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Summary. A naturally occurring unusual amino acid, hypusine [Ne-(4-

amino-2-hydroxybutyl)-lysine] is a component of a single cellular protein,

eukaryotic translation initiation factor 5A (eIF5A). It is a modified lysine

with structural contribution from the polyamine spermidine. Hypusine is

formed in a novel posttranslational modification that involves two enzymes,

deoxyhypusine synthase (DHS) and deoxyhypusine hydroxylase (DOHH).

eIF5A and deoxyhypusine=hypusine modification are essential for growth

of eukaryotic cells. The hypusine synthetic pathway has evolved in eukar-

yotes and eIF5A, DHS and DOHH are highly conserved, suggesting main-

tenance of a fundamental cellular function of eIF5A through evolution.

The unique feature of the hypusine modification is the strict specificity of

the enzymes toward its substrate protein, eIF5A. Moreover, DHS exhibits a

narrow specificity toward spermidine. In view of the extraordinary spec-

ificity and the requirement for hypusine-containing eIF5A for mammalian

cell proliferation, eIF5A and the hypusine biosynthetic enzymes present

new potential targets for intervention in aberrant cell proliferation.

Keywords: Hypusine – eIF5A – Posttranslational modification – Deoxy-

hypusine synthase – Deoxyhypusine hydroxylase – Polyamine

Abbreviations: aIF5A, archaeal initiation factor 5A; DHS, deoxyhy-

pusine synthase; DOHH, deoxyhypusine hydroxylase; EF-P, elongation

factor P; eIF5A, eukaryotic translation initiation factor 5A; eIF5A-1,

primary isoform of eIF5A; eIF5A-2, secondary isoform of eIF5A;

eIF5A(Dhp), eIF5A intermediate containing deoxyhypusine; eIF5A(Hpu),

eIF5A active form containing hypusine; eIF5A(Lys), eIF5A precursor;

GC7, N1-guanyl-1,7-diaminoheptane; HEAT-repeat, alpha-helical struc-

tural motif characteristic of Huntingtin, elongation factor 3E, a subunit of

protein phosphatase 2A, and the target of rapamycin; NAD, nicotinamide

adenine dinucleotide

Introduction

Hypusine [Ne-(4-amino-2-hydroxybutyl)-lysine, or (2S,

9R)-2-11-diamino-9-hydroxy-7-azaundecanoic acid] was

discovered from bovine brain extracts in 1971 by Shiba

(Shiba et al., 1971) in their search for unusually basic,

natural amino acids. Later hypusine was found in various

animal tissues as a protein component as well as a free

amino acid. After determination of its chemical struc-

ture, this amino acid was named hypusine, based on its

two structural components, hydroxyputrescine and lysine

(Shiba et al., 1971). However, the origin of the 4-amino-2-

hydroxybutyl moiety, the mechanism of its synthesis and

the source of hypusine were unknown. In 1981, we dis-

covered that the aminobutyl side chain of hypusine is

derived from spermidine and that hypusine synthesis oc-

curs posttranslationally only in one cellular protein (Park

et al., 1981). We later identified this hypusine-contain-

ing protein as eukaryotic translation initiation factor 5A

(eIF5A, old nomenclature, eIF4D) (Cooper et al., 1983).

There is no known pathway of its synthesis as a free

amino acid. Instead, hypusine is formed exclusively by

posttranslational modification involving two enzymatic

steps (Fig. 1) (Park et al., 1982, 1996; Murphey and Gerner,

1987; Park, 2006). In the first step, deoxyhypusine syn-

thase (DHS) catalyzes the transfer of the aminobutyl moi-

ety of spermidine to one specific lysine residue of eIF5A

precursor to form an intermediate, deoxyhypusine [Ne-

(4-aminobutyl)-lysine] residue. This intermediate is sub-

sequently hydroxylated by deoxyhypusine hydroxylase

(DOHH) (Abbruzzese et al., 1986) to complete hypusine

synthesis and eIF5A activation. In 1995, we and others



reported purification and cloning of the first step enzyme,

deoxyhypusine synthase (Joe et al., 1995; Tao and Chen,

1995). The identity of the second step enzyme, deoxyhy-

pusine hydroxylase, remained elusive, until our recent

identification of the previously reported LIA1 (ligand of

eIF5A) (Thompson et al., 2003) as the DOHH gene, its

cloning and characterization (Kim et al., 2006; Park et al.,

2006). eIF5A and its deoxyhypusine=hypusine modifi-

cation are vital for eukaryotic cell proliferation (Gerner

et al., 1986; Byers et al., 1992; Chen and Liu, 1997;

