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Abstract

The eukaryotic translation initiation factor 5A (elF5A) is the only cellular protein that contains the
unique polyamine-derived amino acid, hypusine [N®-(4-amino-2-hydroxybutyl) lysine]. Hypusine is
formed in elF5A by a novel post-translational modification reaction that involves two enzymatic
steps. In the first step, deoxyhypusine synthase catalyzes the cleavage of the polyamine spermidine
and transfer of its 4-aminobutyl moiety to the g-amino group of one specific lysine residue of the
elF5A precursor to form a deoxyhypusine intermediate. In the second step, deoxyhypusine
hydroxylase converts the deoxyhypusine-containing intermediate to the hypusine-containing mature
elF5A. The structure and mechanism of deoxyhypusine synthase have been extensively
characterized. Deoxyhypusine hydroxylase is a HEAT-repeat protein with a symmetrical
superhelical structure consisting of 8 helical hairpins (HEAT motifs). It is a novel metalloenzyme
containing tightly bound iron at the active sites. Four strictly conserved His-Glu pairs were identified
as iron coordination sites. The structural fold of deoxyhypusine hydroxylase is entirely different from
those of the other known protein hydroxylases such as prolyl 4-hydroxylase and lysylhydroxylases.
The elF5A protein and deoxyhypusine/hypusine modification are essential for eukaryotic cell
proliferation. Thus, hypusine synthesis represents the most specific protein modification known to
date, and presents a novel target for intervention in mammalian cell proliferation.
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Polyamines can be covalently incorporated into proteins through the transglutaminase reaction
and by hypusine biosynthesis. In the latter, the polyamine, spermidine, is utilized for the post-
translational modification of a single cellular protein, the precursor of eukaryotic translation
initiation factor 5A (elF5A), to form a unique amino acid, hypusine [N&-(4-amino-2-
hydroxybutyl)lysine] (1-4). Hypusine was originally discovered and identified by Shiba et
al. and was named “hypusine” based on its structure, which consists of two moieties,
hydroxyputrescine and lysine (5). In the course of a study aimed at the identification of a cellular
protein substrate of trans-glutaminase, we discovered that hypusine is, in fact, formed from
spermidine in two enzymatic steps (6) (Fig. 1): in the first step, deoxyhypusine synthase [EC
2.5.1.46] catalyzes the transfer of the 4-amino butyl moiety of spermidine to the e-amino group
of one specific lysine residue (Lys50 for the human protein) of the elF5A precursor to form a
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deoxyhypusine residue (7-9) This intermediate is subsequently hydroxylated by
deoxyhypusine hydroxylase [EC 1.14.99.29] to complete hypusine synthesis and elF5A
maturation (10). The biosynthesis of hypusine defines a specific and critical function of
polyamines in cell proliferation (2,3,11-13).

elF5A is a small, acidic protein that is highly conserved throughout eukaryotes. Sequence
conservation is especially high around the hypusine residue, underscoring the importance of
this unusual protein modification throughout eukaryotic evolution. The early observation of a
correlation between hypusine synthesis and cell growth suggested an important role for
hypusine in cell proliferation (14-16). Inhibitors of deoxyhypusine synthase and
deoxyhypusine hydroxylase cause growth arrest in various mammalian cells (17,18).
Furthermore, the cytostasis observed in spermidine-deprived cells after treatment with an
inhibitor of S-adenosylmethionine decarboxylase was attributed to depletion of hypusine-
containing elF5A (11). Direct evidence for the essential nature of elF5A and its modification
derives from gene inactivation studies in Saccharomyces cerevisiae. Disruption of the elF5A
genes (TIF51A and TIF51B) (19,20), or of the deoxyhypusine synthase gene (21,22), produces
a lethal phenotype, indicating the importance of the deoxyhypusine modification in the viability
of eukaryotic cells. The second step, deoxyhypusine hydroxylation, was also presumed to be
essential, based on cell growth inhibition by inhibitors of this enzyme. Recent cloning and
identification of the deoxyhypusine hydroxylase gene (23) provide new insights into the
evolutionary progression of elF5A protein and its modification enzymes.

