are ubiquitous natural com-
pounds that are required for eukaryotic cell growth and survival. With their primary
and secondary amino groups protonated at physiological pH, these polycations
interact with negatively charged macromolecules such as DNA, RNA, proteins, and
phospholipids and influence their activities. Besides these polycationic functions,
the polyamine spermidine is required as a donor of its butyl amine moiety in the
posttranslational formation of hypusine in eukaryotic translation initiation factor
5A (eIF5A) (Scheme 10.1). This process converts an inactive eIFSA precursor to an
active protein, a factor essential for protein synthesis and cell growth. Hypusine
synthesis thus represents an indispensable function of polyamines in cell growth. In
this chapter, we describe briefly the discovery of hypusine, identification of the
hypusine-containing protein, biosynthetic pathway of hypusine and its inhibitors,
and discuss the function, regulation, and mechanism of eIF5A in translation and cell
proliferation. Because of space limitations, topics on the role of eIF5A isoforms in
cancer [reviewed elsewhere (Caraglia et al. 2013; Park et al. 2014; Wang et al.
2013)] and other diseases, such as AIDS and diabetes, are not covered, and only a
selection of references are given.

10.1.1 Hpypusine and Its Biosynthesis

A modified lysine, hypusine [N*-(4-amino-2-hydroxybutyl)-lysine], named for its
structural relationship to hydroxyputrescine and lysine, was first isolated from
bovine brain extracts and the structure determined (Shiba et al. 1971). It was found
to occur in all animal tissues, as the free amino acid as well as protein-bound form
(Nakajima et al. 1971). In 1981, in lymphocytes cultured in a medium containing
radioactive spermidine, one specific protein was radiolabeled. Hypusine was dis-
covered to be a component of this labeled protein (Park et al. 1981), which was later
identified as an eukaryotic translation initiation factor 4D (elF-4D, current nomen-
clature, eIF5A) (Cooper et al. 1983). eIF5A and hypusine exist in all eukaryotes,
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including yeast (for reviews, see Chen and Liu 1997; Park et al. 1993; Park 2006).
Hypusine and its precursor, deoxyhypusine, also occur in Archaebacteria, but not in
Eubacteria. Hypusine is formed only posttranslationally; thus, free hypusine in
urine or tissue is presumed to be derived from the breakdown of e[FSA.

The biosynthesis of hypusine (Scheme 10.1) is catalyzed by two specific
enzymes, deoxyhypusine synthase (DHS) and deoxyhypusine hydroxylase (DOHH)
(Park 2006; Wolff et al. 2007). DHS catalyzes an NAD-dependent cleavage of sper-
midine with the transfer of its 4-aminobutyl moiety to the terminal N of a specific
lysine of eIFSA (Lys 50 in human, Lys 51 in yeast) to form an intermediate, deoxy-
hypusine residue. Importantly, neither putrescine nor spermine can substitute for
spermidine as a substrate, emphasizing the critical role of spermidine in cell growth.

The second enzyme, DOHH, irreversibly adds a hydroxyl group to the side chain
of deoxyhypusine (Park et al. 2006; Park 2006). Like DHS, it is entirely specific for
its protein substrate. It is an Fe(II)-dependent monooxygenase with a superhelical
structure and a reaction mechanism distinct from other known protein hydroxylases
(Kim et al. 2006b).

10.1.2 Additional Posttranslational Modifications in el F5A,
Acetylation and Phosphorylation

Hypusine synthesis activates eIF5SA and directs it into the cytoplasmic compartment
(Lee et al. 2009). Localization of hypusinated eIF5A in the cytoplasm and its asso-
ciation with ribosomes is critical for its role in translation. Normally, eIF5A under-
goes hypusine modification immediately after its translation, and this process is
irreversible. Because of this irreversibility and the long half-life of e[F5A, it may be
difficult to modulate the activity of hypusinated eIF5A rapidly. In a search for addi-
tional, reversible posttranslational modifications, it was found that eIF5A can be
acetylated at two conserved lysine residues, K47 (Klier et al. 1995) and K68 (in the
human sequence) (Kim et al. 2006a) and also at the hypusine residue (Lee et al.
2009, 2011). Acetylation of eIFSA at Lys47 by histone acetyltransferase, PCAF,
(Ishfaq et al. 2012) (Scheme 10.1), would render eIF5A inactive (Cano et al. 2008),
and directs it into the nuclei (Ishfaq et al. 2012). eIF5A can also be inactivated by
acetylation at the hypusine residue by the spermidine/spermine acetyltransferase 1
(SSAT1) (Scheme 10.1) (Lee et al. 2011). Although such acetylation can be demon-
strated in vitro and in cells, cellular levels of acetylated eI[FSA are normally quite
low, and their accumulation may become significant only upon induction of acety-
lating enzymes or inhibition of deacetylating enzymes.