Chattopadhyay et al., 2003; Park, 2006). Availability of

both enzymes of the hypusine synthesis pathway has

opened new avenues for exploration of this critical cel-

lular pathway as a target for intervention in hyperproli-

ferative diseases. In a recent minireview, we have dis-

cussed the structures of eIF5A, deoxyhypusine synthase

and deoxyhypusine hydroxylase and the enzymatic reac-

tion mechanisms (Park, 2006). Therefore, in the current

paper, we will cover areas not emphasized in the pre-

vious review.

Evolutionary progression of the hypusine synthesis

pathway

The great mystery of the hypusine modification is that

nature has evolved a unique posttranslational mechanism

involving two new enzymes just to modify one cellular

protein. The emergence of the hypusine biosynthetic path-

way and its requirement for cell viability and growth show

an interesting development in the course of evolution.

Hypusine, eIF5A protein, DHS and DOHH occur in all

eukaryotes. Archaea contains an eIF5A homolog protein,

termed archaeal initiation factor 5A (aIF5A), and DHS,

but a DOHH homolog has not yet been detected in a

proteome or genome of this kingdom (Park et al., 2006).

Despite the lack of evidence for DOHH, deoxyhypusine,

hypusine or both, were reported to occur in archaea spe-

cies (Bartig et al., 1990). In those species supposedly

containing hypusine, it is curious how hypusine can be

produced. In contrast to eukaryotes and archaea, there is

no evidence for the occurrence of deoxyhypusine or hypu-

sine in eubacteria. Although a distant ortholog of eIF5A,

elongation factor P (EF-P), which is an essential bacterial

protein that stimulates the peptidyl transferase activity of

ribosomes, exists in eubacteria, DHS is not found in most

commonly studied bacteria. However, a detailed phyloge-

netic analysis suggests that several bacterial species con-

tain DHS cognate genes presumably transferred from

archaea by horizontal gene transfer (Brochier et al.,

2004). It is not known whether EF-P undergoes deoxy-

hypusine modification in those bacteria that contain a

DHS cognate, although it seems unlikely (Brochier et al.,

2004). These findings provide evidence that eIF5A and

the two modification enzymes have evolved sequentially,

but in an independent manner without a tight co-evolu-

tionary linkage between them.

Fig. 1. Model structure of eIF5A (A) and the hypusine synthesis pathway (B). eIF5A is comprised of two domains with b-sheet structures (based on

Facchiano et al., 2001). Domain I (N-terminal domain) and II (C-terminal domain) are connected by a hinge (around Pro82 for the human protein).

Hypusine synthesis occurs at one specific lysine residue (Lys50 for human protein) located on an exposed loop of the N-terminal domain. Side chain

structures of lysine, deoxyhypusine and hypusine are shown. Deoxyhypusine synthase (DHS) reaction is reversible, whereas the deoxyhypusine

hydroxylase (DOHH) reaction is not
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A significant amino acid sequence identity is observed

among the eukaryotic protein, eIF5A, and its orthologs,

aIF5A and EF-P. Of greater significance is the structural

conservation between EF-P and aIF5A (Hanawa-Suetsugu

et al., 2004). Crystal structures have been determined for

three aIF5A proteins and two Leishmania eIF5A proteins

that exhibit only minor differences (PDB 1EIF, 1IZ6,

1BKB, 1X60, 1XTD). Other eukaryotic proteins are also

predicted to have a similar structure (Facchiano et al.,

2001; Costa-Neto et al., 2006) consisting of two domains:

a basic N-terminal domain with the lysine residue that

undergoes deoxyhypusine=hypusine modification in an ex-

posed loop and an acidic C-terminal domain that resem-

bles oligonucleotide-binding fold (Fig. 1A). The structure

of aIF5A is superimposable on that of the first two (of

three) domains of EF-P (Hanawa-Suetsugu et al., 2004).

In addition to the similarity of activities of EF-P and

eIF5As in in vitro assays, the structural similarities further

suggest functional conservation between the eubacterial,

archaeal and eukaryotic proteins.