Although elF5A is intimately involved in eukaryotic cell proliferation, the true physiological
function of this essential factor has yet to be elucidated. eIF5A stimulates methionyl-puromycin
synthesis (24), in a model assay for the first peptide bond formation. elF5A may be a bimodular
protein interacting with both RNA and proteins, and is presumed to have an important role in
the translation machinery. However, a rapid depletion of genetically engineered unstable el F5A
in S. cerevisiae resulted in only a modest decrease in total protein synthesis (25). This finding
led to a proposal that elF5A is an initiation factor specific for a subset of mMRNA’s (25,26).
Additional proposed functions of elF5A include: a cellular cofactor of HIV-1 REV (27), a
factor involved in nuclear export (28) and mMRNA turnover (29,30). Recent studies with
temperature-sensitive mutants and their suppressors point to a role of elF5A in cell wall
integrity, and actin polarity (31). It is not clear whether the various observed phenotypes are
direct or indirect consequence of elF5A depletion or dysfunction and how the various effects
are interrelated. It is possible that eIF5A is a multifunctional protein involved in several critical
cellular processes.

Evolution of elF5A, deoxyhypusine synthase and deoxyhypusine
hydroxylase

Hypusine is found in all eukaryotes, and in certain archaea, but has not thus far been detected
in eubacteria (2,3,32). On this ground, elF5A and hypusine synthesis had been considered a
eukaryote-specific event. However, bacteria do contain a distant homolog of eIF5A, elongation
factor P (EF-P), with significant sequence and structural similarities (33). EF-P is an essential
protein in bacteria that stimulates the peptidyl transferase activity of ribosomes (34). Like
elF5A, it stimulates methionyl-puromycin synthesis in vitro, suggesting even a functional
conservation between bacterial EF-P and elF5A. The structure of elF5A is predicted to be
similar to those of archaeal IF5A (alF5A)(Fig.2).X-ray structures of alF5A (35) reveal that
this protein consists of two well-defined domains: the N-terminal domain, which contains the
hypusine/deoxyhypusine modification site in an exposed loop, and the C-terminal domain,
which is similar to the oligonucleotide-binding domain found in several RNA-binding proteins
(Fig. 2). EF-P consists of three domains, N-terminal domain | and two repetitive C-terminal
domains 11 and 11, and the overall structure resembles tRNA (33). The structures of domains
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I and 11 of EF-P are super imposable on the N- and C- terminal domains, respectively, of the
alF5A (Fig. 2). Thus, it seems highly likely that elF5A evolved from a bacterial elongation
factor, EF-P.

Two or more elF5A genes have been identified in many eukaryotic organisms, including fungi,
plants, vertebrates, and mammals (3,36). In the yeast S. cerevisiae, the two EIF5A genes,
TIF51A and TIF51B, encode two isoforms of 92% identity. Each gene has evolved to become
differentially expressed, such that TIF51A (aerobic gene) and TIF51B (anaerobic gene) are
reciprocally regulated by oxygen (37). In certain vertebrates, including fish, amphibians and
chicken, the two EIF5A genes seem to be co-expressed. In contrast, most mammalian cells and
tissues normally express predominantly the EIF5A1 gene and only one isoform protein elF5AL.
elF5A-2 mRNA is found only in certain tissues, such as testis and brain, suggesting a tissue-
specific expression of the EIF5A2 gene. That two protein isoforms have been maintained in
mammals, while the respective mRNA sequences have diverged, suggests a differentiated
function of elF5A2 in mammals. A high amplification of the EIF5A2 gene was reported in
human ovarian cancer tissues and cells (38), and elF5A2 isoform proteins are detected in human
cancer cell lines, an ovarian cancer line, UACC1598, and a colorectal cancer line, SW-480
(36). The EIF5A2 gene was proposed as a candidate oncogene in ovarian cancer, based on a
common amplification of this gene (3926 locus) and on transformation of the human hepatoma
cell line LO2 by over-expression of elF5A2 (39). The potential role of elF5A2 in human cancer
and the mechanism of regulation of its expression need further investigation.