elF5A proteins from Saccharomyces cerevisiae, Trichomonas vaginalis, and
maize also undergo phosphorylation on specific Ser or Thr residues. Ser2 phos-
phorylation of maize eI[FSA was shown to cause its sequestration in the nucleus.
The significance of the nuclear accumulation of acetylated or phosphorylated eIF5A
is unknown.
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10.2 The Role of eIF5A in Cell Growth

A critical role for eIF5A in cell growth was first suggested by the observation that the
hypusine-containing protein (later identified as eIF-4D/elF5A) dramatically increased
in lymphocytes upon activation with a mitogen (Cooper et al. 1983; Park et al. 1981).
Hypusine-containing protein was found in other mammalian cells and a correlation
between the rate of hypusine synthesis and growth was confirmed in rat hepatoma
tissue culture cells (Gerner et al. 1986) and in NIH3T3 cells upon serum stimulation
(Chen and Chen 1997b). Moreover, the hypusine synthesis rate was significantly
elevated in Ras oncogene-transfected NIH3T3 cells compared to untransfected
NIH3TS3 cells (Chen and Chen 1997b). In contrast, hypusine synthesis was markedly
reduced in human fibroblast cells undergoing senescence (Chen and Chen 1997a).

Convincing evidence for the essential role of e[F5A and hypusine modification
on cell growth was derived from gene inactivation studies in yeast S. cerevisiae and
mouse. Disruption of both e/F5A genes (Schnier et al. 1991) or a single DHS gene
(Park et al. 1998; Sasaki et al. 1996) causes growth arrest and loss of viability in
yeast. Similarly, inactivation of the e/F5A gene or the DHS gene in mouse leads to
embryonic lethality at the early stage of gestation (E6.5) (Nishimura et al. 2012).
The hydroxylation step of hypusine synthesis is not essential in yeast, as the DOHH
deletion strain is viable. However, in higher eukaryotes, the second step appears to
be important, because DOHH mutation leads to growth and developmental defects
in Drosophila (Patel et al. 2009).

As the in vivo polyamine functions in cell growth have remained obscure for
decades, it was questioned whether hypusine formation represents the main or the
sole factor in the polyamine requirement in eukaryotic cells. In yeast S. cerevisiae, it
seems to be the case, because a mutant strain deficient in spermidine biosynthesis
can grow at a nearly normal rate with <0.2 % of spermidine, consuming up to 54 %
of cellular spermidine for hypusine synthesis (Chattopadhyay et al. 2008). In mam-
malian cells, the question was addressed by depletion of spermidine with inhibitors
of polyamine biosynthesis and supplementation with spermidine analogues. In
L1210 cells depleted of spermidine by an inhibitor of S-adenosylmethionine decar-
boxylase, only those closely related spermidine analogues that could serve as the
substrate for DHS could support long-term growth in the absence of natural spermi-
dine (Byers et al. 1992, 1994), indicating that hypusine synthesis is a core element of
the polyamine requirement. Consistent findings were obtained in DU145 prostate
cancer cells depleted of spermidine by treatment with «-DFMO (a-difluoromethyl
ornithine), an irreversible inhibitor of ornithine decarboxylase (Hyvonen et al. 2007).
In this study, the acute phase of cytostasis (within 6 days of a-DFMO treatment)
could be reversed by all methylated analogues of spermidine and spermine, but long-
term growth (>9 days) could only be supported by those analogues that can serve as
a precursor for hypusine synthesis. These findings further suggest two elements of
polyamine function in cells: the first, a polycationic function that can be fulfilled by
various analogues of spermidine, and spermine, and the second, the function of sup-
porting hypusine synthesis that requires a close structural similarity to spermidine.
These two independent aspects of polyamine function in mammalian cell growth
were also suggested in an independent study that showed growth inhibition of FM3A
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cells upon partial depletion of spermidine and spermine by treatment with polyamine
biosynthesis inhibitors, before a decline in hypusinated eI[FSA (Nishimura et al.
2005). More recently, inhibition of protein synthesis and growth was also observed
in cells in which cellular spermidine and spermine were rapidly depleted by overex-
pression of polyamine catabolic enzyme, SSAT1, before any significant decrease
in hypusinated eIF5A occurred (Mandal et al. 2013). These findings reinforce
the notion that, in mammalian cells, polyamines have dual functions in promoting
translation, as polycations, and as a component of hypusine in e[F5A.