The requirement for eIF5A and the deoxyhypusine=

hypusine modification for eukaryotic cell proliferation

has been established by genetic manipulations. Inactiva-

tion of the aerobic eIF5A gene (TIF51A) (W€oohl et al.,

1993) the two eIF5A genes (TIF51A and TIF51B) (Schnier

et al., 1991) or the single deoxyhypusine synthase gene

(Sasaki et al., 1996; Park, 2006) in Saccharomyces cere-

visiae is lethal. In contrast, DOHH null strain of S. cere-

visiae is viable (Thompson et al., 2003; Weir and Yaffe,

2004), although the growth rate is slightly lower in the

mutant than in the parent strain (Park et al., 2006). This

finding indicates that the deoxyhypusine-containing form

of eIF5A can perform the basic cellular function(s) of

eIF5A necessary for the survival of this budding yeast.

In case of the fission yeast, S. pombe, a mutation (E66K)

in DOHH caused altered morphology, abnormal mito-

chondrial distribution and temperature sensitive growth,

suggesting a structural function of DOHH or of ma-

ture, hydroxylated form of eIF5A in this organism (Weir

and Yaffe, 2004). In contrast to S. cerevisiae, suppression

of expression of DOHH results in the recessive embry-

onic lethal phenotypes in C. elegans (Sugimoto, 2004) or

Drosophila melanogaster (Spradling et al., 1999) indicat-

ing the requirement for fully modified, hypusine-contain-

ing eIF5A in higher multicellular eukaryotes. Both human

eIF5A isoforms (isoforms 1 and 2) can support the growth

of eIF5A null strain of S. cerevisiae (Clement et al.,

2003), indicating that the fundamental function of eIF5A

has been conserved from yeast to human. The finding that

this hydroxylation is vital in the higher eukaryotes sug-

gests either a specialized eIF5A function and=or a critical

hydroxylation-dependent regulation mechanism involving

eIF5A. It is also conceivable that eIF5A in higher eukary-

otes is multi-functional and performs a hydroxylation-

dependent function in addition to a hydroxylation-inde-

pendent basic function common to yeast and human.

Sequence conservation of eIF5A, DHS and DOHH

in eukaryotes

eIF5A and the hypusine biosynthetic enzymes, DHS and

DOHH occur in all eukaryotes and are highly conserved

as illustrated in Fig. 2A–C. The high sequence conserva-

tion of each of the three proteins may have been dictated

by the structural requirement of eIF5A for its interaction

with cellular effector molecules as well as with the mod-

ification enzymes. Two or more genes encoding eIF5A

isoforms have been identified in various eukaryotes in-

cluding fungi, plants, vertebrates and mammals. In yeast,

two eIF5A genes, TIF51A (aerobic gene) and TIF51B (an-

aerobic gene) are reciprocally regulated by oxygen, while

the two isoform proteins are functionally indistinguishable.

In fish, amphibians and chicken, the two eIF5A genes appear

to be co-expressed (Clement et al., 2003). In contrast, most

mammalian cells and tissues constitutively express only the

predominant isoform, eIF5A-1. Although eIF5A-2 mRNA

appears to be expressed in specific tissues like brain and

testis (Jenkins et al., 2001), the second isoform protein is

hardly detectable in normal cells or tissues (Clement et al.,

2003). Overexpression of eIF5A-2 gene in certain ovarian

cancer tissues and cells was observed, leading to a hypo-

thetical role of eIF5A-2 as an oncogene (Guan et al., 2001).

However, it is unknown whether eIF5A-2 has a specialized

function distinct from that of eIF5A-1 in mammals.

As shown in Fig. 2A, eIF5A is highly conserved in

eukaryotes (with amino sequence identity of 63% between

the human eIF5A-1 and S. cerevisiae eIF5A (TIF51A gene

product). It is comprised of two domains, the N-terminal

(aa 1–81) and C-terminal (aa 85–154) domains. The se-

quence identity is especially high in the region surround-

ing the hypusine modification site (Lys50 for the human

protein) in the basic N-terminal domain. This finding sug-

gests an importance of this site for the interaction of

eIF5A with the modification enzymes or with its binding

partners (proteins or RNA). Indeed, alanine substitution of

the strictly conserved amino acids surrounding the mod-

ification site causes the loss of its substrate activity to-

wards the modification enzymes or abolishes its ability to

support the growth of yeast (G. Jeon, V. Oliveira, M. H.