The emergence of the elF5A precursor and the hypusine biosynthetic enzymes shows an
interesting evolutionary progression. elF5A (hypusine form) occurs in all eukaryotes
examined, consistent with the presence of genes encoding elF5A (two or more genes),
deoxyhypusine synthase (one gene), and deoxyhypusine hydroxylase (one gene). It has been
proposed that in certain plants, a homospermidine synthase evolved from deoxyhypusine
synthase by gene duplication (40). elF5A and DHS are seen in all archaeal proteomes
suggesting that the first step of modification (lysine residue to deoxyhypusine residue) is likely
essential in archaea. However, no orthologs of the eukaryotic DOHH exist in the available
archaeal proteomes. Various archaea were reported to contain either deoxyhypusine or
hypusine, or a mixture of both, depending on the branch (32). If hypusine indeed occurs in
certain branches of archaea, it is not clear how it was produced, given that no DOHH homolog
is found in archaea. Neither hypusine, nor deoxyhypusine has been detected in bacteria.
Consistent with this, most commonly studied bacteria lack both the DHS and DOHH genes.
However, several cyanobacteria, myxobacteria, Thermus, Chlorobium, Rhodopirellula,
Bdellovibrio, Zymomonas, Caulobacter and Cytophaga contain a DHS cognate that appears
to have been laterally transferred from the archaea. It is not known if EF-P can be modified
through a DHS cognate—-mediated reaction in these bacteria.

Gene disruption studies demonstrated the essential nature of the elF5A and DHS genes in S.
cerevisiae and in higher eukaryotes (19-22). However, the single DOHH gene, YIJR070C, does
not appear to be essential in S. cerevisiae, since the DOHH null strain grows only slightly more
slowly than its parent strain (23). DOHH seems to be functionally more significant in the fission
yeast, S. pombe. A E66K mutation in Mmd1p, the S. pombe DOHH homolog, caused a
temperature-sensitive growth and abnormal distribution and morphology of mitochondria at
non-permissive temperature (41). These phenotypes were attributed to mmd1 mutant protein
defective in promoting microtubule assembly at the non-permissive temperature. These
findings suggest a role for DOHH or elF5A (the hypusine-containing form) in microtubule
stability and function in S. pombe. In higher organisms, i.e. C. elegans (42) or Drosophila
melanogaster (43), inactivation of the DOHH gene is recessively lethal. Thus, the essentiality
of the final step of hypusine modification has probably evolved only in multicellular
eukaryotes.
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Mechanism of dseoxyhypusine synthase (DHS) reaction

Deoxyhypusine synthase catalyzes a complex sequence of reactions, involving two substrates,
spermidine and elF5A(Lys), and a cofactor, NAD, to convert one specific lysine residue of the
elF5A precursor to a deoxyhypusine residue. This enzyme exhibits an absolute specificity
toward its protein substrate, elF5A(Lys), and also a very narrow specificity toward spermidine.
Studies with elF5A-derived polypeptides with stepwise truncation, from either the N- or the
C-terminus, revealed that a large elF5A polypeptide (larger than aa30-aa80) is required for its
substrate function (44). Of the various spermidine analogs tested, only the closely related
compounds, homospermidine, aminopropyl cadaverine, cis- and trans-unsaturated spermidine,
and N8-methyl- and N8-ethyl spermidines act as donor substrates for DHS, but caldine or N-
methyl spermidine do not (45).

The deoxyhypusine synthesis occurs in four steps [Fig. 3, steps -1V, solid arrows from Spd
to elF5A(Dhp)] (46): (i) NAD-dependent dehydrogenation of spermidine to
dehydrospermidine, (ii) cleavage and transfer of the 4-aminobutyl moiety from
dehydrospermidine to the e-amino group of an active site lysine residue (Lys329 for the human
enzyme) to form a covalent enzyme-imine intermediate, (iii) transfer of the 4-aminobutyl
moiety from the enzyme intermediate to the e-amino group of a specific lysine residue of eIF5A
precursor (Lys 50 for the human protein) to form an elF5A-imine intermediate, and (iv)
reduction of this intermediate by enzyme-bound NADH to form a deoxyhypusine residue. The
involvement of a transient enzyme-imine intermediate was demonstrated by trapping it into a
stable enzyme-substrate adduct after NaBH3CN reduction of the mixture containing the
enzyme, [1,8-3H]spermidine and NAD, but no elF5A(Lys). The labeled component of the
enzyme-adduct was identified as deoxyhypusine, indicating that the acceptor of the labeled 4-
butyl amine moiety was a lysine residue of the enzyme. The site of this enzyme-imine
intermediate formation was identified as Lys329 for the human DHS by amino acid sequencing
of the labeled tryptic peptide. The critical role of this residue in catalysis was confirmed by
site-directed mutagenesis studies (47). DHS mutant enzymes with Lys329 substituted with
either Arg or Ala were totally inactive, although they were capable of binding elF5A precursor
protein. Furthermore, the S. cerevisiae DHS mutant enzyme with the active site Lys350
substituted with Arg could not support the growth of S. cerevisiae DHS null strain (22).