10.3 Effects of Inhibition of eIF5A Modification

As hypusine is required for the activity of elF5A, inhibitors were developed for inhibi-
tion of DHS and as antiproliferative agents. DHS has a narrow groove for spermidine
binding, and the terminal amino groups of spermidine are anchored by the conserved
acidic amino acids in the active site of the enzyme. Of many diamine and triamine
derivatives tested, N'-guanyldiaminoheptane (GC7) was the most potent inhibitor,
with a K; value much lower than the K, for spermidine (Jakus et al. 1993). GC7 was
effective in inhibiting deoxyhypusine synthesis in cells and caused cytostasis in mam-
malian cells (Park et al. 1994) and in various human cancer cell lines (Shi et al. 1996).
It also displayed antitumor effects in an animal tumor model (Jasiulionis et al. 2007)
DOHH is a mono-oxygenase with a di-iron active center (Kim et al. 2006b;
Park et al. 2006) and is inhibited by a panel of iron chelators, such as mimosine,
ciclopirox!, or deferiprone.”? These compounds caused an arrest in cell-cycle
progression at the G,/S boundary, coincident with inhibition of deoxyhypusine
hydroxylation (Hanauske-Abel et al. 1994). Ciclopirox inhibits endothelial cell
growth and angiogenesis in vitro (Clement et al. 2002) and exerts antitumor effects
in the MDA-231 xenograft in mice (Zhou et al. 2010). However, the possibility that
these compounds can have other cellular targets in vivo cannot be ignored and
complicates the interpretation with regard to the involvement of eIF5A.

10.4 The Mechanism of Action of eIF5A in Translation

elF5A (eIF4D) was initially isolated as a factor that stimulates methionyl-puromycin
synthesis, a model assay for the first peptide bond formation (Kemper et al. 1976).
Although it was named as a translation initiation factor then, recent work has shown
that eIF5A has a distinct effect on the elongation step of translation as measured by
polysome profiles (Gregio et al. 2009; Saini et al. 2009). Dever and associates
(Gutierrez et al. 2013) have reported evidence that eIFSA, similar to its bacterial
orthologue EF-P (Doerfel et al. 2013; Ude et al. 2013), relieves ribosome stalling at

! Approved anti-fungal drug.
2 Approved anti-thalassemia drug.
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consecutive proline residues and thereby facilitates translation elongation of pro-
teins containing multiple proline residues. A docking model of eIFSA bound to the
translating ribosome predicts its hypusine side chain directed toward the peptidyl
transferase center, consistent with its proposed function in translation elongation
(Gutierrez et al. 2013). Future efforts will be directed to identify more eIF5SA target
motifs and to elucidate the precise contribution of polyamine-derived side chain of
hypusine in the peptidyl transferase reaction.

10.5 Concluding Remarks

In spite of abundant genetic and biochemical evidence for the essentiality of poly-
amines in eukaryotic organisms, their precise function was not well understood for
decades. One missing link was found with the discovery of the hypusine pathway
and the role of spermidine for this modification and thereby in translation and cell
growth. Since the first isolation of hypusine as a chemical entity in 1971, of eIFSA
in 1976, and the identification of eIF5A as the single cellular protein containing
hypusine in 1983, it has taken decades to establish its pathway (Scheme 10.1) and
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Scheme 10.1 Pathways of polyamine metabolism, hypusine synthesis and e[F5A activation/inac-
tivation. A simplified diagram of polyamine interconversion is shown on the left (vertically) and,
on the right, a path leading to hypusine formation on eIF5A, catalyzed by DHS and DOHH, (hori-
zontally) and elF5A acetylation (vertically). eIF5A(Lys) elF5A precursor, eIFSA(Dhp) elFSA
intermediate containing deoxyhypusine, eIFSA(Hpu) eIFSA active form containing hypusine,
elFSA(AcHpu) elF5A containing acetylated hypusine, eI[FSA(Hpu)(AcK47) hypusinated eIF5A
acetylated at Lys47, SSAT1 spermidine/spermine N'-acetyltransferase, PCAF P300/CBP-
associated factor, HDAC6 histone deacetylase 6, SIRT2 sirtuin-2
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to determine its role in translation elongation, presumably on specific eIF5SA target
motifs, including consecutive proline residues. Although eIF5SA activity in transla-
tion has been characterized biochemically, it needs to be related to cellular changes
at the level of proteome and phenotypes. Many cellular functions have been pro-
posed for eIF5SA isoforms (not mentioned in this chapter for reasons of space con-
straints), including their roles in nuclear export, mRNA turnover/NMD
(nonsense-mediated decay), actin cytoskeletal organization, cell wall integrity, cell-
cycle progression, apoptosis, autophagy, and intracellular protein trafficking. eIF5A
has also been implicated in pathological conditions such as cancer, inflammation,
human immunodeficiency virus (HIV)1 infection, and diabetes. It is as yet unclear
whether the pleotropic effects are caused by changes in the cellular proteome result-
ing from a dysfunction of eIF5A in translation elongation or whether eIF5A is a
multifunctional protein. Future investigations are warranted to solve the mystery of
action of this novel protein.
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