Park, unpublished results). The C-terminal domain, which
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is less highly conserved than the N-terminal domain, con-

tains a putative oligonucleotide binding fold and has been

proposed to be important for interaction with downstream

effector molecules (Chen and Liu, 1997). Although the N-

terminal domain alone is sufficient as a substrate for DHS

and for DOHH as well (as will be discussed later, Fig. 4),

both the N- and C-terminal core domains are required for

its activity in supporting the growth of yeast (G. Jeon, V.

Oliveira, M. H. Park, unpublished results).

DHS is a tetrameric enzyme composed of four identical

subunits of �40 kDa (Umland et al., 2004; Park, 2006). In

most eukaryotes, a single gene has been found for DHS,

while a homolog gene encoding homospermidine syn-

thase, that presumably was derived from the DHS gene,

also exists in certain plants (Ober et al., 2003). Like

eIF5A, DHS is highly conserved (Fig. 2B). The amino

acid identity between the S. cerevisiae and human enzyme

is 68%. The active site amino acid residues involved in

the binding of its amine substrate spermidine (red�), and

the cofactor NAD (blue #) have been identified from the

crystal structure (Umland et al., 2004) and their roles were

confirmed by site-directed mutagenesis (Lee et al., 2001).

The active site lysine (K329) (Wolff et al., 1997), and

the four of the five residues (Asp243, His288, Asp316,

Glu323 and Trp327 Fig. 3) critical for binding of spermi-

dine, are strictly conserved. Alanine substitution of any

single amino acid of these residues abolishes spermidine

binding and DHS activity. The amino acid residues pre-

dicted to be involved in the binding of NAD (indicated by

#) are also highly conserved. All the alanine substitution

mutants of the spermidine binding site and NAD binding

site and K329A were all capable of forming stable com-

plexes with eIF5A(Lys), as evidenced by gel mobility

shifts of the complexes (Lee et al., 2001), indicating that

these residues are not critically involved in the binding of

the substrate protein. In spite of evidence for the forma-

tion of a stable complex between DHS and eIF5A(Lys) or

eIF5A(Dhp), crystal structures have not been determined

for these complexes. The amino acid residues of both

proteins involved in the binding have yet to be identified.

Fig. 2. Amino acid sequence conservation of eIF5A, DHS and DOHH in eukaryotes. In each case (eIF5A-1, DHS and DOHH), the human sequence is

shown. The degree of conservation is indicated by color coding: red, 100% identity; dark orange to yellow, conservative replacements (e.g. F, Y; D, E;

K, R, L, V, I, M; T, S; A, G, C, S) with >80 to >50% sequence identity; white, no significant sequence identity. The diagram is based on eukaryotic

sequences (40 for eIF5A, 36 for DHS and 14 for DOHH) chosen from a range of eukaryotic phyla and species. Critical amino acids for binding of

substrates are shown by symbols under the residues
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DOHH is also highly conserved (Fig. 2C) with 47%

amino sequence identity between the S. cerevisiae and

the human enzymes. A single DOHH homolog gene exists

in most eukaryotes (Park et al., 2006). DOHH is a super

helical protein with eight tandem HEAT-repeats (alpha

helical hairpin structure composed of �50 amino acids)

numbered 1–8 (Park et al., 2006). It is a metalloenzyme

with two iron atoms coordinated by four strictly con-

served His-Glu motifs (per enzyme monomer). The com-

position and structure of a native DOHH enzyme are as

yet unknown and the cloned DOHH may present a cata-

lytic subunit or a monomeric protein. DOHH monomer is

a dyad of symmetrical N- (HEAT-repeats 1–4) and C-ter-

minal (HEAT-repeats 5–8) domains connected by a vari-

able loop. Although symmetrical, neither the N- nor the

C-terminal domain alone shows any enzymatic activity.