Reversibility of the DHS reaction and homospermidine synthesis activity of

DHS

Like the plant deoxyhypusine synthase from tobacco and Senecio vernalis (48), human DHS
can accommodate putrescine as an alternative butylamine acceptor instead of elF5A(Lys)
resulting in the formation of homospermidine from spermidine (Fig. 3, solid arrows from Spd
to homospermidine) (45). However, the K., for putrescine (1.12 mM) is much higher than that
for elF5A(Lys) (1.5 uM) (values for human DHS), indicating that deoxyhypusine synthesis is
the preferred pathway of the DHS reaction. Furthermore, all the DHS-catalyzed reactions are
reversible and DHS can facilitate interconversion of spermidine, elF5A(Dhp) and
homospermidine by way of a common enzyme-imine intermediate (Fig. 3) (45). When
deoxyhypusine-containing elF5A (with a radiolabel in the 4-aminobutyl moiety of
deoxyhypusine residue) was incubated with DHS, NAD and 1,3-diaminopropgne, radioactive
spermidine was formed by an efficient transfer of the 4-aminobutyl moiety from the
deoxyhypusine residue back to 1,3-diaminopropane by way of the same enzyme-imine
intermediate [Fig. 3, broken arrows from elF5A (Dhp) to Spd]. When putrescine was added in
place of 1,3-diaminopropane, radiolabeled homospermidine was generated [from elF5A(Dhp)
to homospermidine]. Thus, the aminobutyl moiety of the enzyme-imine intermediate can be
transferred to any one of the three acceptors, elF5A(Lys), putrescine or 1,3-diaminopropane
leading to the synthesis of deoxyhypusine, homospermidine or spermidine, respectively. In
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contrast to the deoxyhypusine-containing protein, no reversal was observed with hypusine-
containing elF5A, suggesting that hydroxylation at the 4-aminobutyl side chain of the
deoxyhypusine residue prevents DHS-mediated reversal of the modification. Whereas the first
step of hypusine synthesis is reversible, the second step, DOHH-mediated hydroxylation, locks
elF5A into an active hypusine form, thereby making the overall reaction an irreversible protein
modification.

X-ray structure of human recombinant DHS and DHS inhibitor studies

Crystal structures of human recombinant deoxyhypusine synthase have been determined for
its complex with the cofactor NAD (Form 1) (49), and its ternary complex with NAD and an
inhibitor, GC7, (Form 1) (50) (Fig. 4). Human DHS is a tetrameric enzyme composed of four
identical subunits of 40 kDa. Each subunit contains a nucleotide-binding (Rossmann) fold. The
tetramer is comprised of two tightly associated dimers and contains four spermidine-binding
sites, two in each dimer interface. In the Form I crystals, which were obtained under conditions
of acidic pH and high ionic strength, the entrance to the substrate-binding active sites was
blocked by the N-terminal two-turn o helix (ball-and-chain motif), suggesting an inactive form
of the enzyme. The structure of the Form Il crystal grown under physiological conditions (at
low ionic strength and at close to neutral pH) probably represents an active enzyme. In this
form, the ball-and-chain motif could not be detected in the electron density, suggesting that it
swings freely and no longer blocks the active site entrance. The competitive inhibitor, GC7,
was bound in the deep tunnel of the spermidine-binding site. The topology of the active site
provides a basis for the development of structure-based inhibitors.

Prior to the determination of the DHS structure, the spermidine-binding site of DHS was probed
with a series of diamine and polyamine analogs to identify strong inhibitors of DHS (51). These
studies revealed a requirement for two basic moieties separated by 7-8 methylenes for effective
binding to the active site of the enzyme. Derivatives with bulky groups in the methylene
backbone or secondary amino group were ineffective, indicating a narrow groove for the
spermidine-binding pocket. Of numerous spermidine analogs synthesized and tested, N1-
guanyl-1,7-diaminoheptane (GC7) and its methyl derivative were the most potent inhibitors
of deoxyhypusine synthase in vitro and in cultured cells (17,52). GC7 caused arrest of
proliferation in various mammalian cells, including a panel of human cancer cell lines.
Although GC7 does not seem to interfere with other enzymes of polyamine biosynthesis and
metabolism and DHS is the only known target for GC7, the possibility that GC7 exerts other
deleterious effects on cell growth cannot be excluded.