Both domains are required for binding of iron, and the

substrate protein, eIF5A(Dhp), and for deoxyhypusine hy-

droxylation. The amino acid residues identified to be criti-

cal for binding of iron (His56, His89, Glu90, His207,

His240 and Glu241 indicated by red �) (Kim et al., 2006)

and for eIF5A(Dhp) binding (Glu57, Glu208, and Gly63

and Gly214 indicated by green �) (Kang et al., 2007), are

strictly conserved, indicating their importance in DOHH

catalysis. A number of other strictly conserved amino acid

residues are also noted, but how these other amino acid

residues may contribute to DOHH structure or function

(enzymatic or structural), has yet to be determined.

Specificity of deoxyhypusine synthase: spermidine

analogs as inhibitors and===or substrates of DHS

The first step in the DHS reaction is a NAD-dependent

dehydrogenation of spermidine with subsequent transfer

of the aminobutyl moiety from spermidine to eIF5A(Lys)

(Park, 2006). This enzyme exhibits a narrow specificity

toward spermidine, NAD and the protein substrate. Initial-

ly, spermidine binding site of DHS was probed using the

partially purified enzyme from rat testis and a series of

diamines, polyamines and spermidine analogs as inhibi-

tors (Table 1A) (Jakus et al., 1993). Of these compounds,

1,7-diaminoheptane and 1,8-diaminooctane were the most

effective inhibitors with Ki values (5.6 and 6.2 mM,

respectively) similar to the Km for spermidine (4.5 mM).

Alkylation of either of the two terminal amino groups of

spermidine markedly reduces its affinity for DHS, indicat-

ing that the two-terminal amino groups spaced by 7–8

methylenes are important for binding. Caldine, homo-

spermidine and aminopropylcadaverine were less effec-

tive than the two diamines, 1,7-diaminoheptane and 1,8-

diaminooctane, indicating that the secondary amino group

of the polyamines does not contribute to their binding to

the enzyme active site. Therefore, inhibition of DHS by

1,3-diaminopropane or putrescine is not likely due to their

competition with spermidine for binding to the enzyme.

Rather, this inhibition may result from the enhancement

of the reversal of deoxyhypusine synthesis reaction by

these two amines, which act as alternate acceptors of the

aminobutyl moiety from the enzyme-imine intermediate

(Park et al., 2003). Attachment of various bulky groups at

the terminal amino group or at the secondary amino group

of spermidine reduced the inhibitory activity, indicating a

narrow channel of spermidine binding site. One exception

was monoguanylation of the terminal amino groups,

which increases the basicity at one amino terminal. Mono-

guanyl derivatives of spermidine, 1,7-diaminoheptane and

1,8-diaminooctane were much more effective than the

parent counterparts in the inhibition of DHS. The most

effective inhibitors of DHS, thus far identified, are N1-

guanyl-1,7-diaminoheptane (GC7) and its methyl deriva-

tive (7-methyl GC7, or 7-amino-1-guanidinooctane) (Ki

value for GC7, 0.01 mM, compared to Km for spermidine,

4.5 mM). Consistent with the potency of the inhibition of

DHS in vitro, GC7 also effectively inhibits hypusine syn-

thesis in cultured mammalian cells (Joe and Park, 1994).

GC7 and its analogs exerted strong antiproliferative effects

Fig. 3. Proposed mode of spermidine binding at the active site of human

deoxyhypusine synthase. The amino acid residues of the spermidine

binding site of human DHS are shown. Upon NAD-dependent dehydro-

genation of spermidine between the secondary nitrogen and carbon 5, the

butyl-imine moiety is transferred to the e-amino group of Lys329 to form

a covalent enzyme intermediate. Subsequently, the butyl-imine moiety is

transferred from the enzyme intermediate to the substrate protein. Sper-

midine is predicted to be anchored at its terminal amino groups by the

acidic amino acids, Glu323, Asp316, and Asp243. Hydrophobic amino

acid Trp327 is presumed to interact with the methylene chain of spermi-

dine. The diagram was constructed based on the crystal structures of

human DHS and is consistent with the results of mechanism and site-

directed mutagenesis studies. Modified from Lee et al. (2001)
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Table 1. The inhibitory (IC50 and Ki) and substrate activity of diamines and spermidine analogs toward deoxyhypusine synthase. In B, the

structure of the product formed with eIF5A(Lys) as acceptor, and growth effects are shown. Modified from Jakus et al. (1993) (A) and Park et al.