Cloning and expression of deoxyhypusine hydroxylase (DOHH)

We recently cloned the DOHH gene (23) by screening a S. cerevisiae GST-ORF library
(constructed in the laboratory of Dr. Eric M. Phizicky, University of Rochester) containing a
collection of 6144 strains (representing the whole S. cerevisiae genome), each strain expressing
one gene as a GST-ORF fusion protein (53). By screening this library for expression of DOHH
activity as a GST-fusion protein, we identified YJIRO70C as the gene for S. cerevisiae DOHH.
Previously, YIJR070C had been identified as a gene encoding an elF5A-binding protein LIAL
(Ligand of elF5A), of then unknown function (54). YJIR070C is the only gene encoding DOHH
activity in S. cerevisiae, since the YJR070C null strain contains only deoxyhypusine and lacks
hypusine.

Homolog genes of YJR070C are found in all eukaryotes from fungi to human, with only one
DOHH homolog gene in each species (23,41). Like elF5A and DHS, DOHH is also highly

conserved in the eukaryotic kingdom. The sequence of human DOHH, encoded by the homolog
gene HLRCL, is 48% identical and 61% similar to that of S. cerevisiae DOHH (Fig. 5A). The
yeast YJR070C encodes a protein of 325 amino acids (36 kDa) and the human gene, HLRC1,
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a protein of 302 amino acids (32 kDa). Both yeast and human recombinant enzymes displayed
comparable activities in converting the deoxyhypusine-containing elF5A to the hypusine-
containing elF5A. The cloned human DOHH gene was also functional upon transfection into
human and other mammalian cells (23). When 293T cells were transfected with elF5A-1 vector
alone, a high expression of elF5A precursor protein was detected. However, the overexpressed
elF5A protein was not modified and was largely in the precursor form, presumably due to a
limiting level of endogenous DHS activity in these cells. When 293T cells were cotransfected
with both elF5A and DHS expression vectors, the deoxyhypusine-containing intermediate
elF5A(Dhp), but not mature elF5A, accumulated. Only upon co-transfection with three vectors
encoding elF5A, DHS and DOHH, respectively, was increased production of mature elF5A
(hypusine form) observed. These findings demonstrate that the cloned human DOHH gene
expresses functional DOHH activity in mammalian cells and that co-expression of all three
proteins, elF5A, DHS and DOHH, is required for overproduction of fully modified elF5A.

A structure model of DOHH: DOHH is a HEAT-repeat—containing
metalloenzyme

Examination of the DOHH sequence alignment (Fig. 5A) reveals that this protein belongs to
a family of HEAT-repeat—containing proteins, [named for human huntingtin (H), elongation
factor 3 (E), a subunit of protein phosphatase 2A (A) and the target of rapamycin (TOR)] which
commonly mediate protein—protein interactions (55). In a variety of bacterial and eukaryotic
proteins, the HEAT motif, an a-helical hairpin (a pair of a-helices) of roughly 50 amino acids
is tandemly repeated to form super-helical structures. Computer modeling of DOHH predicts
a structure consisting of eight HEAT-repeats in a symmetrical dyad of four HEAT motifs
connected by a variable region (Fig. 5A). Circular dichroism spectral analysis of pure
recombinant human DOHH revealed a high content of alpha-helical structure (77 £ 2.1%)
consistent with the value calculated from the predicted model (76-78%). Four highly
characteristic and strictly conserved HE (histidine-glutamate) motifs are present, one pair in
each dyad. A three-dimensional homology model of DOHH was constructed using the pre-
existing crystal structure of a HEAT-repeat protein, the E. coli protein YibA (PDB: 10YZ) as
atemplate. This model shows that the C-terminal helices of the HEAT repeats line the “inner”
circumference of the curved toroid formed by the HEAT-repeats and that the predicted metal-
chelating sites lie in the interior of the concave structure (Fig. 5B and C). The variable region
between the two symmetric halves is likely to form a “hinge-like” structure that might allow
flexibility to accommodate the substrate protein in the interior cavity. However, such
homology-based structural models only provide an approximate structure for the protein and
its possible metal interactions.