(2003) (B). IC50 is the concentration to achieve 50% inhibition under the stated experimental conditions

A. Comparison of amine and guanyl analogs of spermidine as inhibitors of DHS

Compound Structure IC50 (mM) Ki (mM)

1,2-diaminoethane –a

1.3-diaminopropane 6.3 4.0 � 0.2

putrescine 91

cadaverine –a

1,6-diaminohexane 171

1,7-diaminoheptane 8.1 5.6 � 0.6

1,8-diaminooctane 9.1 6.2 � 1.3

1,9-diaminononane 216 159 � 16

caldine 41.2 28 � 4

spermidine 7.8b 4.5 � 0.7c

N-(3-aminopropyl)-cadaverine 118 83 � 7

spermine –a

agmatine 71

N1-guanyl-1,7-diaminoheptane 0.017 0.0097 � 0.0005

N1-guanyl-1,8-diaminooctane 0.37 0.24 � 0.02

N1-guanylcaldine 1.2 0.74 � 0.03

N1-guanylspermidine 0.57 0.33 � 0.05

N8-guanylspermidine 0.24 0.15 � 0.04

hirudonine 7.45 4.89 � 1.32

B. Spermidine analogs as donor substrates for deoxyhypusine synthase

Compound (donor amine)d Product (with eIF5A(Lys)) IC50 (mM) Growth supporti

Structureg Name

Spermidine (Spd) (3,4) deoxyhypusine 7.8 þ

Homospermidine (4,4) deoxyhypusine 20 n.d. j

Caldine (3,3) – – 41.2 n.d.

N-(3-aminopropyl)-cadaverine(3,5) homodeoxyhypusine 118 þ

(continued)
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in CHO cells and in various human cancer cell lines (Joe

and Park, 1994). Although a close correlation was ob-

served between the inhibition of hypusine synthesis and

inhibition of cell growth by GC7 and its analogs, the

growth inhibitory effects may not be entirely attributable

to the reduction of hypusine-containing eIF5A.

The narrow spermidine binding site of DHS predicted

from inhibitor studies using spermidine analogs was val-

idated by determination of crystal structures of human

recombinant deoxyhypusine synthase in a complex with

NAD, and of a DHS ternary complex with NAD and

GC7 (Umland et al., 2004). Four active sites were identi-

fied at the dimer–dimer interface of this tetrameric en-

zyme. The mode of binding of GC7 at this active site is

consistent with the proposed mode of spermidine binding

with the active site lysine residue (K329) positioned close

to the secondary amino group of spermidine and Asp243,

Asp316 and Glu323 anchoring its terminal amino groups

(Fig. 3).

The absolute requirement for spermidine for survival

and growth of S. cerevisiae hinges on the specificity of

DHS toward spermidine and the cellular necessity for the

modified eIF5A protein. Other natural amines putrescine

or spermine cannot themselves fulfill this substrate func-

tion for hypusine modification, neither can they support

the growth of eukaryotes in the absence of their conver-

sion to spermidine (Chattopadhyay et al., 2003). Byers

et al. reported evidence that cytostasis in the polyamine-

depleted L1210 cells (by a treatment with an inhibitor of

S-adenosyl-methionine decarboxylase 50-50 Deoxyadeno-

sine (AbeAdo) was ultimately due to deprivation of hypu-

sine-containing eIF5A (Byers et al., 1992, 1994). Whereas

a number of polyamine analogs could substitute for nat-

ural polyamines in the polycationic requirement of cells,

only a few compounds closely related to spermidine could

substitute for spermidine as a substrate for DHS and in

supporting cell proliferation (Table 1B). Of these spermi-

dine analogs, all the compounds except 5,50-dimethyl-

spermidine were capable of forming covalent enzyme–

imine intermediates (Park et al., 2003). Those that formed

the enzyme-intermediates were able to form deoxyhypu-

sine or its homologs, except caldine. It is noteworthy that

there is no known spermidine analog that can support the

growth of spermidine-depleted cells, without being a sub-

strate for DHS. Aminopropyl cadaverine, cis unsaturated

spermidine and 1-methylspermidine were reported to

substitute for spermidine in supporting mammalian cell

growth (Byers et al., 1992, 1994). However, trans unsat-

urated spermidine failed to support growth of spermi-

dine-depleted cells, in spite of its ability to form a deox-

Table 1 (continued)

Compound (donor amine)d Product (with eIF5A(Lys) IC50 (mM) Growth supporti

Structureg Name

cis¼ Spde cis¼ deoxyhypusinee <10 þ

trans¼ Spdf trans¼ deoxyhypusinef <3 –

1-MeSpd deoxyhypusine 184 þ

8-MeSpd Methyldeoxyhypusineh –a n.d.