The predicted structure of DOHH is unrelated to those of the majority of previously studied
hydroxylases, e.g. Fe(ll)-and 2-oxoacid—dependent dioxygenases, such as prolyl 4-
hydroxylase. The latter share a common feature in the form of a specific -jelly roll structure,
termed the double stranded beta helix (DSBH) (Fig 5 D) (56). Yet both DOHH and DSBH
enzymes seem to contain similar metal binding active sites. Most of the DSBH dioxygenases
have a consensus His1-X-D/E-Xp-His2 sequence of appropriately positioned histidine and
acidic (E or D) residues that coordinates iron (57). In the case of DOHH, four strictly conserved
His-Glu pairs (two pairs on each dyad) were identified as potential metal coordination sites.
Indeed, iron was consistently found in purified preparations of the yeast and human enzymes.
A single substitution of Ala for any of six specific amino acid residues (H56, H89, E90, H207,
H240, E241 of the human enzyme) in the four conserved HE motifs caused a marked reduction
in the iron content of the enzyme. Furthermore, alanine substitution of any residue of the four
HE motifs completely abolished DOHH activity (Y.S Kim and M.H. Park, unpublished
results), indicating the importance of the conserved HE residues in iron binding and catalysis.
Although the superhelical structure of DOHH is entirely different from those of DSBH
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dioxygenases, DOHH enzymes may have convergently evolved a similar irondependent
catalytic mechanism.

Concluding remarks

With the recent cloning of the DOHH gene, identification of the enzymes in the hypusine
biosynthetic pathway has been completed. Co-expression of all three proteins, elF5A, DHS
and DOHH will permit overproduction of hypusine-containing elF5A for functional and
structural analysis. The mechanism and structure of the first step enzyme, DHS, have been
extensively characterized. Although elF5A and DOHH have been proposed as potential targets
of antitumor (58) and anti-HIV-1 therapy (59), no specific inhibitors of DOHH are currently
available. The newly cloned DOHH enzyme (probably the catalytic subunit) is under
investigation to determine its X-ray structure and catalytic mechanism and to develop specific
inhibitors. DHS is absolutely specific for elF5A substrate and DOHH is expected to elicit a
similar specificity. The basis for the strict specificity of molecular interactions between elF5A
substrates and their modifying enzymes is being pursued in an effort to determine the structures
of complexes of elF5A(Lys) with DHS and DOHH. The physiological function and mode of
action of elF5A have been perplexing. However, recent genetic analysis of temperature-
sensitive mutants of elF5A in S. cerevisiae provides some insights into its complex function
and warrants further investigation.
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Abbreviations

elF5A

eukaryotic translation initiation factor, (mature form containing hypusine)
elF5A(Lys)

elF5A precursor containing lysine
elF5A(Dhp)

elF5A intermediate containing deoxyhypusine
alF5A

archaeal initiation factor 5A
EF-P

elongation factor P
DHS

deoxyhypusine synthase
DOHH

deoxyhypusine hydroxylase
GC7

N1-guanyl-1,7-diamonoheptane
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Fig. 1. Scheme of hypusine biosynthesis in elF5A
The 4-aminobutyl moiety transferred from spermidine to the elF5A precursor is shaded.
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C-terminal N-terminal

B. Comparison with EF-P
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Green:Archaea alF5A
Blue: bacterial EF-P

Fig. 2. Comparison of crystal structures of alF5A and EF-P

A: X-ray structure of archaeal IF5A precursor containing two domains: N-terminal domain (1)
and C-terminal domain (I1), The location of the lysine residue (in domain I) that undergoes
modification to deoxyhypusine or hypusine is indicated. B: Structure of bacterial elongation
factor P (EF-P) containing three domains (I-111) in blue, alF5A in green is superimposed on
domains | and 11 of EF-P. Abbreviations: Hpu, hypusine; Dhp, deoxyhypusine. Panel B
reproduced with permission from Ref. 33. Copyright (2004) National Academy of Sciences,
USA.
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HoN~ A~ NHSC~\NHz  spermidine

. NAD
NADH
H2N S~ NHS~\NH;
A
Enz-Lys j
;
Bap HoN N~ NHp ===
4 S* <4———— Enz-Lys-N \\/\/*\NHZ N—LaBH “l Enz-Lys-NH\/\/*\NHz
Al-pyrroline S DHS(Dhp)
elF5A-Lys 3 /¥ "\ 7 NHa\"~NH2
/ ) putrescine
elF5A-Lys-N S~ NH2 NHz2 -~~~ NS~ NHz
A
- NADH > NADH
~-NAD S NAD
elF5A-NH "~~~ NH2 HaN A~~~ NHS~NH;
elF5A(Dhp) homospermidine