N1EtSpd deoxyhypusine –a n.d.

N8EtSpd N-ethyldeoxyhypusineh –a n.d.

5,50-Me2Spd – – –a –

a Less than 50% inhibition at 1 mM
b Apparent ‘‘inhibition’’ by unlabeled spermidine
cKm for spermidine
d Numbers in parentheses indicate number of methylene groups between amino groups
e cis¼Spd, cis unsaturated spermidine, N-(3-aminopropyl)1,4-diamino-cis-but-2-ene; cis¼ deoxyhypusine, Ne(4-amino-cis-but-2-ene)lysine
f trans¼Spd, trans unsaturated spermidine, N-(3-aminopropyl)1,4-diamino-trans-but-2-ene; trans¼ deoxyhypusine, Ne(4-amino-trans-but-2-

ene)lysine
g LysNH indicates the lysine residue of eIF5A with its epsilon amino group, which becomes a secondary amino group in deoxyhypusine and its

derivatives
h Detectable, but �3% of the amount of product from spermidine
i Ability to support growth of spermidine-depleted mammalian cells (Byers et al., 1992, 1994; Park et al., 2003)
j n.d. Not determined
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yhypusine analog. This indication that eIF5A containing a

variant deoxyhypusine analog side chain is biologically

inactive, reflects an intricate structural requirement of

hypusine side chain in the activity of eIF5A.

Specificity of DHS and DOHH toward

their respective protein substrates

Perhaps the most unique characteristic of hypusine syn-

thesis is its strict specificity toward the protein substrate.

Of all the cellular proteins, only eIF5A isoform proteins

undergo this posttranslational modification. This is readily

demonstrated by culture of eukaryotic cells in the pres-

ence of [3H]spermidine and separation of cellular proteins

by two dimensional gel electrophoresis (Park et al., 1981).

One major spot of radiolabeled eIF5A protein is detected

in most mammalian cells. In certain species like chicken

embryo, which expresses two isoforms concomitantly,

two radiolabeled eIF5A isoforms were detected. No other

cellular protein containing hypusine has thus far been

identified. Therefore, it is apparent that the modification

enzyme binds and modifies only the eIF5A precursor pro-

tein. Deoxyhypusine synthase does not modify free lysine

or short peptides with amino acid sequences correspond-

ing to the modification site and deoxyhypusine hydroxy-

lase does not hydroxylate free deoxyhypusine either. In

order to determine the structural requirements of eIF5A

substrate peptides for modification by DHS (Joe and Park,

1994) and DOHH (Kang et al., 2007), truncated eIF5A

peptides were tested. As summarized in Fig. 4, both

enzymes display similar structural requirements for their

respective substrates, eIF5A(Lys) and eIF5A(Dhp). The

amino terminal half (aa 1–83) of eIF5A seems to be suffi-

cient for modification by both enzymes, since truncated

peptide substrates (aa 1–90) were nearly as effective as

the intact protein. However, further truncation from the C-

terminal caused a significant loss of substrate activity, as

shown for aa 1–80 and aa 1–70. In the case of N-terminal

truncation, the deletion of 10 amino acids from the N-

terminal did not affect the substrate activity (aa 10–90),

whereas truncation of 20 or 30 amino acids caused a sig-

nificant reduction (aa 20–90, and aa 30–90). From the

predicted structure of human eIF5A (Facchiano et al.,

2001), the N-terminal domain of human eIF5A contains

a b-sheet core encompassing Ser15-Pro82. In this regard,

preservation of an intact b-sheet core structure of the N-

terminal domain may be important for these peptides to

serve as substrates for DHS as well as for DOHH.