Fig. 3. Mechanism of the deoxyhypusine synthase reaction

The pathways from spermidine leading to deoxyhypusine synthesis and to homospermidine
synthesis are indicated by solid arrows. The reversal pathways from elF5A(Dhp) back to
spermidine and from homospermidine to spermidine are indicated by broken arrows. The 4-
aminobutyl moiety is shaded and the position of [3H] derived from [1,8-8H]spermidine is
indicated by *. In the absence of acceptor, the 4-aminobutyl moiety of the enzyme-imine
intermediate is cyclized to form Al-pyrroline. The reduction of the transient enzymeimine
intermediate to a stable adduct by NaCNBH3 is indicated by a bold arrow. Abbreviations are:
Dap, 1,3-diaminopropane; DHS(Dhp): deoxyhypusine-containing deoxyhypusine synthase.
Modified from Ref. 45.
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Fig. 4. Tetrameric structure of DHS in complex with NAD (A) and active site of DHS with NAD
and GC7 bound (B)
Modified from Ref. 50.

J Biochem. Author manuscript; available in PMC 2008 August 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Park

Page 15

A sequence alignment

HEAT REPEAT:

S.cerevisiae
H.sapiens

HEAT REPEAT:

S.cerevisiae
H.sapiens

HEAT REPEAT:

S.cerevisiae
H.sapiens

HEAT REPEAT:

S.cerevisiae
H.sapiens

--HHHHHHHHHH------- HHHHHHHHHHHHHHH- - -HHHHHHHHHH - - --HHHHHHHHHHHHH- - - -
DECTLEQLRDILVNKSGKTVLANRFRALFNLKTVAEEKAIEYIAESFVNDKSELLK] AYVLGQTKN
TEQEVDAIGQTLVD--PKQPLQARFRALFTLRGLGGPGAIAWISQAF-DDDSALLK AYCLGOMQD

______________ 3 g

HHHHHHHHHHH------ HHHHHHHHHHHHH---HHHHHHHHH-----— HHHHHHHHHHHHHHHHHHHHHHHHHH------— EEEEEEE--

LDAAPTLRHVMLDQNQEPMVRAEALGALGfDKDSLDDLNKAAKEDPHVAVRETCELAINRINW*THGGAKDKENLQQSLYSSIDPAP
E

ARATIPMLVDVLODTRQEPMVRHEAGEALGAIG-DPEVLEILKQ-YSSDPVIEVAETCQLAVRRLEWLQQHGG----EPAAGPYLSVDPAP

,,,,,,,,,,,,,, -,

————— HHHHHHHHHH--HHHHHHHHHHHHH - - - - ~-HHHHHHHHHHH - - -~-HHHHHHHHHHHH - - - -
PLPLEKDATIPELQALLNDPKQPLFQRYRAMFRLRDIGT-DEAILALATGFSAESSLFKHEIAYVFGQIGS
PAE---ERDVGRLREALLDESRPLFERYRAMFALRNAGG-EEAALALAEGLHCGSALFRHEVGYVLGQLQH

,,,,,,,,,,,,,, 2 B ———
HHHHHHHHHHH------ HHHHHHHHHHHHH---HH HHH-HHHHH----- HHHHHHHHHHHHHHH-----------
PAAVPSLIEVLGRKEEAPMVR] EALGAIASPE-VVD-VLKSYLNDEVDVVRESCIVALDMYDYENSNELEYAPTAN
EAAVPQLAAALARCTENPMVR) AEALGAIARPA-CLA-ALQAHADDPERVVRESCEVALDMYEHETGRAFQYADGLEQLRGAPS

B deoxyhypusine hydroxylase =~ C deoxyhypusine hydroxylase D  prolyl-4 hydroxylase

E120

¥ Com®

“ H89
1 E90
RE8
&>

) 57

W N

R26

e,

Variable region
% TI21 *
c122

RI7S

s ”}}fﬂl i

E2088

( ' YRZJI)
E241 e

240 M
(

8277}

) (.-

{

w.n'ablgy /
’ql/‘ 0w 5,

&

R206

Fig. 5. Sequence and predicted structure of DOHH

A: Sequence alignment of S. cerevisiae and human DOHH protein. A more complete
comparison of DOHH sequences is given in Ref. 23. The conserved HE (HisGlu) pairs are
boxed. Schematic diagram (B) and 3D model (C) of DOHH in comparison with prolyl 4-
hydroxylase (D) Modified from Ref. 23.
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