Although both enzymes exhibit a similar dependence

on the eIF5A polypeptide length, there are fine differences

to be noted between eIF5A=DHS and eIF5A=DOHH

interactions. DHS forms stable complexes with the sub-

strate, eIF5A(Lys), as well as with the product of the re-

action, eIF5A(Dhp), suggesting that it binds both proteins

tightly and that eIF5A=DHS binding does not depend on

the modification status (Lys50, Dhp50 or Hpu50). This

high affinity of DHS for both eIF5A(Lys) and eIF5A(Dhp)

is consistent with the reversibility of the DHS reaction. In

contrast, DOHH shows a strong preference for eIF5A(Dhp)

over eIF5A(Lys) or eIF5A(Hpu) for binding, indicat-

ing that the substrate binding to DOHH depends on the

deoxyhypusine side chain of eIF5A(Dhp) (Kang et al.,

2007). Acidic amino acid residues at the active site of

DOHH that are critical for anchoring the deoxyhypusine

side chain of eIF5A(Dhp) have been identified by site-

directed mutagenesis (Kang et al., 2007). However, there

is no experimental evidence as yet concerning the sites

of interaction between eIF5A(Lys) and DHS and their

mode of binding. We are characterizing a number of mu-

tant proteins of eIF5A and DHS to identify amino acid

residues directly involved in eIF5A=DHS binding. The

basis of the exclusive specificity of hypusine modifi-

cation will be revealed upon determination of crystal

structures of eIF5A(Lys)=DHS and eIF5A(Dhp)=DOHH

complexes.

Concluding remarks

The essential nature and unique specificity of hypusine

synthesis and the high conservation of eIF5A and its

Fig. 4. Structural requirements for eIF5A polypeptides as substrates for

DHS and DOHH. Truncated polypeptides of eIF5A(Lys) and eI-

F5A(Dhp) were used as substrates for DHS (Joe and Park, 1994) and

DOHH (Kang et al., 2007), respectively. The relative effectiveness of

truncated peptides as substrates, in comparison to the intact protein (1–

154), is indicated as þþþþ, þþþ, þþ, þ, or �, where � denotes

little or no substrate activity. nd Not determined
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modification enzymes, DHS and DOHH, attest to the im-

portance of this posttranslational modification. Although

remarkable progress has been made in elucidating the

biosynthetic pathway of hypusine, challenging questions

remain to be answered on the physiological function of

eIF5A and on how the deoxyhypusine=hypusine modi-

fication activates eIF5A. For example, addition of the

4-aminobutyl moiety or the 4-amino-2-hydroxybutyl moi-

ety to eIF5A(Lys) may cause a conformational change

in the eIF5A protein to promote its interaction with down-

stream effector molecules. Alternatively, the deoxyhy-

pusine=hypusine site may serve as a focal contact point

for downstream effectors, as exemplified in case of

eIF5A(Dhp)=DOHH binding. It is also possible that eIF5A

is regulated by further post-translational modification at

the hypusine residue, such as phosphorylation or glyco-

sylation, although no biochemical evidence for such ad-

ditional modification has yet been obtained. In spite of

the indispensable nature of the hypusine=deoxyhypusine

modification in eukaryotic cell proliferation, the precise

cellular function of eIF5A remains to be elucidated. eIF5A

stimulates methionyl-puromycin synthesis in a model as-

say for translation initiation and partially associates with

actively translating ribosomes (Jao and Chen, 2006;

Zanelli et al., 2006). Thus, eIF5A is evidently involved

in translational control, stimulating translation either at

the first peptide bond formation or at the elongation step,

similar to the role of bacterial EF-P. eIF5A has also been

proposed to be a specific initiation factor for a subset of

mRNAs (Kang and Hershey, 1994; Hanauske-Abel et al.,

1995). From differential display analysis of eIF5A-asso-

ciated mRNAs, a number of mRNAs that are potential

targets of eIF5A regulation have been reported (Xu

et al., 2004). Genetic studies using S. cerevisiae harboring

eIF5A temperature-sensitive mutants suggest a direct or

indirect role of eIF5A in cell wall integrity, mRNA decay,

actin polarization, cell cycle progression and anti-apopto-

tic protection (Zuk and Jacobson, 1998; Valentini et al.,

2002; Zanelli and Valentini, 2005; Chatterjee et al., 2006;

Schrader et al., 2006). Future studies will be directed

toward identification of eIF5A binding partners (proteins

and mRNA) and understanding how downstream effector

molecules are involved in the expression of these pleio-

tropic phenotypes in the temperature-sensitive eIF5A

mutant strains.
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